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ABSTRACT

Enabling HCCI Combustion of n-Heptane through Thermo-Chemical Recuperation
Francisco Posada Sanchez

Concerns over air quality, environmental regulatory requirements and the need for reducing fuel
consumption on conventional internal combustion engines (ICE) have motivated the development of
alternative combustion processes for ICE. One alternative, homogeneous charge compression ignition
(HCCI), has shown benefits of high efficiency with low NO, emissions, but suffers load range limitations
and control issues. An increase in equivalence ratio at constant speed changes the combustion timing
relative to top dead center (TDC), and also increases the pressure rise rate. The opposite occurs if the
equivalence ratio is reduced, delaying the combustion timing with respect to TDC and reducing the peak
pressure. Excessive heat release associated with richer mixtures drives the engine to ringing conditions,
which sets the upper limit for HCCI operation. This thesis aims to investigate numerically the HCCI
process under dual fuel operation. The secondary fuel stream bears different autoignition characteristics to
regulate combustion timing and heat release at specific operational conditions. The secondary fuel stream
is produced onboard as a reformed product of the primary fuel. The reforming process, which requires
additional steam, takes advantage of the exhaust gases to convey the fuel reforming reactions, process that
is called thermo-chemical recuperation (TCR). This thesis contributes to understanding the effects of
different system conditions on the integrated HCCI-TCR system operational range and emissions of
nitrogen oxides (NOx), and carbon monoxide (CO).

Using n-heptane as the main fuel for HCCI combustion and fuel reforming, two different HCCI
models are developed and validated. The single-zone model allows for studying the effect of the
secondary fuel on combustion timing. A more complex model, the multi-zone model, allows for studying
the effect of secondary fuel on overall engine performance and emissions. Both models operate under
engine steady state assumptions (constant speed-load conditions). The combustion models were linked
through a cycle simulation code to predict gas exchange processes, in particular the exhaust gas process
which defines reforming conditions in the TCR. A model to predict the secondary fuel stream
composition on the steam-fuel reformer, under steady state conditions, is developed and validated. Using
n-heptane and steam as reactants, the model is able to predict the reformed gas (RG) concentration at the
reformer outlet as a function of reforming temperature and relative initial molar fractions of n-heptane
and water. The model results are compared against experimental work on steam reforming of n-heptane.
RG composition obtained is used to substitute n-heptane at the intake, which alters the HCCI combustion
history and performance. Changes in combustion history concurrently affect the exhaust conditions,
therefore affecting fuel reforming conditions. This interrelation between the HCCI and the TCR is studied
with the integrated HCCI-TCR model. The effect of RG on HCCI combustion of n-heptane is to delay the
combustion timing by affecting the concentration of combustion precursors. The effect on performance is
highly dependent on overall HCCI-TCR conditions. Higher H, output at the TCR improves calculated
indicated mean effective pressure (IMEP) values and engine indicated thermal efficiency by delaying the
combustion event while increasing the fuel-RG heating value. NOy predicted emissions are reduced with
RG addition. CO predicted emissions increase with RG.
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Chapter 1. Introduction

1.1 Background

Increasingly stringent emission standards have motivated engine manufacturers to develop internal
combustion engine technologies that are able to achieve the required levels of compliance while providing
similar or even better performance and fuel economy than previous engines. The industry and scientific
community has approached the emission reduction problem by reducing engine-out emissions of

conventional engines, and when required by emission regulations, by using aftertreatment devices.

Engine-out emissions of nitrogen oxides (NOy) in conventional compression ignition (CI) diesel
engines were tackled by retarding injection timing and by using exhaust gas recirculation (EGR), which
brought some fuel economy penalty. Higher fuel injection pressure, improved charge movement, and
superior air handling —turbocharging- were employed to deal with the particulate matter (PM) that arises
from diffusion combustion. After the implementation of 2007 emission regulations, the use of
aftertreatment devices became important for PM control in heavy-duty vehicles when improvements in
conventional diesel combustion were not enough to achieve the required emission limits. Heavy-duty
2010 emission regulations in the United States makes mandatory the use of selective catalytic reduction
(SCR) systems for NOy control in diesel engines (Johnson 2009). NOy traps are required in light-duty

diesel vehicles for compliance with Tier 2-Bin 5 emission regulations in the US (Johnson 2009).

In spark ignited (SI) gasoline engines the control of pollutants has been based on the use of three-
way catalyst (TWC) systems, which require stoichiometric combustion at any given operational
condition. Although the stoichiometric combustion with TWC has proven successful for pollution control
purposes (NO,, HC, CO), the SI engine suffers lower efficiency due to its load control strategy by
throttling at partial loads. Stoichiometric gas direct injection engines (SGDI) have been proposed to avoid

the throttling problem, requiring high EGR and turbocharging.

In addition to improving conventional engines, engine manufacturers and the scientific community
are working on advanced combustion technologies intended to achieve even more stringent emission
limits, while avoiding the use of aftertreatment devices. Homogeneous charge compression ignition
(HCCI) is an advanced internal combustion engine technology that offers lower engine-out NO, and PM
than conventional diesel engines and has also demonstrated better engine thermal efficiency than SI

engines.



HCCI engines share similarities with both CI and SI engines. Air and fuel are premixed at a lean
equivalence ratio (p <1) before the mixture reaches the cylinder, where the combustion process is
initiated by fuel autoignition due to the increase in temperature associated with the compression stroke
(Najt and Foster 1983). This process is characterized by the absence of flame propagation, the almost
simultaneous reaction of the entire cylinder charge, rapid heat release rates, and small coefficient of
variation (COV) between combustion events (Thring 1989). The absence of fuel rich mixture zones
explains the low soot values experimentally observed for HCCI. This quasi-homogeneous combustion
can be achieved using leaner air/fuel mixtures than diesel engines, generating lower peak temperatures
during combustion. The low temperature combustion resulted from lean mixture operation reduce the
formation of thermal NO,. Higher thermal efficiency for HCCI, when compared to SI engines, is obtained
benefiting from higher compression ratios (CR) required to ignite the mixture in the HCCI engine, in

addition to lean operation (Thring 1989).

The benefits obtained with HCCI combustion in emissions and thermal efficiency are constrained by
the operational range where those benefits are attainable. The operational range is limited due to the
difficulties in controlling this combustion process when changes in load and speed are required. For SI
engines the ignition timing is controlled by the spark timing, and for CI engines this is indirectly done by
the fuel injection timing. The rate of heat release is controlled in SI engines by finite flame propagation
and in CI engines by air and fuel mixing rates (Heywood 1988). In the case of HCCI, the combustion
process is controlled by chemical kinetics, which is a function of charge composition and temperature-

pressure history (Westbrook 2000).

In order to present a clear picture of the difficulties for HCCI control, let us present the case of load
change by changing equivalence ratio at constant speed. At constant speed an increase in load demand,
and its consequent increase in equivalence ratio, changes the combustion timing relative to top dead
center (TDC) and the pressure rise rate. If the combustion timing is advanced before TDC the
compression stroke work increases, adding pumping work losses. If the combustion timing is delayed, the
peak pressure occurs later and its magnitude is reduced. In addition to timing difficulties, the rate of heat
release also increases with richer mixtures, driving the engine to ringing' conditions, which sets the upper

limit for HCCI operation.

To extend the benefits of HCCI engines to a broader operational range and to achieve the required

control of the combustion process, the composition and/or temperature history of the in-cylinder charge

! According to Eng (2002), the pressure waves generated during combustion in HCCI engines behave
differently than those obtained in a SI engine (knocking). Eng suggests using the concept of ringing when referring
to HCCI generated pressure waves.



should be controlled on a cycle-by-cycle basis. A review of literature shows that two general directions
have been proposed in an effort to extend the operational range of HCCI and to improve its
controllability: modifying engine operation and design parameters, and modifying air/fuel mixture
conditions (Milovanovic and Chen 2001). The final purpose of each of these strategies is to modify the
composition and/or temperature history of the in-cylinder charge. Among the techniques used for
controllability through engine operation and design parameters, the main technique is variable valve
actuation (VVA). Air/Fuel mixture conditions modification is mostly based on EGR and dual fuel

operation.

EGR is used as a diluting agent to control charge composition and temperature (Olsson et al. 2003).
EGR can be obtained internally, as trapped gas, or through an external EGR loop. The internal EGR is
obtained through valve timing strategies, including negative valve overlap (Urushihara 2003). Dual fuel
operation, which is the focus of this work, is based on the use of two different fuel streams with different

autoignition characteristics.

The autoignition characteristics of fuels depend on their composition, molecular size and structure
(Westbrook 2000). Experimental data published on HCCI has presented evidence on the use of blends of
fuel with different autoignition characteristics to improve controllability and expand the operational range
of HCCI. A fuel with high resistance to autoignition, such as natural gas, can be ignited by using a
secondary fuel with relative lower autoignition resistance, like iso-octane or H, for natural gas (Olsson et
al. 2001). A secondary fuel can also be used as an ignition inhibitor. Experiments on HCCI have
demonstrated stable operation at medium and low loads for easily ignited fuels when a secondary fuel is
used as inhibitor of the main combustion event (Ogawa et al. 2003). Combustion stability and increased
performance is achieved in cases where the use of autoignition inhibitors allows for using high values of
compression ratio. Ignition timing control and ringing inhibition has also been reported as benefits of dual

fuel operation (Ogawa et al. 2003).

Controlling the combustion event by dual fuel operation may imply the use of separated fuel
supplies. To overcome the need for dual storage, a secondary fuel, with different autoignition
characteristics, may be produced on-board employing the steam-fuel reforming process. The steam and
fuel mixture is heated by sensible heat from the engine exhaust gases in a catalyzed reformer reactor,
where the original hydrocarbon reacts with water to produce a hydrogen rich gas mixture. The use of
waste heat from the exhaust gases to reform the original fuel into a hydrogen-rich stream is known as

thermo-chemical Recuperation (TCR).



As presented in the literature (Olsson et al. 2001, Ogawa et al. 2003, Wilhemssonet al. 2007), the
combustion process of a dual fuel HCCI engine is defined by the in-cylinder charge temperature and
pressure, and by the specific charge composition, which depends on air/fuel ratio and the ratio between
primary and secondary fuel flow rates. In the case of on-board fuel reforming, the reformed gas (RG)
mixture composition is a function of base fuel and reformer reactor conditions (temperature, pressure,
steam to carbon ratio), adding new variables that need to be addressed in order to generate a better picture

of the system parameters to be controlled.

It is the purpose of this research project to investigate the operational range of an ideal HCCI engine
by using dual fuel operation, where the secondary fuel is a reformed gas of the primary fuel. In order to
achieve this goal, a model of the HCCI combustion process and the reforming process is developed and
the effects of RG on the HCCI engine model are studied. This research extends the knowledge on HCCI
combustion by studying the effects of reformed gases produced by TCR and the interaction between the
HCCI engine and the TCR, which, so far, has not been explored.

1.2 Problem Statement

It has been shown that the benefits of the HCCI engine on performance and emissions are achieved
at engine operational conditions comparable to low speed and low load of conventional CI or SI engines.
The implicit inability of HCCI to exert a precise control on both ignition timing and rate of heat release is
the main reason for a narrow operational range. The operational range at certain engine speed is
constrained by misfiring at lean conditions and ringing phenomena at high load. It has been suggested by
literature that the HCCI combustion process can be controlled with dual fuel operation, and second, that
fuel reforming can be achieved on-board by using waste heat from the exhaust gases, i.e. by TCR.
However, the integrated HCCI engine and fuel reforming system, operating as a unit, has not been studied

yet.

Each system, the HCCI engine and the fuel reformer, has its own set of governing parameters and
operational range. HCCI is governed by mixture composition, temperature and pressure. These conditions
define the exhaust gas composition and temperature, which is employed by the fuel reformer for thermo-
chemical recuperation. The conversion efficiency of the reforming process and the reformed gases
composition are dependent variables of the operating conditions, i.e. temperature and flow rate, provided
by the exhaust gases. The addition of reformed gases, composed mainly of H, and CO, in turn affects the
HCCI engine equivalence ratio and intake conditions (composition and temperature), which changes the

combustion history and therefore the exhaust gas conditions.



There is no available information in the literature about the output composition of the fuel reforming
process when driven by the exhaust gases of an HCCI engine. Even though the effects of a synthetic
formulation of RG (H, and CO) on the HCCI combustion of n-heptane has been examined
(Kongsereeparp and Checkel 2007, Hosseini and Checkel 2007-b), a more realistic scenario has not been
approached. The effects of this real case scenario reformed gas composition, where the n-heptane
reforming process is driven by the HCCI engine exhaust gases, has not been studied in terms of operating

range and emissions.

The problem rests in assessing the set of operational conditions required by the integrated HCCI-
TCR system in order to achieve a wider operational range’ than the baseline HCCI engine. At certain
speed the operational range where improved engine performance is achieved is constrained in terms of
load by ringing and misfire, and by emissions levels of NO,, HC and CO. The fuel reformer operational

range is defined by its fuel conversion efficiency, which is limited by reforming temperature.

1.3 Research Objectives

The main objective of this research work is to numerically evaluate the set of conditions in the
integrated HCCI — TCR system model through a parametric study to examine the possibility of extending
the operational range of the baseline HCCI engine model fueled with n-heptane. The baseline HCCI
engine model and the HCCI-TCR system model are numerically evaluated within the limits defined by
suitable engine and TCR performance. The HCCI engine performance is evaluated based on IMEP values
at constant speed, with limits defined by ringing and misfiring conditions. The performance of the TCR,
which is function of the HCCI model engine exhaust gas temperature and steam to carbon ratio (S:C), is

evaluated and reported. Specific objectives to accomplish the main objective are:

1. To develop a model for studying the HCCI process using n-heptane as the fuel. The model
represents with reasonable accuracy the HCCI combustion process under different conditions
defined by equivalence ratio, engine speed and intake pressure. Combustion parameters are
defined to evaluate the effect of parameter variations in the HCCI engine performance, based on
IMEP, and emissions (NOy and CO and HC). The model includes the gas exchange process for
exhaust valve opening aiming to predict exhaust temperature and flowrate for reforming.

2. To develop a model for analyzing the fuel reforming process of n-heptane aiming to predict the
reformed gases (RG) composition. The model is based on experimental data obtained at different

reforming temperatures. Reforming efficiency parameters are defined.

2 At certain engine speed the operational range is defined by the indicated mean effective pressure (IMEP)



To investigate the effect of RG on the combustion process of n-heptane under different engine
conditions defined by RG ratio and A/F ratio at constant speed values. The effects of RG on
HCCI combustion is measured by combustion timing and heat release rates. The overall effects
on engine performance, evaluated through IMEP values, and emissions (NO, and CO and HC) is
used to draw the limits where RG addition may benefit the HCCI combustion of n-heptane.

To develop a system model, integrating the HCCI engine model and the fuel reforming process
model, for analyzing the effects of fuel reforming by using waste heat form the HCCI model
engine i.e., by thermo-chemical recuperation. The system model should be able to predict the RG
composition based on the exhaust heat from the HCCI engine and the effects of the RG

composition in the HCCI combustion process.



Chapter 2. Literature Review

The literature review chapter consists of three main sections. The first one describes the HCCI
combustion characteristics, its advantages, disadvantages and advances in HCCI. The second one is
devoted to describe the thermo-chemical reforming process, emphasizing steam-fuel reforming
fundamentals. The third, and closing section, presents the most relevant research work on HCCI operation

through dual fuel and H, enrichment.

2.1 HCCI Combustion Characteristics

2.1.1 HCCI Early Works

The history of HCCI combustion can be traced back to the late 1970s, when Onishi et al. (1979)
were able to achieve stable combustion by controlled autoignition in a two stroke gasoline engine at part
load and lean air/fuel conditions. The term employed by these researchers was Active Thermo-
Atmosphere Combustion (ATAC) and was developed based on studying abnormal combustion
phenomena and knocking. ATAC was successfully achieved by controlling the A/F ratio, residual gas
amount, and combustion chamber temperatures. In-cylinder pressure data and Schlieren photographs
allowed for identifying the characteristics of this combustion process. The rate of heat release obtained
from pressure traces showed little cycle-to-cycle variations and soft rate of heat release. Schlieren
photographs were used to verify the absence of flame front propagation and, more significantly, the quasi-
simultaneous ignition of the charge was detected through small variations in density between adjacent
areas of the air-fuel mixture. Lower NOy emissions and better fuel economy than conventional two-stroke
SI engines were achieved by the researchers, as well as noise and vibration reductions (Onishi et al.
1979).

Najt and Foster (1983), working on a four stroke cooperative fuels research (CFR) engine, were able
to identify the overall mechanism that governs the controlled autoignition process and the effect of engine
operating conditions on it. The CFR engine experimental setup allowed for independent control of the
amount and temperature of the EGR. Their experimental results on CR variation effects showed that an
increase in CR advanced the ignition timing and increased the energy release rates due to higher
temperatures and concentrations. Changes in equivalence ratio, from lean to rich, were reported to affect

the ignition timing and energy release rates, by advancing the combustion event with higher rates of
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energy release. Changes in engine speed were reported to affect the ignition process due to changes in the
absolute time that the mixture had to follow the combustion process. Increasing the engine speed reduced
the available time for combustion to occur, forcing the researchers to increase the intake temperature to
speed up the reaction rates. EGR was used by the researchers to provide the initial mixture temperature
required by autoignition. However, the inert nature of the EGR also dilutes the mixture, which partially
inhibits the initial thermal effect, and reduces the peak temperature during combustion. The EGR species
composition had no significant role in the autoignition process. The researchers concluded that low
temperature hydrocarbon kinetics, which occurs below 950 K, is responsible for the ignition process of

the primary reference fuels used in the project, namely PRF60 and PRF70 fuels (Najt and Foster 1983).

The term HCCI was first coined by Thring (1989) in the course of an experimental work to test the
range of operation of parameters involved in the novel four-stroke engine. The potential of the HCCI
engine at low load operation was recognized as providing power density comparable to gasoline engines.
In the experiments conducted by Thring, a four stroke engine was tested with commercial gasoline and
diesel fuels. The intake system was fitted with an electrical heater to achieve a stable air/fuel/EGR intake
mixture temperature. Intake temperatures were kept around 400°C for stable and broad operation. Results
reported by Thring show that the indicated specific fuel consumption (ISFC) under HCCI operation with
gasoline fuel is similar to values attained by conventional diesel (ISFC around 180-200 g/kWh). Results

with diesel fuel were limited due to fuel atomization and heating problems (Thring 1989).

Pioneer works on controlled autoignition combustion and HCCI by Onishi et al. (1979), Noguchi et
al. (1979) and Najt and Foster (1983) agreed on describing the HCCI engine as a compression-ignited,
stirred chemical reactor, where the chemical kinetics of the reacting air-fuel and residuals, defined by its
composition and temperature, governs the combustion event. The HCCI combustion process can be
defined as a combustion process governed by fuel autoignition. Research on primary reference fuels have
concluded that the autoignition of fuels depends on its composition, molecular size and structure
(Milovanovic and Chen 2001). Although it is possible to achieve HCCI with many different fuels, this

research project is focused in paraffins, particularly on n-heptane.

2.1.2 Fuel Chemistry

n-Heptane (C;H,¢) is a straight chain paraffin with a nominal octane number (ON) of ON=0, which
means that this fuel has a relative very low resistance to autoignition. The temperature history of n-
Heptane and other paraffinic fuels show two-stage ignition, as explained by Westbrook (2000). The first
stage is related with low temperature heat release (LTHR) period, and the second, or main combustion, is

associated with the high temperature heat release (HTHR) period. The low temperature combustion is



also regarded as “cool flame”, with negative temperature coefficient (NTC) (Westbrook 2000). As a
comparison, iso-octane, with ON=100, bears high resistance to autoignition and a single stage ignition
behavior (Kelly-Zion and Dec 2000). The existence of the LTHR has important consequences on HCCI

combustion control (Milovanovic and Chen 2001).

For alkane fuels, the literature divides the chain reaction paths in three main routes: below 750 K
dominated by chain propagating steps including oxygen molecules and generation of partially oxidized
species (Fish 1968, Pollard 1977). Between 800 K and 950 K the chain propagating steps involving O,
molecules yield conjugate alkenes and HO, radicals (Pollard 1977). Above 1000 K the main fuel radical
reactions are thermal decomposition by C-C bond breakage forming alkenes and smaller radicals
(Glassman 1996). Based on the previous description, Westbrook (2000) defined two different regions of
chain reaction: a low temperature kinetics region or ignition process, below 950 K, and the high

temperature kinetics region where the bulk of the chemical energy is released.

The low temperature reaction kinetics is characterized by H atoms abstraction from fuel molecules to

produce alkyl radicals R. These fuel radicals react directly with O, molecules,

R+0,+M—->RO,+M Equation 1

where M is a non-reactive third body.

The RO, radicals start to decompose by isomerisation into QOOH radical species. The isomerisation
rate depends strongly on size and structure of the original fuel molecule. The isomerisation rate is faster in
long linear alkane fuel molecules than in highly branched fuel molecules with primary C-H bonds, which

are difficult to break (Westbrook 2000).

The QOOH species react through different chain propagation steps, which starts with one radical and
produces HO, or OH radical.

QOOH - Q +HO, Equation 2
QOOH - Q0 + OH Equation 3

In addition to these chain propagation steps, Westbrook (2000) proposes that the QOOH radicals can
react with O, molecules to produce another radical O,QOOH that can be also isomerised. The isomerized
product decomposes into ketohydroperoxide and an OH radical. Upon reaching 800K, the
ketohydroperoxide decomposes into several species and at least two radicals. At this stage chain

branching is established. As a result, the decomposition of RO, radicals drives an inverse temperature



dependence on the overall reaction rate, which is known as NTC behavior, typical of two stage ignition

fuels (Westbrook 2000).

The high temperature kinetics starts above 850K, where the main chain branching reactions are:

H+0,+M - HO, + M Equation 4
RH +HO, - R+ H,0, Equation 5
H,0,+M - OH+OH+ M Equation 6

where RH is an alkane.

It has been experimentally proven in studies involving diesel ignition and knock phenomena that the
dominant characteristic of autoignition is the accumulation of H,O, until certain temperature is reached

when it decomposes via Equation 6 to cause ignition (Westbrook 2000).

According to Westbrook (2000), the key of fuel autoignition representative of HCCI combustion
systems lays on the H,O, concentration history. H,O, is produced below 900-1000 K by low and
intermediate temperature pathways, as presented above. H,O, concentration increases steadily, with H,O,
decomposition much slower than its production. H,O, decomposes rapidly at temperatures around 1000
K, yielding large numbers of OH radicals (Equation 6). The increase of OH radicals consumes any

remaining fuel, resulting in ignition.

The ignition process of iso-octane (single stage ignition) and n-heptane (dual stage ignition)
combustion characteristics can be summarized as follows. A modest heat release occurs at temperatures
below 900 K, depending on the cool flame reactivity of the specific fuel, which results in some
temperature increase. n-Heptane shows this kind of behavior. The dual stage ignition of n-heptane can be
explained by its long linear molecular structure that favors faster isomerisation rates than branched
alkanes, as is the case for iso-octane. Ignition occurs at the time when the core mixture temperature
reaches the H,O, decomposition temperature, around 1000 K. Any modification of the combustion
environment that increases the rate of increase of the mixture temperature, such as heat derived from low
temperature kinetics due to radical isomerisation, will advance the ignition timing (Westbrook 2000,
Milovanovic and Chen 2001). The opposite also holds true, and explains the use of inert exhaust gases to

retard the ignition.

2.1.3 Fuels for HCCI

Fuel flexibility is another characteristic of HCCI engines. The fuel flexibility of HCCI has been used

to test an extremely broad range of fuels, from methane to diesel. Research work has been conducted by
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several organizations trying to define suitable fuels for commercial HCCI operation (Aroonsrisopon et al.

2002, Dec and Sjoberg 2004, Shibata et al. 2004, Kalghatgi et al. 2003).

Initial work trying to correlate the well known fuel octane number with the ability to produce a stable
combustion under HCCI mode showed the necessity of developing a new index for HCCI fuels which
included engine operating conditions. The fuel octane number, for SI engines, is a measure of the ability
of the fuel to resist autoignition. The number is defined as an average of two numbers provided by two
tests performed on a single cylinder CFR engine, under ASTM procedures. One of the numbers, the
Research Octane Number (RON), is obtained at 600 rpm, 52°C intake temperature and 13° crank angle
(CA) before TDC spark advance. The second one, the Motor Octane Number (MON), is obtained at 900
rpm, 149°C intake temperature and 19° to 26° CA before TDC spark advance (Heywood 1988). The
difference between RON and MON is defined as fuel sensitivity S.

Research work on fuel octane sensitivity of paraffins, olefins and aromatics by Leppard (1990)
showed that under motor rating conditions the paraffins exhibited low sensitivity. Some olefins with long
carbon chain structures also exhibited low sensitivity. Because paraffinic fuels present low temperature
reactivity, i.e. cool flames, the sensitivity of a fuel can be seen a measure of NTC behavior.
Aroonsrisopon et al. (2002) concluded that the NTC behavior confounds the autoignition process. To
explain this situation experimental runs with PRF70 fuel show that the cool flame energy release is more
significant at lower intake temperatures and is also associated with later combustion of the charge. As a
result, the relationship between charge temperature history and fuel autoignition is non-linear for fuels
that show NTC behavior. On the other hand, researchers concluded that fuels that do not show NTC

behavior would behave proportionally to changes in the charge temperature (Aroonsrisopon et al. 2002).

Dec and Sjoberg (2004), while studying the effects of fuel chemistry on combustion phasing with
iso-octane, gasoline and PRF80 concluded that fuels with little cool flame chemistry required no
temperature compensation on combustion phasing when changes in A/F ratio occurred. In contrast, fuels
such as PRF80, which show significant cool flame chemistry, required changes in intake temperature to
compensate changes in fueling rate (Dec and Sjoberg 2004). This conclusion coincides with the results

from Aroonsrisopon research team.

An extensive fuel suitability research was performed by Shibata et al. (2004) using fuels with
different boiling point/RON characteristics. It was demonstrated that fuels that exhibit a substantial low
temperature heat release (LTHR) behavior accelerate the chemical reactions occurring during the period
between the low temperature heat release and the high temperature heat release (HTHR) (Shibata et al.
2004). For a fuel that exhibits LTHR behavior, the time -i.e. temperature history- required between LTHR

11



and HTHR was found constant. When the speed was increased, the crank angle span between LTHR and
HTHR became larger, so there was not enough time to ignite the charge at an appropriate timing and
misfired occurred. This condition reduces the speed dominion where HCCI is viable. Shibata et al.
concluded that a fuel with large value of LTHR is an “Easy knock, high speed, and low torque fuel”, and
the opposite holds true for low LTHR fuels (Shibata et al. 2004).

The relation between fuel composition, LTHR, HTHR and HCCI engine performance was studied by
Shibata et al.(2005) The experiment included 12 different fuel mixtures with different hydrocarbon
mixture composition. Performance of the engine based on knock intensity and the variation in mean
effective pressure, was correlated with the HTHR-CAS0 (crank angle at 50% of total HTHR) at 1000
rpm, which basically defined the operational range for each fuel tested. According to this research, the
relation between LTHR and HTHR for all fuels tested was confirmed. The chemical composition was also
correlated with this LTHR-HTHR interaction. A tendency of hydrocarbon families to advance the HTHR
was associated in the study with larger magnitudes of LTHR. The effect of LTHR on advancing HTHR
was categorized from higher to lower for hydrocarbon families as: n-paraffins>iso-
parafins>olefins>aromatics= naphtalenes. Aromatics and some naphtalenes exhibit an inhibitor effect due
to specific carbon bonding. It was concluded, as mentioned in during the HCCI combustion section, that

the structure of hydrocarbons strongly defines the LTHR behavior of hydrocarbons (Shibata et al. 2005).

2.1.4 Emissions

One of the main advantages of HCCI combustion is its low NO, and PM engine-out emission levels.
This is based on the HCCI almost simultaneous combustion, without flame propagation, allowing for
stable combustion in the lean limit (Milovanovic and Chen 2001). This lean combustion also impacts
positively the production of thermal NOy, which can be significantly reduced due to lower peak
temperatures during HCCI combustion (Thring 1989, Onishi et al. 1979). Experimental results with iso-
octane and ethanol in a 6 cylinder engine at 1000 rpm show that at part load the NOy production of a
HCCI engine may be at the same level as values reported after the three way catalyst on a SI engine

(Christensen et al. 1998).

Experimental work using a 6 cylinder truck engine was performed to investigate the operational
range of stable HCCI combustion with turbocharging and intercooling (Olsson et al. 2001). The engine
was run with variable mixtures of n-heptane and ethanol to control the load. The use of ethanol allowed
for high compression ratio values, CR=18. It was confirmed by the researchers that the NO, emission
values were kept below 0.1 g/kWh, not just under low load, but also under high load conditions (around

15 bar BMEP) .
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Gray and Ryan (1997) ran a series of experiments investigating the application of diesel fuel for
HCCI combustion. A CFR one cylinder variable compression ratio engine modified with an intake fuel
injector and air heater was used in this study. Results from this study show that the A/F ratio operational
range is inversely proportional to the EGR span. A compression ratio range of CR=9 to CR=11 was found
as stable for HCCI diesel operation. Engine-out emission values of NOy was 98% below the levels
obtained for diesel operation. PM emission values were reduced to around 26% (Gray and Ryan 1997).
These low PM levels were achieved due to the absence of fuel rich zones typical of HCCI combustion

(Ryan 1996).

Cairns and Blaxhill (2005) were able to run a 4 cylinder 2 liter engine with a geometric compression
ratio CR=11.2 and fueled by gasoline 95RON, using external and trapped exhaust gases and shifting from
HCCI to SI mode when required. Direct fuel injection, variable valve timing system, an electronically
controlled intake valve working as a swirls control device and electronic EGR valve were required in this
project. NO, emission values were found at the same level of post catalytic converters in stoichiometric
SI engines, but this benefit was only reported at low load. At moderate loads the engine required to be run
under SI stoichiometric conditions. The relation between the swirl valve and NO, production was also
investigated. The swirl valve proved to be effective in reducing the NO, emission, when the load was

increased, due to improved mixing conditions (Cairns and Blaxhill 2005).

CO and HC emissions are also higher on HCCI combustion than in SI (Christensen et al. 1997) or CI
(Ryan 1996). The boundary layer and crevices have been indicated as the source of HC emissions, which
are not able to react close to the colder walls of the cylinder. The partial oxidation of some of the
hydrocarbon chains, also close to the cylinder walls, is the cause of high CO emission levels. Residual gas
trapping through valve timing has been shown to reduce CO and HC emissions as demonstrated by

Olsson et al. (2003). This was caused by the availability of radicals from the previous cycle.

2.1.5 Efficiency, Operational Range and Combustion Stability

Higher thermal and volumetric efficiency can be achieved by HCCI at partial load operation. Better
thermal efficiency can be achieved with higher compression ratios. Compression ratios in HCCI can be
higher than in SI combustion because HCCI combustion is based on autoignition. Experimental results
with natural gas show that stable combustion at part load was achieved with CR=21.0, while SI
combustion tolerated no more than CR=12.0 before knock was detected (Christensen et al. 1997).
Pumping losses are reduced by volumetric efficiency improvements. At part load conditions the HCCI
engine accepts un-throttled operation, which reduces the pumping losses associated with the intake stroke

(Christensen et al. 1997).
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As can be observed from the list of advantages, most of the benefits of HCCI occur at partial load
operation, and this has consequently limited the commercial application, which requires a stable solution
over the whole operating envelope. The main difficulty of HCCI combustion is the controllability over
ignition timing and the rate of heat release. As mentioned before, the HCCI combustion process is
controlled by chemical kinetics, and no direct control, as in SI or CI combustion, is used. As a result, the

operational limit is confined by knock, in the rich limit, and by misfire, in the lean limit.

HCCI combustion bears negligible cycle-to-cycle variations compared to SI combustion (Onishi et
al. 1979, Thring 1989). This was explained by Milovanovic and Chen (2001) as a result of a geometry
independent combustion ignition. In the case of SI combustion, the early flame development is affected

by the changes of A/F concentration in the vicinity of a spark plug.

2.1.6 Advances in HCCI

Two general directions have been investigated to extend the operational range of HCCI and provide
the required control: modifying air/fuel mixture properties and modifying engine operation and design
parameters (Milovanovic and Chen 2001). The final purpose of each one of these strategies is to modify

the composition and/or temperature history of the in-cylinder charge.
2.1.6.1 Air/Fuel Mixture Control Strategies

In-cylinder charge temperature

It has been mentioned before in this document that the HCCI is a process governed by fuel
autoignition, which depends on composition and temperature of the mixture. The charge temperature
history can be modified by controlling air intake temperature, usually by means of electrical heaters or by
controlling the amount of exhaust gas residuals. Heating of intake air has been used mostly during
research projects. The control of in-cylinder charge by controlling the exhaust gas residual amount has

been used frequently for HCCI control and is explained in detail in the following section.

Increasing the intake temperature tends to advance the onset of combustion, according to models
proposed by several researchers, but the controllable range is limited due to high heat release rates that
lead to ringing conditions. Parametric studies performed by Fiveland and Assanis (2000) on HCCI of
methane and hydrogen show that increasing intake temperature advanced the ignition onset due to
increased reaction rates. The values of calculated volumetric efficiency and trapped mass —mass into the
cylinder- were also reduced at higher temperatures. The combination of lower volumetric efficiency and
advanced ignition onset, which increases pump work, had an overall negative effect on power out.

However, too low intake temperatures were found as source of misfire. These two limiting conditions
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were used to define autoignition limits at certain engine speed and EGR content (Fiveland and Assanis

2000).

Modeling work on HCCI of large chain hydrocarbons, i.e. iso-octane, n-heptane and gasoline,
performed by Easley et al. (2001) show that the intake temperature required for ignition at TDC is around
100 K lower than the intake temperature required for methane. Their modeling work also predicts that for
gasoline at constant engine speed of 2500 rpm, the intake temperature should be reduced around 60 K
when the equivalence ratio is varied from 0.2 to 1.0 to achieve constant combustion timing around TDC.
Changes in engine speed also required adjustments in intake temperature to keep a constant combustion
phasing. This was explained as being caused by changes in the mixture residence time to achieve the

required combustion temperature (Easley et al. 2001).

Experimental studies on thermal stratification for heat release smoothing, by Sjoberg et al.(2004),
show that for iso-octane the combustion phasing changes as the intake temperature changes. This
experimental work confirmed that an increase in equivalence ratio required reduction on intake
temperature looking for a constant value on combustion phasing. This effect was attributed to shorter burn
duration and increased residual and wall temperatures. It was reported that the autoignition timing is more
sensitive to changes in intake temperature when the ignition occurs after top dead center (Sjoberg et al.

2004).

Exhaust Gas Recirculation

The idea behind the EGR use for control of the HCCI engine is based in the availability of an inert
gas that can be used to change the thermo-chemical characteristics of the in-cylinder charge. The control
over the temperature and amount of this gas has been based on internal trapping of hot residual gases, or

on a cooling charge of external EGR.

The effect of cooled EGR on emissions and performance of a turbocharged, six cylinder 12 liter
HCCI engine operated with a mixture of n-heptane and ethanol was studied by Olsson et al. (2003) . It
was expressed by the team, based on previous studies on HCCI, that the main reason to use EGR was to
slow down the combustion rate. This is critical at high loads. The reason behind this is that EGR has
lower specific heat ratio, y=c,/c,, which reduces the mixture temperature during the compression stroke.
An additional effect was the reduction in O, concentration and the increase in CO, and H,O which slows
down the oxidation rates. A drawback of using EGR at high loads was the reduction in thermal efficiency,
which is defined by compression ratio and the specific heat ratio (Heywood 1988). Experimental results
reported by the researchers show that at idle and mid-load the use of high EGR improves combustion

efficiency by recirculating the unburned hydrocarbons (Olsson et al. 2003). EGR content was reported as
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having a very insignificant effect in burn duration at mid loads. CO emissions were reduced by almost a
half with EGR values close to 50%. The reason for this improvement was also due to recycling of radical
species. The final effect of EGR on thermal efficiency, i.e. the ratio between work produced and heat
added, was not clearly defined by the researchers. According to modeling results, the thermal efficiency
was expected to be reduced with EGR addition. However, the experimental trend show that the thermal
efficiency increased, and after some value of EGR, decreased. NO, emissions were reduced in direct

proportion to EGR addition, as expected (Olsson et al. 2003).

The effect of EGR on HCCI of n-heptane was studied by Peng et al. (2003) on a single cylinder
experimental engine at an engine speed of 1500 rpm, compression ratio CR=18 and intake temperature of
300 K. It was found that in those conditions the richest equivalence ratio without EGR for stable
operation was around ¢=0.2. The maximum IMEP value was obtained at ¢p=0.66 with an EGR rate of
65%. It was reported, coinciding with previous studies in this topic, that the autoignition of cool flame
region was delayed at high EGR rates. Combustion duration was not changed by changes in EGR, but
changed inversely proportional to equivalence ratio. The NOy emissions were reported below 5.0 ppm,
with maximum IMEP value around 4.0 bar. HC emissions were associated with equivalence ratio rather
than low combustion temperatures due to EGR addition. The engine indicated fuel consumption was
worst than values normally obtained for conventional diesel combustion. According to the researchers,
the reason behind this negative behavior on fuel economy was that the test engine was not optimized for

HCCI combustion. Its relation with EGR was not determined (Peng et al. 2003).

Persson et al. (2005) experimentally proved the internal trapping of EGR on a six-cylinder HCCI
engine powered by gasoline. The amount of residuals was varied by a variable cam phasing mechanism.
Additional spark timing was provided as part of the experimental setup. At high loads it was observed
that rapid pressure rise was observed, which limited the load. By increasing the speed it was observed that
the volumetric efficiency decreased due to increased amount of residuals. Reduction of the residuals to
increase volumetric efficiency and reduce early ignition was limited by the occurrence of misfires

(Persson et al. 2005).

Cairns and Blaxhill (2005) used a combination of external and trapped exhaust gases to run a 4
cylinder 2 liter engine fueled by gasoline 95 RON. Shifting between HCCI and SI mode was used to
cover most operational conditions. Direct fuel injection, variable valve timing system, an electronically
controlled intake valve working as a swirl control device, and electronic EGR valve were required in this
project. Results show that at constant engine speed, without external EGR, the intake and exhaust valves

had to be adjusted, while varying load, in order to avoid misfire or knock. The addition of external EGR
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allowed for achieving improvements of 65% in engine power output. The effect of increasing the amount
of internal EGR was the over-advancing of ignition timing and increasing fuel consumption for stable
operation at high loads. The highest benefits were obtained at low engine speeds and loads. In terms of
fuel economy at low loads, the use of internal EGR alone proved to be beneficial (Cairns and Blaxhill

2005).

Fuel blends
The autoignition capacity of fuels depends on composition, molecular size and structure, as was
previously stated. Blending of fuels with different autoignition properties has been studied by several

researchers as a method to improve control and expand the operational range of actual HCCI system.

Olsson et al. (2001) modified a 6 cylinder turbo-charged engine for dual fuel operation. The system
was designed to operate for n-heptane and ethanol. The addition of ethanol, with a high octane rating,
allows for the combustion under a compression ratio of 18:1, which will be difficult to achieve under high
load conditions. The relative amount of fuels is adjusted to perform load control without changing the
ignition timing. The control was effectuated using a controller with pressure sensor to adjust for the right

timing (Olsson et al. 2001).

The control of ignition timing, rate of heat release and the expansion of the operating envelop for
HCCI engines was studied by Ogawa et al. (2003). Experiments conducted at 1200 rpm, with a high
ignitability light naphtha, cetane number (CN) of CN=27, and several low ignitability fuels (alcohols,
non-alcohol oxygenates and benzene), demonstrated the control of ignition timing, and the suppression of
excessive rapid combustion. The light naphtha was port injected to create a sufficiently homogenous
charge. The low ignitability fuels were directly injected into the cylinder. Variable injection timing was
investigated. It was reported in this study that low ignitability oxygenated fuels, such as alcohols, have an
intense effect in inhibiting the low temperature reactions and, in consequence, were able to delay the
onset of HTHR of the light naphtha. The reason of this effect is based on the affinity of methanol to react
with OH radicals, reducing the availability for reacting with the naphtha fuel (Ogawa et al. 2003).

A different approach by using a fuel difficult to ignite, i.e. natural gas (NG), as the main fuel
provider of the bulk of the chemical energy, and a secondary fuel, easy to ignite, i.e. n-heptane, as a pilot
fuel required to ignite the main fuel, was employed by Wilhelmsson et al. (2007). In the experimental
setup, the NG/n-heptane ratio was tailored to keep ignition timing at the maximum indicated efficiency.
Boost was adjusted on a variable geometry turbocharger to obtain higher load conditions until certain
NO limit was reached. Overall net indicated efficiency —i.e. without taking pumping losses into account-

at high load was around 45-50% (Wilhelmsson et al. 2007).
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2.1.6.2 Engine Operation and Design Parameters Modification for HCCI

Displacement

The effect of displacement on gasoline fueled HCCI engines was studied by Hivonen et al. (2006)
with three different multi-cylinder turbo-charged engines (1.6, 2.0 and 11.7 liters) modified to share
similar values of compression ratio, around 14.5. Combustion phasing was assured by controlling the
intake temperature in all three engines, at 1000 rpm and using gasoline 91 RON. Maximum values of
BMEP reported were around 6 bar. Results show maximum values of brake specific efficiencies at 4 bar
BMEP for the largest engine and a proportional reduction for the medium and the smaller engine. The

thermal efficiency was found to be similar for all three engines at the same BMEP.

Compression ratio

The proper selection and the influence of compression ratio for stable HCCI combustion has been a
key topic in this field, and have been studied along with the choice of suitable fuels for HCCI. Initial
studies performed by Gray and Ryan (1997) in HCCI of diesel fuel and blends of hexadecane and n-
heptane show that the effect of compression ratio in the A/F range where stable HCCI is achieved
depends on the type of fuel. For commercial diesel fuel, the researchers concluded that as the CR
increases (from 9 to 13) the A/F ratio span of stable operation was increased. On the other hand, the A/F
ratio tended to narrow significantly when the CR ratio was increased for the fuel blends. The differences
were attributed to particular temperature histories for each of the CR and fuel cases. As an additional
observation, the tolerance of EGR was found also dependent on CR and A/F ratio. The effect of
compression ratio on combustion timing was similar for both fuels, and, as expected, higher compression
ratios exhibited earlier combustion timing at the same engine speed for any A/F, and EGR composition

(Gray and Ryan 1997).

Christensen and Johansson (2000), working with natural gas for HCCI, tested the influence of CR for
two different boost conditions. At low boost, the compression ratio required for stable combustion was
reached at CR=22, at four different conditions of A/F ratio. At boost of 1.5 bar, the compression ratio was
reduced at CR=18 to avoid rapid pressure rates leading to engine knock. It was observed that low CR
would reduce the combustion duration in all cases studied. The highest NO, emissions were reported for

the high CR and high boost case (Christensen and Johansson 2000).

Variable fuel injection
The use of variable injection timing has been widely investigated with promising results. Cao et al.
(2006) using multi-cycle 3-D engine simulation of HCCI combustion on a gasoline engine compared the

effects of two different fuel injection strategies: injection during the negative valve overlap (NVO) period
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and injection during the intake period. Results show that the cooling effect of injection on charge affects
the volumetric efficiency and combustion phasing due to temperature changes. The volumetric efficiency
was better with injection during the intake valve open period. It was found that the partial combustion
during the compression period of the NVO® a minor combustion event, or the release of radicals, takes
place and this advances the combustion timing. This minor combustion during the NVO period and its

advanced combustion show an increase in IMEP, but also in NO, emissions (Cao et al. 2006).

In a similar way Waldman et al. (2007) investigated the effects of fuel injection during the NVO
period on a gasoline HCCI engine. Different modes were tested with an initial injection during the NVO
period and a secondary injection. The secondary injection was applied either port-injected during intake
stroke, or direct injected during the compression stroke. Different timings and relative amounts were
tested. Results show that advancing the injection during the NVO period advances the HCCI combustion
timing. This phenomenon was associated with fuel reformation during the NVO injection. The advance of
the injection during the NVO period allowed the fuel to react with the remaining oxygen and, hence,
creating an important radical pool, which advances combustion timing. Advances for up to 10° CA on
combustion ignition were reported while varying fuel amounts during the NVO period, which agreed with
numerical analysis by Urushihara et al.(2003). It was reported that retarding the NVO injection period
show a positive effect in volumetric efficiency as a result of an increase of pressure at inlet valve opening
(IVO). NOy emissions were reduced by retarding the NVO injection period. The study concluded that the
ignition timing can be adjusted by tailoring the relative amount of NVO fuel injected and port/direct fuel
injected. Earlier combustion was found when the amount of NVO injection was increased. Combustion

efficiency improved as the percentage of NVO fuel injected increased (Waldman et al. 2007).

Partial fuel stratification, a technique that involves partial injections of fuel during the intake and
compression stroke was studied by Sjoberg and Dec (2004) using primary reference fuels (PRF83) and
iso-octane. Partial fuel stratification differs from the typical fuel stratification found in DISI engines. The
early injection is meant to supply the charge with an almost homogeneous distribution of fuel to provide a
base equivalence ratio around the cylinder. The second injection during the compression stroke should
provide the required energy for load demand. Modeling work performed by the researchers on a multi-
zone model showed that the rate of heat release in the stratified mixture was staged as it advanced from
zone to zone. As a consequence, the rate of pressure rise was slowed down, which allowed the use of

richer A/F ratios without the risk of knock, expanding the operational range of the engine. The first fuel

* In NVO operation the exhaust valve closes well before top dead center, trapping a significant amount of hot
exhaust gases. The trapped gases are then compressed during the remaining section of the exhaust stroke, and then
expanded until late opening of the inlet valve. In a conventional SI engine, the intake valve is opened before the
exhaust valve is closed.
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injection, during the intake stroke was experimentally determined to provide the higher IMEP values at
the lowest NO, emissions level. The secondary injection was found to be optimal at 295° CA. When
comparing iso-octane, a single stage combustion fuel, with PRF83, a dual stage combustion fuel, the PRF
blend showed lower cycle to cycle variations. This behavior was attributed to the steady release of heat
after the LTHR region, before the main ignition occurs. The researchers concluded that fuel stratification
was more successful with fuels bearing two-stage ignition behavior. This was attributed to the intensity of
the LTHR stage in proportion to the local equivalence ratio. Because the local LTHR is staged, then the
local HTHR is also staged, generating a globally staged heat release with lower pressure rise rates. Two
stage ignition fuels are sensitive to local equivalence ratio values. In that paper, runs with PRF83 show

IMEP gross increase from 537 kPa to 597 kPa. An increase in NO, emissions was also reported.

Dual HCCI-SI operation

Due to the limited operational range where HCCI has proven stable combustion, the dual operation
mode, switching between SI and HCCI operation, has become widely accepted among researchers, and
some prototype engine has been tested and presented to the public. Kulzer et al. (2006) compared the
thermal efficiency of several single and dual modes using gasoline 95RON. The use of VVA and gasoline
direct-injection allowed for three different modes: dethrottled SI operation with early inlet valve closing,
charge stratification with high EGR and HCCI operation. Fuel injection, all the valve events and ignition
timing were modified for each combustion mode to achieve the best fuel consumption and emissions
reductions. HCCI achieved the best emissions reduction and thermal efficiency, but was reported as more
challenging to control. The effect of dethrottling was recognized as extremely favorable for reducing in-
cylinder pressure and temperature curves. Compared to the other engines, HCCI achieved the best (42%)
indicated efficiency value and 94% NO, emissions reduction at 5 bar NMEP, 2000 rpm (Kulzer et al.
2006).

Another popular technique explored is the combination of SI and HCCI, which requires variable
injection and valve timing. Experiments conducted on a 2 liter, 4 cylinder, GDI engine with CR=13 by
Wang et al. (2008) demonstrated the viability of dual mode operation. The HCCI/SI switch required the
use of a fast cam. The two-stage variable valve timing mechanism from GM was used in this experiment.
Two-stage refers to the profiles needed for SI and for HCCI combustion. HCCI under lean conditions was
achieved using NVO and split injection, one during NVO and the other during compression. This
technique reduced the sensibility of the charge to intake conditions. Combustion phase was tailored by
changing the split ratio. Changes for SI to HCCI were difficult to achieve due to combustion fluctuation;
it reported a reduction in NO, from 2500 ppm to 300 ppm and an increase in HC emissions and fuel

economy penalties. The researchers reported a stable range of HCCI operation from 1500 rpm to 4000
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rpm, and IMEP values from 1 bar to 4 bar. The level of NOy emissions was reduced beyond the 90%

compared to conventional SI engines.

2.1.7 HCCI Modeling

Numerical modeling of the HCCI combustion process can be divided in two categories. The first,
where the model is focused on predicting the ignition timing, is based on single-zone combustion
modeling assuming homogeneous distribution of temperature and composition. The second category,
besides covering the ignition timing, describes the combustion process based on a non-homogeneous
temperature and composition volume. This secondary category covers multi-zone and CFD modeling.

The main characteristics for HCCI modeling are presented below.

2.1.7.1 Ignition prediction models: Single zone models

Prediction of ignition can be accomplished by assuming a single zone with homogeneous distribution
of species and temperature during the closed cylinder period covered form intake valve closing (IVC) to
exhaust valve opening (EVO). The volume is defined by slider crack kinematics. Heat transfer is mostly
based on Woschni type correlations with negligible radiation. Blow-by is usually neglected. Single zone
models prediction of ignition timing is good due to the fact that the single zone is representative of the
central core zone of the cylinder volume, where the mixture of gases is at higher temperature, with higher
probability for ignition. Therefore these models can describe also phenomena associated with the central
core, such as NO, emissions, and trends in peak pressure and indicated work. Methods to predict ignition

are:

Auto-ignition integral method

This method is based on the Livengood-Wu (1955) which determines the onset of ignition (Al) based
instantaneous ignition delay (z) of the mixture t=cP"exp(-b/T) where P and T are the instantaneous
pressure and temperature, respectively; and ¢, n and b are fuel specific constants. This method is not

suited for fuels that exhibit low temperature heat release (Shaver et al. 2003).

Global reaction mechanism

The global reaction mechanism method is based on calculating the autoignition of the mixture by
using global reaction rates obtained in rapid firing machines for hydrocarbons available in literature
(Shaver et al. 2003). The reaction rates had to be modified to account for IC engines conditions. The first
HCCI model developed for this project was based on this kind of auto-ignition mechanism for n-heptane

(Posada et al. 2007).
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Detailed chemical kinetics mechanisms

Detailed chemical kinetic mechanisms are able to simulate all of the documented chemical processes
that occur during HCCI combustion leading to auto-ignition. Because HCCI combustion is governed by
chemical kinetics, these detailed mechanisms are fundamental for single-zone and multi-zone. One of the
advantages is that cool flame chemistry can be captured by this model. The drawback of this model lays
on the amount of elementary reactions that are described, creating numerical difficulties for the set of
differential equations to be solved (Aceves et al. 1999, Aceves et al. 2000). HCCI single zones model
have been used to predict engine performance over a wide rage of operating conditions and has also been

applied for control strategies (Shaver et al. 2003).

2.1.7.2 HCCI detailed combustion: CFD and Multi-zone models

Single-zone models are not able to predict burn duration, and the calculated rate of heat release, and
pressure rise are extremely high (Aceves et al 1999). Boundary layer effects such as HC and CO
emissions are also not covered by single-zone models (Easley et al. 2001). CFD and multi-zone models
have been used to study the HCCI problem considering the auto-ignition chemistry and the chemical and

thermal stratification between boundary layer and the mixture core.

CFD Models

In CFD models, the chemistry and fluid problems are solved simultaneously (Warnatz et al. 1999).
CFD models are capable of predicting any engine combustion phenomena, with the appropriate grid
resolution and setting of boundary conditions (Warnatz et al. 1999). However, the solution of combustion
related problems is limited by the capability of the processor to handle large chemical kinetics
mechanism. Reduction of mechanism is the simplest method to increase the speed of solution processing
(Patel et al. 2004). However reduced mechanisms are applicable to a reduced set of engine conditions.
Among the benefits observed in CFD modeling is the capability of describing turbulent mixing
phenomena that occurs around the valve events. This is very important when the air and fuel mixture is

not homogenous (Warnatz et al. 1999, Patel et al. 2004).

Multi-zone models

Multi-zone models can be described a simplified version of a CFD model, where many cells are
grouped into a single zone. For problems were the auto-ignition chemistry is more significant than the
fluid flow phenomena, a multi-zone model offers great computational advantage (Aceves et al. 2000).
This approach also offers the benefit of describing boundary layer phenomena and accounting for
stratification. Multi-zone models applied in HCCI combustion can be characterized by the number of

zones, the type of zones and the interaction between zones.
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The number of zones goes from 2 zones, i.e. boundary layer (BL) and core zones (Fiveland and
Assanis 2001), up to 30 zones (Noda and Foster 2001). Multi-zone models contain boundary layer zones
that allow for better representing thermal stratification and crevices to describe unburned HC exchange

with the core during expansion.

Easley et al. (2001) presented a model where the cylinder was divided in four types of zones:
crevice, boundary layer, inner core and outer core. Mass exchange between zones was limited to crevice,
boundary layer and outer core. The inner core was considered as an adiabatic zone, with no mass
exchange, and zone interaction with the outer core due to work. The volume of each zone that exchange
mass was defined as constant, depending on a specified boundary layer thickness for the BL zone, and a
predefined crevice volume for said zone. The initial inner core volume depends on initial mass
distribution for the inner core and on the volume balance for the outer core. As inputs, the model required
boundary layer thickness, mass distribution and initial temperature and cylinder pressure (Easley et al.

2001).

Ogink and Golovitchev (2002) presented a multi-zone model with nine zones: a crevice zone of
constant volume, a quench layer zone with a constant thickness of 0.1 mm, a core zone that exchange
mass with the quench layer and six core zones of constant mass. The volume of each core zone was
derived from mass distribution obtained via in-cylinder pressure data analysis assuming normal
distribution characteristics. Results demonstrated that the model properly predicts the pressure history and
rate of heat release, but the emissions results were highly dependent on proper quantification of trapped

mass and EGR.

Heat transfer between zones was first introduced by Komninos et al. (2004). In this approach, the
volume of each zone was geometry dependant. The bounding geometry characteristic was defined by the
percentage of core zone defined at TDC, usually 50% of height at TDC. From this geometric condition,
the remaining volume zones, or shells, were calculated by assuming a constant thickness and changing
height. Mass and heat transfer was allowed from core to quench layer. Heat transfer to the walls was also

accounted for.

Heat transfer to walls was considered in this investigation by using the correlation developed by
Chang et al. (2004). No pressure-volume work interaction was considered because the model is geometry
driven, as it was proposed by Komninos et al. (2004). All zones must share the same pressure. This model
is based on the model developed by Komninos et al. (2004) Mass exchange between zones is considered
because the mixing of cold gases from crevices and BL with hotter inner regions is the main reason for

HC and CO emissions on HCCI engines (Easley et al. 2001).
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2.2 Thermo-Chemical Recuperation

The concept of thermo-chemical recuperation is based on the idea of storing heat energy by
converting it to chemical energy. In practical terms, it means to take an energy-poor reactant, and

reformed it through endothermic reactions into an energy enriched product.

TCR for reciprocating IC engines uses high efficiency heat exchangers to recover sensible heat from
engine exhaust gases and convert it to chemical (fuel) energy. The main techniques for onboard reforming
of automotive fuels are partial oxidation, also known as exhaust-gas reforming, and steam reforming. In
the exhaust-gas reforming case, the fuel enters in direct contact with available water molecules in the
exhaust gas stream after the combustion process (Kirk and Othmer 2000). Similarly, steam reforming is
based on the interaction between fuel and water molecules, but in this case the water is provided by an
independent source (on-board tank or exhaust gas condensate). The exhaust gas stream can be used as a

heat source without being in direct contact with the fuel.

2.2.1 Partial Oxidation

Partial oxidation (PO) for hydrogen generation is a process used in industrial applications for H,
production. This process is mostly applied to heavier hydrocarbons or when there is a source of pure O,
available in the plant (Kirk and Othmer 2000). As the name implies, partial oxidation requires less than

stoichiometric concentration of O,,
CpHm + 50z = nCO + 2 H, Equation 7
As an example, the partial oxidation of methane can be described by,

CH, + 0, - CO +2H, AH= —36kJ/mol Equation 8

where AH represents the energy released during the partial oxidation. The negative sign means an
exothermic reaction. This allows the PO process to be carried on without a source of heat, simplifying the
final process design. The downside of the exothermic process is the waste of energy in conversion from
chemical to heat energy (Jones and Wyszynski 1993). In the case of on-board partial oxidation, where

there is no pure O,, Equation 7 includes the corresponding amount of N, at both sides of the equation.

2.2.2 Steam Reforming

The steam reforming (SR) of a hydrocarbon fuel is a process in which steam is used to extract
hydrogen from a hydrocarbon feedstock fuel in the presence of metal catalyst. Currently, the majority of

the world’s hydrogen is produced by steam reforming of fossil-fuels, primarily of natural gas, but it can
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also be obtained from naphtha, liquid petroleum gas (LPG) or refinery off-gas (Bennett 2007). The

industrial production of hydrogen is accomplished through these general steps described below.

Gas pretreatment is the required first step to remove sulfur compounds that would poison the nickel
based catalyst. The catalytic reforming process, where most of the H, and the sub-product CO are
produced, takes place at high temperatures (650-900°C) and pressures (3-25 bar). High pressures require
high temperatures for a favorable equilibrium. For general hydrocarbon fuels, the following global

reaction determines the ideal amount of hydrogen produced from the fuel (Kirk and Othmer 2000).
CpHypyp + nH,0 - nCO + (2n + 1)H, Equation 9

The steam to carbon mole ratio is kept at values close to S:C=3:1, for industrial applications, to

avoid carbon deposition on the reactor catalytic walls.

Other reactions can also be promoted to obtain higher yield of H,. The water-gas shift reaction

(WGSR) is exothermic and favored at low temperatures.
CO+H,0 < (C0,+H, Equation 10
As an example, the steam reforming of methane can be described by,
CH, + H,0(g) —» CO + 3H, AH = 206 kJ /mol Equation 11
where 4H represents the energy required to carry on the steam reforming reaction.

To compensate for low temperature processing at reduced kinetic speed, the process is usually
implemented in two stages: high and low-temperature stages (Hoogers 2005). The high temperature
WGSR occurs around 380°C using an iron oxide-chromium as catalyst. A second reduction of
temperature at 250°C is carried out to increase the rate of reactions using copper, chromium and zinc

oxides as catalysts (Hoogers 2005).

The steam reforming reaction is endothermic in the overall, and the required amount of energy
depends on the stability of the base fuel to be reformed and the ability of the catalyst to activate and
transform the base fuel into the products (Kirk and Othmer 2000). The process can be applied to many
hydrocarbon fuels, requiring different catalyst materials and reforming temperatures. Methanol, for
example, is reformed between 470 K and 570 K, while methane is reformed between 1000 K and 1300 K.
Methanol reforming uses a copper catalyst supported by zinc oxide. The best catalyst for the high-

temperature water-gas shift reaction is a mixture of iron and chromium oxides, while the low-temperature
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reaction implements a copper catalyst supported by zinc oxide. Methane reforming is usually catalyzed by

nickel (Hoogers 2005).

2.2.3 On-board Reforming of Fuels

Partial oxidation and steam reforming are two processes to accomplish the thermo-chemical
recuperation of fuels. Regarding mobile applications, these methods have been studied since World War

II and only a handful of prototypes have been built.

Houseman and Cerini (1976) published a paper discussing the alternatives and trade-offs between
both, PO and SR of a hydrocarbon fuel. Indolene, as a surrogate for gasoline, and methanol where used
for the experimental work. Equilibrium calculations were performed to determine the theoretical behavior
of both fuels and processes. For steam reforming, the model results showed that there is a trade off
between the steam/fuel ratio and the operating temperature to reach certain H,/fuel ratio. Theoretical
thermal efficiencies, defined as the ratio between the LHV of products and reactants, were around 118%.
Steam reforming of methanol was reported successful at temperature higher than 260°C. The heating
value for the reformed product of methanol was increased by 8%. The partial oxidation of gasoline was
reported at equivalence ratios lower than ¢=0.37. At this equivalence ratio, the PO thermal efficiency was
around 80%. Experimental results with partial oxidation of methanol, without catalyst, showed that at
496°C the thermal efficiency reached 50% and the product composition had H, content of 20%.
Experimental results on steam reforming of gasoline showed that at 520°C the reformer reached a thermal

efficiency of 112% and the H, mole fraction was 51% (Houseman and Cerini 1976).

A direct contact reforming reactor capable of both steam reforming and partial oxidation was built
and tested by Jones and Wyszynski (1993) for on-board reforming of n-heptane aiming at ultra-lean
combustion through H, addition. The exhaust gas reformer allowed for combining fuel, exhausts gases
and steam, tailoring the reformate gas composition. Propane was used as the source of exhaust gases due
to its similarity in composition with gasoline products. Four parameters were studied during the test: the
temperature of the reformer gas inlet, the gas hourly space velocity (GHSV), exhaust gas composition and
reforming oxidant to fuel ratio. Reactor Inlet temperatures were varied from 873 K to 1223 K. GHSV was
tested at 1000h” and 3000h”'. The oxidant composition was tested under standard (unmodified)
combustion products, and under modified conditions by steam, also by 3% (by vol) excess oxygen in air

and by both steam and oxygen.
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The reactor excess oxidant ratio* was tested at two levels, A,=1 and A=2. Results reported show that
the highest temperature produced peak values of H, concentration (26%) and reformer thermal efficiency
(120%). Methane levels were significant at low temperatures and reduced with increase in temperature.
Equilibrium levels of H, and CO were not reached even at the lowest value of space velocity. CH4 and
CO, concentrations were higher than the corresponding equilibrium values. Test performed at 1000h™ and
at higher temperature presented some carbon accumulation on the reactor walls. When the oxidant
composition was compared, the highest values of H, concentration (32.2%) were reached with the
fuel/steam reforming process, with 3% excess oxygen. CO yield was reduced with steam addition. The
effect of oxidant ratio was to reduce the formation of solid carbon in the reformer (Jones and Wyszynski

1993).

The use of steam reforming of hydrocarbon fuels extends to other fields of applications such as fuel
cells. Because fuel cells operation are based on hydrogen, the steam reforming of hydrocarbons
technology is a potential supply of H, based on commercial hydrocarbons. Hu et al. (2003) presented a
paper on hydrogen production by steam reforming of hydrocarbons for use in PEM fuel cells, which
require high H, purity and small reactor volume. The catalyst selected for this research was based on Pd
on ceria. Tests were conducted at a steam/methanol ratio of 1:1 by weight. Methanol, iso-octane and
synthetic diesel fuel were tested. Results show that a very high GHSV (36000-144000 h™") and at relative
low temperature (720-820 K) the reformer achieved iso-octane and synthetic diesel conversion around
95%. Methanol was reformed at temperatures around 570-620 K. It was also found that the commercial

diesel fuel tested caused significant catalyst deactivation within 3 hours of tests (Hu et al. 2003).

2.3 HCCI with Reformed Gas (H, and CO) addition

The effects of partial oxidation of hydrocarbons (H, and CO) in HCCI combustion of n-heptane and
iso-octane were investigated by Eng et al. (2002) in a single cylinder Ricardo Hydro engine with
CR=12.5. In order to achieve HCCI operation and, at the same time, avoid the use of high intake
temperature to control combustion timing, the research team decided to use exhaust re-breathing
techniques. The exhaust re-breathing technique is based on opening the exhaust valve during the intake
stroke to re-breath some amount of hot exhaust gases to increase the in-cylinder mixture temperature. The

PO gas was simulated with a predefined mixture of H,, CO and N, with a relative composition that

* Reactor excess oxidant ratio was defined by Jones and Wyszynski (1993) as,
__ Actual OF

_ . _ T ™ Stoich OF ’
where OF is the oxidant to feedstock ratio
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reflected the hydrogen to carbon ratio of the fuel used in the experiment. Experimental results with n-
heptane at the base case, without rebreathing showed that the intake temperature had to be increased to
keep COV of IMEP below 1%. Even though the intake temperature was increased, the experimental
results obtained in peak pressure location (CA degrees) showed that this event was retarded with
increased amounts of PO gas. Analysis of the heat release data showed that the addition of PO to the n-
heptane combustion reduced the LTHR magnitude and increased the HTHR. The conclusion of these
baseline runs was that the sensible energy required on increasing intake temperature was compensating
the reduction on LTHR energy with PO addition. The researcher reported as very difficult to control
HCCI with iso-octane. The use of re-breathing for HCCI operation was tested with both fuels. The effect
of PO on HCCI with rebreathing was negligible for n-heptane. The effect on HCCI of iso-octane with
rebreathing was to advance the ignition timing. Numerical simulation performed in a multi-zone model
for HCCI of n-heptane was used to determine that H, and CO addition lengthened the ignition delay time
at low temperatures, but at high temperatures the delay time was augmented. It was concluded that at low
temperatures the H, and CO addition removed some of the OH radicals from the reaction chain and
replaced them with HO, and H,O, which are relatively inert species. As a result, the low temperature
chemistry was inhibited. The case of rebreathing was also analyzed. In this case, the high temperature
history allowed for a quick travel to the HTHR region, avoiding the LTHR effects, resulting in an
apparent no-effect in the HCCI combustion for n-heptane (Eng et al. 2002).

A HCCI engine fueled by dimethyl-ether (DME) and DME reformed gases (DRG) was studied by
Shudo et al. (2003). The thermo-chemical recuperation system was studied for partial oxidation and steam
reforming. The load was controlled by changing the ratio DME/DRG and its total amount delivered to the
cylinder. The DRG composition for experiments with reforming through PO was assumed as
3H,+2CO+2N,. The DRG composition for steam reforming was assumed as 2H,+1CO. Lower heating
values analysis performed by the researchers show that the reformed gases of DME from PO process had
2% lower LHV than the original DME; reformed gases from SR process had 15% higher LHV than
DME. Experimental results on the four stroke engine with CR=9.7 showed that the DRG addition from
both reforming processes had similar effects by increasing indicated mean effective pressure and thermal
efficiency. The reason for this benefit was found in a delay of the combustion event with DRG addition.
The delay was increased in proportion with DRG content. The operational range defined by equivalence
ratio, was extended from ¢=0.28 to ¢=0.44. Kinetics effects of the addition of H, and CO were studied by
the researchers. The addition of DRG extended the duration of the LTHR event and made the rate of
LTHR slower, which had a delaying effect on the main HRHR event. The effect of H, was observed to

have a stronger effect on ignition delay than CO. The researchers concluded that the additional H,
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consumed OH radicals, and in consequence reduced it concentration and its rate of consumption from
branched chains for H abstraction. Because H abstraction of dimethyl ether is the chain dominating path

for LTHR, the whole process gets delayed (Shudo et al. 2003).

Kongsereeparp and Checkel (2007) developed a multi-zone model to study the effects of different
concentration of reformed fuel on the LTC behavior. The reformed gas considered in this study consisted
of a mixture of 75% H, and 25% CO with a corresponding amount of diluents proportional to the residual
exhaust gas. The effect of different blending levels of reformed fuel (0%-40% by mass) was studied for
compressed natural gas (CNG), which is a high octane base fuel, and n-heptane, a low octane base fuel.
Initial conditions where held the same for each type of fuel at different blending concentrations. The
multi-zone model showed that the start of combustion can be modified by increasing the amount of
reformed fuel in both type of fuels. For the CNG-reformed fuel model, the addition of the reformed fuel
had relatively little effect on the SOC, and the advance on ignition timing was attributed to variations in
mixture thermal properties. The researchers found that addition of n-heptane reformed fuel affects the low
temperature heat release stage by changing the chemical state during the cool flame reaction stage, and

therefore, delays the auto-ignition process (Kongsereeparp and Checkel 2007).

Experimental studies were developed on a CFR engine for both low and high octane fuels, and the
effects on HCCI operational range, in-cylinder pressure history, heat release rates, engine performance
and emissions were studied (Hosseini and Checkel 2007-a) and (Hosseini and Checkel 2007-b). During
those studies the ratio of reformed fuel to base fuel was varied while A/F ratio, intake temperature and

EGR fraction were kept constant.

Results on low octane fuels (PRFO and PRF20) evidenced that the addition of reformed fuel
extended the operational range towards richer mixtures, and hence higher peak IMEP and wider IMEP
range was achieved while keeping constant all other operational parameters. Peak cylinder pressure and
pressure rise rate was reduced as the reformed fuel ratio was increased due to retarding effect on SOC.
Replacement of base fuel for diatomic molecules (H, and CO) increases the mixture specific heat ratio,
consequently increasing the compression temperature. According to Hosseini and Checkel (2007-b),
analysis of heat release data showed that the first stage of heat release, or LTHR, was reduced by an
amount higher than the reduction expected from a lower amount of fuel on the mixture. The authors
concluded that this excessive reduction in LTHR must be attributed to chemical kinetic effects. A lower
LTHR implies less energy released and less radicals available to promote the main or HTHR stage.
Experiments showed that the HTHR was retarded even after TDC with increased values of fuel reformed

and the combustion duration became longer. As an example, 20% of fuel reformed addition delayed SOC
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by approximately 14° CA and increased the combustion duration by 50%. A better combustion phasing
compared with the short combustion duration for n-heptane generates a higher indicated power. An
increase of 17% on indicated power was achieved on the previous example. Authors pointed out that the
same combustion timing can be obtained by adjusting the intake temperature or the dilution using EGR or
A/F ratio. However, the thermal option is not adequate for control purposes and the dilution strategy
implies a power loss, instead of the chemical energy contribution of the reformed fuel addition. As a
result, the thermal efficiency is also increased, as confirmed in the case of 20% reformed fuel addition
where the thermal efficiency was increased by 12%. Regarding emissions reformed fuel addition did not
show any significative change on NOy emissions respect to the almost zero resulting NOy emissions from
the base HCCI engine. CO emissions were proportionally higher at higher reformed fuel ratios probably
due to a higher initial concentration, but the HC emissions, which are higher for HCCI than for CI

engines, did not show a stable tendency to derive definitive conclusions.

Results using high octane fuels (PRF80 and PRF100) were presented by Hosseini and Checkel
(2007-a). The value of compression ratio used was between CR=14.4 and CR=16.0 and the intake
temperature was increased (140°C) compared to the one used for PRFO (100°C). Peak pressure and
pressure rise rate were reduced by increasing the amount of reformed fuel, while keeping constant the A/F
ratio, EGR and intake temperature. The effects of reformed fuel ratio on heat release showed that the
addition of reformed fuel delay the start of combustion and expand the combustion duration. A slight
increase in indicated thermal efficiency was found with addition of fuel reformed due to the ability to
control the SOC and shift the pressure peak after TDC. Addition of reformed fuel reported an increase in
HC and CO emissions, as in the n-heptane case, proportionally to fuel reformed addition. Regarding NOy
emissions, the results from the HCCI engine operation with baseline fuel were below 0.05 g/kWh, and the
results of adding reformed fuel fall within the uncertainty measurement range (Hosseini and Checkel

2007-a).
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Chapter 3. HCCI Combustion Modeling

Modeling of HCCI combustion has been accomplished mainly through three different approaches
depending on the specific process to be modeled and on information required by the researcher. It was
mentioned earlier in section 2.4 that single-zone models, multi-zone models and CFD models have been
developed to study this combustion process (Easley et al. 2001, Komninos et al. 2004). It is proposed in
this research work to systematically proceed from a simple closed volume model, i.e. the single-zone
model, which allows the study of the combustion phasing under different operational conditions, and then
move towards a multi-zone model where the thermal stratification can be reproduced and therefore a

picture of the heat release can be obtained more accurately.

Single-zone and multi-zone combustion models are designed to calculate in-cylinder mixture
properties from IVC to EVO, describing compression, combustion and expansion processes. Initial
conditions for these models i.e., average in-cylinder temperature, pressure and composition, require to be
predefined at IVC. Instead, linking the closed volume combustion model to a gas exchange model, able to
capture information on residual mass fraction (mg), composition and temperature before IVO, allows
defining conditions at IVC. A gas exchange model was then developed and integrated with the
combustion model into a cycle model aiming to provide a good approximation for exhaust gas
temperature and conditions at IVC. Once the first IVC conditions are provided, the steady state solution is

reached after a few iterations of the cycle model.

The exhaust gas temperature value provided by the model is later used in the TCR model to predict
RG composition. The combustion model, gas exchange model and TCR model are later integrated into a

HCCI-TCR cycle model where the interaction between the models is studied.

3.1 Single-Zone Modeling Description

A single-zone (SZ) model was developed in Matlab-Cantera to simulate the HCCI combustion of n-

heptane. The major assumptions and initial conditions applied in the single-zone model were as follows.

1. Closed system analysis from IVC to EVO. Blowby is neglected.

2. In-cylinder mixture composition and temperature are considered homogeneous at any given
time.

3. Temperature and pressure at [VC, and composition of mixture of residual gas and fresh intake

charge, are considered as the initial conditions for solving the set of differential equations.
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4. The homogeneous mixture is compressed and expanded following the slider-crank kinematics.

5. The compression of the in-cylinder charge provides the temperature conditions to initiate the
autoignition process.

6. Convective heat transfer to walls is the only form of heat transfer considered. Constant walls

temperature is assumed (Aceves et al. 1999, Aceves et al. 2000).

The chemical kinetic code that describes the oxidation of n-heptane in air was taken from the
Lawrence Livermore National Laboratory’ based on the reaction rates for n-heptane oxidation proposed
by Curran et al. (1998). Heat transfer to the walls was calculated using the correlation for convection
proposed by Chang et al. (2004), which is a modification of the traditional Woschni’s correlation for SI
engines, while considering the combustion features of the HCCI engine; a constant wall temperature of
420 K was used for all cases in this simulation. The thermodynamic fundamentals of this model were

previously described by the author (Posada et al. 2007) and described below.

The volume is function of the crank angle, compression ratio, bore, stroke and the connecting rod

length.

V)=V, +(7r/4)st(o.5+R+I—C"S“")—1 R’ —sinz(ﬁ)j Equation 12
2 -1 2 2

where 6 is crank angle, cr is compression ratio, B is bore , S is stroke and R is connecting rod length to

stroke ratio. For a constant rotational speed #=w ¢, where @ is the crankshaft rotational speed and ¢ is

time.

The energy balance for a closed system and the ideal gas law are combined in order to derive a

differential equation for the temperature of the gas inside the cylinder.

U _do, _aw

a7 Equation 13
dt dt dt

Here dQ,/dt is the rate of heat transferred to the wall, dW/dt is the work done by the system by unit

time, and dU/dt is the rate of change of internal energy of the species involved in the combustion process .

The rate of change of total energy U can be expressed as

dU _d(mh) _ dm _dp  dv

@ = Equation 14
a a Paa "

> https://www-pls.lInl.gov/?url=science_and_technology-chemistry-combustion-nc7h16
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where the mass m is calculated from ideal gas state equation and v is the specific volume of gas in the

cylinder.
The work is expressed as

aw  dv

27 Equation 15
a

The enthalpy term is expanded in terms of the contributions of the species in the cylinder as
mh=H22Nﬁi Equation 16

where N, is the number of moles of species 7 in the cylinder, H is the total enthalpy of species and h; is the

enthalpy of species i in a molar basis.

The rate of change of molar enthalpy is expressed in terms of the specific heat of species C,; at
temperature 7.

an _ C (T)- ar Equation 17

a " dt

Differentiating the ideal gas law, changes in pressure, p , are related to temperature changes and

molar concentration changes by,

ldlz 1 i[Z[X]+ld7T Equation 18
pdt Y [X]dt YT dt

where [X;] is the concentration of species in the cylinder, defined as

[X_]:ﬁ Equation 19
V

where N; is the number of moles of species i in the cylinder. The rate of change of concentration of

species is obtained differentiating with respect to time

dlx,] 14N, _[x]dv

Equation 20
dt Vo dt Voodt
and
w, = ]\;" Equation 21

where w; is the rate of change of species concentration obtained from chemical kinetics data.
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The rate of change of temperature can be determined by rearranging the previous equations:

0, V, puXIM, 20X -

=%+ —-P+P T =N [X R
ar _ v Z[X"]M Z z z Equation 22
dt EZLE]C%AT)—(P/T)

Equations 20 and 22 are the set of non-linear differential equations to solve for temperature and
compositions. Pressure values are obtained from Eq. 18. The rate of heat transfer required by Eq. 22 is
defined as

aQw

= —hayg A (T = Tywan) Equation 23

where h,,, is the spatially averaged convective heat transfer coefficient and 7., is the average
temperature of the cylinder inside walls of area 4. The value of T,,; is considered constant during the
cycle. The proposed correlation for the averaged convective heat transfer coefficient is (Chang et al.

2004),

h. (O)=a-L@)" - p®)**-T@E)"" -v(t)*® Equation 24

avg

where L(?) is the instantaneous chamber height, and s(?) represents the average cylinder gas velocity. The

parameter a is an adjustment factor used to reflect experimental conditions.

This oversimplified model does not account for the boundary layer mass, with lower temperature
than the cylinder core. This overall higher in-cylinder temperature leads to faster combustion reactions,
and higher peak pressure rise than the values reported by experiments. However, combustion phasing, or
CA50, have been shown to be determined with good accuracy with this type of model (Aceves et al.

1999).

As it was explained in the literature review section, the SZ model does not properly describe the
pressure and temperature history, and cannot predict BL phenomena. A multi-zone (MZ) model is
required to better predict engine performance and emissions. Steps on this direction were taken and a
multi-zone model with heat and mass interaction between zones was developed. The validation of both
the single zone and multi-zone model were accomplished based on experimental data reported by Guo et
al. (2009) on HCCI combustion of n-heptane. The model was run under different A/F values and speed
values to verify its ability to reproduce the experimental data, and to study the effects on combustion

phasing and heat release.
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3.2 Multi-Zone Modeling Description

The limitations of the SZ model on describing peak temperature and rate of pressure rise require the
implementation of a multi-zone (MZ) model. The major assumptions made in the MZ model were as

follows.

1. Closed system analysis from IVC to EVO. Blowby is neglected.

2. In-cylinder mixture composition and temperature stratification are simulated by dividing the
cylinder volume in Z number of zones. The temperature and composition of each zone is the
same around the zone at any given time (Komninos et al. 2004).

3. Pressure across all zones is the same at any given time.

4. Every zone interacts with its neighboring zones by exchanging energy via heat conduction and
mass (enthalpy). Mass exchange is required in order to keep pressure constant across all zones
(Komninos et al. 2004).

5. The cylinder volume is compressed and expanded following the slider-crank kinematics. Each
zone has its own volume and there is no volume interaction between zones associated with work
(Komninos et al. 2004).

6. The crevice volume is considered as a fraction of the cylinder volume at TDC, and the
temperature of the gas inside the crevice zone is always constant and equal to wall temperature
(Komninos et al. 2004, Easley et al. 2001)

7. Convective heat transfer to walls is the only form of heat transfer considered. Constant walls

temperature is assumed (Aceves et al. 2000, Chang et al. 2004, Fiveland and Assanis 2001).

Figure 1 shows a schematic of the multi-zone model. In this case, six zones are presented: four inner
core zones, one boundary layer and a crevice volume. The number of zones was selected looking for
a shell thickness similar to the boundary layer, which is usually around 1-3 mm in HCCI engines

according to Hulkvist et al. (2001).
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Figure 1. Multi-zone model representation

Each zone, but the inner core, is a cylindrical shell, with constant thickness in the radial and axial
directions, and during the piston movement. The shell thickness is determined by the cylinder volume at

TDC:

2 (Z - 2) . tl = f . STDC Equatlon 25

where Z is the number of zones, ¢; is the wall thickness, Sypc is the clearance volume height, and f'is the

fraction of the Stpc devoted to the core zone at TDC.

This zone configuration is in agreement with experiments conducted in optical engines, where it was
observed that the combustion is initiated at the core of the cylinder charge and it advances towards
cylinder head and piston (Hulkvist et al. 2001). This thermal stratification is what differentiates the multi-

zone model from previous single-zone models.

Heat transfer by conduction was assumed between neighboring zones,

dT AT
q = —kd— ~ _k_t Equation 26
X

where AT; corresponds to the temperature difference between neighboring zones. The value of thermal
conductivity, &, was calculated using the approach of Yang and Martin (1989). The thermal conductivity

was calculated as composed of laminar and turbulent parts.

k=k +k, Equation 27
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where k; and k; are the laminar and turbulent values respectively. The value of k; was calculated from gas
conductivity, as function of temperature; k; was calculated as (Yang and Martin 1989):
ki _Pr 4

—= Equation 28
k, Pr, u,

This relationship holds for swirl dominated flows.

The viscosity ratio was calculated from the empirical expression fitting for incompressible turbulent

flow (Yang and Martin 1989)

lut + +
—=ry [l -exp(-2any”)]

Hy Equation 29

where a=0.06, x=0.41 is the Von Karman constant, and y" was defined as (Yang and Martin 1989)

¥y
.ou

vy = —Ipdy Equation 30

w 0
where u,, was the viscosity at wall conditions, u#* is the friction velocity, proportional to engine speed, p is
the gas density as it changes from the wall towards the core (Yang and Martin 1989). This integral is

easily solved because the gas density is constant along the zone.

Mass exchange between zones to keep a constant pressure around the cylinder requires a pressure
difference between zones. This suggests that the energy equation needs to be solved initially without mass
exchange. The resultant zone thermodynamic conditions of each zone are adjusted by exchanging mass,

with its corresponding enthalpy value, until pressures values are equal for each of the zones.

For each zone Z, the energy balance for an open system and the ideal gas law are combined in order

to derive a differential equation for the temperature of the gas inside the cylinder,

dU.

dt = Qz,HT - Wz + n‘/lh]z,in - mh]

Equation 31

Zz,out

where Q. yr is the rate of heat transferred by conduction, W, is the work done by the zone per unit time,
and dU/dt is the rate of change of internal energy of the species involved in the combustion process

inside zone Z.
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Using the ideal gas law, and basic thermodynamic relationships, the energy equation becomes,

dT .z + . reaci _Wz+ﬁ1hzin_Ihhzou
Z :Q,HT Q7 react ] ] 4 Equation 32

dt N N
Z"icpaf—Z"iRu
i=1 i=1

where T is the zone temperature, n; is the molar composition of species 7, and R, is the universal gas

constant and
QZ,HT =4.4q" Equation 33
where A, is the zone Z cylinder area. The rate of work developed by zone Z is:

: dv.
W. =P dtz Equation 34

And the rate of heat addition due to species reaction is calculated as,

. N dn, N dn.
QZ,react = _Z hi,Z T;Z + Ru Tz Z d:Z Equation 35

i=1 i=1

where dn; 7/dt can be obtained from reaction rates defined by the chemical kinetics mechanism,

dni,z
dt

davy

= Ninz — Nout,z T Wiz ar Equation 36

where w;  is the molar rate of production of species 7 in the zone Z.

Solution of the set of equations Eq.32 and Eq.36 was performed for each crank angle, from inlet
valve closing IVC to exhaust valve opening (EVO). Temperature, molar composition and volume of each
zone define the state for each zone. A value of pressure for each zone P, can be calculated using ideal gas

law. In order to equalize pressures for all zones a mass exchange is performed.
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Solving the mass exchange part of the equation is done in two stages. First, based on the results from
the energy equation for closed volume, the cylinder pressure at the end of each crank angle period was

calculated for both the whole cylinder, P.,;, and for each zone Z, P as:

p,=—2lv Equation 37

and

mzRzT,

P, =
Z v,

Equation 38

where m; was the mass at zone Z, and R, is the gas constant for zone R,/MW,. MW, was calculated using
the average molar mass of the mixture according to composition in zone Z. If the pressures in each zone
were equal to in-cylider pressure P, then the energy equation was solved, and the energy and mass
conservation equation solutions are saved and the process repeats in the next CA step. If the pressure of
any zone was different to the in-cylinder pressure then mass is transferred between zones until each zone

and the in-cylinder pressure are equal.

The second part of the solution involves the mass exchange between zones to equalize pressure in all
zones. The mass flow from zone Z to its adjacent zones Z-1 and Z+1 is determined based on the pressure
differences, from higher to lower pressure zones. This was performed iteratively. Because mass carries

energy via enthalpy, the energy conservation equation was solved along with mass conservation.

The mass present in each zone at the end of the closed system solution m; was temporary renamed
here as m;, and was used as the initial condition to solve the mass exchange equation. The mass required

at each zone to achieve P.=P,,; , at the end of the CA step , m, was calculated as

VMW,

m.., = _
J:2 eyl
RT,

,j=1..Z Equation 39

Second, the change of mass required to equalize pressures is found by

—Am Equation 40

z,1 z

mz,2 =m

where Am, can be obtained from the pressure difference by

Am, =
RT

z"z

(P.—F,) Equation 41
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With mass exchange also species are exchanged and its relative composition changed. The energy
and mass conservation equation require a mass flowrate value to be applied in Equations 32 and 36. The
time differential comes from the duration of the CA step, Atc4 Mass flowrate or molar flowrate can be
calculated for each zone. Conditions for mass (molar) exchange require that the core zone (Zone 1) only
interacts with the adjacent Zone 2, and that the boundary layer zone interacts with the adjacent shell zone
and with the crevice zone. The crevice zone only interacts with the BL zone. As mentioned before, the
mass exchange implies changes in the internal energy of the affected zone. The energy equation for the

zone receiving mass during the mass and enthalpy exchange is,
U,=U_,+H, Equation 42

where U, is the internal energy of zone Z at the end of closed volume analysis, U, ; is the internal energy
of zone Z at the end of the mass and energy exchange, and H.- is the enthalpy of the zone that provides the
mass Am. In a more convenient way, the temperature change due to the mass exchange can be derived
from the energy equation Eq. 42 and mass equation Eq. 41 as

T m, ., +T.Am.c,

T, = = Equation 43
’ (m,, + Amz)cvz .

where cpz; and cpz are the specific heat of the receiving zone at the start of the iteration and the specific
heat evaluated at the temperature corresponding to the zone providing Amy Cv;, is adjusted during the
iterative process. The iterative process that involves mass and enthalpy exchange between zones is
performed until P., =P, where P was calculated by ideal gas law using 7>, and m., and its molar
composition. As a result of this iterative process, the mass flow rate and its direction (from Z; to Z;.; and

Z;+1) were calculated.

Equations 32 and 36 are the set of differential equations to solve for temperature and concentration.
The third thermodynamic property used to define the mixture state was density, which was calculated at
each time step from mass and volume (Eq.12). Figure 2 shows the flowchart of the code developed in

Matlab-Cantera.
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Figure 2. Multi-zone model flowchart for each crank angle degree

One of the reasons to use the Multi-zone model over the single-zone model is that the single-zone
overshoots temperature at peak conditions, and this causes the gas mixture to expand at higher
temperatures than obtained experimentally. The exhaust gas temperature and its enthalpy are highly
important for determining the exhaust temperature and energy available for the steam-reforming process.

In this regard, the multi-zone model allows for a better estimation of the in-cylinder gas conditions at
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EVO. From the instant the exhaust valves are open the exhaust blowdown model calculates the exhaust
gas temperature while it is experiencing flow through the exhaust valves. The next section describes the

exhaust blowdown model used to calculate the reforming temperature, 7.

3.3 Gas Exchange model

The gas exchange model covers both the intake and exhaust process. It was mentioned before that
the exhaust process is very important to accurately describe the exhaust gas temperature, and also to
predict the residual gas composition and IVC conditions. An open system first law analysis coupled with
steady state compressible flow equations was used to model the gas exchange processes. A description of

the model is presented in Figure 3.

Intake Exhaust Intake Exhaust
valve valve valve valve
Mine mexh

E.41 F'i

Figure 3. Valve gas exchange representation

In general, the in-cylinder thermodynamic state can be described by using a mass balance and energy
balance for the system composed of the cylinder volume and the intake and exhaust port openings. It was
assumed that there were no reactions inside the cylinder or during the exhaust or intake process (frozen

species composition). The instantaneous in-cylinder mass is calculated as

—— = Mjpt — Mexn Equation 44

42



The energy balance can be established as

AUcyi _

ar QHT - W + mhlint - mhlexh Equation 45

where dU.,/dt is the internal energy of the in-cylinder gas, Qur represents the heat transfer (negative)
from Equation 23, and the last two terms represent the rate of change of absolute enthalpy in and out of
the system. It should be noted that the case of exhaust gases coming into the cylinder or escaping through

the intake port can be included by changing the valve lift function, as explained later.

Mass flowrate can be approximated using the steady state equations for compressible, isentropic
flow through a restriction, where real gas flow effects are included by means of a discharge coefficient

Cp. The equation for mass flowrate presented below was extracted from Heywood (1988),

1

L Y=1N T2
. _ CpARPo (PT\v | 2Y (4 _ (PT) ¥ .
M= "R, (Po) [y—l(l (po) >] Equation 46

Equation 46 applies for subsonic (unchoked) flow, which is defined by the condition

(ﬁ) > (L)VTl Equation 47

Po

If the flow is sonic (choked) then the mass flowrate can be calculated by

_y+1
2

. — CpArPo _2 \20-1) .
m= T VY (y+1) Equation 48

For flow into the cylinder P,=P;, and Pr=P,,;, and for flow out of the cylinder P,=P,,; and Py =Pey.
The value of P.,, was approximated as equal to one atmosphere (1 atm). The value of the specific heat
ratio, y, was calculated based on the molar composition and temperature at EVO. A4y represents the
effective open area which was estimated based on typical valve opening areas found in Heywood (1988).
The shape of the A profile is a simplified sinusoidal function derived from the valve profiles provided by

Heywood (1988),

Ag =3 An (1% cos (o)) Equation 49
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where A, represents the maximum valve opening area calculated from the difference between head
diameter and valve stem. The parameters 6i represents the valve event i, in degrees (CA), and A46i
represents the duration of the valve lift associated with said event, also in crank angle degrees. The

positive and negative signs are used depending if the valve is closing (negative) or opening (positive).

The intake and exhaust valve head diameters were assumed as 0.42 and 0.35 times the cylinder bore
(Heywood 1988). Valve stem was assumed as 1/5 of valve head diameter for both valves (Beard 1999).
The value of Cp was found independently for intake and exhaust by matching experimental in-cylinder
pressure data with the calculated one. The general effective open area used in this model is presented in
Figure 4. The valve events IVO, IVC, EVO, and EVC, presented in Table 1 were extracted from the
engine where the experimental data was obtained (Guo et al. 2009). More information in the engine

model is presented in the model validation section.
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Figure 4. Effective open area (Ag) profile for intake and exhaust valves

Table 1. Intake and exhaust valve events for modeled engine

Event Crank angle location (degrees aTDC) Lift duration (CA degrees)
wc -146 60
EVO 140 60
EVC 5 45
o 10 65

Solving simultaneously the mass and energy conservation equations (Eq. 44 and 45) it is possible to
calculate the in-cylinder temperature assuming quasi-steady conditions for mass flowrate calculations.
Using a steady-state solution equation (Eq. 46-48) for this dynamic problem has been frequently used
before for gas exchange calculations (Heywood 1988, AVL 2003). Exhaust gas temperature (7,,;) and
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mass flowrate (., ) can be obtained from the same assumption used in the solution of the equations for

isentropic orifice flow.

The gas temperature downstream the exhaust port was calculated based on isentropic conditions.
This is an approximation because the exhaust temperature after the port undergoes a process of heat
transfer with the valves and the exhaust manifold. A number of exhaust port convective heat transfer
correlations have been developed to properly describe this phenomenon. Those correlations usually are

based on Nussel-Reynolds with the general form Nu =K Rejn for laminar flow and Nu =
K Rej" Pr'™ for turbulent flow. The geometric constant for Re; is evaluated depending on the flow
(choked or not) for valve or port diameter (Caton and Heywood 1981, Fu et al. 2005). Although it is clear
that in a vehicle the exhaust gas temperature varies with time and position along the exhaust pipe, in this
model the effect of heat transfer is not considered. Isentropic conditions are applied here aiming to obtain
the best conditions downstream for the thermo-chemical recuperation to take place. Thus, the exhaust gas
temperature relates with the in-cylinder gas temperature by,

Tcyl

—T Equation 50
y—-1
1+TM2

Texn =

where T,,, represents the stagnation temperature and M is the Mach number M=1 for sonic flow or

y-1 0.5
2 |(P\ 7 .
M = {; [(E) vo— 1]} Equation 51

for subsonic flow. Stagnation and P, and orifice pressure Pr are set depending on intake or exhaust
process, as explained before. Values for intake temperature were considered equal to the assumed

constant intake temperature.

Results from the gas exchange model are presented here to illustrate the magnitude of mass flowrate
and the in-cylinder and exhaust temperatures. Figure 5 presents the instantaneous mass flowrate at 900
rpm. In the exhaust process the first peak corresponds to the compressible flow, before the maximum is
sonic and after the peak is subsonic. The incompressible flow due to cylinder displacement governs the
mass flowrate after the in-cylinder pressure approximates the exhaust pressure. The intake process
undergoes a similar process, where the first part is governed by compressible flow and the second is

cylinder-displacement governed.
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Figure 5. Calculated instantaneous mass flowrate of exhaust and intake gases, ¢=0.35, 900 rpm.

3.3.1 Exhaust Temperature Calculation for Thermo-Chemical Reforming

The solution of mass and energy balances during the gas exchange process allows for calculating an
approximated exhaust temperature (Equation 50) for the exhaust gas flowing during the period of valve
opening. Figure 6 shows both the in-cylinder temperature and the exhaust temperature at any given time
during the gas exchange process for a single cylinder. It is clear that during the blowdown process, the
exhaust gases temperature behaves under compressible, isentropic conditions, and that after BDC, when
the gases are swept out the cylinder by the motion of the piston the exhaust temperature is close to the

remaining in-cylinder gases.

Because this period is finite and this present research project is based on steady-state conditions, an
approximation is required to obtain a steady exhaust temperature. Although a time-averaged temperature
calculation may look appropriate for that purpose, it does not reflect the average energy of the exhaust gas

due to the strong variations in mass flowrate. Thus, an enthalpy-based averaged calculation is needed.
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Figure 6. Calculated in-cylinder and exhaust gas temperature during the gas exchange period for two
different equivalence ratios. EVC occurs at 5° crank angle aTDC

Equation 52 presents the time averaged exhaust temperature, T, 4, used as reforming temperature in

the thermo-chemical reformer.

EVC .
T =T _ fEVO Mexh,o Cp,0Texn,0d0
exh — tref — EVC .
fEVO Mexh,@ Cp,edb

Equation 52

where the subscript 6 represents any given crank angle. This methodology is widely used for evaluating

the performance of turbochargers and catalytic converters (Heywood 1988).

Although the model is developed for a single cylinder engine, the exhaust mass flowrate under that
assumption would be non steady-state due to large periods of null mass flowrate when the exhaust valve
is closed. In order to circumvent this limitation, the flowrate corresponding to a 4-cylinder engine, which
guarantees constant exhaust flowrate, is employed for calculating the average exhaust temperature used
for reforming. The mass flowrate is then adjusted (divided by the number of cylinders) for calculating the
enthalpy available for thermo-chemical recuperation. The exhaust mass flowrate of a multi-cylinder
engine (4-cyl) is presented in Figure 7. It should be noted that the exhaust temperature calculation
assumes that at EVO the exhaust mass flowrate is zero (note the mass flowrate value at 140° CA after

TDC in Figure 7).
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Figure 7. Instantaneous exhaust mass flowrate for a 4-cylinder model engine. 900 rpm, ¢=0.35.

The exhaust gas temperature can be calculated using the exhaust gas temperature history calculated
with Equation 50, its corresponding specific heat value, and the mass flowrate for a multi-cylinder model
engine. The instantaneous temperature of a multi-cylinder engine is calculated here using basic enthalpy
calculations for mixing flows. Because specific enthalpy and mass flowrate change with time for each
cylinder the instantaneous temperature of the combined flows 7., ¢ was calculated before obtaining the

time average.

eyl
Tpcn MokCpokT ok .
Texno = =gt Equation 53
Yk=1 Mo,kCpok

The subscript ‘@’ represents any given crank angle (or time), and ‘&’ represents the cylinder number
for n-cylinders. The values obtained for the instantaneous exhaust temperature are used then to calculate
the time-averaged values. Figure 8 shows the results of this method for calculating average exhaust gas
temperatures. The continuous value of temperature (in bold color) corresponds to values of 7ewe and
presents the pikes corresponding to EVO events for each of the cylinders in the multi-cylinder model. The
time averaged exhaust gas temperature T,,  is presented in grey color. It should be noted that the initial
conditions are evaluated at EVO for a model engine at ¢=0.35 and 900 rpm. This explains why the
instantaneous temperature starts at high value at EVO and is later reduced. After several engine cycles the
time averaged temperature tends to a steady value, which is used in the thermo-chemical recuperation

model as exhaust temperature. Enthalpy values required in the thermo-chemical recuperation process to
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carry on the steam reforming reactions are based on the steady state temperature obtained with the time-

averaged calculation. Molar fraction of species is kept at the same values obtained at EVO conditions.
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Figure 8. Instantaneous and time averaged exhaust temperature for a multi-cylinder (4-cyl) model engine.
¢=0.35, 900 rpm. Initial conditions evaluated at EVO.

Experimental data to validate the gas exchange model was only available as in-cylinder pressure
data. The values of C, and Ay profiles were adjusted to approximate as much as possible the

experimentally recorded in-cylinder pressure data.

Figure 9 shows experimental and model results for the gas exchange process. The value of intake
(manifold) and exhaust pressure were set at 1.25 atm and 1.1 atm, respectively, providing the closest
results to the experimentally recorded data. Some dynamic details on the pressure history are not
captured by the model because of the inability to capture pressure fluctuations and the dynamics proper of
this transient phenomenon. The general trend of the model and the timing corresponding to main valve

events are adequate enough to be used in this current research work.
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Figure 9. Calculated and experimental in-cylinder pressure during gas exchange processes. The main valve
events are indicated. ¢=0.35, 900 rpm. Experimental in-cylinder pressure data from Guo et al.(2009)

The value of Cd was then estimated as Cd=0.5 for exhaust valve and Cd=0.6 for intake valve. These

values were kept constant for all of the simulated conditions regardless of engine speed or load.

Another important quantity that can be estimated with the gas exchange model is the residual mass
fraction. Residual mass fraction my is defined here as the amount of mass at EVC divided by the mass at
IVC or the constant mass during the closed volume process. Figure 10 shows the in-cylinder mass history
during the gas exchange process. Note that the mass at EVO and IVC has to be equal. The figure shows
that at 900 rpm the residual mass fraction is

__ Mgyc _ Mevc

mg
miyc Myl

Equation 54

Residual gas fraction plays a significant role for calculating molar composition at IVC, which affects
the combustion of a HCCI engine. Residual mass composition depends on the stoichiometric conditions,
Air-fuel ratio and EGR at IVC conditions. The composition can be initially assumed as equal to EGR and
then adjusted by solving the combustion cycle and comparing the initial assumption for my. In the

example presented here the fraction my is 6% and 8% for ¢=0.35 and ¢=0.25, respectively.
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3.4 Model Validation

Both of the HCCI engine models were validated with experimental data provided as in-cylinder
pressure data of a HCCI engine fueled by n-heptane. Combustion parameters are presented first to define
the basic criteria used during the analysis of the experimental in-cylinder data and the numeric data.
Information about the engine used to obtain the experimental data for validation of the HCCI model is
presented later. Then the experimental in-cylinder pressure data processing to obtain the heat release and
its corresponding combustion characteristics is presented. The comparison between model and
experimental data is presented at the end of this chapter, including the required modification in the

original n-heptane chemical kinetic code.

3.4.1 Combustion parameters definition

The definition of combustion parameters required to analyze the combustion process is introduced
here. Figure 11 presents the main combustion parameters commonly employed to study two stage
combustion fuels, based on the work of Lu et al. (2005). LTHR and HTHR are clearly identified, with
their corresponding maximum values LTHR,.c and HTHR,, respectively. The crank angle
corresponding to 50% of the total heat release is marked as CA50. SOI, is defined as the start of ignition
for the LTHR regime. It was calculated as the crank angle at 10% of the value corresponding to maximum
dT/dCA. The start of ignition for HTHR (SOly), in crank angles corresponds to the local minimum
between LTHR,,x and HTHR,,,x. The magnitude of the energy released during the LTHR regime,
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identified here as HRy  is calculated as the accumulated value from SOI up to SOIy. T SOI. and T_SOly

are the gas mixture temperature values corresponding to SOl and SOIy respectively (Lu et al. 2005).

The HCCI engine performance limits are defined in the lean limit by misfire, and by ringing in the
rich limit. The rich limit is defined following the ringing model for HCCI engines proposed by Eng
(2002). The ringing intensity (R/) correlates the in-cylinder pressure history with the ringing intensity
(MW/m?) according to equation

_ (b mar)

Pmax

RI YRTmax Equation 55

where (dp/dt)max 1s maximum rate of pressure rise, Pmax and Tmax are the peak pressure temperature, and y
is the mixture specific heat ratio. The parameter [ is the ratio between the pressure oscillation amplitude
after combustion and the maximum rate of pressure rise, usually around 0.05. Typical experimental

values for RI are in the range 2-6MW/m? (Eng 2002).

5
2 - T
s |
o i
o L I
= 0.5"HR ! 7
2 HR | 1
3 | 4
k3]
| <
© 1
g HR, R i %
£ —_— HTHRua
S 2
< I 13
LTHR 5 42
| ®
sOl, 2
SOl CAS0 |
Al ;
g
\ ©
1 1 1 1 m

- | T_SOl,

Temperature, K

Crank angle, degrees

Figure 11. Definition of combustion parameters and its nomenclature
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3.4.2 Experimental data description

The HCCI engine characteristics required by the HCCI combustion and used in this validation
correspond to CFR engine used in previously published data on HCCI combustion of n-heptane by Guo et
al. (2009). The CFR engine is a single-cylinder four-stroke engine with variable compression ratio. Table

2 presents the main geometric characteristics and specifications of the engine.

Table 2. Specifications of experimental engine used to validate the HCCI model

Parameter Units Value
Cylinder Bore mm 82.55
Stroke mm 114.3
Displacement Volume cc 611.7
Connection Rod Length mm 254
Compression Ratio - 10-11.5
Intake valve open 370
Intake valve close -146
Exhaust valve open CA deg. aTDC 140
Exhaust valve close 365

3.4.3 In-cylinder Pressure Data Analysis

The in-cylinder pressure data for different engine load, represented by air-fuel ratio, and engine
speed was employed to obtain combustion and performance characteristics of HCCI of n-heptane under
steady state conditions. The set of pressure data used for validating the model, at each of the engine
conditions studied, is the average of 75 cycles run at each condition. Appendix 1 describes the variability

of the in-cylinder pressure data used for validation.

Combustion parameters such as CA10, CA50, combustion duration and ringing intensity, and
performance parameters such as IMEP and indicated thermal efficiency were calculated using a heat

release analysis methodology.

3.4.3.1 Heat release

The method implemented was based on the well known heat release rate analysis that assumes closed
volume, ideal gas composition and homogenous pressure and temperature (Heywood 1988). The model
includes a variable specific heat ratio () representing changes in mixture gas composition between
compression, combustion and expansion. The heat release is differentiated in chemical or reaction heat

release rate dQ,;/d 0 and net heat release dQ,../d6.
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The net heat release rate (Equation 56) represents the sensible energy change and work transfer to
the piston (Heywood 1988). The chemical heat release rate is composed of net heat release rate and heat

losses to the walls (Equation 57).

dQnetz(L) av (L) ar '
. = p 5t - 1% — Equation 56
and

dQch _ dQnet | 4Qnt Equation 57

do do do

The heat transfer to the walls dQ;/d@ was calculated using the same correlation for convective heat
transfer to the walls presented in the single zone modeling description section (Equations 23 and 24).
Solution of the heat transfer rate requires an estimate of in-cylinder temperature. Average in-cylinder
temperature was obtained for each crank angle by manipulating the ideal gas equation (Equation 58). It
was assumed that the average mixture molecular weight did not change during the compression,
combustion and expansion process. Assuming that pressure and temperature at [VC were known

(Equation 59) the temperature at each crank angle was obtained (Equation 60).

T(6) = P(O)V(6) (ﬁ) Equation 58
T(VC) _ (1 .

PavOV(IVC) (n Ru) Equation 59
— T(VC) )

T(6) =PO)V(6) (—P(WC)V(WC)) Equation 60

The temperature at each crank angle is used to calculate the heat transfer, which combined with
solution of the net heat transfer provides the final heat of reaction values. The heat release problem is
solved first and then the pressure trace is reconstructed to match measured pressure values. The difference

is corrected by adjusting the convective heat transfer value factor “a” in Equation 24.

3.4.3.2 Indicated Work, IMEP and Thermal Efficiency

Indicated work covers the work done during the closed cylinder period. It is defined as

EVO

W; = fvc pdv Equation 61

I

where pressure and volume are function of crank angle.

Indicated mean effective pressure is derived from work by dividing it by engine displacement, Vd, as

IMEP=Wy/Vd. Engine indicated thermal efficiency is calculated as the ratio of energy input Q;, and the
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indicated work W;. Along these pages, the terms engine thermal efficiency and work make reference to

indicated calculated values.

3.4.4 HCCI Model Validation. Adjustment of Chemical Kinetic Mechanism

As was mentioned previously in the literature review section, the HCCI combustion process is
controlled by chemical kinetics, which is a function of charge composition and in-cylinder temperature-
pressure history (Westbrook 2000). The HCCI combustion model employed in this thesis was developed
to predict the effects of RG gases on the HCCI combustion of n-heptane.

The chemical kinetics of n-heptane has been relatively well studied and there are a handful of
mechanisms compatible with Chemkin and Matlab-Cantera. The chemical kinetic code that describes the
combustion of n-heptane in air was taken from the Lawrence Livermore National Laboratory® (LLNL)
based on the reaction rates for n-heptane oxidation proposed by Curran et al. (1998). This chemical
kinetic mechanism was elaborated based on a study of n-heptane oxidation in flow reactors, shock tubes
and rapid compression machines. The original LLNL mechanism, containing 561 species and 2539
reactions, was validated by the researchers over a range of pressures from 1 bar to 42 bar, temperatures

covering the 550 K to 1700 K range and equivalence ratios from 0.3 to 1.5 (Curran 1998).

The validation of the HCCI combustion model was focused on predicting the main combustion event
during the HTHR period, which is described by CA50, or the crank angle when 50% of total chemical
energy is released. Other options for validation criteria include the use of CA10, or 10% of total energy
release and CA at P, or crank angle at peak pressure. CA50 was selected because it has been commonly
used in fuel characterization for HCCI applications (Kalghatgi et al. 2003) and HCCI combustion
prediction (Ogawa et al. 2003), and to keep continuity on previous work published by the author. CA10
has been used by other authors (Hosseini and Checkel 2007-b), and was also used as a secondary criteria

to study the LTHR behavior.

Initial model results compared against n-heptane combustion data from Guo et al.(2009), show that
the LLNL kinetic mechanism for n-heptane oxidation predicted the combustion events late at different
engine load-speed conditions, and therefore the LLNL mechanism had to be tuned. The chemical kinetic
mechanism tuning was carried on in two steps. First, the main species involved in defining the occurrence
of the tow ignition events, the LTHR and the HTHR was studied. Second, reaction rates identified in the
previous step were modified and run in the single-zone cycle model for comparison with experimental

data.

® https://www-pls.lInl.gov/?url=science_and_technology-chemistry-combustion-nc7h16
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Tuning of species involved in the LTHR and HTHR process was defined based on literature. The
LTHR process is governed initially by heat released associated with H,O production, according to
Kongsereeparp and Checkel (2008). The set of reactions modified to tune the LTHR section were nC;H ¢
+ OH => C;H,5* + H,0 and H,0, + OH <=> H,0 + HO,. According to Curran et al. (1998) the main
reactions defining the HTHR process, at the end of the NTC region is the reaction H,O, + M <=> OH +
OH +M. The same reaction rate was modified also by Guo et al. (2009) and Kongsereeparp and Checkel
(2008) in related studies for n-heptane combustion applied to HCCI engines. Once the reaction rates
candidates for modification were identified a series of single-zone cycle model runs were performed and
one by one the reaction constants were adjusted. The reaction rates are expressed through a three-

parameter Arrhenius equation as presented by Equation 62.

k = ATBexp (- %) Equation 62

where £ is the reaction rate for a reaction, 4 is the pre-exponential factor, B is the temperature exponent

and E is the activation energy. Table 3 shows the reactions with original and modified reaction rate

parameters.

Table 3. Original and modified reaction rate parameters

Reaction A (original) B (original) A (modified) B (modified)
nC,H s+ OH => C;H;5-1 + H,O 9.4375E09 1.1 1.05000E10 1.1
nC,H;s+ OH => C;H;5-2 + H,O 4.7500E09 1.13 5.02500E09 1.13
H,0, + OH <=> H,0 + HO, 1.0000E13 0 1.70000E13 0
H,0, + M <=> OH + OH +M 7.0600E13 0 9.6255E13 0.15

Several trials on the HCCI engine cycle model were required to find acceptable A and B parameters

for a broad range of equivalence ratio and speed conditions from available experimental data.

An example of the model results obtained with the single-zone compared with experimental data is
presented in Figure 12. Although the combustion timing is good, the difference in pressure after reaching
combustion is higher than the reported by the experiments. A closer look into the results validation at

different equivalence ratio and engine speed conditions is presented below.
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Figure 12. Comparison of experimental values and calculated pressure history during a complete cycle for
HCCI combustion of n-heptane. ¢=0.35, 900 rpm, P;,~1 atm, T;,~310 K

Figure 13 shows the calculated in-cylinder pressure history results obtained at different conditions
of equivalence ratio, at constant engine speed (900 rpm) and constant intake and exhaust conditions
(Pin=95 kPa, T;,=310 K, P.;=104 kPa). As it was expected from SZ models, the calculated pressure
history overshoots the experimentally obtained in every single case of AF ratio. At higher concentrations
of fuel (AF=43, 45 and 50) at IVC, the combustion is extremely fast and the overshoot is significant. This
overshoot during combustion is carried on during the expansion period, leading to higher calculated
pressures than experienced during the experiments. At lower fuel concentrations (AF=55, 59 and 60) the
combustion slows down, as it is controlled by its thermochemistry, and the overshoot in calculated
pressure is smaller. It is important to recall that the n-heptane chemical kinetics mechanism used in this
model was originally validated at equivalence ratios ranging from ¢=0.3 (AF=50) up to ¢=1.5 (AF=10)
(Curran 1998), meaning that the model’s ability to reproduce the experimental data is reduced for air-fuel
ratios above AF=50. Another reason behind the differences between numerical results and the
experimental data is the variability of the experimental data. As an example, at AF=55, the standard
deviation of experimental in-cylinder pressure is around 2 bar at maximum pressure. Further details on

the variability of the experimental data used to validate the model are presented in Appendix 1.

The HCCI single-zone cycle model correctly predicts the compression and combustion events during
the LTHR and HTHR periods. The capacity of the model to describe the process as close as possible to

experiments is evaluated with the crank angle where 10% and 50% of total net energy is released during
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combustion (CA10 and CAS5O0, respectively). Figure 14 shows calculated and experimental CA10 and
CAS50 values. The LTHR prediction is close to the experimentally obtained values, as can also be
observed in the LTHR region in Figure 13, where the calculated pressure increase occurs later than in the
experiment. It has been observed in before that the LTHR period, or cool flame combustion, is dependent
on the temperature history during compression, with little effect expressed by changes on equivalence

ratio (Gray and Ryan 1997, Guo et al. 2009, Hosseini and Checkel 2007-b).

The HTHR event is followed closely by the model, as can be inferred from the ability of the model
to closely reproduce the experimentally obtained CAS50 values. The effect of increasing air-fuel ratio is to
delay the main combustion event. This is due to changes in the mixture specific heat and fuel
concentration. The change in mixture specific heat changes the temperature history during compression,
and the change in fuel concentration affects the evolution of the cool flame chemistry (Dec and Sjoberg
2004). It is important to note that fuels with little or no cool flame chemistry, like isooctane, would not
show significant changes in combustion onset CA50 with variations in AF ratio (Dec and Sjoberg 2004,

Shibata et al. 2004).
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Figure 13. Experimental (dotted line) and calculated (continuous line) in-cylinder pressure history for
different Air-fuel conditions. P;,~95 kPa, T;,~310 K, CR=10, P,,=104 kPa, 900 rpm.
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Figure 14. Combustion parameters CA10 and CA50 calculated from model results and experimental data.
P;,~95 kPa, T;,~310 K, CR=10, P,;,=104 kPa, 900 rpm.

In addition to combustion parameters CA10 and CAS5O0, the ringing intensity (RI) and indicated mean
effective pressure were also calculated. A summary of the main combustion parameters obtained from
experimental data and calculated with the model is presented in Table 4. Error values as crank angle
degrees (CA deg.) and as percentage with respect to experimental data are also included. The reduction in
IMEP values is expected at reduced values of fuel addition for combustion, as this is the source of
chemical energy to be transformed into piston work and sensible energy inside the cylinder. The increased
fuel dilution at higher AF ratios reduces the peak pressure and rate of pressure increase. The significant
increase in RI values with equivalence ratio corresponds to operational limits observed with HCCI
combustion for different kinds of hydrocarbons, which is usually 2-6 MW/m® (Eng 2002). The error with
respect to experimental data is due to the fast heat release typical of single-zone calculations.

Table 4. Comparison of combustion and performance parameters between the experimental values and the model
calculated results

Parameter AF=43 AF=45 AF=50 AF=55 AF=60
CA10, CA deg. Experiment -13.6 -12.8 -12.2 -11.8 -11.6
Model -12.8 -12.2 -12.4 -12.2 -12.2
Error, CA deg. 0.80 0.60 -0.20 -0.40 -0.60
CA50, CA deg. Experiment -4.6 -3.0 0.2 4.6 7.8
Model -5.4 -4.2 -1.8 1.2 4.6
Error, CA deg. -0.80 -1.20 -2.00 -3.40 -3.20
IMEP, kPA Experiment 371.94 378.34 369.73 335.46 234.10
Model 477.57 462.14 426.48 385.44 289.11
Error, % 284 22.15 15.35 14.9 23.5
RI, MW/m’ Experiment 4.78 2.86 0.74 0.19 0.15
Model 5.95 4.11 1.25 0.26 0.25
Error, % 24.5 43.7 68.9 36.8 66.7
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The ability of the single-zone model and adjusted LLNL kinetic mechanism to reproduce
experimental data under different engine speed conditions is presented in Figure 15. Equivalence ratio,
intake and exhaust conditions were held constant (¢p=0.3, P;,=1 atm, T;,=310 K, P.,=104 kPa). The
calculated pressure history is able to represent the experimental data for engine speeds below 1000 rpm.
The calculated peak pressure overshoots the experimental one for each case simulated, as is expected

from single-zone models.

Analysis of combustion parameters CA10 and CAS50 for the experimental data (Figure 16) show that
the LTHR is progressively delayed with engine speed. This behavior can be attributed to the fact that it
takes the same amount of time to reach the temperature required for cool flames and later, for the
combustion onset. In consequence, with higher speed the events occur at a later crank angle. Calculated
values for CA10 are clustered around -13.5° CA after TDC, meaning that the calculated temperature at
IVC was slightly increased with engine speed. A maximum of 2° CA difference between calculated and
experimental CA10 data is considered well with the desired error for this research work. Obtained values

for CA50 follow the same trend as the experiments, but the error increases above 100 rpm.

For engine speed higher than 1000 rpm the calculated LTHR stage seems to release less chemical
energy than is obtained during the experiment. During this stage the calculated pressure remained
between 3-4 bar below the experimentally obtained pressure. The reduction in the amount of heat released
during the cool flame stage forces the HTHR to occur at a later stage, which can be observed in the CA50

behavior.
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Figure 15. Experimental (dotted line) and calculated (continuous line) in-cylinder pressure history for
different engine speed conditions. P;,~95 kPa, T;,=310 K, CR=10, P,;,;=104 kPa, $=0.3.
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Figure 16. Combustion parameters CA10 and CA50 calculated from model results and experimental data.
P;,=95 kPa, T;,~310 K, CR=10, P,;,=104 kPa. ¢=0.3.

The combustion parameters discussed before and performance parameters such as IMEP and ringing
intensity are presented in Table 5. Calculated IMEP values are higher than measured in experimental data
because of higher pressure histories on all model results. Ringing intensity obtained from model results
followed the estimated values for experimental data. The error increases with speed as the rate of change
of pressure (dP/dt) from the single-zone model overpredicts this value.

Table 5. Comparison of combustion and performance parameters between the experimental values and the model
calculated results at different engine speeds

Engine speed

Parameter 600 rpm 750 rpm 1000 rpm 1100 rpm 1200 rpm
CA10, CA deg. Experiment -15.8 -15.0 -13.8 -13.6 -13.0
Model -13.6 -13.4 -13.4 -13.6 -13.8
Error, CA deg. 2.2 -1.6 -0.4 0.0 0.8
CA50, CA deg. Experiment -5.4 -3.6 0.8 22 4.2
Model -6.8 -4.6 -1.0 0.2 1.2
Error, CA deg. -1.4 1.0 1.8 2.0 3.0
IMEP, kPA Experiment 340.12 344.03 362.74 366.32 367.91
Model 427.19 417.99 406.99 402.58 402.12
Error, % 25.6 21.5 12.2 9.9 93
RI, MW/m?2 Experiment 0.52 0.46 0.60 0.45 0.38
Model 0.99 1.08 1.45 1.30 1.27
Error, % 90.4 134.8 141.7 188.9 234.2
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3.4.5 HCCI Multi-zone Model Validation

The multi-zone model validation was accomplished by comparing the simulated pressure with
experimentally obtained in-cylinder pressure data. The conditions used for validation correspond to the
same conditions used for validating the single-zone and kinetic mechanism for variations in air-fuel ratio.
It should be recalled that the main reason for using MZ models is the ability to properly represent the
overall performance of the HCCI engine. This allows for better estimation of IMEP and RI values, in
addition to lower peak pressures and temperatures, which affects the NO, emission prediction. HC and
CO are also predicted with the MZ model, but the accuracy of HC and CO predictions reported in
literature is usually small (Aceves et al. 2000, Komninos et al. 2004, Easley et al. 2001).

3.4.5.1 MZ Model Pressure and Heat Release Comparison with Experimental Data

Figure 17 shows experimental and calculated in-cylinder pressure and corresponding rate of heat
release for three AF ratio values. The multi-zone model was set with six (6) zones: zone 1, or core zone;
zone 2 through 4 are intermediate zones; zone 5 is the boundary layer zone; and zone 6 represents the
engine crevices. The engine characteristics correspond to the one described in Table 2. The AF cases

presented here are AF=43, 50 and 55, the engine speed is 900 rpm and there is no EGR.

The calculated pressure traces agree well with the experimental data during the compression and
combustion period. At higher loads the calculated pressure during expansion was usually 2-3 bar above
the experimental data. This difference may be explained by blowby in the experiment, which reduces the
in-cylinder pressure. At low loads the difference was minimum, which confirms high blowby at high
load. The MZ calculated peak pressure traces do not overshoot the experimentally obtained ones, which

suggest that the average temperature inside the cylinder reaches lower peak temperatures.

The heat release curves for each zone are presented in Figure 17. The method for calculating heat
release from experimental data, assumes uniform temperature and composition, while the zone heat
release comes from calculated heat release due to chemical reactions in each zone. It should be noted that
each zone combusts according to its own temperature-composition history, showing a series of spikes
corresponding to combustion events in each zone. The overall calculated heat release represents the
summation of each zone heat release. The LTHR zone is present and occurs at almost the same position,
(-13° crank angle aTDC) in all three cases, which correspond with the experiments. The HTHR stage for
each zone occurs in a sequence commanded by the core zone. Timing for combustion is better explained

by analyzing the temperature and mass history as presented in Figure 18.
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Figure 17. Experimental and MZ model calculated pressure and rate of heat release for three different A/F
values, AF=43, AF=50 and AF=55. P;,~95 kPa, T;,~310 K, CR=10, P,.,=104 kPa, 900 rpm.
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3.4.5.2 MZ Model Temperature Stratification and Mass Exchange

Figure 18 shows the temperature (a) and mass distribution (b) considering a cylinder divided in six
zones. An average calculated in-cylinder bulk temperature is also presented. Before the NTC zone, the
temperature of each zone is very similar, about 5-8 K difference between zones 1-4 depending on load
conditions. At higher load the difference is higher. The behavior of zones 5 and 6, the boundary layer
zone and crevices is different. The calculated temperature history of the BL zone was 40-50 K below the
core temperature (zone 1) due to convective heat transfer with the walls. This difference is reduced at
lower loads. Wall temperature was kept at 400 K for all the cases studied in this research work. The
definition of the MZ model specified that the crevices were kept at wall temperature along the whole
process. The implications of having a zone that does not ignite gives the MZ model the ability to predict
CO, HC and unburned fuel better than a SZ model. The LTHR stage starts at about the same temperature
in each zone, with earlier combustion in core zones and later combustion in the BL zone. Once the LTHR
starts, the temperature difference between zones increases. The temperature stratification during the
LTHR stage is extended along the HTHR stage, allowing for longer combustion duration. Figure 17
shows that the sequential heat release is responsible for this extended combustion duration, which is a
significant benefit of MZ models. It should be noted that by increasing the number of zones the heat

release sequence would be smoother, resembling the experimental one.

Peak temperatures reached by each zone varied significantly and were highly dependent on load
(AF). Difference between core and BL zones varied from 170 K, at AF=43, up to 600 K at AF=55. In the
later case the BL zone was close to misfire. During the expansion process the temperature stratification
accentuates, with differences between core and BL zone varying from 400 K up to 600 K. For a given
number of zones, the thermal stratification during the compression and combustion stages is dominated
by the initial temperature at IVC, chemical kinetics and the mass exchange between zones; the
stratification during expansion is dominated by heat transfer between zones and by the convective heat
transfer at the BL zone. Chemical kinetics is defined with the SZ model, which provides consistence with
CA10 and CAS50 values in all cases previously tested and explained. The mass exchange is required for
the model to adjust pressure and is not suitable for adjustments. The convective heat transfer can be
adjusted during the MZ model tuning but was left constant in all cases. The temperature at IVC and the
heat transfer between zones are the only parameters that cannot be fully defined without more
sophisticated temperature-sensing tools. Initial temperature at IVC can be circumvented by forcing a
gradient temperature at IVC, based on CFD calculations or available literature. In this model the zone
temperature distribution at IVC was based on CFD based calculations performed by Aceves et al. (2000)

while studying modeling of HCCI combustion of methane.
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Figure 18. Calculated temperature and zone mass (as fraction of total mass) for three different A/F values,
AF=43, AF=50 and AF=55. P;,~95 kPa, T;,~310 K, CR=10, P,.,=104 kPa, 900 rpm.

The heat transfer between zones was studied during the model development. It was noted that

changes in order of magnitude of thermal conductivity, k, did not affect the compression-combustion part,
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but changed the temperature history of the expansion stroke. Although the difference was significant

between zones, the average value was very similar and its effect on pressure history negligible.

The calculated mass distribution for each zone, presented in Figure 18 as zone mass fraction, shows
the interaction between adjacent zones. During the compression stroke the core zone reduces its fraction
of in-cylinder mass to compensate for a reduction in volume and increase in temperature. During the
LTHR and HTHR stages, the mass is quickly exchanged between zones, resulting in a significant mass
increase for the crevices. Around TDC the crevice zone contains around 15% of the total in-cylinder
mass. Although it seems excessive, it should be noted that around TDC, zones 1 through 5 have much
higher temperature than the crevice (3-4 times more), which reduces their density. The calculated mass on
the BL zone was the second largest after the core zone, which is due to its low temperature compared to
zones 1 through 4. It should be noted that the exchange of mass between zones also convey enthalpy, and

that affects significantly the temperature history of each zone.

3.4.5.3 MZ Model Evaluation

The overall performance of the MZ model is evaluated following the same method used for the SZ
model. The rate of heat release curves are analyzed for determining CA10 and CAS50 values. Calculated
CA10 and CAS50 values are presented in Table 6. Results obtained from the single-zone and the multi-
zone models are very similar regarding CA10 and CAS50 values. The reason is that these events are
governed by the chemical kinetic model, which was properly tuned with the SZ model. Comparing Table
4 and Table 6 shows that the MZ model tends to slightly advance both LTHR and HTHR events. This
might be caused because the MZ model combustion is governed by the core zone temperature and
composition history. During the MZ model set up it was observed that changes in the zone volume
distribution affect the core temperature and composition history. In all three AF cases presented here the
core zone was kept at 40% of clearance volume. It can be concluded that both SZ and MZ models are
capable of predicting combustion events with adequate accuracy. Figure 19 presents a comparison for SZ
and MZ model results against experimental in-cylinder pressure data. It is evident that the MZ model
captures the compression and combustion process more closely to the experiment than the SZ model. The
SZ model overshoots the calculated pressure values compared to experimental data. This behavior is
typical of SZ models (Aceves et a. 1999, Fiveland and Assanis 2001). As a result of this pressure
overestimation, IMEP calculated values from the SZ model are higher than calculations from MZ models.
This makes relevant the use of MZ models for numerical IMEP calculation. Calculated RI values from the
MZ model are closer than the ones obtained with the SZ model. This is caused by the improved ability of
MZ model to predict the heat release process, as presented in previous sections, reducing the calculated

rate of pressure rise with respect to the values obtained with the SZ model. HCCI performance
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parameters IMEP and RI were considerably improved over results obtained from the SZ model as can be

concluded from Tables 4 and 6.
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Figure 19. Comparison of MZ and SZ calculated pressure data. AF=43, P;,~=95 kPa, T;,~=310 K, CR=10,
P,.,=104 kPa, 900 rpm. Experimental data from Guo et al. (2009)

The largest error in IMEP MZ calculated values came from the high load case, where calculated
pressure was above experimental pressure along expansion process. The difference was considerably
reduced at low load values (higher AF). Ringing calculated values were the most difficult to predict with
accuracy. This is due to the fact that the rate of change of pressure governs the calculation as it is the
largest numeric value involved in the RI calculation. Values of dP/dt calculated from pressure data
derived from the MZ results are directly affected by zone heat release behavior. In the case of AF=50, late
combustion of zone 5 led to a sudden increase in pressure, which affected the RI value obtained from the
MZ model. In conclusion, the MZ model predicts IMEP values with accuracy, but RI values are

dependent on zone distribution.
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Table 6. Comparison of combustion and performance parameters between experimental values and MZ model
calculated results at different AF ratios.

Parameter AF=43 AF=50 AF=55
CA10, CA deg. Experiment -13.6 -12.2 -11.8
Model -14.0 -13.4 -12.4
Error, CA deg. 0.4 1.2 0.60
CA50, CA deg. Experiment -4.6 0.2 4.6
Model -5.8 -2.0 3.8
Error, CA deg. 1.2 2.2 0.8
IMEP, kPA Experiment 371.94 369.73 335.46
Model 427.22 391.39 341.50
Error, % 14.8 5.9 1.8
RI, MW/m’ Experiment 4.78 0.74 0.19
Model 5.21 0.95 0.21
Error, % 8.8 29.00 10.5

i. Large error caused by late combustion of BL zone.

3.4.5.4 MZ Model Emissions Prediction

An interesting feature of the MZ model is its ability to account for species that are relevant to
emissions and are associated with boundary layers and crevices, like unburnt fuel, HC and CO. HC is
mostly composed, in terms of mass, of unburnt fuel. Figure 20 shows the history of fuel (and unburnt
fuel) in the cylinder for two AF cases (AF=43 and AF=55). Before combustion, part of the fuel is
exchanged between zones, as explained before, from hotter to colder zones compensating for pressure
differences between zones. The core zone (Z1) is the first to oxidize the fuel during the LTHR and HTHR
as it is the first zone to reach the temperatures required for combustion. As predicted by large
hydrocarbons oxidation theory, the original n-heptane suffers different reactions before the LTHR
stage(Westbrook 2000), reducing its total mass in the core zone quickly. Some of the fuel that is not
consumed is transferred to adjacent zones 2 through 5. Upon combustion of the core zone, the rise in
temperature forces the consumption of fuel remaining in other zones. The model shows the combustion
sequence from zone 2 to zone 5. During combustion and before TDC the fuel is fully consumed in all
internal zones and BL. However, during the compression stroke the crevice zone accumulated some
amount of fuel, which was not consumed due to the low temperature of the zone. After TDC and during
the expansion stroke, the fuel accumulated in the crevice zone is exchanged with the BL zone. From the

boundary layer, the unburnt fuel is exchanged with other zones along the expansion stroke.
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Figure 20. Calculated mass fraction of fuel in each zone for AF=43 and AF=55. P;,~95 kPa, T;,~=310 K,
CR=10, P,,=104 kPa, 900 rpm

CO emissions mass fraction history by zone is presented in Figure 21. The model results show that
most of the CO is produced in the internal zones (zone 1 through 5) during the early stage of the
combustion and later is converted into CO,. After TDC the boundary layer zone increases the mass
fraction of CO due to mass exchange with the crevice zone. The mass fraction of CO increases in the BL
zone, as well as in adjacent zones, however some of the CO is also oxidized to form CO,. Because the
temperature drops quickly in each of the internal zones, the CO and HC slowly oxidize into CO,,
resulting in high CO and HC mass fractions at EVO. It is evident that CO mass fraction at EVO is higher

at higher load, or equivalence ratio.
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Figure 21. Calculated CO mass fraction in each zone for AF=43 and AF=55. P;,~=95 kPa, T;,~310 K,
CR=10, P,,=104 kPa, 900 rpm

69



The MZ model and the SZ model are both capable of predicting NO, emissions. The single-zone
model tends to overpredict the NO formation because it predicts higher peak temperatures than what is
estimated from experiments (Hulkvist et al. 2001). Figure 22 shows the NO and NOy history for AF=43
(¢=0.35), AF=50 (#=0.30) and AF=55 (¢=0.27). At AF=43, it can be observed that the NO forms very
rapidly when HTHR occurs, but it is later oxidized into NO,. This conversion of NO into NO, is due to
the low combustion temperature and high O, availability. NO is oxidized into NO, below the 1800 K
threshold (Lu et al. 2005). Above that temperature, directly linked to equivalence ratio, the NO formed
during the HTHR period remains along the expansion stroke, which was also confirmed by Easley et al.
(2001) while working with different fuels, including n-heptane. The NO and NO, formed mainly in the
core zones, where it reach higher temperatures remains in the core and other internal zones during the
expansion stroke. This behavior is the opposite of HC and CO emissions that are nested into the BL and

crevice zones and alter convey to internal zones.

NO and NO mass fraction
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Figure 22. Calculated mass fraction history for NO, (solid lines), and NO (dotted lines).
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Chapter 4. Thermo-Chemical Recuperation

The concept of thermo-chemical recuperation is based on the idea of storing heat energy by
converting it to chemical energy. In practical terms, it means to take an energy-poor reactant and
reformed it into an energy enriched product. It was presented in the literature review section that
reforming of hydrocarbon fuels can be accomplished by two means, i.e., by partial oxidation (PO) and
steam reforming (SR). This section is devoted to determine which of these two processes is the most
suitable for thermo-chemical recuperation of n-heptane, and to define the reforming model and main

assumptions.

4.1 Comparative Analysis for Partial Oxidation and Steam Reforming

The principal objective of the thermo-chemical recuperation process is to provide the HCCI engine
with a secondary fuel with different auto-ignition characteristics. As an additional goal, the secondary fuel
is expected to have the same or higher energy content per unit mass than the primary fuel. Applying these
two goals into this current research work, the criteria for fuel reforming process selection were maximum
H, yield at the low reforming temperature, while minimizing the energy required for the reforming
reactions. The method used for comparing PO and SR processes was a first law analysis and equilibrium

calculations for reformed gas composition.

The first law analysis was performed to examine the net enthalpy change for each process, from
reactants to products, assuming that the global reforming process achieves completion. Values of
theoretical reforming thermal efficiency were obtained for different initial concentration of fuel/O, and
fuel/H,O for PO and SR respectively. Second, an equilibrium analysis of the reforming process was
performed. This equilibrium analysis defines the species concentration of the main species involved in the

reforming process as a function of reforming temperature.

The energy cost per mole of H, produced was also assessed. As can be anticipated, the net enthalpy
change analysis does not include the effect of reforming temperature and offers basically an upper limit
value for thermal efficiency. In addition, the temperature and RG composition data is used to assess more

accurately the energy cost of the reforming process.

The general idea of the thermodynamic analysis, based on the enthalpy change assumes a system
composed of the reactant fuel and water for the SR process, and fuel and exhaust gases (O,, CO,, H,O
and N,) for PO process.
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For steam reforming of hydrocarbons C,H,, the net enthalpy change can be calculated from the

global reaction balance

Coll + (S:C)nHZ0(1) = nCO + (= +n) Hy + (S:C — 1)nH,0(g) Equation 63
as

AHg = nhQy + (S:C — Dnhy o5 — (RE i, + S:Cnh} o)) Equation 64
where S:C is the steam to carbon ratio as defined in section 2.2.

For partial oxidation, the enthalpy change based on the global fuel partial oxidation reaction (without inert

and non-reactant gases)
CoHm + 50, > nCO + = H, Equation 65
can be calculated as
AHg = nh?, — hgnHm Equation 66
where /l? refers to enthalpy of formation for species i.

For n-heptane, the partial oxidation process enthalpy change can be estimated from the global
reaction (Equation 65), with n=7 and m=16. The PO net enthalpy change is 4Hz= -140 kcal/kmolg,, or
17.5 keal per mol of H, yield. The negative sign implies that the reaction releases to the environment 140

cal per mol of fuel reformed.

On the other hand the steam reforming process can be estimated from Equation 63, substituting # and
m with 7 and 16, respectively, and assuming S:C=1:1. This steam reforming reaction net enthalpy change
is AHz=382 kcal/kmolyg,, or 25 kcal per mol of H, yield. SR is an endothermic reaction. The exhaust gas
waste heat could provide the heat required for driving the steam reforming reaction, which implies a
recuperation of energy. However, the previous enthalpy calculations were based on assuming total fuel
reforming. Equilibrium calculations provide a better insight into the composition of RG for each case in

question.

The chemical equilibrium model was used to estimate species concentration as a function of
reforming temperature for each of the process, SR and PO. For a system undergoing a reaction process at
constant pressure, as is the case in the reforming process, chemical equilibrium is attained when the Gibbs

energy reaches a minimum value.
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The Gibbs function is defined as

G =YK, ;N Equation 67

Where g; is the partial molar Gibb’s function, and V; is the number of moles of species i. K is the

total number of species.
The partial molar Gibbs function is defined as

gi= gi (T,P) + RT InX; Equation 68

The minimization of the Gibb’s function, which provides values of N, is constrained by the number
of atoms of each element and by the condition N>0. The solution of the non-linear system is
accomplished through manipulation of the species Gibbs energy into an atomic formulation. Instead of
dealing with solving the system for K species, the element potential method, transforms the problem into
a linear system for the number of atoms and total mole count. The element potential method was
developed by Reynolds (1986) and uses thermodynamic data from JANNAF tables. It is already available
in CHEMKIN® as a subroutine called equil (Reaction Design 2007). The program requires defining all of
the expected species involved during the reaction process and the thermodynamic state parameters to keep

constant.

In the case of the reforming process the system was composed by the set of species considered, as
defined in Equations 63 and 65 (nC;H;¢, H,O, O,, Hp, and CO). The thermodynamic parameter held

constant was pressure (1 atm).

The equilibrium modeling of each process, PO and SR, at different reforming temperatures was used
to calculate RG composition. The calculated RG composition was used to evaluate the RG lower heating
value. Figure 23 shows the equilibrium composition of reformed gases for both PO and SR. PO process
was studied at different rates of oxygen to carbon ratio X:C; Figure 23a shows X:C=1:1. The SR process
was studied at two different sets of steam to carbon ratio. Figure 23b shows S:C=1:1. For both cases the
pressure was held at 1 atm. It is clear that for partial oxidation (Figure 23a) the oxygen is consumed at
low temperature and goes to CO. The SR process (Figure 23b) shows that the addition of water provides
extra hydrogen atoms that help in increasing H, yield. It is clear that the SR process yields a higher H,
molar fraction when compared to PO at the same reforming temperature. As an example, at 7,,,=600 K

the H, yield molar fraction is around 0.13 for PO versus 0.28 for SR.
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Figure 23. RG composition calculated by equilibrium as a function of reforming temperature T, for a)
Partial Oxidation and b) Steam reforming. Both analysis performed at P=1 atm.

Figure 24 shows the RG lower heating values for both reforming processes based on composition
from equilibrium calculations (Figure 23). Reforming thermal efficiency is defined in literature as the rate

of LHV of products to LHV of baseline fuel (Jones and Wyszynski 1993):

LHV

nth.rcff' =
LAV o Equation 69

This SR calculated efficiency does not account for the energy required to evaporate the water for the

SR process, . This amount of energy per mol of fuel, as presented below, is proportional to S:C

— kJ ) kg . . kmoszO .
B0 =2258.0 /{gﬂzo 18.0 %molﬂzo 7(S: C) o, Eauation 70

hfg,HzO =0.285(5:C) M%cmolc Equation 71

7H16

The reforming thermal efficiency was defined in this research work as

_LHV,,
s = L Vieer ¥ P 11,0

Equation 72

Partial oxidation RG products show an inferior value of LHV at any given reforming temperature

under any given X:C ratio. On the other hand, RG products of steam reforming show improved LHV at
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T.,s>476 K. This shows that the reforming thermal efficiency SR is higher than PO. Calculated values of
reforming thermal efficiency for reforming completion are 7, ., =0.87 and 7., =1.24 for PO (X:C=1:1)
and SR respectively. The effect of S:C on LHV is positive and proportional to the amount of steam

available. This benefit is due to the high H, yield from steam reforming.
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Figure 24. Lower Heating Value of RG for a) Partial Oxidation and b) Steam reforming

The study show that compared to PO, SR produces higher yield of H, per mole of n-heptane; the
molar ratio H,/CO is higher, which also increases its reforming thermal efficiency (7.,,); and the SR
process can recuperate the waste heat from the exhaust into chemical energy of the reformed gas, whereas
PO generates more waste heat. Conclusion to these efforts carried on during the first stage of a DOE-
WVU research project (DE-FC26-05NT42632) for selecting the suitable reforming process for n-heptane
on a HCCI model engine resulted in the selection of steam reforming as the most suitable technology for

thermo-chemical recuperation.

4.2 Steam Reforming Model

The steam reforming model output provides the RG species composition required in the integrated
HCCI-TCR model. The steam reformer model was developed for RG composition and also for
performance, in order to account for the amount of energy required for the SR process to occur. The Ideal
Case composition scenario aiming to obtain RG species composition was developed based on equilibrium
assumptions, and the model was presented in the technology selection section. A secondary approach,
aiming to obtain RG species composition and the reformer performance was developed based on kinetics

reaction for steam reforming.
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The reformer was idealized as a plug flow tubular reactor (PFTR) with a jacket as the heat source for

the endothermic reactions as shown in Figure 25.

ug, Co, To _|

0—»z —»

Figure 25. Plug flow tubular reactor

The basic mass and energy equations governing the steady state reaction in PFTR are, for mass

conservation, assuming constant velocity along the reactor (Fogler 2006)

ac; 9%¢;
u—L=p,—<
0z J 922

+ 2?21 Uijri Equation 73
where C; represents the molar concentration of species j, u is velocity, D; is the diffusion coefficient, and ¢
and z are the independent variables time and reactor axial direction respectively. The last term on the right
accounts for changes in molar concentration of species j due to reactions R with other species 7, which can

be obtained from kinetic mechanisms data available in literature.

And for energy conservation (Fogler 2006),

2
pepu s = kp o+ XX, Mg — Q) Equation 74

where T represents the unknown temperature and kr represents the heat conduction coefficient. The
summation term accounts for enthalpy changes heat generated during the reaction. The term Q’,

represents the heat transfer with the heating jacket per unit length.

These mass conservation equations was simplified considering that the effect of diffusivity can be
neglected if uL/D >100, where L represents the spatial scale (Hunt and Ewing 2009). The energy
conservation equation was simplified by neglecting the effect of gas heat transfer. The SR model was

developed based on these equations:

ac;
ua—Z’ =Y vyni Equation 75
oT __ R ' .
peplt—— = Yic1 AHgiri — Q) Equation 76
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The heat transfer term can be solved by assuming that the gases at any position z are at temperature T’

while the jacket is at temperature 7, and using a global heat transfer coefficient U to obtain

Qw =pwU(T(2) —T,) Equation 77

where p,, is the differential perimeter area.

The global heat transfer coefficient included convective heat transfer on the jacket surface and inside

the reactor, and also the conductive heat transfer along the radial direction of the reactor pipe

1 .
U=15,= Dy I Equation 78

h;D; km(Do—Di)/Ln(g—‘i’) ho

where D, and D, are the external and internal reactor diameters, x,, is the reactor wall radial thickness and
k, its conductivity. The values for convective heat transfer coefficient were obtained from correlations
for internal and external cylindrical annuli. Geometric factors were based on the experimental heat
exchanger used during the experimental stage for steam reforming of n-heptane. The information

available from GTI data was used to set this SR model.

The set of reactions for steam reforming of n-heptane on nickel catalyst, which corresponded to the

catalyst used in the experimental work, has been defined as (Christensen 1996, Chen et al. 2003)

r,: C;Hyg +7H,0 - 7C0 + 15H,0 Equation 79
r,: CO+3H, = CH, + H,0 Equation 80
r3: €O, + 4H, = CH, + 2H,0 Equation 81
1 €O+ H,0 = C0, + Hy Equation 82

The first reaction is irreversible and C; components are formed with no intermediates (Chen et al.
2003). Methanation (reactions 2 and 3) and the water gas shift reaction (reaction 4) form CH,, CO, and
CO.

The intrinsic reaction rate for n-heptane steam reforming over nickel (r;, C;H;4) and the methanation
reaction r,, CO were established by Tottrup (1982)

k1Pc7H16

2
P 3 P
14K, C7FI)-116 H2 i ;ino)
H 2

T1,c7H16 = ( Equation 83
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k P3 PCO
Pz%<PC7H16PHZO ——H12<1
Tyco0 = 2 oo Equation 84
(1+KcoPco+KHzPHz+KCH4PCH4+KH20 PH2 )

Steam reforming works performed on methane were used by Xu and Froment (1989) to establish

additional methanation and water gas shift intrinsic reaction rates

k PhaPcoz

P_3<PCOPH20 —HZK—Z

T3¢0, = 2 — Equation 85
(1+KcoPco+KHzPHz+KCH4PCH4+KH20 15;20)

4
k 2 PHaPco
Pg,_%5<PCH4PH20 ‘%
Taco, = Hz — Equation 86
<1+KcoPco+KHzPHz+KCH4PCH4+KH20 PHHZZO>

Table 7 present the values of the constants used in the previous equations. The operational conditions
for the SR process are defined by reforming temperature, pressure and composition, namely, S:C ratio.
The authors of the aforementioned reactions for SR of n-heptane defined that the those reactions are valid
for reforming temperature of 600 K to 1000 K, S:C ratio of 1 to 3 and reforming pressure of 1 to 10 atm,
(Tottrup 1982, Xu and Froment 1989).

Table 7. Kinetic parameters used in the SR model. From Tottrup (1982) and Xu and Froment (1989)

Kinetic parameter Value Units
k; 3.906x10° exp( -67800/(RT )) mol/m’ s atm
k; 9.886x10"° exp( -40100/(RT )) mol atm”/m’ s
k; 4.665x10" exp(- 67130/(RT )) mol /m’ s atm
ky 2.386x10"° exp(- 243900/(RT )) mol atm”/ m* s
K, (adsorption constant) 25.2 atm™
K3 (adsorption constant) 0.077 -
K; (equilibrium constant) exp(29.3014-26248.4/T ) -
K (equilibrium constant) exp(-4.35369 + 4593.17/T ) -
K; (equilibrium constant) exp(25.225-21825.28/T) -
Ko (adsorption constant) 8.339x107 exp(70650/(RT )) atm™
Ko (adsorption constant) 6.209x10° exp(82900/(RT )) atm™
Kcny (adsorption constant) 6.738x10™ exp(38280/(RT )) atm™
K0 (adsorption constant) 1.770x107 exp(-88680/(RT )) -
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The model was verified against results published by Nah and Palanky (2009) on hydrogen
production via steam reforming of n-heptane. The conditions for verification were T,,= 1200 K, S:C=1:1
and 1 atm. The mass flowrate for steam reforming was set to 0.075 g/s of n-heptane. The geometric
characteristics of the model were the same as the model D;=1", D,=1-3/4”. With a defined geometry and
flowrate values, the value for Re was calculated in order to obtain proper values for convective heat
transfer coefficient inside the pipe, /;. Assuming that the reformer pipe is made of steel (steel alloy with
chromium content Cr=1%), the global heat transfer coefficient was calculated, U=45 W/m’K. Based on
that information the model built in Matlab-Cantera was run and results are presented in Figure 26 and
Figure 27. The molar flowrate for hydrogen and the reformed gas temperature are presented and
compared with results from Nah and Palanky (2009). The molar flowrate calculation provides information

about the minimum residence time, 7, required for full fuel reforming. Residence time is define here as

T=L/u Equation 87

where L is defined as the length and u is the gas velocity.

It can be appreciated in Figure 26 that at the tested mass flowrate for reformed gases, process
completeness is achieved around L=0.18 m or 7 =0.3 s. The behavior of the reformed gas temperature Trg
is presented in Figure 27. The temperature at the boundary condition z=0 was set at 700 K. The
temperature increases before the reforming reaction takes place. The large drop in RG temperature is due
to the occurrence of endothermic reactions associated with reforming reactions for H, yield. Once n-
heptane started being consumed and the energy is absorbed in the process, the heat provided by the jacket
(Ty) increases the gas temperature. Differences between the model results and the results published by
Nah and Palanky (2009) come mostly from differences in the catalyst bed configuration and its
convective heat transfer mode. While Nah and Palanky’s work was based on catalyst pellets, the model
used in this research work was developed considering a straight passage as depicted in the experimental

section on steam reforming.
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Figure 26. Calculated molar flowrate for H, corresponding to SR of n-heptane compared with results from
(Nah and Palanki 2009). S:C=1:1, P=I atm and T,= 1200 K
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Figure 27. Calculated temperature profile for the SR of n-heptane compared with results from (Nah and
Palanki 2009). S:C=1:1, P=1 atm and T,= 1200 K

4.3 Experimental Set-Up for Steam-Heptane Reforming

Based on specifications provided by WVU, Gas Technology Institute (GTI) designed and built a
steam reformer for n-heptane. The reformer was tested in order to estimate the reforming rate and process
efficiency for non-catalytic and catalyzed reforming. Figure 28 shows a schematic of the bench-scale
system that was designed and integrated with the TCR for conducting the laboratory tests. The system
implemented a natural gas-fired furnace equipped with a radiant U-tube burner. The burner was used as a

high temperature exhaust gas energy source. A pre-heater was installed to compensate for heat losses in

80



the n-heptane/steam line. Both recuperators (preheater and reformer) are bayonet-style heat exchangers,
with five heat exchange tubes. Each of the five tubes contains interior elements for heat exchange
purposes. Catalytic pieces were strung on a stainless steel rod, and five rods were installed into the
reformer heat exchange tubes. Nickel-potassium catalyst on ceramic substrate was used in the tests. The
pipe connecting the pre-heater and reformer was heat taped and insulated. The thermostatically controlled

heat tapes were used to reduce heat losses in the pipes.
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Figure 28. Experimental Setup for Steam -Heptane Reforming. TC: Thermocouple, F: flowmeter

Heptane is mixed with superheated steam at ~1.3 atm and 400 K in the evaporator. The steam and
fuel mixture, at a predefined molar ratio (S:C), enters the preheater where it increases its temperature
without reaching fuel reforming conditions. The steam and fuel mixture reaches the reformer where the
catalyst promotes the reforming of n-heptane. Fuel gas samples were taken from the reformer inlet and
outlet through sample ports #3 and #9 respectively (Figure 28). Gas samples were passed through a
specially designed water-cooled condenser to extract unprocessed water and heptane vapors. All collected
hydrocarbons were assumed to be heptane. Fuel gas analysis was done using Varian CP 4900 gas
chromatograph (GC). At least two samples were taken for each test. GC was calibrated to measure the

following components: H,, CH4, CO, CO,, C,H4, C,Hg, CsHg, iso-C4H;, n-C4H;o, and C,H,.

Measured temperatures were in the following ranges. The exhaust gas temperature at the preheater
outlet 77 was 610 K-840 K, the steam/n-heptane mixture temperature at the preheater inlet 73 was 358 K-
372 K, the exhaust gas temperature at the reformer inlet 76 was 646 K-795 K, and the reformed fuel
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temperature at the reformer outlet 78 was 628 K-693 K. The steam flow rate was varied from 0.563 to

0.631 g/s. At these flow rates, the S:C molar ratio varied from 2 to 2.1. Experimental data for RG

composition are presented in Table 8. These data were used to tune a steam-reforming model that was

applied to the integrated HCCI-TCR model.

Table 8. Steam reforming experimental results S:C~2:1

;;toej,m kg/s 0.000593  0.000606  0.000606  0.000606  0.000631  0.000619  0.000593
T s 6.43 6.21 8.01 9.63 8.7 4.86 4.17
75 629 741 667 670 635 795 852
76 648 743 681 691 646 795 853
177 K 628 623 593 581 568 653 688

T8 633 628 599 586 573 659 693
T 630 625 596 584 570 656 690
H2 0.3225 0.3147 0.1351 0.0171 0.0983 0.3854 0.4664
CH4 0.0171 0.0282 0.0079 0.0001 0.0028 0.0279 0.0322
co 0.0112 0.0505 0.0074 0.0003 0.0050 0.0875 0.1272
coz 0.0986 0.0782 0.0418 0.0055 0.0307 0.0782 0.0791
C2H4 0.0001 0.0001 0.0000 0.0000 0.0000 0.0003 0.0009
C2H6 Molar 0.0000 0.0000 0.0000 0.0001 0.0001 0.0013 0.0002
C3HS Sraction | 0.0003 0.0000 0.0000 0.0000 0.0000 0.0000 0.0006
i-C4H10 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0019
n-C4HI0 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0027
C2H2? 0.0000 0.0003 0.0000 0.0000 0.0000 0.0012 0.0030
H20 0.5161 0.5049 0.7518 0.9138 0.7968 0.4120 0.2828
C7HI6 0.0340 0.0230 0.0560 0.0630 0.0663 0.0060 0.0030

Figure 29 shows the main components of the reformed fuel composition (measured wet) for a

steam/carbon molar ratio around 2:1 with catalyst and pressure 1 atm.. There was up to 47% H, and 13%

CO (by volume, wet) in the reformed fuel at a relatively low reforming temperature (=700 K). The focus

of this research work is to study the effects of the main reformed gases into the HCCI combustion of n-

heptane. The species C,H4, C,Hg, CsHs, i-C4Hyo, n-C4H;y and C,H,, which appeared at the higher

temperature range, are considered as minor species and were not included along the study for two reasons.

First, the minor species are highly dependent on the catalyst selection and the catalyst used was not

optimized for minimizing those minor species, and second, the effect of those minor species would

require proper validation which is out of the scope of this research work.
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Figure 29. Experimental reformed gas composition for different reforming temperatures. S:C=2:1, P=I atm.

The experimental RG composition results were compared against results from equilibrium
calculations. The set of species considered in the equilibrium model were C;H,6, H,O, H,, CO. The initial
molar values corresponding to S:C=2:1 were nc7u16=1 and npyo =14 and the pressure was held constant.
Figure 30 presents the species equilibrium composition for this set of species at 1atm and experimental
results for H, and CO. High levels of H, (28%-51.7%) and CO (13%-24%) content in the reformed fuel

were calculated at relatively low reforming temperature (550 K-700 K).
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Figure 30. Species composition under equilibrium conditions for steam reforming of n-heptane compared to
experimental data. S:C=2:1, Pressure=1 atmn
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A maximum of 51.7% of H, yield was obtained at 676 K, when the n-heptane was totally consumed
and the amount of water reached the minimum equilibrium concentration. According to the literature, the
steam reforming of n-heptane also involves the production of CH, and CO, due to water-gas shift reaction
and methanation reactions (Christensen 1996, Chen et al. 2003). If CH,4 is included into the set of species
for equilibrium calculations the equilibrium results show that all the n-heptane is transformed into CHy4
with no intermediate species. The experiments carried out show that the methanation process was not as
strong as predicted in literature and that some amount of n-heptane was available at each reforming
temperature tested. The experiment shows that the molar fraction of CO, at the SR outlet was higher than

CO when the residence time was longer than 4.9 s.

The equilibrium model was also tested with CO, as one of the species. In that case the prediction for
H, was very poor, but the prediction for CO and CO, improved respect to the model containing only
nC;H6, H,O, H; and CO. Because the effect of H, over the combustion of hydrocarbons has proven more
significant than that from CO, the ideal case composition in the model was based on the equilibrium

composition defined by the following four species: nC;H;4, H,O, H, and CO.

Measured n-heptane conversion and calculated conversion based on equilibrium composition are
shown in Figure 31 as a function of reforming temperature. According to the model, 90% conversion of
n-heptane occurs at reforming temperatures higher than 650 K. Values obtained from experimental results

show a similar trend, with n-heptane conversions higher than 91% at T,.;=658 K.
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Figure 31. n-Heptane conversion compared to equilibrium values. S:C=2:1, P=1atm
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Summarizing, the equilibrium model allows for estimating the RG composition based on an ideal
scenario, where the model inputs are reforming temperature, pressure and initial steam and n-heptane

molar ratio (S:C), and the output is the equilibrium composition of nC;H,¢, H,O, H, and CO.

The reforming temperature for the equilibrium model corresponds to a single value, which is not the
case in experiments, where the temperature changes along the reactor. In the case of a reactor with a
profile of temperature along its axis, the reforming temperature might be defined as the average
temperature between inlet and outlet port of RG (T7 and T8 in Figure 28) or only the outlet port
temperature T8. Moreover, for the application in question, i.e. the TCR, it would be desirable to associate
the reforming temperature to the exhaust temperature, which was represented by the jacket temperature
Ty in the PFTR model (Equation 77). The equilibrium model by itself is incapable of providing any
relationship with the exhaust gas temperature and flow that can be used to obtain the energy required for
the SR process to occur. Therefore, the PFTR model is introduced here and a relationship between the

exhaust temperature at steady state and the reforming process temperature is developed.

Figure 32 shows the temperature profile calculated along the PFTR model. In that case a uniform
jacket temperature was used. Applying an energy balance to a differential area element d4=npdz in the
reformed gas and the exhaust gases, where p is reformer perimeter, the temperature profile can be

obtained,

dT,(z) _ UdA

dz Mexh Cpyyp

(T, (2) — Tre) Equation 88

where the overall heat transfer coefficient U is assumed constant for sake of simplicity. It is evident that
the reforming gases changes along z, so an artifice is done by integrating Equation 88 for small sections
of length z’, where Ty is assumed constant at the beginning of the small section z’. The solution is then,

T(2) = Trg = (Tag = Twy ) exp (— %};Z")) Equation 89

where Tw, corresponds to wall the jacket temperature at the beginning of the z’ section, z’j. CP,y

corresponds to the product of exhaust mass flowrate and its specific heat, Mexp ¢y, -

Figure 32 shows the temperature for the reforming gases and the exhaust gases. The model results
presented here correspond to low exhaust gas flow (900 rpm) and a range of exhaust temperature from
600 K up to 750 K. The reforming flowrate correspond to 10% RG by volume and its temperature is 373
K which is the evaporation temperature of n-heptane at 1 atm. The flowrate for 10% RG is calculated
assuming a 10% of fuel into the engine is extracted for reforming. The amount of fuel into the engine is

defined by the equivalence ratio, which in this exercise was assumed as ¢=0.35. Under these conditions
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the mass flowrate for exhaust gases was 1,,,=6 g/s and for reformed gas was mg;=0.031 g/s. The
specific heat of exhaust and reformed gases was cp.;=1.1 kJ/kg-K and cprc=2.5 on average, respectively.
After examination of the heat capacity rates for both streams, Cexp = Mexp Cp,,, a0 Crg = Mg Cppgs it
can be observed that the large ratio of heat capacities, C..;/Crg =85, favors a low temperature reduction
for the exhaust gas stream due to its relative large mass flowrate compared to the flowrate of the reformed

gases.
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Figure 32. Calculated exhaust temperature (continuous line) and reformed gas temperature profile inside
the PFTR (dashed line) for different conditions of exhaust temperature (600 K — 750 K). Reformed gas conditions
at L=0 are T=373 K, P= latm and S:C =1:1.

Summarizing, the PFTR model is able to provide a relationship between the steady state value of
exhaust gases temperature, which model was explained in the previous section, and the steam reforming

model.

4.4 Steam —Reforming Energy Requirements

The concept of thermo-chemical recuperation is based on the premise that the energy in the exhaust
gases can be converted into chemical energy, storing that energy into a higher heat content fuel and using
that fuel in the combustion process. The energy required for TCR was accounted for by studying the
energy consumed in the steam reforming process and in the generation of the steam-fuel mixture before

the SR.
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The energy consumed in the steam reforming process was obtained from a first law analysis of the

SR system. Figure 33 shows the reformer and the steam-fuel evaporation system.
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Figure 33. Section of the HCCI-TCR system showing the Recuperative Reformer (RR), the steam generator
(SG) and the evaporator (EV)

The rate of energy required by the steam-reforming process to proceed can be calculated as,

dQsr _ 7 : N .
= Nre1hre1 — Nrgohre,o Equation 90

where the subindex RG, I represents the conditions at the RR outlet port, defined by temperature, T, and
concentration [RG], which is function of reforming temperature following the steam-reforming model.
The subindex RG,0 represents conditions at the inlet of the RR, which is a mixture of steam and
superheated n-heptane at temperature Trgo. The value of Trgo depends on the partial pressure of steam
and n-heptane such that both are at superheated conditions. The partial pressures of each one depends on
the molar fractions defined by the S:C ratio, and assuming that the reforming process pressure is 1 atm,

the partial pressures for both, n-heptane and steam are,

1 .

Pc,Hye = TGO latm Equation 91
_7(5:0) . )

Pr,0 = 7SO+ latm Equation 92

The corresponding saturation temperatures for both n-heptane and water were obtained from the
NIST chemistry WebBook (Lemmon et al. 2010) and programmed into the Matlab-Cantera model for
evaporation. As an example, at S:C=1:1, the partial saturation temperatures of n-heptane and water, at
P=1 atm, are 314.6 K and 361.7 K, respectively; at S:C=2 the values of Ty, are 300.2 K and 363.6 K.
Thus, assuming that the temperature of n-heptane and water are fed at T, = 300 K, the steam produced by

the steam generator (SG) should reach a temperature high enough to completely evaporate the flow of n-
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heptane into the RR. It is obvious that n-heptane present in the evaporator is in the superheated state at the
water saturation temperature. Assuming also that the pressure along the fuel and vapor lines is

atmospheric, the energy required by the steam generator (and evaporator) was calculated as,

dgfc = Nuzolhn20(Trzo0) = P20 (Thzo,1)] Equation 93

where molar flowrate of water is defined by molar flowrate of fuel and the S:C ratio. The value of Ty,0,

can be obtained from an energy balance in the evaporator by,

NRGERG (TRG,O) = NC7H16EC7H16(TC7H16,0) + NHZOﬁHZO(THZO,v) Equation 94

and the left hand side of the previous equation can be expanded as,

NRGERG (TRG,O) = NC7H16}Alc7H16(TRG,0) + NHZOEHZO(TRG,O) Equation 95

The value of dQgg;/dt depends on the temperature Tzg . The minimum value acceptable for Trg, is
the water saturation temperature corresponding to the partial pressure of water, pyo. As was presented
before, the saturation temperature for S:C=1:1 and S:C=2:1 are 361.7 K and 363.6 K respectively. For
sake of simplicity, the temperature at RG, was set as Trg9=365.0 K . It is evident that in a real application
this temperature should be higher, accounting for heat losses along the pipes that take the mixture of n-

heptane and steam to the RR inlet.

Just after the exhaust manifold, and assuming no heat loses, the exhaust condition 7., ; defines the
enthalpy available for the recuperative process and the steam generation. During each step in the process
of thermo-chemical recuperation some of the exhaust enthalpy, which otherwise would be wasted, is

transferred to the reformed gases.

Let us introduce here two concepts relevant to the TCR. First, the fraction of enthalpy from the

exhaust gases that is recovered in the recuperative reformer (fy ) and the fraction of enthalpy from the
exhaust gases that is recovered in the whole TCR system (fy ;.z)> at Tewn1 (Hexn,1 ) and at T2 (Hexn 2 )

respectively, is calculated with respect to the enthalpy at T, o (Hexp o) as,

fHRR = (Hexno — Hexn1)/Hexn,o Equation 96

fHT(;R = (Hexno — Hexn2)/Hexn,o Equation 97
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Second, the TCR thermal efficiency is introduced here as the ratio of the increase in LHV of the

reformed gases with respect to the energy recovered from the exhaust gases’ enthalpy.

NRGLHVRG_NfuelLHVfuel

Nrcr = Equation 98

Hexh,o _Hexh,z

Where the total enthalpies correspond to exhaust molar flowrate times the respective specific
enthalpies at 7,9 and T, ,. The numerator corresponds to the difference LHV of the RG gas mixture,

and the n-heptane LHV.

Figure 34a shows the fraction of energy (enthalpy) that was recovered from the exhaust gases and
into the reformed gases for two different conditions of steam carbon ratio, S:C, and fraction of reformed
fuel, a. Figure 34b shows the thermal efficiency of reforming as defined by Equation 72 for all cases
shown in Figure 34a. Exhaust temperature and reforming temperature are assumed equal. Recall that o is

the fraction of heptane fed into the reformer to total heptane into the system.
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Figure 34. Fraction of waste energy in the exhaust gases recuperated by fuel reforming (a), and the fuel
reforming thermal efficiency (b). Results presented here are for the model engine running at ¢=0.35 and 1200
rpm, assuming T,,/=T ...

The model results presented in Figure 34a show that energy is recovered from the exhaust gases. A
maximum of exhaust heat recuperation is achieved below the reforming temperature where the H, yield
has reached its equilibrium maximum and the heptane conversion has ceased, 833 K and 719 K for
S:C=1:1 and S:C=2:1, respectively. It is also clear that a higher fraction of fuel into the reformer, a,
requires higher amounts of water and the recuperation of waste exhaust energy is higher. Comparing o
values for each case of S:C show that the peak of exhaust heat recovery occurs at the same exhaust
temperature. The effect of S:C show that more steam into RR recuperates more heat from the exhaust

stream to accomplish the fuel reforming process. It should be noticed that the peak value for exhaust heat
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recuperation is shifted to lower exhaust temperatures when S:C is increased, as the gas mixture specific

heat changes according to its reforming composition.

Figure 34b provides some insight into the reason for the shift in peak values of exhaust heat
recuperation under different S:C values. The fuel reforming thermal efficiency is defined as the ratio of
lower heating values between reformed gas (RG) and the base fuel n-heptane. Higher reforming
temperatures produce higher H; yield and therefore the LHV of the RG increases with T respect to the
base fuel. The increase in S:C provides additional sources of H,, increasing the value of ny e at constant
T.r. Therefore, the shift in temperature where peak fraction fygrg occurs at different S:C values is related
with the effect that S:C has in RG composition. Additional S:C reduces the reforming temperature where
the energy recuperated from the exhaust gases is transformed into RG chemical energy. In summary, for
temperatures below the peak, the energy provided by the exhaust gases is used in reforming the fuel via
endothermic reactions; for reforming temperatures above the peak, the energy provided by the exhaust

gases is consumed increasing the temperature of RG at the RR outlet, and does not increase the LHV of

the RG.

Figure 35a shows the fraction of energy (enthalpy) that was recuperated from the exhaust gases and
used in the whole TCR process, including fuel reforming and steam generation. Figure 35a presents the
TCR thermal efficiency. Exhaust temperature and reforming temperature are assumed equal. The results

correspond to the mass flowrates of the model engine at ¢=0.35 and 1200 rpm.
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Figure 35. Fraction of waste energy in the exhaust gases recuperated by the whole TCR system (a), and
TCR thermal efficiency (b). Results are for the model engine running at ¢=0.35 and 1200 rpm.

The results presented in Figure 35a show a significant fraction of exhaust heat recuperated in the
whole TCR system. The results suggest that before the exhaust energy recuperated for reforming becomes

significant, it is used principally in the steam generator. Higher values of S:C require higher fractions of
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the exhaust enthalpy. At increased reforming temperature, the recuperated exhaust heat is used in the
steam generation process and also for endothermic reforming reactions. The occurrence of peak value for
recuperation beyond certain reforming temperature suggest that at that exhaust temperature the fuel
reforming process reaches its maximum efficiency, as explained previously. Comparing peak values for

frrcr @04 fp,, the difference is based on the use of exhaust heat to produce the required vapor.

The TCR thermal efficiency results presented in Figure 35b describes the fraction of chemical
energy (LHV) that is added to the base fuel for each unit of energy recuperated in the TCR. The value of
TNrcr reaches a maximum at the same reforming temperature where the fuel reforming thermal efficiency
(Nmetr) Teaches its maximum. Increasing the exhaust temperature does not increases the LHV gained in

the process, which remains equal, but increases the exhaust enthalpy, causing the nrcr to reduce.

At its peak value the TCR thermal efficiency reaches 52% and 63% at S:C=1:1 and S:C=2:1,
respectively. This implies that a fraction of the heat recuperated in the exhaust gases is available as
chemical energy for the HCCI engine. The remaining fraction is consumed in increasing the temperature

of the RG mixture of gases and generating steam.
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Chapter 5. HCCI-TCR Modeling

In previous chapters the models corresponding to the HCCI engine and the reformer where
developed. In this section a system model, integrating both engine and reformer model is developed. The
integrated model allows for analyzing the effects of reformed fuel on the HCCI model engine, while at the
same time, predicts the RG composition based on the exhaust heat temperature and flowrate from the
HCCI model engine. The first step to develop the integrated model was to study the effect of RG on
HCCI combustion of n-heptane. The study was conducted on a model based on an engine used to obtain
the experimental data for validation. The study included the effects of RG (H, and CO) on HCCI

combustion of n-heptane.

Once the effect of RG on HCCI combustion was well understood, the integrated model was
developed to investigate the HCCI-TCR system. The set of conditions defined by system equivalence
ratio, engine speed and fraction of fuel to reformer was varied to numerically evaluate the integrated
HCCI — TCR system model aiming to identify the operational range for suitable HCCI combustion and

evaluate the TCR performance.

The HCCI engine performance was evaluated based on IMEP values at constant speed, with limits
defined by ringing and misfiring conditions. The performance of the TCR, which is function of the HCCI
engine exhaust gas temperature, was evaluated based on H, yield and fuel conversion. In cases where the
exhaust gases waste heat is not enough to drive the fuel reforming process, the additional fuel required

was evaluated and accounted for in total engine energy input.

5.1 Effect of RG on HCCI combustion of n-Heptane

The ability of the HCCI model and the chemical kinetics mechanism to predict the behavior of HCCI
combustion of n-heptane under the effects of reformed gases was studied in this section. The experimental
data used to validate the model was obtained from Dr. Vahid Hosseini from NRC Canada, who studied
the effects of H, and CO on HCCI combustion of n-heptane. In that experiment a synthetic blend of H,
and CO at a molar ratio H,:CO=3:1 was used. This molar ratio represents the highest yield of steam-fuel

reforming assuming that no excess water is used and the H, yield is enhanced with the WGSR.
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The amount of reformed gas into the cylinder is defined by RG. RG was defined by Hosseini and
Checkel (2007-b) and that definition is also used in this research work:

RG = _MRG Equation 99

mRG"'mfuel

RG was varied in the experiments from 0% up to 30%. When the RG fuel is included in the air-fuel
calculation the equivalence ratio changes with RG addition. Therefore the equivalence ratio is redefined
based on the atomic valence method following the approach suggested by Jain et al. (1981) for multi-

species fuels,

+
o= XV /Z|V_| Equation 100

where V' and V" represents the valence numbers of carbon (+4), hydrogen (+1), nitrogen (0) and oxygen
(-2). Table 9 presents the RG values, moles of species and equivalence ratio used for analyzing the effects
of RG on HCCI combustion of n-heptane. These values correspond to values used experimentally and

were used to validate the HCCI model and chemical kinetics mechanism.

Table 9. Intake molar composition at different values of RG

RG C,Hs 0, N, H, co vt 27| ¢
% kmol kmol kmol kmol kmol - - -

0 1.00 41.86 157.38 0.00 0.00 44.00 167.42 0.26
10 1.00 43.34 162.94 1.05 0.35 47.49 174.04 0.27
20 1.00 50.63 190.39 2.23 0.74 51.43 204.03 0.25
30 1.00 59.01 221.89 3.91 1.30 57.04 238.67 0.24

Initial conditions defined by the species concentration of fuel, air and RG presented in Table 9 were
used in the numerical MZ model to study the effects of RG on HCCI combustion of n-heptane. The
experimental engine used was the CFR engine described in Table 2. Other conditions used were engine
speed of 800 rpm, CR =11.5 and intake conditions Py,=144 kPa and T;,=110°C. The effect of RG in the
HCCI combustion of n-heptane is to delay the combustion onset as can be appreciated in Figure 36. The
model and kinetic mechanism correctly predicts the combustion onset change due to the effect of H, and
CO addition. It is evident that by increasing the amount of RG the combustion phasing is delayed, in
agreement with experimental results. A better insight into the effects of RG addition can be obtained in
Figure 37, which shows the rate of heat release from experimental results and the core zone heat release
from model results, under the same conditions presented in Figure 36. The rate of heat release analysis

shows clearly defined LTHR and HTHR stages and the effect of RG on both.
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It can be observed that at constant intake and engine operational conditions, the addition of RG
delays and reduces the magnitude of the LTHR stage, as presented in the zoomed area, for both
experimental and model results. The HTHR or main combustion event was delayed in proportion to the
reduction on LTHR. Model results show that the kinetics mechanism is capable of predicting the LTHR
with a few degrees of delay with respect of the experiments. Even though the model overshoots the rate of
heat release values in all cases, the timing and the trend of the peak heat release correspond to

experimental data.

Figure 38 shows calculated CA10 and CAS50 values for experimental and model data. The ability of
RG to affect both the LTHR and HTHR can be compared with the effect that changes on AF ratio has on
the same parameters. AF ratio has a negligible effect on CA10 and a strong effect on CA50, as was
presented in Figure 14. It can be inferred that the kinetic mechanism correctly predicts the main
combustion event (CA50) within less than 2° CA difference with respect to the experimental data, but the

low temperature combustion event presents 2-4° CA differences.
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Figure 38. Effect of RG ad:i(;',wf on CA10 and CAS50 calculated from model resuFllti,a‘fzd experimental data.
P,,~144 kPa, T;,~383 K, CR=11.5, P,,=104 kPa, 800 rpm, ¢~0.26

The inhibiting effect on main ignition timing is attributed to the ability of RG to suppress LTHR
reactions and can be observed in Figure 37, where the values of LTHR;,,x were reduced and delayed in
direct proportion to RG. Values of heat released during the LTHR stage, indicated as HR;, were
integrated from SOIL up to SOly, as it was explained in the Combustion parameters description section
(Figure 11). Figure 39 presents the relation between HRp normalized with respect to the total energy
released (HR) and CAS50 for both experimental and model data. The main ignition event was delayed at

higher amounts of RG where the fraction of energy released during the LTHR regime was smaller.
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of RG (H:CO=3:1). P;,~144 kPa, T;,~383 K, CR=11.5, P,;,=104 kPa, 800 rpm, ¢~0.26.

An insight into the effects of RG substitution on ignition temperature is revealed by Figure 40. The
LTHR start of ignition occurred at higher temperatures according to changes in the mixture specific heat
and in-cylinder density due to the addition of RG. The synthetic composition did show high thermal effect
(almost 0.7 K per %RG). The change on T_SOI; was not as significant as the change occurred on the start
of ignition for HTHR regime. The temperature at which high temperature reaction starts, or T_SOly, was
reduced in proportion to RG, a clear evidence of kinetic effect derived from the presence of H,, which is
explained below. Again, the strongest effect was produced by RG at the ideal case composition, where the

H, concentration was the highest, with a reduction of 1.725 K per %RG.
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Figure 40. Computed start of ignition temperatures as a function of RG at constant composition cases: (a)
T SOI; at LTHR regime and (b) T _SOI at HTHR regime. RG composition H,:CO=3:1, P;,~144 kPa, T;,~383
K, CR=11.5, P,.,=104 kPa, 800 rpm, ¢~0.26
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The effects on engine performance, defined by IMEP and RI are presented in Table 10, as well as
calculated emissions of NO,, CO and HC. IMEP values obtained with the model are about 10% higher
than experimental due to the pressure difference between model results and experiments during the
expansion period, as seen in Figure 36. The trend of the model, however, is consistent with the
experimentally obtained data. The calculated ringing index is about 20-30% higher than the experimental
values, although the model calculated results follow the trend of experimental results. The results
obtained with the MZ model on RI are larger than the experimental ones. This suggests the need for a
larger number of zones, and to include BL regions that do not ignite to slow down the overall process, in a
similar fashion as Aceves et al. (2000) proposed for their MZ model. The model and experimental results
show that RG addition increases IMEP due to retarded CA50 values. The trend of the effect of RG on RI
is non-linear, suggesting a positive correlation with fuel energy addition, which is larger in RG=0 and
RG=10%. The dependence of RI on equivalence ratio was originally proposed by Eng (2002) in his work
on HCCI ringing.

Table 10. Comparison of combustion and performance parameters between experimental values and MZ model
calculated results at different RG percentage values

Parameter RG=0 RG=10% RG=20% RG=30%
CA10, CA deg. Experiment -29.1 -27.0 -21.5 -12.0
Model -26.6 -24.9 -17.7 -11.0
Error, CA deg. 2.5 2.1 3.8 1.0
CA50, CA deg. Experiment -16.0 -14.7 -10.9 -6.6
Model -16.5 -15.3 -11.3 -6.4
Error, CA deg. -0.5 -0.6 -0.4 0.2
IMEP, kPA Experiment 233.27 252.28 248.83 252.96
Model 264.41 281.54 273.72 270.93
Error, % 13.3 11.6 10.0 7.1
RI, MW/m’ Experiment 0.99 1.28 0.92 0.73
Model 1.09 1.69 1.22 0.87
Error, % 10.1 32.0 32.6 21.0
NO,, ppm Experiment 0.11 0.61 0.47 021
Model 0.11 0.51 0.35 0.13
Error, % 0.0 -16.4 -25.5 -38.1
CO, ppm Experiment 730 859 1188 1670
Model 750 833 992 1333
Error, % 2.7 -3.0 -16.5 -20.2
HC, ppm Experiment 995 1027 1039 1029
Model 553 540 506 411
Error, % -44.4 -47.4 -51.3 -60.1
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From the results it can be observed that the MZ model is capable of predict NO, and CO values at
zero RG addition. The addition of RG increases the error between measure and calculated values. The
prediction trends for these two species follow the experimental values. In contrast, the HC predictions are
well below the experimentally obtained values and the trend is the opposite of the experimental one. The
ability of the MZ model to predict HC emission is very low, and therefore it is not used for calculating

HC emissions in following sections.

5.1.1 Individual Effects of H, and CO addition

In order to understand the ability of RG to reduce the LTHR magnitude and delay the ignition event,
the independent effects of H, and CO addition to the reactants mixture were also investigated. A
numerical exercise was carried on in the single-zone model to study the independent effects of H, and CO
on the combustion process of n-heptane. Although no experimental data were available to study the
effects of each species, the fact that the overall behavior of the model under addition of synthetic RG
(H,:CO=3:1) was consistent with the experimental data provides the basic support to investigate the

reasons behind this behavior.

In this exercise a different set of engine conditions were used to differentiate it from previous
validation analysis. Engine speed and load was selected as 1200 rpm and intake conditions used in the
closed—volume part of the single zone model were set at T;,=310 K and P;,=1 atm. Figure 41 presents
the in-cylinder temperature history performing a sweep of H, composition (no CO or H,O added). For
each case of H, addition, the molar composition of n-heptane and air was kept at the baseline case
(p=0.4). Two interesting characteristics were observed with the addition of H,. First, the replacement of
fuel molecules by diatomic molecules leads to changes in the thermodynamic mixture properties such as
the mixture specific heat, c,, and the mixture specific heats ratio, y. Such effect can be observed in the
region a in Figure 41, where the temperature before the cool flame reaction region (T<780 K) was higher
at higher concentrations of H,. Second, despite the fact that pre-ignition temperature was higher at higher
H, content, CAS50 was delayed in proportion to the amount of H, added. This effect can only be explained
under chemical kinetic concepts as can be observed in the region b of Figure 41, where the LTHR process

was proportionally delayed with H, addition.
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Figure 41. Temperature curves at different values of H, addition (no CO or H,0), Baseline ¢=0.4, T;,~=310
K, 1200 rpm

Figure 42 presents the in-cylinder temperature history performing a sweep of CO composition (no H,
or H,O added), where the number of CO moles added to the intake charge corresponded to molar values
found in the RG mixture. For each case of CO addition, the molar composition of n-heptane and air was
kept at the baseline case (¢p=0.4). The addition of CO did encourage an earlier low temperature
combustion regime, with a slight change in the onset of the main ignition event. The thermal eftect of CO
addition, expressed by changes in the mixture specific heat, was less than that of the effect produced by

H, addition, as can be observed in the amplified area in Figure 42.
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Figure 42. Temperature curves at different values of CO addition (no H, or H,0), Baseline ¢p=0.4, T;,~310
K, 1200 rpm

Fundamental studies of primary reference fuels (PRFs) have demonstrated that n-heptane has a

clearly distinguishable two stage ignition. These are the cool flame region or LTHR with a negative

99



temperature coefficient behavior, and the later main ignition stage or HTHR (Westbrook et al. 1988).
Figure 43 shows the rate of heat release for H, addition corresponding to Figure 41. The two stage
ignition process, LTHR and HTHR can be associated with fast changes in mixture temperature. The
addition of H, delayed the LTHR process proportionally. Any modification in the LTHR regime affects
the behavior of the HTHR, as was previously acknowledged by Westbrook(2000). Numerical results
show that the LTHR magnitude was reduced and that its occurrence was delayed by 1.3° CA at maximum
H, addition. The HTHR regime was then delayed from -5.5° CA after TDC (baseline) to -1.1° CA after
TDC at the maximum H, addition. It should be noted that SZ HCCI models generate shorter combustion
duration with higher values of rate of heat release when compared to experimental results (Aceves et al.
1999).
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Figure 43. Rate of heat release for different values of H, addition (no CO or H,0), Baseline ¢p=0.4, T;,~310
K, 1200 rpm

The addition of CO produced the opposite effect on rate of heat release when compared to H,
addition. The numerical results are shown in Figure 44. In this case, the LTHR was advanced 1° CA at
maximum CO concentration, inducing a HTHR stage slightly earlier than the baseline by 0.5° CA. Figure
45 presents the effects of H, and CO addition on the amount of energy released during the LTHR stage
and its correlation with CAS50. Values of HR; were normalized with respect to the total energy released
(HR). For H, addition, HR is reduced as the concentration of Hj is increased, and the correlation between
HR and CAS50 is remarkably linear. In contrast, the addition of CO shows no significant impact on the
main ignition event, and a non-linear relationship exists between the amount of CO added and the fraction

of HRL
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Figure 45. Relation between HR; as a fraction of total heat release HR, and the main ignition event timing,
CAS50, for different values of H, and CO addition (no H,0), Baseline ¢=0.4, T;,~=310 K, 1200 rpm

The low temperature combustion regime characteristic of n-heptane and the effect of H, and CO
addition on this phenomenon can be appreciated better in Figure 46, where the rate of change of
temperature is plotted against the mixture temperature. Section (a) on Figure 46 shows the rate of
temperature change with H, addition. For the baseline case (¢p=0.4), the LTHR regime was clearly present
along the temperature range from 800 K to 850 K, where the ignition is controlled by degenerative chain
branching processes (Westbrook 2000). As explained by Warnatz et al. (1999), the RO, radicals that are
produced during this period decompose back to the reactants due to their instability manifested at high
temperatures. The radical decomposition then leads the mixture temperature to the NTC region, between
950 and 1000 K, where the rate of change of temperature is reduced at higher values of temperature until
the chain branching stops. A subsequent series of chain branching reactions in the intermediate
temperature range (900 K -1000 K) leads to the buildup of H,O, concentration. The H,O, role during the

combustion process is to provide the source for OH radicals required at the main ignition event. The
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HTHR was then identified to occur at temperatures higher than 1000 K, as predicted by kinetic theory on
large hydrocarbon combustion (Westbrook 2000).

The addition of H, (Figure 46a) reduced the rate of temperature rise, d7/dCA, during the low
temperature reaction stage, and shifted the NTC zone to lower temperatures. As a consequence, the
HTHR zone was also shifted towards lower temperature ranges when compared to the baseline mixture,
as can be appreciated in Figure 43. CO addition, in contrast, did not show such an important influence
during the LTHR regime, as can be seen in Figure 46b, where the NTZ zones suffered a slight reduction.
Its strongest effect was noticeable during the HTHR regime, where the rate of change of temperature, an

indicator of rate of heat release, was moved towards higher temperature ranges.
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Figure 46. Rate of change of temperature along the temperature domain. (a) For different values of H,
addition (no CO, H,0), (b) For different values of CO addition (no H,, H,0). Baseline p=0.8, T;xy=370 K, 1200
rpm
The effect of modifying the low temperature reactions (cool flames) regime is to change the time at
which H,0, decomposition occurs, which is the key reaction for auto-ignition of hydrocarbons
(Westbrook 2000). Numerical results show that ignition was observed when the mixture reached the H,O,
decomposition temperature, usually around 1100 K. Even though the thermal effects of adding H, tend to
increase the temperature before the pre-ignition combustion regime, the ignition event was delayed.

Figure 47 shows the effect of H, and CO addition on H,O, and OH molar fraction.
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When the H,O, molar fraction depicted in Figure 47 is compared to the rate of heat release for H,
and CO addition, Figure 43 and Figure 44 respectively, it can be observed that the main ignition event
coincides with the H,O, consumption. In Figure 43, at maximum H, addition, the main ignition starts
around -1.1° CA after TDC, which corresponds to H,O, depletion event in Figure 47a. Figure 44 shows
that at maximum CO concentration the main ignition onset was started at -5.9° CA after TDC, 0.5° CA
earlier than the baseline ignition, which again corresponds to H,O, depletion event in Figure 47b. The
H,O, buildup concentration process differs considerably in each case. For CO addition, the concentration
trend of H,O, was almost parallel for each case, suggesting a proportional change on species
concentration due to changes on initial concentration of CO. The addition of H, changed the rate at which
the H,O, was generated, an indication of additional reactions involved during the cool flames regime. The
spike on OH concentration was related with the LTHR period. The OH spike was retarded and reduced in

magnitude in proportion to H, addition, a feature that corresponded with the reduction on HR;.

From this analysis, the separate effects of H, and CO were clearly defined. The low temperature
combustion regime was delayed by H, addition and slightly advanced by CO. As a result of the change of
LTHR timing and magnitude, the HTHR regime was delayed by H, addition. The thermal effect of CO
addition promoted a slightly advance in both LTHR and HTHR. The magnitude of LTHR was 26% lower
than the baseline case at the maximum H, concentration (+6 moles H,), while the CO addition reduced

the LTHR magnitude by 6.5%.
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Results obtained from the ideal case composition were useful to accept the model based on the
LLNL kinetics code as a good approximation to experimental results found in literature regarding the

effect of H, and CO in HCCI combustion of n-heptane.

5.2 HCCI-TCR system analysis

Previous studies reported in literature have analyzed the effect of RG addition into HCCI combustion
of different fuels (n-heptane, DME and methane) assuming a fixed composition for RG (Hosseini and
Checkel 2007-a, Hosseini and Checkel 2007-b, Eng et al. 2002). A blend of H, and CO in a fixed ratio is
used in those studies, but the source of the RG blend is not specified. In this research work, the blend is
produced through steam-fuel reforming, and the heat required for that process is obtained from the HCCI
engine exhaust gases. Figure 48 describes the overall system. It is composed of HCCI engine, the steam

reformer reactor (RR), the evaporator (EV), and the steam generator (SG).

BV | VH:0

\ 4
A

HCCI

Figure 48. Integrated HCCI engine and TCR
5.2.1 System Definitions

Two of the concepts defined in the previous section still apply in the context of the overall HCCI-
TCR system. The RG fraction and the equivalence ratio, defined by atomic valence method apply to the
set of species that enter the cylinder at IVC. The concept of RG as the fraction of reformed gases to total
fuel and reformed gases was presented in the previous section. From Figure 48, it can be inferred that for
RG>0, the equivalence ratio at the intake varies depending on the composition of RG. This indicates that

equivalence ratio cannot be used as a control variable, but can be used to describe conditions at IVC.

104



Let us introduce here the concept of system air-fuel ratio (4Fyy),

AF — mair,syst — NairMWair Equation 101
syst mC7H16'SySf NeyH eMWegHy 6

which is independent of RG. RG requires steam, which must be accounted for. The molar rate of water

into the cylinder depends on RG and S:C,

NHZO =7(S: C)aNC7H16 Equation 102

which requires a to be defined. The fraction of fuel to reformer (o) was obtained by replacing the mass
flowrates in the RG definition by its molar value, this led to a non-linear function of RG and a that is
independent of fuel flowrate,

aMWc, gy gt 7(5:C)(1MWH20
MWc,H,t 7(S:C)OCMWH20

RG =

Equation 103

which can be solved iteratively to find the value of a.

The HCCI process is defined by composition, temperature and pressure at [VC. Assuming that
temperature and pressure are known at IVC, the composition depends on AF,, and RG. The value of
AF, can be set representing load. However, although the mass flowrate of RG can be inferred from
AF,, and Equations 102 and 103, the composition depends on reforming temperature, which is defined
by the exhaust temperature. Therefore, the interaction between HCCI and TCR can only be investigated
via a parametric study covering changes in fuel input (4F,,), RG amount and composition, and engine
speed. The HCCI engine performance defined by IMEP and limited by RI can be investigated. Emissions

trends can also be defined with the parametric study.

5.3 HCCI-TCR parametric study

The integrated HCCI-TCR system was investigated through a parametric study developed in the
HCCI engine model assuming the same geometry presented in Table 2, and CR=10. The SZ HCCI model
was used for the whole space of conditions required in the parametric study due to the time required for
each simulation to converge. The MZ model was used for studying emissions at specific cases and to
correct IMEP and RI obtained values from the SZ model. The parametric study covers the HCCI model
engine speed and load (represented by AF,) under different conditions of RG addition and S:C=1:1.

Table 11 shows the set of values used for each parameter.
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Table 11. Set of values used in the HCCI-TCR parametric study

Parameter Values
Engine Speed, rpm 900, 1500
Load (AF ) 55, 50, 40, 35
RG, % 0, 10, 20, 30, 40

The change in performance in the HCCI-TCR engine was compared in each case against the model
engine without RG addition. The criteria used to evaluate the difference in performance were IMEP,
thermal efficiency and indicated work. The TCR performance is evaluated through the reforming thermal
efficiency, and the TCR thermal efficiency. The fraction of enthalpy recovered from the exhaust gases is

also calculated for each case.

Due to the interaction of HCCI exhaust conditions on TCR performance and RG composition, which
at the same time affects the HCCI combustion history, the numerical solution requires two sets of
iterations to reach convergence. Figure 49shows the algorithm used to find the solution. Intake and
exhaust pressure conditions were 1 atm in both cases. Besides the engine conditions presented in Table
11, the model initial conditions require RG composition, which is calculated with the TCR model, and
conditions at IVC (pressure and temperature). The RG composition is obtained assuming an exhaust
temperature value. Once the conditions at [VC are defined the model (either the SZ or the MZ) is run,
including the gas exchange process which allow for better determination of temperature and residual
composition (~5% by mass) at [IVC. The engine model cycle is run until temperature at IVC converges.
The next step calculates the averaged steady state exhaust temperature used in the reforming process. If
the temperature found with the model is different to the one initially used to calculate the RG
composition, the new value of exhaust temperature is used to obtain RG composition and the whole
model is run again until exhaust temperature converges. It should be noted that T, is used as reforming

temperature T, in the TCR model.

Engine performance, defined by CA50, IMEP, engine thermal efficiency and emissions are analyzed
first for changes in RG fraction. The TCR system performance, defined by RR and TCR thermal
efficiencies and fraction of enthalpy recuperated in both processes (fy,, and fu, .., respectively). RI
values are presented to define the rich operation conditions where the HCCI-CTR system can operate

acceptably before severe ringing.
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Figure 49. HCCI-TCR Model flowchart
5.3.1 HCCI Engine Study

Let us recall the difficulty of HCCI control when a load change (AF change) is demanded at constant
speed. At constant speed, an increase in load demand changes the combustion timing relative to TDC and
the pressure rise rate, as can be observed in Figure 50 at engine speed of 900 rpm. The combustion timing
is advanced well before TDC, which implies that the compression stroke work increases, which reduces
IMEP and thermal efficiency. The rate of heat release during HTHR increases considerably with
reductions in AF values as is expected from higher fuel concentration cases. As can be observed in the
figure LTHR does not change significantly with AF ratio, which was discussed in the HCCI model

validation section.

107



[=23
5 =
] z
% 3
o &
o o

=

AF =50

[=2)
oy g T
] g
% 3
@ o
o o

]

b
T E

AL

AF =356

[=23
B o T
S z |
g 3 {HFag SRR e A F o e e Y|
o % 0 e

40 30 20 -10 0 10 20 30
Crank angle, degrees aTDC Crank angle, degrees aTDC

Figure 50. Calculated pressure and heat release rates for different values of AF and no RG. P;,~101 kPa,
T;,,=~310 K, CR=10, P,,;,=101 kPa, 900 rpm.

5.3.1.1 Effects on CA50

The addition of RG, thanks to its hydrogen content, allows for tuning the combustion timing,
characterized by CA50 in this work. Using the HCCI-TCR model, mapping of CA50 values for different
RG and AF,,, values was performed. The TCR model was assumed at S:C=1:1 and under reforming
temperature equal to the calculated average exhaust temperature obtained from the gas exchange model.
The mapping allows for determining the required addition of RG to achieve combustion at certain timing
(CA degrees) for different values of load. Figure 51 presents the results of the CA50 mapping at 900 rpm.
It can be observed that the effect of RG on CAS50 at this engine speed depends on load (4F,). At low
load, the effect of RG is negligible, while at high load the effect is very significant. This could potentially
be used as a look-up table by the engine control unit to regulate the timing at the best conditions for

torque and thermal efficiency.
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Figure 51. Contour plot of CA50 values (degrees aTDC) at different AF,, and RG values. a)Engine speed
900 rpm and b) 1500 rpm . TCR operating at S:C=1:1 and T,,~T .

In low load cases, which correspond in this parametric study to AFj,, =55 and AF,, =50, it was
found that at any engine speed there was very little effect of RG on combustion timing (CA50). This is
because the exhaust temperature is low and there is very little hydrogen yield in the fuel reformer. It
should be noted that the effect of engine speed in CAS50, for the same AF values, is related to the time

required for the mixture to ignite. In both speed cases the time is essentially the same, but when observed
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in the crank angle domain, CA50 occurs earlier at low speeds and later at high speeds. At high loads the
effect of RG addition is more pronounced, manifested in its ability to delay CA50 values by more than 20
CA degrees at the highest RG values. This CA50 maps allows for defining the control strategy at both

speeds.

In order to understand the control strategy of an HCCI engine through RG addition, let us assume
that for each case of engine speed (900 and 1500 rpm) in Figure 51 it is required to increase the load from
AF,, =45 up to AF,,, =35, while keeping CAS50 at an arbitrary value of CA50=0 (TDC). At 900 rpm and
AF,, =45 the ignition occurs at -8.1° CA after TDC if no RG is added. In this condition the addition of
RG=43% allows the mixture to ignite at TDC. Increasing the load from AF,; =45 up to AF,,; =50 while
keeping RG=43% advances the ignition event from TDC to 6° CA after TDC. It is required to reduce RG
from 43% up to 35% in order to keep ignition at TDC. At high speed, ignition at TDC requires different
values of RG at each AF,. At AF,=45 and RG=13% ignition occurs at TDC. In contrast to the low

speed case, an increase in load to AF,, =35 requires an increase in RG up to 18%.

This non-linear behavior on CA50 under RG addition is caused by the combined effect of exhaust
temperature variations and RG composition. It should be noticed that in this work the reforming
temperature is assumed equal to the time averaged exhaust temperature. To better understand this let us
recall that at constant load (4F,), a delay in ignition generates an increase in exhaust temperature as
combustion gases are left with less time to cool down during the expansion stroke. In the case of the
HCCI-TCR system, the addition of RG delays the ignition, which increases the exhaust temperature,
driving the TCR to higher levels of fuel conversion, which in turn increases the H, concentration in the
RG produced. Higher concentration of hydrogen would delay CAS0 even more if RG addition is not
reduced. The combined effect of RG, load and engine speed on exhaust temperature is presented in the

next section.

5.3.1.2 Effects on IMEP and Indicated Thermal Efficiency

IMERP is interpreted by Heywood (1988) as a measure of the effectiveness with which the displaced
engine volume produces work. Indicated thermal efficiency is universally defined as the fraction of
energy input that is transformed into work during the closed volume period (IVC-EVO). It has been
demonstrated by other researchers working on adding H, and CO for HCCI control, that there is a positive
effect on IMEP and thermal efficiency. Figure 52 presents the IMEP calculated in this investigation. In
the present research work, the trend was also confirmed, although it depends not only on the amount of

RG added but on the load and speed conditions that concomitantly define the RG composition.
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Figure 52. IMEP values calculated at different AF,,, RG and engine speed conditions. a) Engine speed 900
rpm and b) 1500 rpm . TCR operating at S:C=1:1 and T, ;=T ..

At RG=0% the IMEP values obtained were higher at 1500 rpm due to the fact that at this engine
speed the CASO0 is located closer to TDC, as can be observed in Figure 51. The effect of RG is more
marked at low speeds where the retarding effect of RG on CAS50 improves the IMEP values. At the higher
load and 900 rpm, the benefit from RG addition was estimated as 6%, while at mid-load (4F,, =40) the
benefit in IMEP was found around 3.5%. At 1500 rpm the best benefit obtained with RG was calculated
below 1.5%, at AF,,=30 and RG=20%.

Calculated engine indicated thermal efficiency is presented in Figure 53 for two cases of engine
speed and different AF;,, and RG conditions. Indicated thermal efficiency varies depending on specific
conditions on the HCCI-TCR system. At low speed, the indicated thermal efficiency increases with RG
addition at high load, but it is slightly reduced at low loads. At high loads and in both cases of engine
speed, the indicated thermal efficiency decays with RG addition upon reaching its maximum, which is
associated with CA50 behavior (Figure 51). RG addition delays the CAS50, affecting the amount of work
it is able to produce during the expansion stroke. A similar behavior is observed in IMEP, where the
maximum value tends to stabilize, at low speed, and to reduce, at high speed. It should be observed that
the energy input at IVC is reduced with higher values of RG due to the fact that there is additional CO
and water added into the system. Water enters into the cylinder if it is not consumed for H, production at
low reforming temperatures. CO has lower heating value per kg (10.1 MJ/kg) compared to n-heptane (45
MJ/kg) and H, (121 MJ/kg). At high reforming temperatures the CO produced per unit mass is much
higher than the H, produced, reducing the energy content of the mixture. It should be noted that the
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mixture LHV in terms of energy per unit mass is higher with RG addition, as will be presented in the

TCR analysis section.
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Figure 53. Calculated ny,; values at different AF,,, RG and engine speed conditions. a) Engine speed 900
rpm and b) 1500 rpm . TCR operating at S:C=1:1 and T, ;=T ..

It can be concluded that the effect of RG on indicated engine thermal efficiency is twofold. The first
effect is a reduction in the energy input at IVC, and the second is an increase in work during the

expansion stroke due to the delaying effect of RG on n-heptane combustion.

5.3.1.3 Effects on Emissions of NOx and CO

Emissions were calculated with the MZ model. The effect of RG addition on calculated NO,
production is highly dependent on engine load conditions, as can be observed in Figure 54. At high load
the addition of RG reduces the amount of NO, emitted. This can be explained by the ability of RG to
reduce peak pressure and temperature, in addition to delaying CAS50. This reduces the severity of heat
release, suggesting lower temperatures during combustion. At low load calculated NOy emissions reduce
slightly with RG. The appearance of NO, at low load might be explained as a manifestation of the nitrous
oxide mechanism. The N,O mechanism is promoted by high pressure and is not affected by low
temperatures found in lean premixed systems. This makes the N,O route the major source of NOy in this
kind of systems (Warnatz et al. 1999). It should be noted that the NOy values are consistent with the set
of experimental data collected during the validation process for one single engine speed (900 rpm).
Without RG addition, the molar fraction of NOy is below 5 ppm at AF> 40. Higher engine load presented
a large increase in NO,, where thermal NO, dominates the NO production (Warnatz et al. 1999).
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Figure 54. Calculated NO, emissions at different AF,,, RG and engine speed conditions. a) Engine speed
900 rpm and b) 1500 rpm . TCR operating at S:C=1:1 and T,,~T,..

CO emissions are presented in Figure 55. At low speed the effect of RG on CO emissions is
negligible. Emission values depend on load (4F)) values and show a behavior that coincides with results
published by Guo et al. (2009). Low loads increase the CO emissions probably due to almost misfiring
conditions. At high load the relative reduction in available O, forces a slight increase in CO emissions. At
1500 rpm the CO exhaust molar fraction increases considerably due to the effect of combustion delay
typical of high speed HCCI operation, which is exacerbated by RG addition. It is also likely that the

addition of CO from RG replacement increases the emission values for the cases where no ignition was

achieved.
a) Eng. speed 900 SiCE b) Eng speed=1500, S:C=1:1
40 : a0 ;
r T
,{‘e Q‘é/é{la !3 |@CO Emissions, ppm 8/ = ,\er QDDF @CO ernissions, ppm E
% _D.gs&fg b g g i S 225 ( 8000 B0~
o 251 S= o0, 7000/ |
0 \ LI 60004
43&?%00_74300000—
‘ ot Qo ———— 10067 ——
xH | J
==
&2 Eem & |3 =2 [=3
& 2 o o @l o~ = =
o OB 3 A S3=] 2 § 2 g 1 v 151 | S ]
¥ ¥
151 | N
{ ' 10+ .
1 {
ol 8
1]
5 ': e g 8 g |
i=2] ) 2 o &= =]
E382 2 g § & 8 s
D . | l I I Il l 1 ' ' 1 | D I Il 1 1 1 1 1 1 1 1
a0 3 a0 45 &0 55 3 322 34 3/ 3\ 40 42 44 4 48 A0
AF AF
ayst ayst

Figure 55. Calculated CO emissions at different AF,,, RG and engine speed conditions. a) Engine speed
900 rpm and b) 1500 rpm . TCR operating at S:C=1:1 and T,,/~T,,,.
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5.3.1.4 Effects on Ringing and Operational Limits

The HCCI engine performance limits are defined in the lean limit by misfire and by ringing in the
the rich limit. The parameter RI, proposed by Eng (2002), correlates the in-cylinder pressure history with
the ringing intensity, which was defined in the section Combustion Parameters Definition. This parameter
is recommended for HCCI studies given its independency on boost conditions. Another option to define
the HCCI engine performance limits would be using the maximum rate of pressure rise. However the
maximum value is dependent on boost conditions (Eng, 2002). Figure 56 shows the calculated RI values
for the same engine conditions discussed in this parametric study.
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Figure 56. Calculated RI values at different AF,,,, RG and engine speed conditions. a) Engine speed 900
rpm and b) 1500 rpm . TCR operating at S:C=1:1 and T, ;=T ..
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Typical RI conditions of HCCI operation are 2-6 MW/m?, as was explained by Eng (2002). The
effect of RG on RI is negligible at the limit where the HCCI combustion finds its rich operational limit.
The calculated RI values match the experimental data where the rich limit is found at AF=43 and RG=0,
which can be found in Table 4. RG addition does not have a significant effect either at low or high speeds.
Higher speeds exacerbate the RI problem, as P,,, is reduced with speed, according to the validation

results on the HCCI model.

These results suggest that RG might not be capable of improving the engine performance limits.
Although calculated RI values are affected by the way the numerical solution is obtained, the solution is
consistent regarding the effect of RG. According to the RI map, the HCCI engine can only be operated
under acceptable ringing conditions at a maximum AF between 40 and 45 at 900 rpm and below 45 at

higher engine speeds.

5.3.2 TCR Study

The HCCI and the TCR work in series. The exhaust gases are used by the TCR to produce steam and
reform the fuel into a hydrogen rich stream. This rich hydrogen stream provides ignition control
capability and improves the engine performance at specific engine conditions. Besides the HCCI engine
operation, the TCR operation was also studied. In this section the reforming temperature is mapped first,

and then the TCR and RR efficiency are presented.

5.3.2.1 Reforming Temperature

The temperature used in the steam-heptane reformer model was assumed to be equal to the time
averaged exhaust gas temperature (Equation 52). Figure 57 shows the exhaust gas temperature for
different conditions of AF},, and RG. Exhaust temperature is highly dependent on AF conditions. The
addition of RG has its largest impact in exhaust temperature by delaying CA50. This increases exhaust
temperature as the gas has less time to cool down during the expansion stroke. This can be confirmed by
observing the CA50 map. The calculated values of exhaust temperature lay on the “sweet spot” for fuel

conversion in the steam-heptane reformer (Figure 31).
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5.3.2.2 RR and TCR Performance

In previous sections the concept of fuel reformer thermal efficiency (1¢y ) Was introduced which

quantifies how much heating value per unit mass of fuel has been gained during the reforming process;

and the whole TCR system (RR, EV and SQG) efficiency, nrcr, which describes the ratio of increase in

fuel energy content (in the RG stream) with respect to exhaust enthalpy used in the process. Figure 58

presents the calculated values under previously discussed engine conditions.
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The steam-heptane reformer efficiency depends on exhaust temperature, which depends on AF
values. At typical conditions for HCCI operation AF~40, the reformer thermal efficiency is around 1.1,
meaning that there is a 10% increase in the LHV of RG by kilogram of fuel reformed. The TCR system
efficiency shows that at typical HCCI operation conditions AF~40, about 50% of the energy recovered
from the exhaust gases is used to increase the LHV of RG. The remaining percentage is used as sensible
heat, to produce steam for reforming, and to increase the temperature of feed species and product species
during the reforming process. At higher exhaust temperatures, where the fuel conversion is higher, the

thermal efficiency of the TCR is highest, at about 64%.

A better understanding of the ability of the TCR to recuperate exhaust energy that otherwise would
be lost, is accounted for with fy_ . and fy, .. , which were defined in section 4.4. Figure 59 shows
calculated values for each term. It is obvious that the amount of energy recovered is directly proportional
to the amount of RG used by the system. Between 2% and 18% of exhaust enthalpy can be recovered
during the steam-heptane reforming process at maximum RG use. The fraction of energy recovered in the
RR is a fraction of the total enthalpy recovered by the TCR which is presented in Figure 59(b). The trend
is the same in both cases. The difference between both fractions is the energy consumed by the whole
TCR system in evaporating water and fuel before the mixture enters into the RR. It can be observed that
at higher RG use and load most of the energy recuperated is employed in reforming the fuel. At higher

S:C ratios the trend is the same, but the values are higher due to higher mass flow in the TCR.
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Figure 59. Calculated fraction of enthalpy recuperated at the RR (a) and at the TCR (b) at different AF,
RG values. Engine speed 900 rpm
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Chapter 6. Conclusions and Recommendations

A single-zone and a multi-zone model were developed and validated with experimental data to
investigate the HCCI combustion of n-heptane. The model includes a gas exchange process model aiming
to predict exhaust temperature and flowrate for reforming. The steam-fuel reformer model was developed
based on equilibrium conditions. The TCR system model was developed in order to evaluate the ability of
the steam-fuel reformer model to recuperate energy from the exhaust gases. A parametric study was used

to evaluate the integrated HCCI-TCR model under different engine and reforming conditions.

6.1 Conclusions

The Single zone model was found adequate and efficient for analysis of the effect of engine
conditions and RG addition on HCCI combustion history. Calculated CA10 values were within 2° CA of
experimental data. The calculated combustion timing, which is evaluated with CA50, was very well
predicted by the SZ model at different conditions of AF and engine speed. Maximum differences on
CAS50 values (3.2° CA) were found at the leanest AF conditions. A multi-zone model was also developed
to better account for HCCI engine performance (IMEP and RI) and emissions of NOy, CO and HC. MZ
calculated values for IMPE were about 5-9% above the experimental data. NO, and CO emission were
slightly under-predicted in most cases, but the trend was correctly followed. HC emissions were highly

under-predicted and the trend was not in agreement with experimental data.

SR was used as the reforming process for n-heptane due to its ability to achieve better reforming
efficiency (+24%) than PO (-13%). In addition H; yield per mole of n-heptane was higher with SR than
with PO. Equilibrium model results based on the global reaction of steam and n-heptane produced good
results for H, yield when compared to experimental data. Experimental results from GTI show that steam-
heptane reformer produced a hydrogen-rich reformer fuel at various exhaust temperatures by steam
reforming of n-Heptane. High levels of H, (28%-52%) and CO (13%-24%) content in the reformed fuel
were calculated at relatively low reforming temperature (550 K-700 K). Experimental data show that at
700 K there was up to 47% H, and 13% CO. According to the model, 90% conversion of n-heptane
occurs at reforming temperatures higher than 650 K. Values obtained from experimental results show a

similar trend, with n-heptane conversions higher than 91% at T,.s=658 K.

Energy requirements and temperature conditions for the steam-heptane reforming process to occur

were defined. A maximum of exhaust heat recuperation is achieved below the reforming temperature
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where the H, yield has reached its equilibrium maximum and the heptane conversion has ceased, 833 K
and 719 K for S:C=1:1 and S:C=2:1, respectively. The value of nrcg reaches a maximum at the same
reforming temperature where My, . reaches its maximum. Increasing the exhaust temperature does not
increases the LHV gained in the process, but increases the exhaust enthalpy, causing the nrcr to reduce.

At its peak value the TCR thermal efficiency reaches 52% and 63% at S:C=1:1 and S:C=2:1, respectively.

The first step to develop the integrated model was to study the effect of RG on HCCI combustion of
n-heptane. A synthetic blend of H, and CO at a molar ratio H,:CO=3:1 was used. At constant intake and
engine operational conditions, the addition of RG delays and reduces the magnitude of the LTHR stage.
The HTHR was delayed in proportion to the reduction on LTHR. H, was found to be the main species to
alter the LTHR regime by changing the temperature range where this event occurred and by reducing the
magnitude of the energy released. In consequence, the HTHR was progressively delayed at higher
concentrations of H, in the cylinder charge. CO did not show a strong influence on the LTHR and its
impact on combustion phasing was a very modest advance of CA50 due to changes on mixture specific
heat. The model and experimental results showed that RG addition increased IMEP due to delayed CAS50

values. RI calculated values varied depending on the crank angle where the combustion occurred.

The integrated HCCI-TCR system was investigated through a parametric study developed with the
HCCI engine model. The addition of RG, thanks to its hydrogen content, allowed for tuning the CAS50
value. The effect of RG on CAS50 at low engine speed depends on load (4F,). At low load, the effect of
RG was negligible, while at high load the effect was very significant. At high loads the effect of RG
addition was more pronounced, manifested in its ability to delay CA50 values by more than 20° CA at the
highest RG values. This non-linearity in CA50 was caused by the combined effect of exhaust temperature
variations and RG composition, in terms of H, and CO concentration, as function of reforming
temperature. The effect of RG addition on IMEP and indicated engine thermal efficiency depended not
only on the amount of RG added but on the load and speed conditions that defined the RG composition.
At high load and 900 rpm, the benefit was estimated as 6%, while at mid-load (4F,,~=40) the benefit in
IMEP was found around 3.5%. At 1500 rpm the best benefit obtained with RG was calculated below
1.5%, At AF =30 and RG=20%.

The effect of RG on indicated engine thermal efficiency was twofold. First a reduction in the energy
input at IVC; and second, an increase in work during the expansion stroke due to the delaying effect of
RG on n-heptane combustion. The effect on emissions also depends on engine conditions. At high load
the addition of RG reduced the amount of NO, emitted. At low load calculated NO, emissions reduce

slightly with RG. Low loads increase the CO emissions due to near misfiring conditions, and this effect
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was exacerbated at high speeds. At high load the relative reduction in available O, forces a slight increase

in CO emissions.

RG addition was found not capable of improving the engine performance limits defined by RI.
Although calculated RI values were affected by the way the numerical solution was obtained, the solution
was consistent regarding the effect of RG. According to the RI map, the HCCI engine can only be
operated under acceptable ringing conditions at a maximum AF between 40 and 45 at 900 rpm and below
45 at higher engine speeds. Exhaust temperature is highly dependent on AF conditions. The addition of
RG had its largest impact in exhaust temperature by delaying CAS50, which increased exhaust temperature

as the gas has less time to cool down during the expansion stroke.

Evaluation of the TCR shows that at typical conditions for HCCI operation AF~40, the reformer
thermal efficiency was around 1.1, meaning that there was a 10% increase in the LHV of RG by kilogram
of fuel reformed. The TCR system efficiency showed that at typical HCCI operation conditions AF~40,
about 50% of the energy recovered from the exhaust gases was used to increase the LHV of RG. Around

18% of exhaust enthalpy was recovered during the steam-heptane reforming process at maximum RG use.

6.2 Recommendations

Regarding the HCCI MZ combustion modeling, the HC emission modeling would benefit from more
zones and specialized crevice zones. It can be inferred that solution of boundary layer problems using MZ

models require a MZ model tailored to the engine where experimental data was obtained.

The ability to control ignition timing, without a significant loss of lower heating value associated
with EGR (internal or external), suggest that the use of TCR technologies to produce H, on board can be
used to control the ignition timing of HCCI heptane. Other fuels that behave like n-heptane, with LTHR
stages and with the tendency to delay the CAS50 with higher concentrations of H, can also be studied to
expand the domain of fuels suitable for HCCI-CTR operation.

The ability of the TCR to achieve maximum fuel conversion levels suggest that it can be used in
HCCI-SI engines, where the HCCI is used at low load and low speed, avoiding operating conditions
where high RI are achieved, while providing the benefits of improved IMEP and improved engine

efficiency.
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The HCCI-TCR modeling would benefit from a model where heat transfer processes are studied.
This could include the exhaust manifold heat transfer process and the heat transfer process between
engine exhaust gases and the recuperative reformer. That consideration would reduce the exhaust

temperature and provided a more accurate picture of the integrated HCCI-TCR system.
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Appendix A. Experimental Data Variability

Experimental data variability is presented here based on a single case of engine operation conditions
assuming steady state operation. The conditions are engine speed of 800 rpm and equivalence ratio
»=0.26. The in-cylinder pressure data was provided by Dr. Vahid Hosseini of the National Research
Council Canada. During steady state conditions, for the condition described here and for each one
presented as validation data, the in-cylinder pressure data was recorded as 10 samples per engine crank
angle and smoothed through a low pass filter (< 2.5 kHz). The mean value and the standard deviation
were calculated for 75 engine cycles where recorded and averaged to reduce combustion noise. Figure A-

1 shows the calculated mean in-cylinder pressure P, and its standard deviation o.
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Figure A-1. Experimental in-cylinder pressure P, averaged for 75 cycles, and its corresponding standard
deviation 0. Engine speed 800 rpm, ¢=0.26, P;,~144 kPa and T;,~383 K

The standard deviation of the experimental data is presented in Figure A-2. It can be observed that
the pressure variability very small during the compression stroke, before the ignition occurs. After
ignition occurs, the standard deviation peaks above 1 bar. During the estimated duration of the
combustion process (CA10-CA90), the value of standard deviation remains above 0.2 bar. Once the

combustion reactions have finished, the standard deviation remains around 0.1 bar.
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Figure A-2. Standard deviation for experimental in-cylinder pressure. Engine speed 800 rpm, ¢=0.26,
P;,~144 kPa and T;,~383 K
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