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To those willing to take the road less traveled. . .

Twenty years from now you will be more disappointed by the things that you didn’t do than
by the ones you did do, so throw off the bowlines, sail away from safe harbor, catch the
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Abstract

The Homogeneous Charge Compression Ignition (HCCI) engine is a promising combustion
concept for reducing NOy and particulate matter (PM) emissions and providing a high
thermal efficiency in internal combustion engines. This concept though has limitations
in the areas of combustion control and achieving stable combustion at high loads. For
HCCI to be a viable option for on-road vehicles, further understanding of its combustion
phenomenon and its control are essential. Thus, this thesis has a focus on both the
experimental setup of an HCCI engine at Michigan Technological University (MTU) and
also developing a physical numerical simulation model called the Sequential Model for
Residual Affected HCCI (SMRH) to investigate performance of HCCI engines. The
primary focus is on understanding the effects of intake and exhaust valve timings on HCCI

combustion.

For the experimental studies, this thesis provided the contributions for development
of HCCI setup at MTU. In particular, this thesis made contributions in the areas of
measurement of valve profiles, measurement of piston to valve contact clearance for
procuring new pistons for further studies of high geometric compression ratio HCCI
engines. It also consists of developing and testing a supercharging station and the setup
of an electrical air heater to extend the HCCI operating region. The HCCI engine setup is

based on a GM 2.0 L LHU Gen 1 engine which is a direct injected engine with variable

xxiii



valve timing (VVT) capabilities.

For the simulation studies, a computationally efficient modeling platform has been
developed and validated against experimental data from a single cylinder HCCI engine.
In-cylinder pressure trace, combustion phasing (CA10, CA50, BD) and performance
metrics IMEP, thermal efficiency, and CO emission are found to be in good agreement
with experimental data for different operating conditions. Effects of phasing intake and
exhaust valves are analyzed using SMRH. In addition, a novel index called Fuel Efficiency
and Emissions (FEE) index is defined and is used to determine the optimal valve timings

for engine operation through the use of FEE contour maps.
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Chapter 1

Introduction

1.1 What is HCCI and why is it needed?

Combustion in Spark Ignition (SI) engines is initiated by the discharge of a high intensity
spark to initiate combustion. Compression Ignition (CI) engines on the other hand rely on
compressing air upto the self-ignition temperature of fuel to cause compression ignition by
injecting fuel at high pressure to initiate a diffusive flame [6]. HCCI combustion is a Low
Temperature Combustion (LTC) regime which can be said to have combined characteristics
of SI and CI engines. This is because the homogeneous air-fuel mixture (i.e., similar to SI
engines fuel-air charge preparation) is spontaneously ignited when the fuel auto-ignition

temperature is reached; thus combustion is compression ignition, similar to CI engines.



This type of combustion is difficult to control due to not having a definite means of
actuation, such as a spark plug in SI engines. In an HCCI engine, multiple exothermal
centers (ETC) act as ignition points [[7]. The combustion is controlled by means of chemical
kinetics, while mixing and turbulence effects are not of prime importance [8]. In order to
control the ETCs it is important to achieve control over the mixture homogeneity with
regards to temperature and composition. A characteristic of HCCI combustion is a rapid
heat release which is the reason for its high thermal efficiency as it resembles ideal constant

volume combustion [9]].

Compared to SI engines, HCCI has the advantage of low cyclic variation and a high
thermal efficiency at low equivalence ratios and low loads. In diesel engines a challenging
trade-off exists between soot and NOy and it is difficult to reduce both soot and NOy.
HCCI addresses this challenge since NOy emissions and soot are low for HCCI engines
as compared to diesel engines. High uHCs and CO emissions are drawbacks for HCCI

engines compared to both SI and CI engines [[7].

HCCI combustion is controlled by chemical kinetics and the start of combustion is
dependent on the chemical compositions and the thermodynamic properties inside the
cylinder [10]. For perfectly controlled combustion phasing and mixture preparation [11],

there are five important factors:

i) initial mixture temperature

i) initial mixture pressure



ii1) initial mixture composition

iv) rate and extent of compression work

v) local and global in-cylinder heat transfer (HT) rate

The first four factors are easier to control since HT cannot be directly controlled
during engine operation and is generally dependent on engine design and operating
conditions [11]. A very basic way of directly controlling initial temperature is by using
intake air heating ([12[], [[13]]). Intake air boosting [14] can be used as a means to control
initial pressure. In-cylinder composition can be modified by using different fuels [15]
with different reactivities or by varying the amount of internal or external exhaust gas
recirculation (EGR). Internal EGR is one of the most viable strategies for realizing HCCI
in the current fleet of engines which typically have basic Variable Valve Timing (VVT)
capabilities. Hot exhaust gases trapped inside the cylinder influence both the initial
temperature and composition of the next cycle. Hence, a separate actuator is not needed for
each individual case of factors affecting initial conditions [11]]. For example a VVT actuator
addresses several factors; Intake Valve Closing (IVC) timings can be varied to change the
effective compression ratio, which can be used for combustion phasing and/or load control
depending on the strategy used [11, [16]. Such a case is based on the Miller cycle, which
has a reduced duration compression event as compared to expansion event [10, [17]. IVC

timing can also be used for load control as per studies in HCCI engines [[16 [18].



1.2 Promises and challenges

The main advantage of HCCI combustion is low fuel consumption due to overall lean
operating conditions and thermal efficiency as high as 50% [8]. HCCI also has the
advantage of low (or negligible) NOy, Particulate Matter (PM) emissions. In addition,
throttling losses are eliminated in HCCI engines by running the engine at Wide Open
Throttle (WOT) conditions. These make HCCI technology an attractive option to meet
future fuel consumption and NOy, PM emission regulations. The market penetration of
HCCI technology is severely limited by the inability to have a robust mechanism for
combustion control [8]. Apart from combustion control, the researchers in [19] have
identified the following challenges to HCCI technology. These challenges include, high
levels of noise along with uHC and CO emissions, limited operating range and difficulty
to start in HCCI mode during cold start and homogeneous mixture preparation in order to

reduce uHC and PM emissions.

HCCI combustion is largely influenced by chemical kinetics. Thus, the heat release rates
and the pressure rise rates are much more than a SI or CI engine. This is because, for
SI and CI engines, flame propagation, mixing and fuel vaporization rates reduce the heat
release rate. HCCI technology is not suited for high load applications. Power output can
be controlled by varying the mass flow rate of fuel. But, having rich combustion increases

the chance for ringing.



Overall, HCCI is a promising engine technology with several major challenges before
realizing in practice. This thesis centers on providing uderstanding into HCCI combustion
as a function of VVT which is currently considered the most practical method to control

HCCI combustion.

1.3 HCCI combustion chemistry

HCCI combustion can be controlled by varying the fuel reactivity. Octane Number (ON) of
the fuel is an important metric in determining the auto-ignition behaviour of the fuel. Fuels

can be classified into two categories including

(i) fuels with single stage heat release

(i1) fuels with two or multiple stages of heat release

Fuels having low octane numbers such as n-heptane, diesel, PRF80 show two stages of
heat release while fuels such as iso-octane, gasoline, ethanol display single stage heat
release [8]. Di-methyl Ether (DME) exibits a three-stage heat release pattern [20]. The

focus in this thesis is on two-stage heat release type of fuels including n-heptane.

The first stage of heat release is known as Low Temperature Heat Release (LTHR). The

main stage of heat release occurs due to HoO, decomposition which readily occurs at



temperatures above 1000 K. Below 1000 K the decomposition reaction is slow. LTHR
causes some fuel to partially burn at temperatures below 850 K [21} 22, [23]], resulting in
an increase in the in-cylinder temperatures by 10 to 20 K [24, 23| 25]. This is important
to reduce the requirement of heating intake air in HCCI. The heat released during this
first stage of heat release is due to the production of OH radicals which happens below
850 K [22| 24, 23]]. The reactions leading to OH radical formation are very sensitive to
pressure and temperature and are inhibited at temperatures of 850 K or above [26]. This
means that high intake temperatures cause lower LTHR [27, 28]]. The temperature rise from
850 K to 1000 K is primarily due to compressing the mixture due to compression by piston
moving towards TDC [28]]. The next major heat release stage occurs at 1000 K due to rapid
breakdown of H,O, radicals [26]]. Further decomposition of H,O; leads to auto-ignition
of air-fuel mixture. At temperatures above 1200 K, High Temperature Reactions (HTR)

occur [26} 29].

Fuel molecules having more number of secondary carbon bonds are favourable to show
two-stage heat release, since the secondary bond is weaker than the primary bond [§].
Consequently, long straight chained molecules (e.g., n-heptane) are more suited for LTHR

as compared to branched molecules (e.g., iso-octane, or ethanol) [8]].



1.4 VVT effects on HCCI

As previously discussed in section [I.1] internal EGR is identified as a viable option for
achieving part load HCCI in the current fleet of engines with VVT capabilities. VVT can

be used in three ways to affect HCCI combustion. These three ways include:

1) Recompression

2) Rebreathing

3) Effective CR

Of these three methods, the first two have a direct relation with trapping exhaust gases so as
to affect the initial conditions for the next cycle. The geometric CR of engines depends on
engine design, but adjusting the time the intake valve closes, causes the effective CR to be
controlled. A comprehensive literature review is carried out to classify studies done in these
three categories and is shown in Figure [I.I] Recompression consists of trapping exhaust
gases by not letting them out from the cylinder in the exhaust stroke [8, 9, 17,130, 31]] while
rebreathing [32) 33]] is achieved by the use of positive valve overlap (PVO) where both
intake and exhaust valves are kept open over the gas exchange Top Dead Center (TDC). In a
study by [33], the rebreathing strategy was successfully used to achieve HCCI combustion
for different engine operating conditions giving a higher thermal efficiency as compared
to SI operation. Caton et.al [11] studied the effects of changing the effective CR on an

HCCI engine for independent load and combustion phasing. The amount of dilution was



VVT strategies for HCCl combustion
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CR: Compression Ratio
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VVT: Variable Valve Timing

Figure 1.1: Background of main VVT strategies for HCCI combustion.

fixed, and it was found that the IVC timing played a significant role in controlling HCCI

combustion. A similar study in [34] concluded that the method of IVC timing control can

be successfully used to extend the range of HCCI operation, since the amount of Negative

Valve Overlap (NVO) achievable in the Recompression method is limited by the engine

valve train system.



1.5 Scope and organization of thesis

Current United States’ Corporate Average Fuel Economy (CAFE) has a target of 54.5 mpg
for cars and light duty trucks by the model year 2025 [35]. This target cannot be met
by the current engines operating in SI or CI modes. HCCI engines hold the promise for
lowering fuel consumption and emissions but their market penetration is blocked by the
control challenges mentioned previously. HCCI engines are flexible and can be used in

conventional and hybrid electric vehicle configurations to meet future CAFE standards.

Simulation models provide solution for proper control of HCCI as these models provide
understanding of HCCI governing thermo-kinetic reactions. But, simulation models which
can predict HCCI combustion need high computational resources and lack the flexibility to
model VVT operating conditions. The aim of this thesis is to develop a simulation model
for predicting residual affected HCCI combustion which will be computationally efficient
and have the flexibility to model a variety of VVT operating conditions. At the same time
this model should predict engine performance results accurately. To this end, a sequential
model called Sequential Model for Residual Affected HCCI (SMRH) is developed in this
thesis and results are validated against the experimental data from a single cylinder Ricardo
HCCI engine [4]. In addition, this thesis provides contributions in developing an HCCI
engine setup at Michigan Technological University. This engine setup will be used as a

framework for future advanced HCCI engine studies.



This thesis is organized in four chapters as shown in Figure [I.2] Next, Chapter includes
the work done for developing an HCCI experimental setup for the test cell at Michigan
Tech. Chapter 3 consists of the simulation model (SMRH) developed for studying HCCI
combustion and engine cycle. Chapter 4 includes the conclusions from this thesis along

with some suggestions for future work.

Thesis
An investigation of VVT effects
on HCCI engine combustion
and performance

!

Chapter 1
Introduction & Literature
Review
Chapter 2 Chapter 3
HCCI experimental setup for HCCI engine simulation model
GM LHU Gen 1 engine (SMRH)
y
Chapter 4

Conclusion & Future Work

Figure 1.2: Thesis organization
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Chapter 2

Experimental HCCI Engine Setup

An experimental HCCI engine setup was designed and implemented through collaborative
efforts. This chapter includes the major contributions from this thesis, while other

contributions to build the engine setup can be found in [36, 37].

2.1 Engine experimental setup

Figure shows the schematic of the entire experimental test setup for HCCI studies.
A GM 2.0L Gasoline Direct Injection (GDI) Ecotec LHU Gen 1 engine is modified and
instrumented in order to run in HCCI mode. The engine mounted on a cart and connected

to the supercharging station as shown in Figure [2.2] The engine specifications are shown
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Figure 2.1: Schematic of the HCCI engine setup
Table 2.1
Engine specifications (GM Ecotec LHU A20NFT)
Parameter Value
Bore 86 (mm)
Stroke 86 (mm)
Connecting rod length (center to center) 145.5 (mm)
Compression Ratio 9.2:1
Displacement Volume 2.0L
Max Power @RPM 270kW @6000 rpm
Measured IVO/IVC @ 1mm lift 24.5/228 aTDC
Measured EVO/EVC @ 1mm lift 36/-158 bBDC
Fuel injection system Direct injection with 31 bar @ idle, 155 bar @ WOT [38]]
Valvetrain DOHC 4 valves/cylinder
Cam phasing mechanism Hydraulically actuated internal vane type

in Table 2.1] It is a four-cylinder gasoline engine with dual overhead camshafts (DOHC)
obtained from a 2011 Buick Regal. The engine under study is of the type A20NFT which is

a high performance version of the LHU engine. This A20NFT engine is a European version

12



of the original LHU. The difference with the North American version of the engine is use

of a better alloy grade to work with higher octane rated fuels used in Europe. The following

\ RS b |

Figure 2.2: Experimental HCCI engine setup along with the supercharging
station

sections explain the four major contributions from this thesis to build an experimental
HCCI engine setup at Michigan Technological University. In particular this thesis has

four contributions:

1. Experimental measurement of valve profiles for future modeling and control of HCCI

combustion

13



2. Increase in engine compression ratio (CR) to enable HCCI operation in a broad

operating region

3. Design and implementation of controllable air heater setup to adjust temperature of

intake charge

4. Design and implementation of supercharging station setup to control intake air boost

pressure and air flow rates

For making the engine suitable to operate in a test cell a few modifications are made.
The wiring harness of the engine is modified so as to accept 12V supply from the
NI DAQ system linked to the test cell computer. An EGR line is tapped into the
exhaust manifold to enable exhaust gas recirculation to prepare dilute mixtures for HCCI
combustion. An electrically controlled intake air heater is also added downstream of the
intercooler (Figure [2.1). The stock position of the throttle valve is changed to upstream of
the air heater in order to protect the throttle valve from high temperatures. Exhaust gases
from external EGR line are mixed with intake air between the throttle and the air heater as
shown in Figure2.1] The outlet of the EGR line is made downstream of the throttle so as to
obtain maximum amount of exhaust gases from the vacuum generated during the induction
stroke. A supercharging station is built to provide boosted air which is proven to increase
load range in HCCI engines [14]. The test setup for the supercharging station will be
discussed in Section Dynamometer testing for research purposes involves measuring

in-cylinder pressure data through pressure transducers. The stock cylinder head on the
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engine is replaced with a new machined cylinder head to allow installation of in-cylinder
pressure transducers. The encoder installation previously done in [36] is modified by using

shims to remove any eccentricities.

2.2 Experimental measurement of valve profiles

A test setup was built to measure valve profiles to achieve two purposes. One is to
generate valve profiles and understand the phasing ability and the second is to check the
probability of piston to valve contact (Section[2.3) for modifying engine pistons to increase
compression ratio for HCCI operation. The test setup for valve profile measurement
is shown in Figure 2.3] 1In order to obtain the valve opening and closing timings in
crank angle degrees, valve profiles are experimentally measured and the resulting data
is plotted to generate lift versus Crank Angle Degree (CAD) curves. The LHU engine
consists of independent cam phasers for intake and exhaust camshafts. The cam phasers
are hydraulically actuated using an oil pump located at the drive shaft end of the exhaust
camshaft. The cam actuation solenoids adjust the flow of oil so that the required phasing
can be achieved. Phasing authority of 50 CAD is available on the LHU engine. The cam
phasers are hydraulically operated with an internal vane mechanism for phasing. At the
park position, the intake cam is fully retarded while the exhaust cam is fully advanced.

Hence, the valve overlap is minimum at park position and increases during phasing.
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Figure 2.3: (a): Lift measurement at the valve; (b): Overview of the valve
profile measurement setup

2.2.0.1 Valve profile measurement procedure

The LHU engine uses hydraulic lash adjusters in its stock configuration. Lash is optimally
adjusted using oil pressure when the engine is running. Using hydraulic lash adjusters
during measurements causes them to squish and hence gives incorrect readings. Solid lash

adjusters on proper height adjustment enable to adjust the lash between the cam and roller
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follower. Thus, JESEL solid lash adjusters (part number: KLA-81500) are used in the
process of valve profile measurements. Lash is made zero during the measurements. These
measurements are carried out when the engine is not firing and hence did not have any oil

pressure.

Vale lift can be measured in two ways. Measurements can either be taken based on the
cam lobe or can be taken at the tip of the valve stem. Lifts measured on the cam lobe have
to be multiplied by a factor known as the rocker arm ratio defined in Appendix [A] In this

study measurements are taken on the first cylinder from the rear end of the engine. The

—_—
-, Spark plug

~'(7>
(4 II,, 7 Welded bolt
»

N

Figure 2.4: Piston stop for measuring TDC crank angle

first step is to determine the location of top dead center (TDC). A detailed description of
TDC measurement can be found in [39]. A custom piston stop as mentioned in [39] is
fabricated and shown in Figure[2.4] The test setup for measurement is shown in Figure[2.3]
Least count on the dial gauge is 0.001”. Precaution is taken to position the dial indicator tip

along the valve axis as accurately as possible. The readings obtained are plotted in Figure
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Commercial camshaft manufacturers specify duration of valve operation assuming a certain
valve lift as opening/closing point. It is commonly referred at 0.05” (or 1 mm) of valve lift
as opening/closing point [39]]. Theoretically, at valve lift of 1mm, the intake (or exhaust)
valves would still be open and the opening and closing timings will not be the exact crank
angles when the valves just open or close. In reality, at high speeds, negligible flow would
occur at a valve lift of 1 mm. Measured values for crank angle for peak lift and duration are
compared with advertised values obtained from GM engineers in Table The advertised
values are seat to seat values at 0.04 mm lash and an unknown lift. Hence, comparing
the opening, closing and duration values would not make any sense as discrepancy is
also seen between exhaust valve duration in Table Instead, the intake and exhaust
centerline values along with the lobe separation angle can be effectively compared as they
are independent of lift. Equations for calculation of the values in Table [2.2] are mentioned
in Appendix |Al Figure shows the final plot for measured intake and exhaust valve
profiles with 50 CAD phasing. Thus, the valve profiles at completely phased condition
will be as seen in Figure Table [2.1] shows the values of measured valve timings,
assuming valve opening/closing at Imm lift. The raw data obtained consisted of some
irregularities which are smoothed to obtain the profile in Figure A velocity plot of
the raw data showed the irregular data points which are then adjusted to obtain a smooth
curve. These irregularities are a result of human errors, backlash in the engine crankshaft

and a comparatively low resolution on the degree wheel used to measure crank angle
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rotation.

Table 2.2
Valve timing data for the Ecotec LHU engine

Parameter Measured values Advertised values
Intake centerline 126 aTDC 126 aTDC
Intake duration 203.5 @ 1mm lift zero lash )
Exhaust centerline -118.5aTDC -125aTDC
Exhaust duration 194 @ 1mm lift zero lash (-)
Lobe separation angle (camshaft degrees) 122.25 125.5
Cam advance -3.75 aTDC -0.5

2.3 Compression ratio increase

A high compression ratio (CR) is beneficial to achieve HCCI mode in a broad operating

range. This thesis studied if increasing CR more than the original CR of 9.2:1 is possible

and also by how much the CR can be increased. In addition, piston to valve clearance

is measured to determine allowable CR increase without losing valve phasing authority.

Volume measurements are carried out to determine the individual volumes occupied by the

piston top geometry and the cylinder head dome.
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Figure 2.5: (a): Intake and exhaust valve profiles for park position and
completely phased position; (b): Valve timing diagram for the GM Ecotec
LHU engine. Dotted line near the base indicates the lift (1 mm) at which
valve opening and closing crank angles are measured.

20



2.3.1 Piston to valve clearance

The solid green line in Figure [2.6] shows the location of the piston with reference to the
valve seat when the valve is completely closed. The intake valve is manually pushed open
for suitable crank angle intervals of piston movement from BDC to TDC. In reality, the
maximum valve lift is more than the advertised maximum lift. The valve never attains this
maximum lift due to high spring forces inside the valve springs and due to valve retainers.
The stock springs are replaced with dummy springs which could be compressed easily.
Thus, the locus of points obtained when plotted along with the valve profiles gives the
piston location along with the piston to valve clearance for a set of crank angle degrees.

Selection of a flat top piston would either cause valve phasing authority to reduce if the
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Figure 2.6: Measured piston to valve clearance, using the same reference
point at which valve lifts are measured

piston top is considered above the valve pocket base, or it would increase the clearance
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volume if the piston top is considered at the base of valve pockets keeping full phasing
authority. Hence, from Figure [2.6] it is concluded that a flat top piston is not a feasible

option as it would limit the phasing ability for the increase in CR.

2.3.2 Volume measurements

Measurements are carried out to determine individual volumes of the combustion chamber
dome and the volume occupied by the piston top geometry (Figure [2.7(a)). The piston
surface is cleaned of any carbon deposit and dirt using a cleaning fluid such as a regular
brake cleaner. The stock piston has a unique “dish” type profile for DI applications. The
piston top geometry showing this “dish” and valve pockets are shown in Figure[2.7(a)] The
drive shaft is then rotated to bring the entire piston to an approximate distance below the
firing deck and the height is measured using a vernier caliper. This distance is shown in
Figure [2.8]as “s”. A burette is completely filled with mineral fluid of low viscosity and
its meniscus is adjusted suitably. The area between the piston and the cylinder liner is
greased to avoid leakage inside the cylinder and a transparent plastic slide is used to cover
the top. The liquid inside the burette is emptied gradually through a slight opening made
by moving the slide. Flow is stopped once the liquid formed a uniform film on the slide’s
lower surface. Readings are noted at the start and end and the difference between these two

readings indicates the volume under study.
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Figure 2.7: Experimental measurement of compression ratio
Thus, volume 1 from Figure[2.8]is determined. This gives the TDC volume or the effective
volume considering the volume occupied by the piston top geometry. Swept volume is
determined using Equation (2.1) where “D” and “L” represent the bore and the swept

distance respectively.

T
Volume = ZD2 x L 2.1)
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Figure 2.8: Figure showing different sections for which volume
measurements are carried out

Volume 2 in Figure [2.8]is determined by using Equation (2.1)) where, “L” is substituted with
the measured thickness of the compressed cylinder head gasket. For determining volume
3 from Figure all cavities are first closed by inserting the four valves, the fuel injector
and the spark plug is inserted and tightened to avoid any leaks. Readings are taken once
again for the volume of fluid occupied by the area under study. The clearance volume is

calculated using Equation (2.2).

Clearance Volume = [Volume of cyl. head dome)]
+ [Volume due to gasket thickness]
(2.2)

+ [Volume due to area surrounding piston at T DC]

— [Volume due to pistontop geometry)

The clearance volume is indicated by the entire hatched region in Figure [2.8] Measured
volumes 1 and 2 along with the calculated gasket volume are shown in Table CR is

defined as the ratio of the maximum volume to the minimum volume in an engine cycle,
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Table 2.3
Measurements for engine combustion chamber volume

Component Measured volume (cc)
Cylinder head dome 48.8
Piston top geometry 2
Gasket (compressed) 4.47
Volume in section #1 (Fig 9.4
Clearance volume 60.7

and is given by Equation (2.3).

(Vs+ V)

K="

(2.3)

Where, V; is the swept volume given by Equation (2.1) and V. is the clearance volume

given by Equation (2.2).

2.3.3 Piston selection

One way to increase CR is by decreasing V. as Equation (2.3) suggests. From the results
obtained in section 2.3.2]it becomes clear that material cannot not be added over the valve
pockets and their depths can hence not be modified. Remaining areas surrounding the
valve pockets could be used for material addition to reduce V.. Thus, the “max dome”
piston design from the Wiesco piston company is selected which offers a volume of 16.6cc
due to piston top geometry. For this design, the valve pockets are kept at the same height

using a fixed reference point for both the old and the new pistons. The valve pocket depths
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are 0.09” for intake and 0.045” for exhaust. These depths are measured with reference to
the timing edge defined in Appendix [A] This ensured that the valve phasing ability is not
reduced or lost completely. The resulting calculated CR using the new piston is 12.31:1 for

the GM Ecotec engine.

The actual new piston is shown in Figure [2.9]along with the old piston for comparison.

Design specification sheet from Wiesco for the new piston is shown in Figure [2.10]

Old piston New piston
CR =9.2:1 CR=1231:1

Figure 2.9: Stock and new piston top designs
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2.4 Controllable air heater

In order to heat the intake air, an electrical air heater from Omega Inc is selected. This

selection is based on its air flow rate specification mentioned in Table At 2000 rpm,

the LHU engine needs 1200(%);620 = 0.067m3/s. The air heater can support a maximum flow

rate of 200 cfm (or 0.094 m?/s) and uses a AC supply with 240 V for its operation. The air

heater specifications are shown in Table The air heater temperature is controlled using

Table 2.4
Air heater specifications [2]
Parameter Value
Part number AHF - 10120
Input 120 Vac / 1000 W
Heated length 203 mm
Maximum flow 200 CFM
Heating element Nickel-Chrome, insulated with ceramic
Maximum exit air temperature 315°C
Body material Aluminum

a temperature controller (part number: CNi3244-C24) and a Solid State Relay (SSR) (part
number: SSR330DC25) from Omega Inc. The temperature controller generates a DC pulse
and has a built-in auto-tune enabled PID controller. The SSR is used as a switch. Thus, if
the desired temperature is higher than the actual value, the controller will send a DC pulse
to the SSR as gate voltage causing it to draw current which feeds the air heater. When
the desired value is reached the SSR is turned off. A fan cooled enclosure is designed to

house this control assembly. This is shown in Figure A LabView user interface is

28



designed to observe and control the desired temperature values from the test cell computer.

A screenshot of the designed user interface is shown in Figure 2.12]

Enclosure

Heat Sink

Figure 2.11: Enclosure for housing Omega controller and SSR with heat

sink

RAW | Record | LFE  Intake Air Hester ]
Set Poirt Temp. [

Temp Comparison Chart Actual Temp. [
Seart Intakee: Set Desired Intake Alr
Temp Contral Ternp (degree Ceboius)
@ S0
Preszin aet Aot bntake Adr ]
intaka terng T {degree Celcius)
‘E ’ o7

Taree

Figure 2.12: Designed LabView interface to control air heater
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2.5 MTU Supercharging Station

As previously discussed in the Chapter [I] intake air boosting is one of the enabling
techniques for HCCI combustion and also for operating the engine at higher loads. By
increasing the intake air pressure the specific energy of air entering the cylinder is increased
along with the amount of air entering the cylinder. High gas pressure aids in auto-igniting
the in-cylinder charge, resulting in HCCI combustion. A supercharging station is set up
in order to provide boosted air. The supercharging station is shown in Figure 2.13] An
Eaton M62 supercharger is used providing boosted air. The M62 supercharger displaces
62 cubic inch (ci) of air with each revolution. The LHU 2.0L engine displaces 1L (or
approximately 62 ci) air for each crankshaft revolution. This supercharger is obtained from
a 2.0L Chevrolet Cobalt whose engine is of comparable displacement with the LHU engine.
The M62 is a positive displacement type blower having a pair of interlocking rotors that
spin opposite to each other. It has a three lobe twin rotor design where the lobes have a
60° helical twist. Both rotors are identical and have a 1:1 ratio. A bypass valve is provided
as a safety feature in case of excessive boost pressure. In this study, the M62 supercharger
is driven by a 20hp electric motor from the Louis Allis company. The specifications of
the electric motor are shown in Table It is a three phase induction motor with class
B insulation on its windings. Winding insulations are classified by the National Electrical
Manufacturers Association (NEMA). Some of the common classes are shown in Table

The temperature ratings are the average temperature of the windings and are based on a
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Figure 2.13: Figure showing the supercharger test setup

rated life of 200,000 hours or 20.8 years. Thus, a winding of class B type should last for

22.8 years if operated at 130°C [3].

Table 2.5
E-motor specifications mentioned on the physical motor
Parameter Value
Company Louis Allis Co.
Type Induction (3 phase)

Rated power 20 (hp)

Rated speed 3515 (rpm)

Voltage rating 220/440 (V)

Current rating 60/25 (A)
Insulation Type B

A Durapulse Variable Frequency Drive (VFD) is selected and purchased to control the
E-motor. The VFD specifications are shown in Table[2.7] The VFD is rated for controlling

a 40 hp motor as this supercharging station is also planned for future engine projects which
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Table 2.6
E-motor insulation classes by NEMA [3]]

Insulation class Winding temperature

A 105°C
B 130°C
F 155°C
H 180°C

might need more boosted air flow rates depending on engine size.

Table 2.7
VFD specifications
Parameter Value
Part number Durapulse GS34040
Maximum motor output 40 hp
Rated output current 60 A
Weight 35 kg

Communication protocol RS485 Modbus RTU

An intake air plenum is designed and is shown in Figure The supercharger is bolted
down on the plenum and a standard automotive 6 groove serpentine belt is used to couple
it with the e-motor. A standard composite pulley of diameter 6.5 is attached to the
motor shaft and the corresponding supercharger speeds are measured. In this way, the
transmission ratio is calculated to be 1:1.8 (driver:driven). Air from the supercharger is
routed through an intercooler mounted below the engine. The waste gate valve on the stock
turbocharger can be used to pass exhaust gases without spooling the turbocharger. The
e-motor is limited by its maximum speed of 3515 rpm. Thus by using a 1:1.8 ratio by
the coupling system, the maximum supercharger speed that can be achieved is about 6327

rpm. Theoretically, by running the supercharger at twice the engine speed, a pressure ratio
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Figure 2.14: Design details of the intake plenum for carrying supercharged
air

of 2:1 can be obtained. The official supercharger performance map from EATON is shown
in Figure [2.15] The performance map shows us the limits within which the supercharger
must operate. Pressure ratios of more than 2.2:1 (abs.) and speeds of more than 14,000

rpm can damage the supercharger.
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Figure 2.15: Performance map of the Eaton M62 supercharger(1]]

2.5.1 Supercharger testing results

A stand alone test rig was designed and set-up for initial measurement of boost pressures

without connecting the supercharger outlet to the engine. The test rig is shown in

Figure 2.16]

The relationship between input voltage from the analog signal to the VFD and the

corresponding E-motor speed is plotted shown in Figure A throttle valve with its
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Figure 2.17: Mapping of E-motor speed as a function of input voltage
(0-10V) to the VFD

default opening is used to build pressure. A boost pressure close to 0.6 bar (gauge) is

obtained as a result of this experiment. A 5V supply is provided to the VFD and the
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corresponding supercharger speed is 3526 rpm. The pressure trace is shown in Figure 2.18]

120 j j
Unfiltered pressure

Filtered pressure H

100}

(o)
o
T
|

[e2]
o

A 4 : . . o e :
O N[ A "‘lu T N - YR N/

N
o
|

Boost Pressure (kPa, gauge)
D
o o
| |

|
N
o

T

|

_40 | | | | | | |
10.81 10.815 10.82 10.825 10.83 10.835 10.84 10.845 10.85
Time (s)

Figure 2.18: Test result for boost pressure from the supercharger for 5V
input to VFD

Next, the supercharger outlet is connected to the intake air circuit on the LHU engine and
motoring tests are carried out at a constant engine speed of 1500 rpm. The intake manifold
pressure is monitored on varying supercharger speed. Testing is carried out for a time of
120 s and the results are averaged. A simple butterworth filter is applied on the pressure
trace and the results are shown in Figure[2.19] The average values of the individual pressure
traces are 126.5 kPa (abs.) and 110.2 kPa (abs.) respectively. This indicates that for the
supercharger speed of 3600 rpm, the boost pressure obtained is 0.26 barg and for 2700rpm

it is 0.1barg (where the subscript ¢ stands for gauge pressure).

36



(a)
300 ‘ ‘ ‘
— Unfiltered pressure

— Filtered pressure

200

100

Pressure (kPa-abs)

O L L L L
0.83 0.84 0.85 0.86 0.87 0.88
Time (<)
(b)
250 ‘

200

150

100

Pressure (kPa—abs)

0.83 0.84 0.85 0.86 0.87 0.88
Time (-)

Figure 2.19: Filtered pressure trace with engine motoring at 1500 rpm and
supercharger speeds of (a) 3600 rpm and (b) 2700 rpm
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Chapter 3

Sequential Combustion Modeling of
HCCI Engines with Variable Valve

Timing

Experimental testing is useful for measuring combustion and performance metrics for
engine operation. But, direct measurement of some combustion and engine performance
metrics is not always possible and is often quite expensive. A good example of this
is measuring the mass of residuals inducted by means of internal EGR [40]. It can be
calculated based on the pressure trace and by using mathematical relations like the ideal
gas law used in [41]]. Other parameters such as emissions can be measured directly coming

out of the engine. In order to understand emissions formation and engine performance,
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combustion phenomenon taking place inside the HCCI engine needs to be analyzed in
depth. It is essential to know and understand thermo-kinetics of HCCI combustion and
means (e.g., VVT) to control HCCI; thus, one can address the challenges faced by the
market penetration of HCCI technology discussed in Chapter [l HCCI simulation models
help to better understand and predict HCCI combustion and performance. A classification

of the HCCI simulation models found in literature is shown in Figure HCCI thermo

HCCI thermo kinetic models

Decoupled from flow dynamics model Coupled with flow dynamics model
(closed engine cycle) (full engine cycle)

. 0D . 3D/CFD
Single zone Kong 2001

Carling 2000, Chen 2002,

Patel and Reitz 2004
Dec 2003, Kirchen 2007

Multi-zone . Seque_ntia|
Aceves 2000 modeling
Flowers 2002 This thesis
Komninos 2005

. 3D/ICFD

Kong 2003, Agrawal 2000,
\\Wang 2004 /

Figure 3.1: Simulation models for HCCI combustion modeling available in
literature

kinetic models’s (TKM’s) are classified into two main categories as shown in Figure

The first group includes the models that simulate the full engine cycle, while the second
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group focuses on closed engine cycle between Intake Valve Closing (IVC) and Exhaust
Valve Opening (EVO). A TKM is part of both these main categories for simulating the
engine cycle between IVC and EVO. The main difference between these two categories
is whether to couple a TKM with flow dynamics models to predict IVC conditions and
residual gas amount. Coupling a TKM with flow dynamic model often leads to more

accurate combustion prediction, but requires more computational resources.

First category of HCCI models in Figure [3.1] are distributed into two groups including
zero dimensional (0-D), and 3D/CFD models. Zero dimensional models can be further
divided into two categories. First group includes single zone models (SZM’s) [42, 43| 144]
with a simplified or detailed chemical kinetic mechanism. These are among the simplest
models for simulating HCCI combustion [19]. SZM’s typically assume the entire
combustion chamber as one uniform zone where combustion takes place in the entire zone
simultaneously. Study conducted by [42] uses a detailed iso-octane reaction mechanism
from the Lawrence Livermore National Laboratory and treats in-cylinder charge as a
uniform lumped mass having uniform composition and thermodynamic properties. SZM’s
assume that the in-cylinder conditions are like a homogeneously mixed reactor with
uniform temperature, pressure and composition. SZM’s have the advantage of predicting
start of combustion (SOC) accurately and in most cases in-cylinder gas pressure is
overpredicted. This is because, the entire combustion chamber is assumed to combust
together. As a result, emissions prediction is not accurate by SZM’s. The disadvantages

include an overprediction of NOy, underprediction of burn duration (BD) and failing to
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predict carbon monoxide (CO) and uHC emissions [3)]. In an HCCI engine turbulence and
mixing effects are not of importance for combustion phasing [8]. However, these effects
influence the temperature and mass distribution along with the boundary layer thickness in

an HCCI combustion chamber [5]].

Multi zone modeling (MZM) is able to predict combustion phasing along with CO and uHC
emissions [3]. In MZM the combustion chamber is divided into a number of zones. Zones
are imaginary regions in the cylinder based upon the temperature and mass distribution
specified in the model. The MZM approach is less simplified than the SZM approach and
yields results that can accurately simulate real engine conditions. Consequently a MZM is

computationally expensive.

Studies carried out in [45],[46] use a 3D CFD code coupled with a CHEMKIN® code for
the open HCCI cycle. KIVA-3V was used for the CFD part. The results in [46]] indicate an
accurate prediction of ignition timing, cylinder pressure and heat release rates along with
CO and uHC emissions. CFD models can predict both closed engine cycle [47][48][49]
and open engine cycle [45][46][50]. However, they require high computational resources

and are consequently not desirable for controller designs.

Sequential modeling is a hybrid approach [5] where combustion models such as a TKM can
be used along with other models to predict the performance metrics for the entire engine
cycle. In HCCI modeling studies done by [5} 51, 52]] the CFD code is only used to find

in-cylinder conditions at SOC after which a 0-D TKM model is used. This thesis proposes
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a new sequential modeling approach to combine 1-D flow models with a multi zone TKM

for simulating residual affected HCCI engines.

To the best of the author’s knowledge, this is the first study undertaken to develop a
sequential computationally efficient model for residual affected HCCI including VVT
effects. The HCCI model developed in this study is denoted as SMRH (Sequential
Model for Residual affected HCCI). SMRH is computationally efficient and is capable
of accurately predicting HCCI combustion and performance under the effects of internal

EGR through Variable Valve Timing (VVT).

3.1 SMRH Description

This section describes the sequential modeling platform developed in this study for
simulating VVT impacts on HCCI combustion. Results are first validated with the
experimental data from a Ricardo HCCI engine [4] and an analysis of simulation results is

presented in Section

A multi zone combustion model is developed in CHEMKIN® _ PRO in this study. The
multi-zone model is a model which couples the thermodynamics of the combustion process
with the chemical kinetic reactions associated with them. HCCI combustion is largely

dependant on the mixture conditions at IVC [8]], particularly for residual affected HCCI.
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The important IVC conditions are pressure, temperature and mixture composition.

A two-stage modeling approach is developed to incorporate accurate IVC conditions for
modeling residual affected HCCI combustion. Schematic of the modeling approach, shown
in Figure [3.2] indicates the two-stage approach for prediction of HCCI combustion and

performance metrics. Modeling done in this way is validated for three different engine

1 Engine operating
conditions & VVT

Ao ® ®

—_—,—— e —— — — 1

)
| Two Pue | : In-cyl. gas
il e | xhaust Sroke | Tuemot | CHEMKIN® - : pressure,
POWER® as T oW :> PRO combustion
| | RGF Model [
| | (guess) | RGF | metrics, ...
: T P. : Stage Il
| |
| I
| [CHEMKIN® -| | Tevo@
: PRO i
|
_ e - Pevu
Stage |

Figure 3.2: Simulation path for the SMRH modeling platform. The path
includes four steps shown by circled numbers.

operating conditions shown in Table The conditions at IVC are first guessed using the
results from a one dimensional (1-D) HCCI engine model in GT — POWER® and the IVC
conditions are then fed into CHEMKIN® — PRO for multi zone combustion modeling.

Two stages of multi zone modeling are used where the first stage gives the initial values for
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the end of combustion (i.e., EVO conditions) which are then used in an Exhaust Stroke
Gas Flow & RGF model [41] to determine Residual gas Fraction (RGF) quantity and
temperature of residual gases. The last step consists of multi zone modeling to determine
the final simulation results. Outputs of SMRH include in-cylinder gas pressure, combustion
metrics (CA10, CA50 and BD), performance metrics (IMEP and 7, ;), and engine-out
emissions. The SMRH includes four steps as will be discussed next.

Table 3.1

Engine operating conditions of the experimental data [4] used to validate
SMRH

Case # Ppan (kPa) Tman (°C) ¢  Engine Speed (rpm)

a 117.2 87.6 0.45 1016
b 108.8 87.6 0.45 1016
c 89.1 90.8 0.56 920

3.1.1 Step 1: 1-D HCCI engine model for conditions at IVC

A one dimensional HCCI engine model is developed in GT — POWER® (o determine the

mixture conditions at IVC. The 1-D model used in this study is shown in Figure This

ExVallA ExPort-1A

Inlet-1 Belll InRun-01 InPortYs o—EFort-01 19 ExRunner-01 Exhaust-1

InPort-1B  InVal1iB ﬁ( ExVallB ExPort-1B

Engine

Figure 3.3: Single cylinder HCCI engine model in GT — POWER®
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step offers the flexibility to simulate a wide range of engine operating conditions by making
use of its flow model. Thus, the results obtained from this step serve as an initial guess for
the next simulation steps. Moreover the computational requirement is extremely low for
this type of model and results are obtained in a short time. It takes 17 sec to simulate one

engine cycle on a computer with an Intel I7 processor with 8 GB RAM.

The simulation results from the GT — POWER® model provide guess for initial IVC
values. In-addition, this 1-D GT — POWER® model allows the user to change the default
valve timings to study VVT impact on RGF, temperature at IVC (Tjy.), pressure at IVC

( Pivc) and eventually see the impact on the combustion process.

3.1.2 Step 2: Multi zone modelling (IVC-EVO)

This section details the multi zone HCCI model developed in CHEMKIN-PRO. A reduced
n-heptane chemical mechanism [53]] is used for this study. This mechanism consists of 770
chemical reactions and 159 species. The reduced mechanism is able to provide suitable

results in a short time as compared to detailed chemical mechanisms.

To carry out the modeling process, the combustion chamber is divided into ten zones,
since this number of zones is found to provide good accuracy in predicting HCCI
combustion [3]. The zone mass distribution is shown in Table [3.2] which is selected based

on [S] and adjusted suitably. Zone numbering is considered in an ascending order from
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Table 3.2
Zone mass distribution for SMRH. This mass distribution is based on the
results in [5]] and is modified suitably.

Zone (#) 1 2 3 4 5 6 7 8 9 10
Mass (%) 0.001 0.001 0.05 0.3 0.55 3.098 8 19 29 40

the combustion chamber wall to the core in-cylinder region (i.e., from zone #10 with the
highest temperature to zone #1 with the lowest temperature). Figure [3.4] shows the zone
temperature distribution. Zones #1 to #3 represent the crevices, zone #4 is an interface
between crevices and the boundary layer. Zones #5 to #7 represent the boundary layer.
The core region is represented by zones #8 to #10. Zones associated with crevices and
boundary layers are known to be the primary causes of uHC and CO emissions [} 54].

The aim in this study is to minimize computation time and increase the operation range of

425
420

415

410

PISTON

395

390

Figure 3.4: Zone temperature distribution inside a cylinder

SMRH to simulate residual gas effects. To minimize computational load, instead of using a
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CFD code, gas temperatures in the individual zones are calculated based on a linear relation
between the wall temperature (zone #1) and the core (zone #10) temperature using the Tjyc

obtained from Step #1.
3.1.2.1 Multi zone modeling and heat transfer correlations

The purpose of Step #2 is to obtain initial combustion results which are used in the
next step of the sequential modeling process. Multi zone modeling carried out using
CHEMKIN® _ PRO uses the equations mentioned in this section. Equations to li
from [S3] describe the multi zone modeling approach followed in this thesis to determine
in-cylinder gas properties from IVC to EVO.

i

14y VWi -
pE:kak 7f0rl:17---’Nzone (3'1)

(1344
1

Where, p is the zone density, superscript and subscript “k” represent the zone and
species number respectively, while Y, W, and @ represent the mass fraction, molecular

weight and molar production rate of the k" species, respectively. Calculation of zone

temperature is done using Equation (3.2).

. dT! & . Phavl KL (T'—T,)Al
C— ==Y oWy — ——— = L 0(t) > 6, 3.2
v dt kg’l kT gy Vi ’ (1) > 6 (3-2)
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Where, P,Vand T represent the zone pressure, volume and temperature respectively. C,, is
the constant volume specific heat capacity for the gases in a particular zone. u; represents
the internal energy of the k' species. A,, is the zone wall surface area. Zone wall convective
heat transfer coefficient is denoted by #,,. Here, h,, is computed by using the Woschni heat
transfer correlation [S5]. Cylinder pressure is assumed to be uniform throughout the zones

and is given by:

GN zone

PNzone —

(3.3)
chlinder

where, V,yjinger 18 the instantaneous cylinder volume. The variable G is the accumulated

product of individual zone pressure and volume and is given by:
G'=Y PV (3.4)
j=1

Equations (3.1), (3.2), (3.3) and (3.4) are solved simultaneously in CHEMKIN® _ PRO
for all zones to obtain zone properties. Heat transfer is accounted by using the Woschni
heat transfer correlation for IC engines [6]. Convective heat loss from the in-cylinder gas

mixture to the cylinder walls is determined by:

Owail = hA(T — Tyarr) (3.5)
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where T, is the wall temperature and / is obtained based on Equation (3.6).

Nu = aRe’ Pr¢ (3.6)

Where Nu, Re and Pr are the Nusselt, Reynolds and Prandtl numbers. a, b, c are

constants. For the Woschni correlation the Reynolds Number is defined by Equation (3.7).

Re — (3.7)

Where, D represents the cylinder bore diameter and p is the dynamic viscosity of the fluid.

The average gas velocity (w) is determined by:

i

Vswirl | o VaTi
= |C1+C =218, +C P—"P,oiore 3.8
w [11+ T ] ptCpy rored) (3.8)

In Equation (3.8), the terms Cy;, Cj2 and C; are constants whose values are determined
using the engine experimental data. vy, represents the swirl velocity and E represents
the mean piston speed. Here, vy,;,; is assumed to be zero and the value of P, preq 1S
the pressure at IVC obtained from Step #1. The constants shown in Table [3.3] are for the
experimental conditions in case a and case b from Table For case c all values in
Table [3.3] are the same except for C;; which is changed to 2.7 to account for the change in

engine speed.
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Table 3.3
Constants used in the Woschni correlation for multi zone modeling in
CHEMKIN-PRO

Constant Value
HT coefficient a 0.151
HT coefficient b 0.8
HT coefficient ¢ 0
Coefficient C11 2.2
Coefficient C12 0
Coefficient C2 0.00324
Prandt]l number 0.7

3.1.3 Step 3: Exhaust stroke gas flow and RGF model (EVO-EVC)

This section describes the third stage in the SMRH modeling process. This stage is
responsible for giving the exact inputs i.e., (RGF, modified Tjy) for the final stage of multi
zone modeling in CHEMKIN-PRO. The model used here is part of a complete physical
model for the HCCI engine cycle and more details for the complete model are found in

[41].

3.1.3.1 Determination of 7,

T, gas temperature at exhaust valve closing (EVO), is calculated by applying the first law

of thermodynamics to an open control volume as:

Ty = T (Zimi,l Cviyy — Y, Cpii (mi,ce +mi,ec>) + 0w+ P dV (3.9)

YiMi, Cv,
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[T C 9

where, subscripts “;” and “,” correspond to consecutive crank angle degree instances called
as “state 1” and “state 2” while the subscripts “;.” and “,.” refer to flow from the cylinder
to the exhaust manifold and vice-versa, respectively. Thus, if “state 1” would correspond

to EVO crank angle, then “state 2 would correspond to the next crank angle after EVO

(i.e., EVO + 1°) and so on.

The terms Q,, represents the heat loss from the cylinder and the term P; dV represents the
boundary work. Heat loss is determined by using the Woschni correlation [S6] for HCCI
and boundary work is calculated by using the difference between the volumes of “state 1”

and “state 2” multiplied by the cylinder pressure for “state 1.

3.1.3.2 Flow through Exhaust Valves

For modeling flow through the exhaust valves, a 1-D, steady state, compressible and
isentropic orifice flow model from [6] is used. Depending on the pressure ratio (Pt/P,)
between the exhaust and cylinder, either of Equation (3.10) or Equation is used to
calculate in-cylinder gas flow rate (rh) when the exhaust valves are open.

If, Pr /P, > [2/(k+ 1)K/ (D),

1
1 k=17 2
C.A.P, (Pr\F [ 2k Pr\ K
= —p k-0 (7T 2 = (£ (3.10)
\/RTO PO k_l P()

C AP 2\ 7
= “DRIO 5 (—) (3.11)
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In Equation (3.10)) and Equation (3.11)), fluid properties upstream of valves are given by the

[ 6

subscript “‘,”” while those at the downstream of the valves are given by “7”. C,, and Ag refer
to the discharge coefficient and the curtain area. C, and Ag are given by Equation (3.12)

and Equation (3.13), respectively.
A,=7d,L, (3.12)

where, d, and L, are the diameter and axial lifts of the exhaust valve. Cp is calculated

by [41]:

2
L, L, 5
C,=A+BIn({— |+C (In|— DIn| — 3.13
° " n(dv>+ (n(dv)) " n<PT) ¢

where, A =-0.152, B = -0.577, C = -0.082, and D = 0.294. Equations (3.10) to (3.13)

are used to simulate the mass flow rate of exhaust gases exiting the cylinder at a particular
valve lift and crank angle. Modifying the valve profiles for depicting intake and exhaust
valve phasing affects the Ag and hence, the mass flow rate of gases exiting the cylinder.
Thus, m; .. and m; .. are calculated as a function of valve timing. The mass remaining
inside the cylinder after EVC constitutes the residual gases, hence RGF is also determined.
Temperature of residual gases is assumed to be the gas temperature at EVC. The gas

temperature at IVC is then modified due to the presence of hot residual gases. Thus, a
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modified Tj is defined as [41]]:

Tive—moa (i) = (1 —X,) (th) Tive (i) + X, (CL) T.(i—1) (3.14)

Cyt Cyt

6699 ¢

where, X, is the RGF quantity and the subscripts “r”, “ch” and “t” represent the residual
gases, in-cylinder charge and the total mass of in-cylinder gas at IVC. Here the charge

comprises of air, fuel and residual gases.

The EVO gas pressure and temperature conditions from Step #2 (Section [3.1.2) are given
as inputs to the Exhaust Flow and Residual gas (EFR) model in Section [3.1.3] Therefore

T,yc, Poye and RGF can be calculated as a function of valve timing.

For simulating the effects of change in valve timings, the exhaust/intake valve lift versus
crank angle can be changed and fed to the EFR model. Thus, when IVC and EVO timings
are changed, corresponding values of Tjyc_mod, RGF and temperature of residual gases

(Tyg) are calculated.

3.1.4 Step 4: Multi zone modelling in CHEMKIN-PRO (Stage II)

The Tive—mod» RGF obtained from the EFR model are then used as inputs to the
CHEMKIN-PRO multi zone combustion model to determine the in-cylinder gas pressure

trace and combustion metrics for the HCCI engine. The simulation procedure followed
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during this step is similar to Step #2 of SMRH except that effects of residual gases
are accounted for during this step. The residual gases are considered to be comprised
of CO,, HyO and N,. The mole fractions are determined based on general combustion

equation for n-heptane combustion:

Bc,m,,C1Hi6 + Bo, (02 +3.76N;) +
RG (Bo,.rG O2 + Bny.rG N2 + Bco,.r6 CO2 + Br,o.r6 H20) — ...
.. — Bo,rG 02 + Bn,.r6 N2 + Bco,.r6 CO2 + Bryo,rc H2O +

RG (Bo,.rG O2 + Bn,.rG N2 + Bco,.rG CO2 + Br,0.rc H20) (3.15)

where RG subscripts denote for residual gases. On substituting values for mole fractions

for case a in Table [3.1] Equation (3.15)) is written as:

1 C7Hi6 + 24.44 (02+3.76N2) +
RG(13.44 0, + 91.89N, + 7CO; + 8 H,0) — ...
e..— 13440, + 91.89N, + 7CO, + 8 H,0O +

RG(13.44 0, + 91.89N, + 7CO;, + 8 H,0) (3.16)

The results obtained from this final step are compared with experimental data from a
Ricardo single cylinder HCCI engine [4]. The experimental validation results of SMRH

will be discussed in Section
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3.2 Results and Discussion

3.2.1 Model Validation

Given the number of assumptions done in developing the SMRH, it is critical to
experimentally validate the SMRH before moving on to the discussion of HCCI combustion
results. Experimental data is taken from [4] for a single cylinder Ricardo Mark III HCCI
engine with specifications shown in Table [3.4] Details of the engine experimental setup
are found in [41]. Uncertainty analysis of the experimental data obtained from the Ricardo

engine can be found in [57].

This section presents the results for in-cylinder gas pressure, crank angle for 10 percent
mass of fuel burned (CA10), crank angle for 50 percent mass of fuel burned (CAS0),
burn duration (BD), indicated mean effective pressure (IMEP), indicated thermal efficiency
(Nin,;) and CO emissions and their comparison with experimental data for the HCCI
operating conditions previously listed in Table Validations for in-cylinder gas pressure
are shown in Figures [3.5] [3.6 and while quantitative metrics are compared with the

experimental values in Table [3.5]

From Figures and it is observed that the simulation pressure traces are

in good agreement with those from the experiments. In addition, from Table [3.5] the
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Table 3.4
Ricardo single cylinder engine specifications

Parameter Value
Bore 80 mm
Stroke 88.9 mm
Compression ratio 10:1
Displacement volume 0.447L
IVO/1IVC —175/+55°aBDC
EVO/EVC —70/ —175°aBDC
Number of valves 4
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Figure 3.5: Pressure trace validation for the engine operating condition
corresponding to case a in Table [3;1']

predicted values of the combustion and performance metrics match closely with the
experimental values. The average error values for predicting CA50, BD, IMEP, 1, ; and
CO concentration are 1.11 CAD, 1.2 CAD, 0.47 bar, 6.7 % and 0.04 % respectively. The
largest relative error belongs to CO prediction since multi zone modeling is limited in

accuracy for prediction of CO as previously reported in [5,152]. Studies in [5}152]] show that

57



In—cylinder gas pressure (kPa)

In—cylinder gas pressure (kPa)

5000 \

N

o

o

o
T

3000

2000

1000

0
-150 -100 -50 0 50 100
CAD (aTDC)

Figure 3.6: Pressure trace validation for the engine operating condition
corresponding to case b in Table
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Figure 3.7: Pressure trace validation for the engine operating condition
corresponding to case ¢ in Table @
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Table 3.5
Comparison between experimental (Exp.) and simulated (Sim.)
combustion phasing, IMEP, indicated thermal efficiency (1, ;) and CO

emission
CA50 BD IMEP N CO
(°aTDCy) (CAD) (bar) (%) (%)

Case # Exp. | Sim. | Exp. | Sim. | Exp. | Sim. | Exp. | Sim. | Exp. | Sim.
a 1.4 -1 37 | 28 | 51 | 53 | 40 40 | 0.08 | 0.13
b 59 | 50 | 52 | 3.7 | 47 | 5.1 40 40 | 0.1 | 0.07
c 57 | 58 | 37 | 25 | 43 | 5.1 40 50 | 0.07 | 0.1

a conventional multi zone HCCI model bears a significant error in predicting CO emissions.
But, predictions of CO emissions in Table[3.5are close to experimental data with an average

error of 0.04 % mole fraction.

3.2.2 Results for impact of valve timings on HCCI combustion

In order to assess the impact of changing valve timings on the performance and combustion
metrics for HCCI combustion, both intake and exhaust valves are phased individually
in steps of 5 CAD as shown in Figures and For the intake valves, the IVC
timing is focused upon while for the exhaust valve the EVO timing is focused upon.
The base IVC of —125°aTDCy is advanced upto —140°aTDCy in steps of 5 CAD and
retarded upto —110°aT DCy in steps of 5 CAD. Similar variations are made for the exhaust
valves which have its base EVO timing of 110°aTDCy. EVO timing is advanced upto
95%aTDCy and retarded upto 125°aTDCy. The parameters studied for changes in valve

timing are in-cylinder gas pressure, in-cylinder gas temperature, combustion phasing, Net
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Heat Release Rate (NHRR) and engine-out emissions.
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Figure 3.8: Intake valve profile variations in this study
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Figure 3.9: Exhaust valve profile variations in this study

3.2.2.1 Effect of IVC variations

The first set of results deals with the impact of changing IVC timings on HCCI combustion.

Experimentally validated case a from Table [3.1] is selected as a representative HCCI
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operating point. IVC timing sweep from —140°aTDC to —110°aT DCy is studied with the
baseline value at —125°aT DCy. The variations in the in-cylinder gas pressure trace are seen
in Figure[3.10] It can be seen that as the IVC timing is advanced from the base position upto
—140°aT DCy the peak pressure (Pp,x) rises in magnitude along with advancement of the
crank angle for Pp,x. The Pr,x for the most advanced valve position is 57.5 bar occurring at
—1.3°aT DCy while Pyax of the most retarded position is 46.5 bar at 6.3°aT DCy. It can be
inferred that, the rise in Py« is due to advancing of IVC timing where the compression
stroke begins earlier. The calculated temperature versus crank angle degree (CAD) is
plotted in Figure [3.11] by considering the average of all ten zones. Peak gas temperatures
(Tmax) are found to increase as the IVC is advanced. Cases with IVC =—140° and — 135°
are found to exhibit two peaks for the gas temperature profile. The reason for this will be
discussed later when analyzing emissions results. For the case of advancing IVC timing, the
CA10 and CA50 are also found to advance as shown in Figure The CAS50 advances
from 3.8°aT DCy for the IVC timing of —110°aTDCy to —1.8°aT DCy for the IVC timing

of —140°aT DCy.

For the case of intake valve phasing the RGF is not expected to vary significantly since the
RGF is not directly affected by IVC timing. Although, changing IVC timing might have an
impact on the in-cylinder gas velocities and the gas pressures at end of combustion. These
factors can contribute to small changes in the RGF. Simulated RGF values in Figure [3.13|
also confirm small variation. From the most advanced, to the most retarded position, the

RGF changes less than 1 %.
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Figure 3.10: Variation in in-cylinder gas pressure as a function of intake
valve phasing

2000 \
IVC = —l40°aTDCf
1800 . :
% .+ IVC = -135%TDC,
o 1600f IVC = ~130°%aTDC, .
>
S 1400H IVC = -125%TDC; [base] 4
Q
= - = = |VC =-120°aTDC
£ 12001 o -
" IVC = —115°aTDcf
& 10001 _._ = ~110°aTDC, |
S 8oof il
£
?‘ 600} -
£
400+ *
200 | | | | |
-150 -100 -50 0 50 100 150

CAD (aTDC)

Figure 3.11: Variation in in-cylinder gas temperature as a function of intake
valve phasing
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Figure 3.12: Variations of combustion metrics (CA10, CA50 and BD) for
changes in intake valve phasing

The trend of Tjy._moq Vvariations along with the RGF quantities and residual gas
temperatures (T,o) can be seen in Figure @ The T, drops as the IVC is advanced.
This can be explained by looking into Tey, in Figure @ that affects Tey.. Delayed
combustion at retarded IVC timing leads to higher gas temperature in the exhaust stroke and
consequently higher residual gas temperature. As seen in Figure [3.14] for each fixed crank
angle before SOC, in-cylinder gas temperature is higher for earlier IVC timings. Thus, the

onset of combustion occurs earlier with early IVC as shown in Figure[3.12]

IMEP, 1)y, ; along with the NHRR versus IVC timing are shown in Figures [3.15]and [3.16]

The NHRR shown in Figure [3.16]is determined using the heat release model from [6]].
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Figure 3.13: Impact of intake valve phasing on (a): in-cylinder gas
temperature at IVC due to presence of RGF, (b): RGF quantity, (c):
temperature of trapped residual gases.

It can be seen that, as the intake valves are closed earlier, the IMEP and 1),; increase,
indicating that a stronger combustion event takes place as IVC occurs early. Pumping
losses are also reduced [6]. As expected, the NHRR increases with advancing IVC and
its curve shifts leftwards on the X-axis for early IVC timing (Figure [3.16). Results in
Figure [3.16|confirm that both stages of n-heptane heat release occur early confirming both
Low Temperature Reactions (LTR) and High Temperature Reactions (HTR) occur earlier

when IVC is advanced.

One disadvantage of advancing IVC is that, the effect of using inertia of intake air due to
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Figure 3.14: Close-up view of in-cylinder gas temperatures history before
start of combustion
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Figure 3.15: Variation of IMEP and indicated thermal efficiency (1 ;) as a
function of intake valve timing

its velocity, to increase the quantity of air taken in during the intake stroke is reduced, but
in reality this effect, also known as “Ram Effect” [6]], is negligible since engine speed is

low (i.e., 1016 rpm). For low engine speeds, delaying IVC can cause some of the air-fuel
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Figure 3.16: Net heat release rate (NHRR) as a function of changing intake
valve timing

mixture to go into the intake manifold due to less inertia effect of the incoming charge.

Volumetric efficiency is hence reduced by too delayed IVC timings. In addition, since the

mixture is very lean (¢ = 0.45), there is a chance of misfire for the operating conditions

with highly delayed IVC.
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Figures [3.17] and show the trend of CO and uHC emissions as a function of IVC
timings. Figures and [3.18] also show the impact of the maximum in-cylinder gas
temperature on CO and uHC emissions. uHC and CO emissions are the two major
emissions known to be high in HCCI engines. uHC emissions occur primarily when some
of the fuel remaining unburnt due to low gas temperatures and highly lean conditions [6].
Formation of CO emissions on the other hand is more dependant on chemical kinetics [52].
CO emissions are formed when gas temperature is not high enough and the conditions
are air deficient for the oxidation of CO into CO,. The general equation for CO to CO;,

oxidation is as follows [58, 59]:

CO+ OH—CO, + H (3.17)

From Figure CO emissions are negligible for cases with IVC =-140 and -135°aT DCy.

For cases after -135°aT DC the CO emissions suddenly rise and appear to reduce as IVC is

67



further retarded. On further observation of the NHRR curves, cases with low CO emissions
show a small peak after the main heat release around 10°aTDCy. The excess heat released
is due to late fuel combustion in zone #7. Impact of this late combustion is observed
in gas temperature for zone #7 in Figure [3.19] Correspondingly, when emissions data is
plotted against crank angle CO to CO, oxidation is also observed as shown in Figure [3.20
Considering the zone mass distribution in Table [3.2] about 11% of the total fuel mass is
present in zones #6 and #7. A study by [352] states that CO to CO, oxidation occurs for
peak gas temperatures above 1500K. Also, for the cases having peak temperatures closer
to 1000 K, uHC into CO oxidation is difficult [8]. Peak gas temperature in zone #6 is
not observed to go above 1500 K in the operating conditions studied. Hence, peak gas
temperature in zone #7 has a significant effect on emissions formation. For the two cases
with low CO emissions peak temperature in zone #7 is above 1500 K and is favourable for
CO to CO; oxidation. Thus, for these two cases zones (7-10) composing about 96% of the
total mass of fuel have peak temperatures above 1500 K. Hence, CO emissions are low. For
the remaining cases of IVC phasing, peak temperature for zone #7 is below 1000 K causing
high CO emissions. As peak temperature reduces below 1000 K for a zone, rate of uHC to
CO oxidation slows down causing CO emissions to reduce but increasing uHC emissions.
Zone’s #1-4 have peak temperatures well below 1000 K, hence remain too cold for the fuel
to burn resulting in uHC emissions. The temperature threshold for NOy emission formation
is around 1800 K [8]. The peak temperatures in the core zones in Figure [3.19] are above

1800 K and NOy is expected to be formed in these zones.
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Figure 3.20: CO and CO, variation versus crank angle for IVC =
-140°aTDCy showing late oxidation of CO to CO,, leading to low CO
concentration for this operating point
A conclusion thus can be drawn that, engine-out CO emissions are mainly dependant on
the oxidation of CO to CO, which is a function of the peak temperature in “each” zone.
Thus averaged Tpax for whole cylinder is not a sufficient criteria to determine CO trend as

Figure shows that CO increases and then decreases, while T, continuously drops

as IVC is advanced. Peak temperature in zone #7 is found to have an important role in
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formation of CO emissions.

uHC emissions are primarily caused due to incomplete combustion and quenching effects
due to low wall temperatures. The trend for uHC emissions observed is found to be
reducing as the peak temperature reduces (Figure [3.18). Further observation is that uHC
emissions increase with an increase in BD (Figure [3.12)). This can be because mixtures
with slow burning rate (i.e., longer BD) have more time for heat loss during the expansion
stroke and are hence favourable towards the formation of uHC emissions. The uHC
emission observed in this study is a mixture of C-7 molecules from unburnt fuel in zones
#1 to 6 and C-1 and other low carbon molecules from partial burning of fuel in zones #7 to

10.

3.2.2.2 Effect of EVO variations on HCCI combustion

Similar to the IVC variations carried out in Section [3.2.2.1] the exhaust valve timings are
also varied to assess their impact on HCCI combustion. The graphical representation of lift
versus CAD for the exhaust valve was previously shown in Figure [3.9] For the baseline
condition, the exhaust valve opens at 110°aTDCy and is advanced upto 95°aT DCy and is
retarded until 125°aTDCy in steps of 5 CAD. Combustion and performance metrics from

the resulting EVO sweeps are analysed and presented in this section.

Figures and [3.22] show the variations of in-cylinder gas pressure and temperature
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when EVO timing is varied. It can be seen that as the EVO timing is advanced from
1259 t095°aT DC, Ppmax rises upto the baseline case and then reduces till the most advanced
case. In-addition, the peak in-cylinder gas temperature (Tax) increases with advancing
EVO. Another observation in Figure [3.22]is that there are two peaks in the gas temperature
for the three most advanced EVO (i.e., EVO = 95°, 100°, 105° aTDCs). This means that
after the main combustion event some of the zones in the boundary layer are combusting,
resulting in the second peak in-cylinder gas temperature. As previously discussed in

Section [3.2.2.1] fuel burning in zone #7 is found to cause this phenomenon.
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Figure 3.23: Effect of phasing exhaust valve timing on combustion metrics
including CA10, CA50 and BD

Figures [3.23] and [3.24] show the trend of combustion metrics for changes in EVO timing,
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Figure 3.24: Effect of phasing EVO timing on (a): gas temperature at IVC,
(b): RGF quantity, (c): temperature of trapped residual gases.

while Figures [3.25] and [3.26] show the trend of performance metrics for HCCI combustion.
For the case of advancing EVO timing from 125°to 95° auto-ignition steadily advances as
seen by the changes in CA10 (Figure [3.23). CAS0 also advances along with a decrease
in the burn duration when the EVO occurs early. This can be explained by looking
at Figure [3.24] which shows the Tiyc_moa along with the RGF and the corresponding

temperature of residual gases (Ty).

Residual gas amount is an important metric in controlling HCCI combustion phasing
primarily by adjusting Tiyc—mod iIn HCCI combustion. In addition, residual gases also

contribute to the required dilution in making the combustion chamber environment
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Figure 3.26: Net heat release rate (NHRR) versus CAD as a function of
exhaust valve phasing

excessively fuel lean. Dilution by residual gases also helps in achieving stoichiometric
HCCI combustion [60]. One primary aim of changing exhaust valve timing is to modulate
the RGF quantity. As seen in Figure [3.24] the RGF amount generally increases when

the EVO is advanced. Variation in RGF (Figure [3.24)) provides about 50 K control over
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Tive—mod and can be used to control combustion phasing in the HCCI engine. The case
with EVO = 110°aT DCy corresponds to zero Negative Valve Overlap (NVO). NVO is an
important factor in determining RGF quantity. It is expected that a longer NVO can trap
the maximum amount of residual gases and at a higher temperature as compared to the

re-breathing strategy used in HCCI engines [60].

The temperature at IVC (Tjyc—mod) for the next engine cycle is dependant on the RGF
temperature from the previous engine cycle. As more energy is being supplied at the start
of the cycle with higher Tjy._moq, the combustion occurs earlier and the burn duration
is reduced (Figure [3.23). The presence of a higher amount of residual gases increases
the mixture specific heat since composing diluents have higher specific heats than the
air-fuel gas mixture. Hot internal EGR (i.e., residual gases) causes the mixture reactivity
to decrease due to the presence of exhaust diluents, while high temperature of residual
gases causes the mixture reactivity to increase, causing the combustion phasing to advance.
Hence changing RGF causes an overall counteracting effect where temperature effects are
generally prominent [§]. This temperature dominance is confirmed from Figure [3.22] where
higher peak temperatures are observed for the cases with most advanced EVO which have
high amounts of hot residual gases. Thus, increasing RGF causes the combustion phasing

to advance.

For the case with EVO = 125°aTDCy, RGF increases but the temperature of residual gases

is lower than its previous case of EVO = 120°aTDCy. This causes the rate of Tjyc—mod drop
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%) to reduce as seen in Figure [3.24] BD is affected by the presence of lower

(.e.,

temperature (Ty.) residual gases causing the BD to increase as EVO is delayed. Thus, as
the EVO timing is delayed, CA50 retards and occurs at or after TDCy causing the IMEP
and My, ; to increase. This is because useful energy released from combustion is during the
piston’s travel from TDCy to BDC. For the cases where CAS0 occurs before TDCy, energy
released due to 50% of fuel burnt is during the piston’s upward motion from BDC and
may cause negative work. This is confirmed from Figure where IMEP and ny, ; are

decreasing as CAS50 is advanced.
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Figure 3.27: CO emissions and maximum zone averaged gas temperature
as a function of exhaust valve phasing

Figures and show the trend of CO and uHC concentrations for variations in
EVO timing. A similar explanation as that of Figure can be given for the CO trend
seen in Figure uHC concentrations are largely temperature dependant and increase

as the peak temperature reduces (Figure [3.28]). The hot diluents can increase the local
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Figure 3.28: uHC emissions and maximum zone averaged gas temperature
as a function of exhaust valve phasing

temperatures near the walls to burn more fuel. For EVO = 110°aTDCy, a low Tiyc_mod

(Figure|3.24)) and low gas temperature for zone #1 to 4 can lead to high uHC emissions for

cases with late EVO timing as seen in Figure

3.2.3 Virtual Engine Test Bed for Controller Design

The SMRH is used as a virtual engine to create an engine efficiency map as a function of
valve timing for the Ricardo HCCI engine. The simulation results can be used to design
effective VVT strategies for HCCI combustion control. The schematic of the “Virtual

Engine Test Bed” is shown in Figure [3.29

HCCI engine performance is gauged in terms of a new index defined as Fuel Efficiency and
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Emission (FEE) index:

REI + nthA,i

FEE = ———1ere (3.18)

where REI is a Raw Emission Index (REI) consisting of CO and uHC emissions normalized
by their maximum values and then averaged [61] (note that NOy is ultra low in HCCI
operating conditions). In Equation , both parameters of 7, ; and REI are normalized
with their respective maximum values, and a higher value of FEE index signifies better
engine performance. Ny, ; is used to assess the combustion/engine performance in terms of

fuel economy, while emissions are evaluated using the REIL.

Two cases are studied to illustrate the FEE index. The first case includes constant load
engine operating conditions where, equivalence ratio (hence fuel quantity) is varied to
achieve constant IMEP = 5.5+0.2 bar. The second case includes constant fuel engine
operating conditions. Thermal efficiency and REI contour plots for constant load case
study are shown in Figures and Contour plots are created by forming matrices

of IVC and EVO timings.

Figures [3.30] and show the contour plots of 7Ny, i and REI as a function of IVC and
EVO timings. It is clear that, 1y, ; is high for the regions with low NVO or those regions
with PVO. This region is comprised of IVC timings of -135° and -140° aTDC¢ and EVO

timings from 110° to 125° aTDC¢. On observing the CAS50 plot in Figure [3.32] the regions
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Figure 3.29: Schematic of SMRH based virtual engine test bed for HCCI
combustion controller design
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Figure 3.31: Raw emission index (REI) contour plot as a function of valve
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Figure 3.33: Tj,._modq contour plot as a function of valve timings for the
constant load case study. (IMEP = 5.540.2 bar)

where CAS50 is slightly after TDCt are the regions showing higher thermal efficiencies. This
observation is in agreement with experimental results in [62] for the Ricardo HCCI engine.
The effect of NVO is to advance combustion phasing while PVO retards combustion
phasing. On the other hand, the REI contour plot (Figure [3.31)) indicates that emissions
are low for the regions where the thermal efficiency is high. CO and uHC emissions are
dependant on in-cylinder gas temperatures as previously discussed in Section 3.2.2.1] A
higher Tjyc—moq Would generally help in reducing uHC and CO emissions. This can be
seen from Figure @ where the regions having higher Tjy._moq show a higher value of
REI which signifies lower emissions. Figures [3.30]and [3.31] show a tradeoff between fuel
economy and emissions. The results in Figures [3.30] and [3.31| show SMRH is of utility to

determine optimal IVC and EVO timings to achieve the desirable trade-off depending on
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which fuel economy target and minimum emissions levels are required for engine controller

calibration.
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Figure 3.34: Contour plot of fuel efficiency and emissions (FEE) index for
the constant load case study. (IMEP = 5.5+0.2 bar)

For the operating regions studied, the engine must operate such that the IVC is most
advanced while the EVO can be anywhere from the baseline to the most advanced
condition. These valve timings correspond to nearly zero NVO. An advanced IVC in this
case means that compression of the in-cylinder mixture will begin earlier and adjusting the

EVO timing ensures optimum temperature at [IVC due to residual gas effects.

In a particular case where a high thermal efficiency is the desired output, a high PVO can

be chosen by disregarding emission values and vice versa. For increasing PVO, IVC timing
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Figure 3.35: Contour plot of fuel efficiency and emissions (FEE) index for
the constant fuel case study. (rhy = 0.3752 kg /hr)

has to be advanced along with retarding EVO timing. Advancing IVC would also advance
IVO and the intake valve would begin to open around the intake TDC which is where the
chance of piston to valve contact is the maximum. To avoid this contact, exact knowledge
of the valve profile along with the locus of piston movement is necessary to analyze the

room available for phasing.

For a particular case which requires the engine operation to have low emissions, EVO
timing needs to be advanced from the baseline condition, while the IVC timings have a
high flexibility for phasing. In this case, the possibility of piston to valve contact for an
advanced IVC still exists. Thus, a high NVO is the best possible operating condition for

the Ricardo HCCI engine. This engine has a fairly low geometric CR (10:1) and a high
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NVO would aid in achieving auto-ignition due to the higher temperature at IVC. Thus,
referring to Figure [3.35] the region comprising IVC timing of —115° to — 130° aTDC¢ and
EVO timings from 96° to 105° aTDC;y are the best feasible valve timings for operation of

this HCCI engine, to obtain low fuel consumption and low emission levels.

The FEE plots for the constant fuel and constant load case studies are similar in nature
(Figures and [3.35). The regions where a high FEE index is observed is the same for
both case studies. Slightly higher values of FEE index are observed for the constant load
case study where fuel quantity is adjusted to get a fixed engine load. Higher FEE value
in constant load case indicates the importance of using a combination of VVT and fuel

quantity (e.g., @) to achieve optimum operation (high FEE) of the HCCI engine.
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Chapter 4

Summary and Conclusion

Two areas are focussed upon, which are considered to be the core of this thesis. First is the
experimental setup of an HCCI engine for the test cell at Michigan Tech with a particular
contribution to the setup of intake air handling (heating and boost) and valve timings along
with compression ratio measurements. The second area is the SMRH modeling platform
for simulating residual affected HCCI combustion and engine performance as a function of

valve timing.
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4.1 Summary of thesis contributions

* This thesis has the contribution in further developing the HCCI engine test setup at
Michigan Technological University. Contributions were made in the areas of air heater
setup and its control. This will help to operate the engine in HCCI mode and also obtain
large HCCI operating range. Valve profile along with piston to valve clearance were
measured. New piston were procured which have a compression ratio of 12.1:1. In

addition, a boosting station was designed and tested at different supercharger speeds.

* A sequential model called as SMRH was developed and validated against experimental
data from a single cylinder HCCI engine [4]. The SMRH was validated for in-cylinder
gas pressure, combustion phasing (CA10, CA50), performance metrics IMEP and 1, ;)
and CO emission. Effects of VVT were studied for both intake and exhaust valve
variations. The SMRH was then used to find engine maps for a newly defined Fuel
Efficiency and Emissions (FEE) index which shows the overall engine operation. Using

the FEE index, optimum valve timings for engine operation were determined.

* SMRH is the first model in HCCI literature to characterize VVT effects on residual
affected HCCI based on a simplified multi zone combustion model and intake and
exhaust flow models. SMRH is of utility for HCCI control community to develop

advanced VVT strategies to control HCCI engines in optimum operating regions.
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4.2 Future Work

* For the HCCI experimental setup, a mode switching control strategy needs to be
developed for starting the engine in SI mode using the dSPACE controller, and switch

back and forth to HCCI mode when necessary.

* The new pistons can be installed and checked for piston to valve contact to ascertain
the phasing ability. The engine can be run in HCCI mode using the air heater to heat
the intake air to a desired temperature. The boosting station can be used to provide the

desired amount of boost for achieving HCCI mode at higher engine loads.

* Maps of the FEE index from the SMRH can be further analyzed to develop a systematic

methodology to minimize calibration of HCCI engines.

* Combustion controller design can be carried out using the SMRH as the plant model.
Such a controller would have the advantage of being more robust by incorporation of
physical relations for engine variables and mitigating physical disturbances by using

proper engine control variables.
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Appendix A

Calculations for cam timing

determination

The following equations from [68] are used to determine the valve timing metrics, provided

required values are known. Once IVO (bTDC), IVC (aBDC), EVO (bBDC) and EVC
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(aTDC) are known, then:

IVC—-1IVO+180
Intake Centerline (IC) = ( + )

2
EVO—-EVC+180
Exhaust Centerline (EC) = ( 3 +180)
IC+EC
LSA = -; ...In cam angle degrees

A =EC—-LSA

Overlap (O) = EVC+1VO

(1.1)

(1.2)

(1.3)

(1.4)

(1.5)

The following are the definitions for the parameters in Equations (I.I)) to (I.5) and also

related terms that need to be known before calculating valve timing profile.

Advance (A): Crank angle degree location of the midpoint of the LSA.

Lobe separation angle (LSA): The angle between the exhaust and intake cam lobes

measured in cam angle degrees.

Rocker Arm Ratio: It is defined as the ratio of the distance between the valve side to the

center or pivot point and the distance between the lash adjuster to the pivot point of

the rocker arm.

Valve lash: The maximum distance between the cam lobe and its point of contact with the

rocker arm.

102



Valve overlap: The crank angle duration for which intake and exhaust valve are

simultaneously open.

Lobe centerline: The crank angle degree at which maximum lobe lift occurs.
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Appendix B

MSc Publications

T H. Saigaonkar, M. Nazemi, M. Shahbakhti, “Sequential Model for Residual Affected
HCCI with Variable Valve Timing”, Abstract has been accepted, 14 page manuscript

will be submitted to 2015 SAE World Congress by Oct. 15, 2014.

T M. Nazemi, H. Saigaonkar, M. Shahbakhti, “Thermo-kinetic Modeling of Variable
Valve Timing Effects on HCCI Engine Combustion”, Int. Conference on Advanced

Technology & Sciences, 6 pages, August 12-15, 2014, Antalya, Turkey.
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Appendix C

Thesis files summary

Following files were used for this thesis. Data is arranged in form of tables.

Table 3.1
Experimental data files
Sr. # File Name Description
1  Ricardo_ExpData_ HCCI_Texh Experimental data for fuel mass flow rate
2 ExhValveProfile Exhaust valve profile
3 ExpData_Oct22 _Test12 Experimental data for EFR model
4 ExpData_DynamicModeling Experimental data for EFR model
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Table 3.2
Matlab script files for HCCI simulation

Sr. no. File Name Description
1 CA50DynamicModeling_VO HCCI physical model
2 CA50DynamicModeling_Cyclic Function call for physical model
3 GetHeatRelease Script to calculate NHRR
4 HCClI loadsiconvert Volume calculator from CA
5 HCCIResearch_IMEPCalculator_bothvalves.m IMEP calculator
6 FigFile DataExtractor Extract axis data from fig files
7 HCCIResearch_plotgenerator MZM To process data in form of plots
Table 3.3
GT — POWER® and CHEMKIN® — PRO files
Sr. # File Name Description
1 GT_HCCImodel all GT — POWER®W model file
2 MZM_CHEMKINPRO CHEMKIN® _ PRO model file
3 heptanesympl59_mec.inp Input file (chemical mechanism) for CHEMKIN® _ PRO model
4 heptanesymp_thermo.dat Input file (thermodynamic) for CHEMKIN® _ PRO model

Table 3.4
Matlab figure (.fig) files for Chapter

Sr. # File Name Description
1 LHU ValveProfile Figure[2.5(a)
2 PistonToValveClearance Figure[2.6
3 EmotorSpeed_voltage_map  Figure|2.17
4 BoostPressData_5Vinput ~ Figure|[2.18
5 BoostPress_Motoring Figure|2.19
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Table 3.5
Image files for Chapter

Sr. # File Name Description
1 EngineTestSetup Figure 2.2
2 ValveProfileMeasurementProcedure  Figure 23]
3 PistonStop Figure D4
4 PistonToValveClearance Figure 2.6
5 Piston_Geom_Volume Figure 2.7
6 PistonComparison Figure 2.9
7 AirHeaterControlEnclosure Figure[2.11
8 AirHeaterLabView Figure|[2.12
9 SuperchargingStation Figure|2.13
10 SuperchargerPlenum Figure[2.14
11 EatonMap Figure[2.15
12 BoostPress_TestSetup Figure[2.16
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Table 3.6

Matlab figure (.fig) files for Chapter

Sr. # File Name Description
1 PressVall17 Figure[3.5
2 PressVal108 Figure [3.6)
3 PressVal920 Figure 3.7
4 IntValveProfile Figure 3.8]
5 ExhValveProfile Figure 3.9)
6 PressurelVC Figure|3.10
7 Temperaturel VC Figure|3.11
8 calOca5S0bdIVC Figure|3.12
9 TivemodRGFTrg IVC  Figure[3.13
10 TempZoomed IVC Figure|3.14
11 Imep_TE_IVC Figure|3.15
12 NHRR_IVC Figure|3.16
13 CO.IVC Figure|3.17
14 uHC_1VC Figure [3.18
15 TzonelVC15 Figure|3.19
16  CO_LateOxidn IVCI15 Figure|3.20
17 PressureEVO Figure [3.21
18 TemperatureEVO Figure 3.22
19 calOcaSObdEVO Figure|3.23

20  TivemodRGFTrg EVO Figure |3.24
21 Imep_TE_.EVO Figure|3.25
22 NHRR_EVO Figure |3.26
23 CO_EVO Figure (3.27
24 uHC_EVO Figure [3.28
25  VirtTestBedSchematic  Figure 3.29
26 TE_CL Figure |3.30
27 REI_CL Figure|3.31
28 CAS50_CL Figure|3.32
29 Tivemod_CL Figure 3.33
30 FEE_CL Figure|3.34
31 FEE_CF Figure|3.35
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Table 3.7
Visio figures

File Name Description
VVTStrategies Figure|l.1
ThesisOrganization Figure|1.2

Test setup schematic Figure 2.1]

ValveTimingDiagram Figure |2.5(b)|

PistonTopGeometry Figure[2.8
TKMLitSurvey Figure|3.1
ModelSchematic Figure [3.
MultiZoneTempDist Figure 3.4
VirtualEngineTestBed  Figure |3 29|
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