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ABSTRACT
Contemporary liquid combustion research is constantly in pursuit of higher fuel
efficiencies and lower overall emissions. This is done in multiple ways, but of extraordinary
value are studies furthering the understanding of combustion thermochemistry and the driving
chemical reactions of the combustion process. These studies can be experimentally based, or take
computational form, utilizing chemical kinetic mechanisms that have been built and refined with
decades of research.
This work makes use of the derived cetane tester (CID), a device typically used in the
petroleum industry, to combust various fuels of interest to chemical kinetic modeling. The CID is
modified to investigate the combustion of primary reference fuels (PRF) within the device’s
constant volume combustion chamber. This enables the testing of greater temperatures,
pressures, and equivalence ratios through the development of a custom external control system.
Studies evaluating the combustion of n-heptane and iso-octane are then performed at a
variety of conditions. The combustion pressure trace results are used to analyze these fuels’
autoignition delay time, and various chemistry-based combustion phenomena such as low
temperature heat release (LTHR or “cool flame”), and negative temperature coefficient (NTC)
behaviors. The studies’ results show that the autoignition behavior of n-heptane (and presumably
other high-volatility fuels) can be accurately represented by the CID, given sufficient fuel
evaporation and mixing time is allowed. The constant-volume combustion chamber’s minimum
mixing time to approximate a spatially homogenous reactor (as is assumed in the study’s
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simulation models) is determined to be 6 ms. The studies based on iso-octane display less
agreement with published experimental results and model predictions than n-heptane based
experiments. An additional study is undertaken, and its results analyzed to evaluate this
divergence, and several postulations are given in explanation.
Finally, a study is undertaken to evaluate a process of autoignition delay time scaling
according to assumed pressure relationships. Pressure scaling factors are calculated at each test
temperature, and are used to scale 4-bar n-heptane results to a 41-bar test condition. The pressure
scaling study results show that through this method, low-pressure results can be scaled quite
accurately.
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INTRODUCTION
Modern combustion research is dominated by the pursuit of higher fuel efficiencies and
lower total emissions. Government mandates and the overall rising cost of petroleum-based fuels
deliver great incentive to study and understand the underlying physical and chemical
mechanisms that drive the combustion process. This is done in a number of ways, both
experimentally and computationally, and each adds important perspective to the field’s
consensus.
The largest market, and driver for refinement of combustion science, is the internal
combustion engine, as it is still the dominant power source for transportation. Due to their
inherently unstable nature, internal combustion (IC) engines being actively designed today
require vast amounts of resources, both in terms of engineering expertise and computational
power. This is because the combustion process is quite difficult to understand and manipulate in
a non-ideal reference frame. The difficulty comes from the fact that there are numerous
interactions of thermodynamics, fluid dynamics, and combustion chemistry involved. One way
to explain and predict the process of combustion in a less resource-intensive way is to create
simplified experiments and models of how it will occur.
An example of an important combustion characteristic that is often modeled is a fuel’s
autoignition delay time. This aspect of a fuel’s behavior has an enormous impact on IC engine
performance. Whether observed in a model or experiment, the simplest way to derive
autoignition delay time is by studying the combustion event effect on the experimental (or
computational) system’s pressure. The definition of autoignition delay requires an understanding
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of what constitutes the true start of combustion (SOC). This is not always simple to locate, and
depends upon one’s definition. The specific timing of SOC is complicated by the presence of
non-uniform factors such as low-temperature heat release (LTHR), and evaporative cooling.
While some research methodologies place SOC at the point that pressure rises by a given value,
others disagree [3, 4]. For instance, one interpretation is to define SOC as the start of main
ignition (sometimes called “hot” ignition), which is denoted by the point of peak pressure rise
rate (PPRR). For reference, all data taken and analyzed in this study uses the latter definition of
SOC.
An additional difficulty involved in creating these simplified approaches is the fact that
no commercial liquid fuel is composed of one, or even several, chemical species, but often
thousands [5] . As this naturally makes standardized combustion research extremely difficult,
simplified substitutes (often referred to as surrogates) have been developed to represent
particular aspects of the combustion process. The two most common surrogates are n-heptane
(for diesel) and iso-octane (for gasoline), which have been labeled as the “primary reference
fuels” (PRF). When more complex behaviors are required, these fuels can be mixed in precise
measures to create additional formulations, or tertiary mixes. An example of a shortcoming of
these surrogates is their inability to imitate the evaporative behavior of full-distillate fuels.
Even with highly simplified fuel mixtures, complex listings (or models) of chemical
reactions, reaction rates, intermediate species data, and all other pertinent information therein are
required to predict details of combustion. These models are often referred to as “chemical-kinetic
mechanisms”. Contemporary mechanisms have been derived from decades of experimental and
computational research, and can quite accurately represent combustion in simplified systems.
While the primary reference fuels are becoming more well understood, the current state of
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research is evolving towards the modeling of ever more complex (or realistic) fuel mixtures, as
well as fuels from completely new sources, such as biodiesels [6]. The issue with the
development of these chemical-kinetic models is that because they are so complex, extensive
experimentation is required to validate them over wide ranges of temperatures and pressures.
This need for validation is the nexus of computational and experimental research. There are
many experimental devices found in use among combustion researchers. A number of these will
be described and compared to the system used in this work.

MODERN COMBUSTION RESEARCH DEVICES
Rapid Compression Machines (RCM)
Possibly the oldest, and one of the most well understood, methods of evaluating
combustion is the rapid compression machine (RCM). As the name implies, RCMs work in
somewhat the same way as traditional internal combustion engines. In RCMs a pneumatic or
hydraulic driving system is used to drive a piston into a combustion chamber, from which no
rebound is allowed. Dynamic pressure sensors capture the pressure data, and the combustion is
visualized through optical ports if the device is so equipped. The method of liquid fuel addition
used in most modern RCMs is pre-vaporization, followed by injection into the cylinder/bore,
which is well regulated at a known temperature and pressure [3].
In determining the operational envelope of the RCM, particularly where its experimental
capabilities meet with simulation, internal gas property assumptions must be made.
Thermodynamic calculations and numerical models have been used to define a property referred
to as the “core gas temperature”. This assumption asserts that if the RCM and piston are well
designed and operating properly (avoiding “roll-up” phenomena), a central or “core” volume
exists in which the end gas can be considered thermally homogeneous. Chemical-kinetic models,
3

developed around these studies are commonly used to predict combustion seen within RCMs. A
popular solution in the formulation of these models is to assume a homogeneous adiabatic
system, using the measured or calculated top dead center (TDC) properties.
The RCM is a useful tool, but has a clearly defined operational envelope. There is a great
deal of adjustability in the device itself, which leads to a large matrix of testing conditions. One
of the device’s greatest benefits is the removal of mixing phenomena, as the fuel/air combination
is not injected unless it is in vapor form and well-mixed. This means, however, that for every test
a volumetrically measured mass of liquid fuel must be drawn into a heated vacuum chamber for
mixture preparation. The care taken in preparing these mixtures is of the utmost importance if
accurate values of global equivalence ratio are to be tested. Possibly the largest downside of the
RCM is that to alter the core gas temperature at the time of a test, the diluting agent’s quantity
must be modified, requiring the remixing of the entire fuel/oxidizer batch. These considerations
generally lead to an ignition delay testing range of (~20 ms to ~100 ms) [3] .Although limited,
the data collected from RCM-based studies have been widely used in the formulation and
development of chemical-kinetic mechanisms.
Shock Tubes
The shock tube is possibly the most simplistic and straight-forward approach to
combustion testing of the most prominent device types. It consists of an extremely simple
mechanical design and operational principal. This takes the form of a tube, internally divided by
a diaphragm, separating a high pressure “driving” gas, and a lower pressure “driven”
fuel/diluent/oxidizer mixture. The key points of its operation are: the filling of the driven side of
the device with evaporated (or simply mixed according to partial pressures, in the case of
gaseous fuels) mixture, bursting of the diaphragm, and finally, the measurement of the reflected
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shock wave by means of an array of dynamic pressure transducers. The temperature rise as the
shock passes through the end gas effectively causes an instant rise in temperature of the already
pre-mixed fuel/diluent/oxidizer components. This starts the chemical kinetic process and the rise
in pressure (and time delay) due to combustion can be measured. The shock tube’s great benefit,
which makes it singular in the list of test devices, is that it can identify ignition delays down to
the sub-microsecond range [7]. This is due to most devices’ ability to generate post-shock gas
starting temperatures above 1000K and pressures of often up to 50 Bar or more, which more
accurately correspond to IC engine conditions. The limitation of this design is that due to the
nature of how it measures combustion, it is restricted to testing regimes that do not exceed
(generally) 10ms of ignition delay [3]. The other shortcoming of the device is the setup time
required to perform one test, as like the RCM, evaporated fuel batches must be mixed, and a
diaphragm must be destroyed for each experiment. Finally, maintaining fuels in a vaporized state
can be challenging for some fuel types.
Constant Volume Combustion Chambers (CVCC)
Constant volume combustion chambers (CVCC), often idealized as perfectly stirred
reactors, are the final device type considered in this study. The main premise of the CVCC is that
a known mass of liquid fuel is injected into a known mass of heated diluent/oxidizer mixture (in
the case of this study, ultra-high purity dry air), and the combustion event is captured by one or
more dynamic pressure transducers. When given enough time to evaporate and thoroughly mix,
the fuel/air mixture is assumed to reach a pseudo-homogeneous state, which prompts the
approximation of the device as a 0-D spatially homogenous adiabatic reactor. A 0-D approach is
defined here as a process that varies only with time and not spatial distance.
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While the two sub-types of these devices considered for this work (the ignition quality
tester (IQT), and the derived Cetane tester (CID)) operate in functionally the same way, there are
key differences between them. The devices each use an electrically heated and insulated chamber
that can be filled with air-diluent mixtures to a desired initial pressure. However, while the IQT
uses a purpose-designed fuel injector, the CID uses a Bosch common-rail injector. Each system
uses a pressure multiplication system to momentarily pressurize liquid fuel. While the IQT uses a
pneumatic system, and can reach pressures up to 225 bar [4], the CID uses a hydraulic system,
and is able to perform tests with injection pressures up to 1500 bar. This higher pressure is
desirable, in that it offers the potential to lower the minimum mixing time required to reach a
pseudo homogenous state by injecting larger amounts of fuel in lower time frames. The
increased pressure differential also creates a condition wherein larger expansion occurs after
exiting the injector, creating smaller droplets and a lower evaporation time.
The CID consists of a 473-ml stainless-steel cylindrical combustion chamber, a heating
system, an air-filling system, a fuel-injection system, and a dynamic-pressure measurement
system. The chamber is sealed at the top and bottom with coolant blocks that contain the fuel
injector and dynamic pressure transducer, respectively. The coolant blocks, in addition to serving
as mechanisms for sealing the chamber, regulate the temperature of the fuel injector and pressure
transducer by circulating coolant between the device and an external cooler. This prevents
potential damage to the devices. To heat the chamber, an electrical heating system is wrapped
around the chamber body, and is itself wrapped in refractory insulation. The temperature of the
chamber is monitored by two thermocouples installed in the chamber walls.
To momentarily pressurize the fuel rail, a hydraulic pressure multiplication system,
consisting of a pump, high-pressure cylinder, and control valve is installed onboard the CID.
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Injection pressure is controlled through the duty cycle of a pressure control valve. After an
injection event, low-pressure, unused fuel is moved from the fuel rail to a recovery vessel. To
pressurize the chamber with air, a system of tubes and valves relays gas to the chamber’s inlet
from high-pressure gas cylinders. A series of static pressure transducers are placed throughout
the system to monitor and control the various gas pressures. Finally, a dynamic pressure
transducer is installed along the chamber’s central axis into a threaded well. A schematic of the
combustion chamber of the CID used in this device can be seen in Figure 1, and a detailed
description of its operation is given in a previous section.
Both the IQT and CID devices offer considerable advantages over other well established
experimental devices, in that they require no fuel mixture preparation, no extended period of
reset after a test, and have no hardware-limiting factor on how large of an ignition delay can be
measured. Through their simplicity of operation and control sophistication, repeated tests can be
performed quite rapidly. This makes the CVCC ideal for the evaluation of low-volatility fuels
that are difficult to maintain in a vapor form. In particular, isomers of n-heptane, as well as
newly emerging biofuels often take the form of highly branched molecules. This is understood to
be a large cause of the low volatility of these fuels, and leads to the desire for an effective
method of testing them [8].

7

Fuel Rail
Pressure
Transducer
Fuel Pressure
Multiplier

Fuel Recovery
Vessel
Fuel
Injector

Insulation
Wall Heater

Control
Volume

Coolant
Loop

Chamber
Walls

Static
Pressure
Transducer
Dynamic
Pressure
Transducer
Air Supply

Figure 1 : Schematic of derived cetane tester hardware. Broken lines indicate fluid pathways. Coolant volume is
represented in blue, while combustion chamber is shown in green.

8

CURRENT CHEMICAL-KINETIC MECHANISMS FOR ALKANE FUELS
In modern internal combustion engines, combustion events take place within
sub-millisecond time periods. This results in combustion beginning prior to the end of injection,
causing a diffusion flame condition. While this is a typically unavoidable fact of internal
combustion engine design, laboratory combustion analysis devices, and indeed this study,
attempt to decouple the physical, fluid-dynamics-dominated initial spray process with the
chemistry-dominated, well mixed chemical reactions of combustion. Inroads into this
methodology have been made throughout the years, with researchers collaborating on both
computational and experiemental studies. When these experiemental results are quantifed,
simulation models are built or refined from their ouput. While the science has developed over
time, kinetic mechnisms are constantly updated and used in studies such as this one.
Iso-octane, n-heptane, and n-heptane Isomers (𝑪𝒏 𝑯𝒎 )
While the chemistry of combustion is extremely complex, certain overarching trends and
processes are known. While a detailed overview of the full chemistry is beyond the scope of this
work, an overview of the main components will now be given. This description will address the
behaviors of the fuels as pre-combustion mixture temperature increases, as this is of most
importance to this study.
There are distinct differences in the combustion of iso-octane and n-heptane. Primarily,
n-heptane exhibits clear low-temperature heat release (LTHR) in both IC engines and CVCCs
while iso-octane generally does not [8]. This can be explained by the differing molecular
structures of the fuels. n-heptane is a straight-chained molecule, whereas iso-octane is branched.
This leads to several different characteristics that make these fuels exhibit vastly different
ignition behaviors. Iso-octane is given a value of 100 on the octane scale, while n-heptane is
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given a value of 0. An octane rating is generally a descriptor of a fuel’s resistance to
autoignition. For this reason, a higher octane rating is desirable in spark-ignited engine
applications, as the fuel/oxidizer/diluent mixture must exist in the engine’s ports and cylinders
without autoigniting (knocking). When tested in laboratory devices, these molecular differences
cause much longer ignition delays in iso-octane, and the fuel’s octane rating reflects this.
Multiple distinct temperature regions exist for alkane fuels [5, 7-10]. This generally
means a change in macro behavior due to a changes in the underlying chemical reactions. This is
generally alluded to as “low” temperature and “high” temperature kinetics, with the transitional
point at 850 K. While debate still exists as to whether it is correct to assume 850 K as the
transition point, (or even the existence of a point, and not a range), it has been used to create
models with high degree of experimental accuracy.
While the autoignition delay results differ between the two fuels, their combustion
chemistry is similar. If the fuel being examined is an alkane mixture, it is understood that the
reaction process begins by hydrogen abstraction from the fuel molecule [11, 12]. At this point,
the reactions of newly-formed radicals take precedence. In particular, alkylperoxy radicals can be
formed by the addition of free oxygen to the alkyl radical. An isomerization reaction can then
take place, removing a hydrogen from the main chain [8, 11]. Reactions can then take place that
lead to branching or propagation reactions [12]. The radicals created by a branching reactions are
understood to be the cause of low-temperature heat release when in the low temperature regime
(below 850K), while the propagation reactions have little effect in this region [8, 13].
As the combustion approaches and surpasses 850K an equilibrium shift occurs due to a
diminishing amount of oxygen being combined with the alkyl radicals [8]. From the point of
850K to 1000K, there is a pattern of continued H abstraction from the fuel, which when
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performed by HO2 creates hydrogen peroxide molecules (H2 O2 ) [13].As the number of these
molecules increases, the combustion temperature approaches 1000 K. At 1000 K the activation
energy barrier to a dissociation reaction of the hydrogen peroxide molecule is broken, causing
the extremely rapid production of OH radicals [10]. It is generally accepted that these emerging
radicals cause the start of LTHR [8]. The first hydrogen abstraction and oxygen addition
reactions have lower activation energies, and as a result, are mixture starting-temperature
dominated. Through the rapid H2 O2 breakdown and radical production reaction, the fuel is
consumed at an ever increasing rate, in turn creating more radicals. Finally, this builds to the
point when the combustion temperature is above 1200 K, causing the branching reaction of
(H + O2 → O + OH) to dominate the overall reaction and in turn causing main ignition. A
representation of the main reaction pathways and critical regimes can be seen in Figure 2, while
a plotted example of LTHR behavior is shown in Figure 3.
A phenomena of particular interest and importance is negative temperature coefficient
(NTC) behavior. In this type of behavior, the typical ignition delay trend (decreasing autoignition
delay times with increasing temperature) is slowed drastically or in some cases reversed until an
additional temperature threshold is passed and the downward trend resumes [12]. This outward
behavior is a representation of the underlying reaction types competing and ultimately reaching a
quasi-equilibrium point of reduced reactivity. [10]. Each of the test fuels used in this study are
known to exhibit NTC behavior, though to differing extents depending on the initial test
conditions. While the NTC region forms areas of higher and lower ignition delays on the same
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curve, it is still understood to exist within what is generally regarded as the low temperature
chemical-kinetic regime.
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Figure 2 : Diagram of critical temperature regimes of alkane combustion. Driving reactions are listed in their
respective regions.
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Figure 3 : Iso-octane, 5 bar, stoichiometric combustion pressure trace calculated from combustion pressure data.
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EXPERIMENTAL SETUP
DEVICE PROCESS OF OPERATION
Due to the CID’s unique hardware configuration, a specific order of operations is
implemented when performing a combustion test. While some individual control methods are
altered, this overall order is the same regardless of whether the device’s control system is in its
original or modified form. The process begins when the chamber heaters are activated to bring
the chamber walls to a user-defined temperature. Two thermocouples in the chamber walls
provide feedback to a closed-loop control that regulates the temperature once it is reached. At all
times an ethylene glycol/water mixture is circulated through passages in the chamber near the
injector and dynamic pressure transducer to keep them below 160 °C.
The next step in the testing process is to fill the chamber with oxygen/diluent mixture. In
the case of all experiments within this work, the mixture used was an ultra-high purity “zero” air
(79%𝑁2 , 21%𝑂2). The pressure of the chamber is controlled by a solenoid valve, operated by the
control system, which regulates the inflow of air and is monitored by a Honeywell strain gauge
pressure sensor. Once the chamber is allowed to stabilize at the desired temperature and pressure
(60 seconds or more once the device’s set points have been reached), the fuel injection process
begins. Fuel from a vessel on the device is forced by pressurized nitrogen into a high-pressure
cylinder that momentarily pressurizes the fuel into the injector at the user’s desired pressure,
with that pressure being set by the duty cycle of a PWM controlled solenoid valve in the
hydraulic system. Once the system has reached satisfactory pressure, the fuel injector is
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triggered. If the fuel pressure is outside acceptable bounds (5% of target) the system will reset
the fueling process and attempt again.
In the device’s modified configuration, the signal sent to the injector is also used to
trigger the data acquisition system. In this way, the system should be triggered on initial current,
and will record the majority of the injection process while limiting unnecessary data capture. The
combustion event then occurs. At this point, the device’s control process is reset, and the
chamber’s combustion residuals are vented. For the purpose of avoiding the complication of
combustion residuals in the chamber upon repeated testing, a building central vacuum source
was used to evacuate the chamber and ensure that only fresh air is used for the next test. Finally,
the measured pressure data is transformed and exported from the data acquisition (DAQ)
computer system.
Heat chamber to
Desired Temperature
Fill Chamber with Air,
Wait 60s
Begin Fuel
Pressurization Process
Calculate Fuel
Injection Duration
Are All Fields Within
Tolerance?

No

Yes

Inject Fuel

Read Combustion
Pressure
Vent Chamber to
Vaccum Source

Trigger DAQ

Process and
Export Data

Figure 4: Derived Cetane Tester control system logic. Typical process of operation is shown.
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DEVELOPMENT OF THE EXTERNAL CONTROL SYSTEM
After first verifying the chamber’s ability to capture NTC behavior in n-heptane, it
became apparent that a more user-modifiable control system would benefit the system’s ability
to study the effect of chemical kinetics on ignition delay [14, 15] To this end a custom control
system was developed around a National Instruments (NI) cRIO-9022 real-time controller
equipped with a field programmable gate array (FPGA), a variety of control modules, and a NI
PCI-6220 data acquisition module. Two LabVIEW programs were also created specifically for
the purpose of controlling the CID and sampling combustion pressure data. All major
components of the systems will now be discussed.
A FPGA was chosen as the CID’s new control device due to its computational power,
capacity to perform many actions in parallel, and ability to be rapidly reconfigurable. The FPGA
itself helps to reduce the complexity of prototyping complex electronic components. The
numerous logic gates inside the FPGA chip allow near-infinite combinations of digital control
circuits to be “built” and tested in a very short time. The NI cRIO platform also has the ability to
incorporate various modules or “cards” that give nearly any type of input/output functionality
required. The additional modules used in the current experiments were: a NI-9478 digital output
module, a NI-9211 thermocouple input module, a NI-9411 digital input module, a NI-9205
analog input module, and a Drivven direct injector (DI) module. A full diagram of the system
can be seen in Figure 5.
The CID requires numerous digital control signals to operate and coordinate the various
processes that make up any given test. As such, the NI-9478 module was added to the NI cRIO
chassis. The module handles control of the heater system, the hydraulic pumping system, and all
valves for fuel movement and chamber air pressure. While some components require controls
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that act as simple switches, others have more complex requirements. For example, the chamber
temperature is controlled by outputting a pulse-width modulation (PWM) signal to a heater relay,
at a duty cycle dictated by a LabVIEW PID loop. This typically allows the chamber walls to be
maintained at a steady-state temperature within 1% of the user’s set-point.
The temperature, digital, and analog input modules provide feedback for automatic and
manual control of the CID system, as well as various safety measures. The NI-9211 relays
temperature values of two wall locations, chamber coolant, and an additional input that could be
internal air temperature or another location, depending upon how the device is configured. The
NI-9411 is used to monitor the current state of the coolant. As the dynamic pressure transducer
can only operate up to a constant temperature of 150°C, it is critical that adequate coolant flow is
maintained at all times. An internal paddle wheel style, Hall Effect-based coolant flow meter is
used to ensure proper coolant flow is maintained.
The NI-9205 performs the task of relaying all analog signals to the control
computer. The module monitors: chamber air (static) pressure, nitrogen supply pressure,
barometric pressure, instantaneous fuel pressure, and liquid fuel quantity. The measurement of
chamber air pressure and instantaneous fuel pressure are critical in ensuring accurate and
repeatable testing. The NI-9205 was chosen because in addition to having an aggregate sampling
rate far above what was necessary for the project, it had a sufficiently high analog to digital
resolution for accurate measurement of the instantaneous fuel pressure value. It was also more
than adequate for monitoring the static chamber air pressure. An additional benefit of the module
is that the current project is using very few of the input channels, which allows for further
expansion, refinement, and automation of the control system.
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Finally, the Drivven DI module is used to control the common rail direct injector. The
integration of this module within the NI cRIO chassis allows for precise control over the duration
and timing of the injection event. The module also allows for a completely user-defined current
profile, which was set to the profile with which the injector was characterized.

Figure 5 : Simplified schematic of modified CID system. Various items are not shown for clarity. Refer to Figure 1 for more
detailed chamber description.

LABVIEW CONTROL CODE
As mentioned above, two LabVIEW control codes were developed for the purpose of
controlling the CID and sampling combustion data. The additional task of automating the process
was added to the control code where possible. A full overview of the code’s functionality is
omitted here for brevity, however the components having a large impact on the device’s
accuracy and repeatability will be discussed. The code is written in a graphical interface,
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originally developed by National Instruments, which is simply named “G”. The philosophy of
programing with LabVIEW is that one does not directly create blocks of code that execute in a
top-to-bottom manner, but “virtual instruments (VI)” that operate in much the same way a circuit
board composed of active and passive components would. The complete code is, of course
running underneath what these simplified visuals represent, and some items such as logic loops
and various types of variables function much the same way as in traditional programming.
Programs can be further sub-divided with the use of sub-virtual instruments or “sub-VI’s” that
can be called depending upon what conditions the user has specified.
An additional layer of complexity is present when using a FPGA controller. The use of
the FPGA requires that there be two sets of code for the system to operate, one modifiable in
real-time (referenced above), and one installed onboard the FPGA. The real-time code, as its
name implies allows some modifications of values and processes instantaneously, and has much
slower clock cycles than the FPGA code. An example would be a user changing the chamber
temperature set-point through a graphical user interface (GUI). The FPGA code is simplified in
writing, but complex in execution. When the FPGA code is first written, or altered, it must be
compiled using a complex algorithm and loaded onto the FPGA chip. While still extremely short
when compared to printing a circuit board to accomplish the same task, this compilation time can
be quite long if the loaded program is complex. The FPGA code exists to, in the case of this
experiment, establish input/output functionality between the control modules and the real-time
code, but can be used for basically anything. All logic referenced below will be real-time code.
As was alluded to above, a PID loop is included in the control VI that regulates the
chamber temperature by monitoring the wall and coolant temperature thermocouples. The
process begins by the user inputting the desired temperature and enabling the heater through the
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main GUI. The logic then verifies that there is adequate coolant flow, and that coolant
temperature is below a certain threshold before allowing the heater relay to be activated. The
user also specifies a temperature tolerance based on percent of the current measurement, at
which the chamber temperature will be considered “reached”. This is typically achievable to
within 1% of the set-point value.
The more complex aspects of the heater control system are used to arrive at this final
temperature. When using the CID it is inaccurate to assume a homogeneous temperature of the
contained air, and equally inaccurate to assume that temperature is equal to that of the chamber
walls. Much like the core gas temperature assumption used in the operation of RCM’s [16], there
exists a core or “bulk” air temperature within the CID which is approximately equal, and lower
than the wall temperature by a given offset. This has been well characterized, and will be
discussed in future sections. This characterization, which was found to be dependent upon both
chamber pressure and temperature, is incorporated into the control code in the form of a second
order polynomial equation. Once the temperature offset is calculated using this equation and the
various inputs, the current chamber temperature is converted to Kelvin and used in the heater
control loop.
Also of great importance to the testing process is the control logic for filling the
combustion chamber, as well as an accurate calculation of the amount of air within it. The air
filling operation begins by the user inputting a set-point, a pressure tolerance (in the case of this
work 0.25 Bar or lower), and enabling the fill process. At this point the program calculates
current air mass in the chamber from pressure and temperature inputs, estimates a flow rate by
idealizing the high pressure inlet as a flow nozzle, and calculates an amount of time the fill valve
needs to remain open to reach the desired set-point. The value of “valve open time” also
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logarithmically decreases as the current pressure value approaches the set-point. This tends to
help overshooting and instability caused by inaccuracies that occur when trying to fill an empty
chamber that has high-temperature walls.
In addition to correctly setting the chamber pressure and temperature, the code is
responsible for calculating the proper injection duration to ensure that combustion takes place at
the desired global equivalence ratio for each trial. Global equivalence ratio is defined by the
following equation:
(

Φ=

𝑚𝑎𝑖𝑟
)
𝑚𝑓𝑢𝑒𝑙 𝑠
𝑚𝑎𝑖𝑟
𝑚𝑓𝑢𝑒𝑙

(1)

where 𝑚𝑎𝑖𝑟 represents the mass of air, 𝑚𝑓𝑢𝑒𝑙 represents the mass of fuel, and the subscript “s”
represents a stoichiometric value. This ratio is determined based on all air and fuel contained in
the chamber. This value is calculated instantaneously within a purpose-built sub VI. The logic
first reads the user’s inputs of desired global equivalence ratio, fuel properties, and the enabling
of injection duration calculation. The sub VI then takes inputs of the chamber’s current pressure
and temperature, as well as the instantaneous value of fuel rail pressure. A volume of required
fuel is computed, and an injection pulse width is calculated from an injector calibration curve. If
all critical values are within their respective tolerances at this time, the signal to open is sent to
the injector.

COMBUSTION PRESSURE MEASUREMENT AND EXTERNAL DATA ACQUISITION SYSTEM
A separate computer system was used for combustion pressure data acquisition. This was
done to simplify the process of data acquisition, by removing the need to use overlapping logic
loops or digital buffers. The full external data acquisition setup consisted of a NI PCI-6220 data
acquisition device, NI BNC-2110 input adapter, and the computer system in which they were
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installed. The PCI-6220 is capable of sampling at an aggregate rate of 250 kHz with a 16 bit
resolution. The module’s specifications are more than sufficient for accurately capturing
combustion events in the CID. For the purpose of the current experiment, combustion pressure
transducer voltage, static pressure voltage, and barometric pressure voltage are recorded. When
performing calibrations, characterizations, or other non-typical experiments, other signals were
often acquired with the same device.
Throughout the experiment, the combustion pressure sensor used was a Honeywell A-105
fast-response diaphragm pressure transducer. This particular sensor was used as it was original
equipment on the CID, and as such had a pre-existing circuit that outputted a voltage signal
without the need of amplification or extensive conditioning. The A-105 is extremely robust, such
that when used properly it can handle a device lifetime of combustion events at differing
conditions, with little to no maintenance or adjustment. It also has a sufficiently short response
time to capture the autoignition of alkane fuels. The A-105 does suffer from the effects of signal
drift caused by the thermal effects of combustion however. This can be seen by plotting
repetitive tests in which the next trace sometimes seems to be shifted to a higher pressure by
some constant offset. For this reason, during this experiment, a method of “pegging” the
transducer at an assumed quiescent chamber pressure (before fuel injection) was implemented.
Signal noise was a constant concern throughout the course of the experiment. While the
effects of noise are by far more prevalent in test conditions where signal amplitude is low (such
as lower pressure cases), they were seen throughout the experiments. Due to its method of
mounting, the combustion pressure transducer and its amplification circuit are sensitive to the
large voltage spikes seen when the injector is triggered. In addition, it was found that the onboard
electric motor that is used to power the hydraulic system creates a large amount of
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electromagnetic interference (EMI) when activated. As a result of these problems, coaxial cables
were used to connect all signal sources to the external DAQ, the signal cables were placed as far
away from EMI sources as possible, and a ferrite toroid was used to attenuate external noise.
Even with these changes, signal interference from the injection circuit could still be seen in
traces of combustion data, which were filtered during data post-processing.
As previously mentioned, the three signals that were being actively recorded throughout
the experiment were: static chamber pressure, combustion (dynamic) pressure, and barometric
pressure. Barometric pressure was logged throughout this work to give a measurement reference
to all sensors that measured gauge pressure. An additional input to the BNC-2110 was the
connection of a Fluke 80i-110s current sensing probe. The probe, being physically clamped
around the fuel injector circuit wiring, was used to trigger the DAQ system upon the rising edge
of the peak current in the “peak and hold” style injector control method signal. This, it was
assumed, would roughly approximate, or at least provide a constant offset from the first rise of
the injector needle.
The use of an external data acquisition system and separate computer required a second
LabVIEW program to be written. For this reason an additional virtual instrument was developed
for the purpose of recording and processing combustion data. A basic overview of the data
acquisition process will now be given.
Once triggered by the current probe, the data acquisition module begins sampling
combustion pressure data. Each channel is sampled at a rate of 50 kHz, with a sample quantity
set by the user according to which ignition delay regime they intend to be testing (regimes
observed in this work ranged from less than 10ms to over 350ms). After the combustion pressure
is sampled, the time-based data are split into three equally sized arrays for processing. The first
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step in processing is to “peg” the dynamic pressure sensor voltage at the equivalent precombustion chamber pressure. This involves selectively sampling, averaging, and combining
arrays of data from the three pressure signals (dynamic, static, and barometric) at the same
indexes. The current dynamic pressure voltage is then set equal to the current chamber pressure
by means of solving a sensor calibration curve equation with the now known inputs. Next, the
pegged, but unfiltered data are transformed from voltage to pressure (in bar) for final outputting.
Two different filters, one moving-median-based and one Butterworth-based, are applied to the
transformed pressure data and plotted for user feedback. The final task for the processing code is
to create (or append) a results file with all pertinent information, such as date and time, fuel type,
sampling rate, and all test conditions. The unfiltered combustion pressure trace is outputted while
all other data are discarded.

DEVICE CALIBRATION AND CHARACTERIZATION
In shifting the CID from its onboard control system to the new NI FPGA-based one, all
sensors needed to be externally recalibrated. In addition to sensor calibration, the injector’s flow
profiles and the chamber’s internal temperature distribution needed to be characterized. The
injector used for all experiments in this work is a Bosch common-rail diesel direct injector that is
typically found in light-duty cargo transportation vehicles. It was used because it was originally
installed in the CID, and the installed mounting and sealing mechanisms were purpose-built for
it. The calibration of the pressure sensors was performed by using the combustion chamber itself,
pure dry air from a high-pressure cylinder, and an Ashcroft 2089 Digital Test Gauge. As it is a
typical Wheatstone-bridge-based design, the dynamic pressure sensor was also calibrated in this
way.
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In the characterization of the device as a method of testing combustion in general, an
accurate estimation of the fuel entering the chamber is critical. Therefore the fuel injector was
characterized using a direct injector test bench and LabVIEW-based control system. The injector
was evaluated at nine test points over three pressures, by testing three injection durations at each
pressure. Thirty injections at each point were performed to limit error caused by injection-toinjection variation. The resulting injection characterization data were transformed from a massbased to a volume-based injection rate and incorporated into the injection duration calculation
sub VI in the LabVIEW control code. The final calibration data were plotted, and can be seen in
Figure 6. As described at the end of the LabVIEW Control Code section, these calibration data
are used to determine the required injection duration for a given fuel volume at the specific
injection pressure for a given test. The fuel volume needed is determined from fuel density and
fuel mass required to reach the equivalence ratio set point.
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500 Bar: V = 34.734 x − 8.3282
1000 Bar: V = 49.992 x − 2.3751
1500 Bar: V = 57.007 x + 1.8852

(ms)
Figure 6 : CID fuel injector calibration data. Filled circles represent test point, error bars represent calculated
uncertainty, and dashed lines represent fitted calibration curves.

A characterization to which great attention was paid was the temperature profile of the
core gas within the heated combustion chamber. This is important for the correct estimation of
the gas temperature just before SOC, as well as accurate calculation of fuel injection duration
and therefore global equivalence ratio. The method of characterization involved the use of
multiple K-type thermocouples inserted from the combustion pressure transducer port (along the
chamber’s central axis) and moved to differing positions within the cylindrical,𝑟 − 𝛩 coordinate
plane. This was done while the chamber was maintained at a given temperature and pressure.
The goal of the first round of testing was to establish the temperature profile in the axial and
radial directions through one plane (no rotation). This study illustrated a number of important
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factors in the chamber’s temperature profile. Primarily, there is a steep decline (i.e. thin
boundary layer) from the high temperatures of the chamber walls to the “core” gas temperature
that makes up the majority of the chamber volume. Secondarily, inside the “core” gas area of the
chamber, there is very little variation in measured temperature. Finally, due to the coolant
flowing through the injector and pressure transducer mounting blocks on the top and bottom of
the device, cooler temperatures were found in those regions. The results of these measurements
are shown in Figure 7, overlaid on an illustration of the chamber volume.
An additional test was performed by sweeping a thermocouple at a constant axial height
through a 360° rotation in increments of 45°. This was to assess the assumption that chamber
temperature would remain essentially constant at any degree of rotation about the central axis.
This hypothesis was confirmed, with the standard deviation accounting for just over 1% of the
current temperature, and the largest deviation (and coolest point) occurring just above the
chamber’s filling port. The final test was undertaken after it was observed that the higher
pressure test conditions did in fact have an effect on the steady-state temperature profile. It was
to create a three-dimensional surface of the differential between the wall and core gas
temperatures (Figure 8). This contour map, based on chamber pressure, wall temperature, and
temperature differential, was then used to curve-fit a second order polynomial equation for the
estimation of current temperature offset in the LabVIEW control code.
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Figure 7 : Measured temperature profile of CID chamber. Measurements were performed with the reference of the
injector tip being the origin of the axial and radial measurement axes. Approximate spray geometry is represented by
black triangular region. (Data has been mirrored about the chamber central axis for clarity, and open boxes represent
test points.)

(°C)

Figure 8 : Contour plot of measured temperature offset between CID chamber walls and core gas. Color divisions
were fit from plotting measured data points (open boxes).
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The final important aspect of the core gas within the chamber is assessing the possibly of
wall-fuel spray impingement. A penetration distance simulation analysis was performed by
Fisher et al. in [14], in a similar work on the CID, to study the fuel hitting the chamber’s interior
walls. This analysis involved modeling a 1-D fuel jet coupled with Siebers’ mixing-limitedvaporization model of diesel sprays [17]. Study results showed that above pressures of 8 bar,
wall impingement is not seen. Below 8 bar, total mass fractions of fuel hitting the wall are
relatively small (<15%), until a pressure of 4 bar or lower, at which point the mass fraction
increases rapidly. Finally, it should be noted that while it was assumed that wall impingement
was not a significant factor in this work, it has not been independently verified.

EVAPORATIVE COOLING EFFECTS
An important factor in the determination of the conditions that exist just before
combustion begins is the effect of evaporative cooling. When a liquid fuel is injected into a
heated environment it will vaporize, cooling the surrounding air due to the absorption of energy
proportional to its mass and its latent heat of vaporization. As each fuel has a different latent heat
of vaporization, the air temperature (and pressure) reduction from their evaporation will be
slightly different. This can be seen in the listed fuel properties of Table 1.
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Table 1: Fuel properties of n-heptane and iso-octane. Data was obtained from [14] and Sigma Aldrich Corporation.
A
Values reported at 1atm.

Property

n-heptane

iso-octane

CAS NUMBER

142-82-5

540-84-1

CETANE NUMBER

52.5 – 56

15.0

LIQUID DENSITY

684 kg/m3

692 kg/m3

BOILING POINTA

98.4 °C

99.24°C

ENTHALPY OF
VAPORIZATIONA

316 kJ/kg

316.03 kJ/kg

To evaluate the effect of evaporative cooling, the CID’s gas supply plumbing was
modified slightly and a set of experiments were undertaken to observe temperature effects on the
chamber’s air charge. This involved filling the chamber with only high-purity Nitrogen at typical
testing pressures, while it was heated to typical testing temperatures. Without an oxidizer to react
with the injected fuel, the pressure reduction effects could be observed in isolation. A test matrix
composed of two chamber pressures at three global equivalence ratios for both n-heptane and
iso-octane was evaluated. The signal sent to the fuel injector was also logged to better understand
the timeframe of the evaporation. To reduce test matrix size, only one chamber temperature was
tested. In doing this, an assumption that an increasing chamber temperature would only decrease
the evaporation time, and not magnitude was made.
It was found that values of pressure drop due to evaporative cooling at common test
conditions are quite similar for iso-octane and n-heptane. It was also found that changes in
starting pressure had no effect on the magnitude of pressure drop (at 800K) for constant global
equivalence ratios. Chamber temperature drops, however, resulting from pressure reductions are
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dependent upon the starting chamber air mass and equivalence ratio. Measured pressure drop as
a function of equivalence ratio (at one starting temperature) is given by the equation:
𝛥𝑃 = 0.1643Φ + 0.125

(2)

where 𝛥𝑃 represents pressure drop, and Φ represents global equivalence ratio. An example of a
non-reactive injection test can be seen in Figure 9 and a plotted example of temperature drop
curves is shown in Figure 10.

Stabilization Point

Injection Amperage
Profile

Figure 9 : Typical evaporative cooling profile. The normalized injection current profile is shown in grey, the
unfiltered pressure trace is shown in blue.
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Figure 10 : Calculated values of temperature reduction due to evaporative cooling of primary reference fuels.
Each dataset represents a constant pressure as chamber temperature increases, decreasing chamber starting
mass.

EXPERIMENTAL APPROACH AND TEST CASE SELECTION
After the CID was shown to be capable of displaying negative temperature coefficient
(NTC) behavior by Fisher et al., and Allen et al. [14, 15]it was desired to expand the capabilities
of the device by creating a more sophisticated external control system. This would allow much
wider range of temperatures, pressures, and equivalence ratios to be tested. Once the expansion
was complete, a thorough investigation of the autoignition delay of the primary reference fuels
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over a range of temperatures and pressures was to be undertaken. The full extent of modification
to the device was described in a previous section, and it should be noted that all work in this
study was performed after these modifications were completed.
The study of primary reference fuels in traditional combustion evaluation devices is
prevalent enough that typical test set formulation is fairly well established. This allows
researchers to communicate and compare data, even when using different devices. One of the
most common methodologies of testing and data presentation is a sweep of pre-combustion air
temperatures while starting air pressure and global equivalence ratio are held constant
(Figure 13). The underlying chemical-kinetics also help to shape this method, as testing in this
way helps to identify the region of NTC behavior where, contrary to expectation, ignition delay
is constant or begins to increase, instead of continuing its dominantly downward trend with
increasing temperature. For this reason, the same method was used in this study’s evaluation of
primary reference fuels.
When establishing the test matrix, there were hardware-defined bounds outside which the
chamber would not be able to operate, and test conditions in this region were immediately
discarded. For example the CID’s combustion chamber cannot exceed a starting pressure of 25
bar, which is below the capability of some RCM’s and most shock tubes [18], and makes those
data unattainable for testing and comparison. The chamber’s maximum core air temperature is
also 1000 K, so testing would not be able to take place at a temperature higher than this. The
final concern is injection duration and the minimum ignition delay that could be captured.
Primarily, measuring an autoignition delay that was shorter or the same span as the fuel injection
duration would be impossible. Secondly, it is understandable, and has been shown by authors
such as Bogin et al., that direct-injection constant-volume combustion chambers require adequate
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mixing time to be approximated as pseudo-spatially homogeneous reactors [2, 4, 12, 19, 20]. As
this required mixing time was not known a priori, it was estimated from relevant literature, and
used in test case selection.
The choice of using primary reference fuels themselves, being typically iso-octane for
gasoline, and n-heptane for diesel, was motivated by the existence of a great deal of published
combustion data from researchers using shock tubes, RCMs, and IQTs. In addition, there is a
general consensus on the behavior of these surrogates, due to their chemical simplicity, both
inside and outside the NTC region. Finally, in recent years highly-detailed chemical kinetic
models have been developed to simulate a variety of fuels, such as the ones used in this study,
developed by Mehl, Curran, et al. [5, 10]. As these models have for the most part been validated
by previous experiments, they were the logical place to begin formulating a test matrix within the
CID’s capabilities. These models were implemented within the open source software
Cantera [23].
In addition to the initial validation work performed on n-heptane, a broader range of test
conditions was selected for the purpose of this study. The selected cases were included for a
number of reasons. First, when simulated as a spatially-homogeneous adiabatic reactor, each of
the listed conditions’ range of autoignition delays fell within the testable regime of the CID.
Secondly, each displayed a distinct region of NTC behavior that this study would attempt to
capture. Finally, comparable data could be found in previously published works on the subject,
concerning a variety of different devices. A number of different test pressure and temperature
conditions were evaluated. The finalized test matrix can be seen in Table 2. The test cases were
selected to cover a broad range of temperatures, pressures, and equivalence ratios. For instance,
to investigate autoignition delay’s pressure dependence, a variety of higher pressure (shock tube)
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cases were added. Additionally, initial studies were performed at a variety of equivalence ratios
to examine its relationship with autoignition delay. To compare to other CVCCs and traditional
RCMs, lower pressure stoichiometric cases were added. In establishing the matrix, care was also
taken to provide maximum temperature interval resolution while keeping the quantity of required
tests feasible.

Table 2: Selected test cases for investigation of primary reference fuel combustion in CID system.

Source
Reference

Fuel

Pressure
(bar)

Temperature
Range (K)

Temp. Sweep Equivalence
Interval (K)
Ratio (Φ)

[1, 2]
[1]

n-heptane
n-heptane
n-heptane
n-heptane

4.0
5.0
10.0
13.5

650-1000
650-1000
650-1000
650-1000

25-50
50
25-50
25-50

1.0
0.35, 0.5, 1.0
1.0
1.0

[2]

iso-octane

10.0

650-1000

25-50

0.7

[21]

iso-octane

15.0

650-1000

25-50

1.0

iso-octane

20.0

650-1000

50

0.35, 0.5, 1.0

[16]

COMBUSTION DATA POST-PROCESSING
Early in the development of the CID’s new external control system, a MATLAB code
was written to post-process all combustion data. The code is configured to read and import all
pertinent data from the DAQ output files. While the main purpose of the code is to identify start
of combustion, filter the data, plot them, and save all test variables, it performs several other
tasks.
The analysis process begins by importing the combustion data traces, which throughout
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the course of this study numbered 6-10 per test case depending upon the observed standard
deviation at a particular condition. After being imported, each trace is evaluated to locate its start
of combustion, defined in this study as peak pressure rise rate (PPRR). Different publications
across multiple test devices define SOC in different ways, but unless otherwise stated, all
evaluation in this study was done under this definition. To identify PPRR, the traces are
conditioned using a Fourier-transform-based filter, the numerical derivative of each trace is
taken, and their respective peaks are found. The average SOC time of all traces is then
calculated. While of less importance to this work, end of combustion is also found and plotted.
Within this study EOC is defined as the point in which the trace pressure derivative drops below
zero, or where pressure first starts to drop. Statistical analysis of the calculated start of
combustion timings is performed after processing each repeated injection for a given test
condition. Due to its nature, combustion can be inherently irregular from case to case. For this
reason a student’s t-test is performed to remove outlier traces. The data are then reprocessed,
using a less aggressive Fourier transform filter and the new average SOC and EOC times are
calculated. The data are then collected and plotted. A typical filtered, final output trace for nheptane can be seen in Figure 11, while an example of a combustion pressure derivative can be
seen in Figure 12.
In examining Figure 11, multiple interesting and important characteristics emerge.
Firstly, there is a clear drop in pressure due to evaporative cooling as fuel injection begins, which
continues until end of injection (EOI). At around 12 ms pressure begins to increase in a more
rapid manner, most likely due to the existence of LTHR. At this point, the exponentially
increasing chemical reactions build to main or “hot” ignition, which is denoted by the maximum
value of the slope of the pressure trace.
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Peak Pressure Rise Rate

Evaporative Cooling
EOI

Figure 11 : [10 bar, n-heptane, stoichiometric] Typical processed combustion pressure trace.

Peak Pressure Rise Rate

EOC

Figure 12 : [10 bar, n-heptane, stoichiometric] Calculated values of combustion pressure trace derivative
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RESULTS
COMPARISON OF PUBLISHED IQT, RCM, SHOCK TUBE, AND SIMULATION DATA FOR PRIMARY
REFERENCE FUELS
In preparing for the current study, rigorous calibration and characterization studies of the
CID’s various components were performed, as was discussed above. The goal of those studies
was to eliminate as much uncertainty in the CID’s results as possible. Throughout the remainder
of this work, experiments were performed under the assumption that the chamber’s temperature,
pressure, and fuel injection characteristics were well understood and accurately calibrated. Work
was performed under the assumption that any measured deviation from model values was due to
not fully decoupling the chemistry and physical spray effects of combustion, rather than large
inaccuracies in the CID’s control systems.
Throughout this section, and unless otherwise stated, model results are represented by
solid lines while experimental results are displayed with open symbols, and results from
literature are shown as closed diamonds or squares. For each of the following figures, to better
represent the magnitude of the data’s range, the ignition delay time axis has been plotted on a
logarithmic scale, and the temperature of each test point has been normalized in being divided by
1000 K. The error bars on each graph of experimental results represent a 95% confidence
interval of measured ignition delay at that point as calculated from the number of runs accepted
to not be statistical outliers, and those values’ standard deviations. The model test conditions
used were that of the chamber’s assumed pseudo-quiescent state just before the start of
combustion. The lowered temperature and pressure of the pre-combustion fuel/air mixture was
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evaluated by observing the effect of non-reacting fuel injections into an entirely nitrogen filled
chamber, as previously mentioned above. Simulation models were then re-run to reflect the
reduced pressure of the pre-combustion chamber. The plotted experimental ignition delay test
points have also been shifted to represent the lowered air temperature just before SOC.
Prior to undertaking the current study, which seeks to compare the CID’s combustion
data with those of published sources of contemporary devices, the first set of experiments
performed with the customized CID control system attempted to relate PRF ignition delay
behavior to that of established chemical-kinetic models. The test conditions first attempted are
referenced in Table 1. For the first set of experiments, n-heptane and iso-octane were tested at
pressures of 5 bar and 20 bar, respectively, and at global equivalence ratios of 0.35, 0.5, and 1.0.
These tests were performed at temperatures of 600 K-1000 K (before evaporative cooling
corrections). This was done to assess the chamber’s ability to replicate expected autoignition
trends. The pressures of 5 and 20 bar were chosen, as the kinetic models predicted similar
ignition delay magnitudes in the regions to be tested–this was assumed to eliminate any
differences in mixing prior to ignition and ensure adequate separation between injection and
ignition.
The results for the n-heptane conditions tested in this study can be seen in Figure 13.
Overall, the data agrees well with the 0-D model values. The source of largest disagreement is
the Φ = 1.0 case, and specifically in the NTC region. This is also the area of the shortest
measured ignition delays, prompting the postulation that the effects of fuel chemistry are being
overshadowed by that of physical spray phenomena. The results also show better agreement with
decreasing global equivalence ratio. This might suggest that longer ignition delays and more
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thorough mixing of this test condition have allowed the chamber to reach the targeted pseudohomogeneous state assumed in the modeling approach.

Figure 13 : [5 bar, n-heptane, Φ= 0.35, 0.5, 1.0] Solid lines represent model predictions. Open symbols
represent experimental test points. Each point is evaluated from 6-10 injections. Error bars represent a 95%
confidence interval at a given test condition.

The results for the first iso-octane test matrix can be seen in Figure 14. The octane traces
do not seem to conform nearly as well to the simulation data. In a quite interesting way, the
octane ignition delay displays a much subdued behavior in the NTC region. Additionally, while
the ignition delay follows the expected trend of decreasing with increasing equivalence ratio, the
three traces are tightly grouped together. This could suggest the ignition delay is being dominated
by the physical spray phenomena of the injection process despite having similar ignition delays
to that of n-heptane, suggesting an unknown effect of either spray or chemical-kinetic behavior.
This is at odds with previously held assumptions of the device. In particular, the measured
ignition delays are much longer than the amount of time before LTHR typically begins. This
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delay in the progression of the chemical reactions due to some unknown factor could possibly be
an explanation for the combustion not reaching temperatures (at the proper times) that promote
the equilibrium chemistry state that is present in the NTC region. While it is well known that isooctane is much less reactive than n-heptane, the larger ignition delays would suggest that the fuel
should have sufficient time to evaporate and mix. While counter to expectations, the results of
this experiment still helped to form the test matrix for the current study. A partial goal of the
current testing was to investigate and explain this unexpected behavior.

Figure 14 : [20 bar, iso-octane, Φ= 0.35, 0.5, 1.0] Solid lines represent model predictions. Open symbols
represent experimental test points. Each point is evaluated from 6-10 injections. Error bars represent a 95%
confidence interval at a given test condition.
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CURRENT STUDY
4 Bar, n-heptane, Φ = 1.0
The 4-bar stoichiometric n-heptane case was chosen as a comparison point to studies
performed using rapid compression machines. Due to the nature of the device, the RCM’s test
pressure was given as a range, and quoted as 3-4.5 bar. A pre-injection chamber pressure of 4 bar
was chosen as a value to represent the mean of both extremes. The results of the first experiment
can be seen in Figure 15.
The 4-bar n-heptane experiment showed excellent agreement with published RCM
results. It can also be seen that the measured results follow expected trends based on in the
simulated ignition delay curve. The 0-D simulation also quite accurately predicts the local
minimum and maximum pressure locations. While there is good agreement with the RCM data
in magnitude and the simulation data in trend, the simulated results both under and over predict
the magnitude of autoignition delay at the minimum and maximum points, respectively. It should
be stated that some simulation/experimental error will always persist, as the CID does not allow
for extensive fuel/oxidizer mixing as in shock tube preparation practices or especially, perfectly
idealized mixing, as the model assumes.
As mentioned previously, n-heptane is a fuel that is known to exhibit clear two-stage
ignition behavior. This behavior was observed in all n-heptane based experiments in this study,
and can be seen in the transformed dynamic chamber pressure data shown in Figure 16. In the
figure, the ideal gas law and gas constant for ideal dry air have been used to transform measured
chamber pressure data to values of chamber temperature to better review the chemistry taking
place. This was done with the understanding and assumption of minor inaccuracies due to the
formation of different chemical species and combustion residuals throughout the trace. Due to
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the differing magnitudes of autoignition delays, some traces have been omitted for clarity. While
these data spans the range of 650 K-1000 K (pre-correction), the majority of the results are
within the low temperature regime, which is generally acknowledged to exist below the
transitional point of 850K. The resulting data generally agrees well with the current
understanding of the science. Starting from the lower temperatures, clear LTHR or “cool flame”
behavior can be seen. This continues until reaching the transitional zone of 850K, where the
LTHR begins to diminish in magnitude, and show signs of disappearing as different combustion
reactions begin taking prominence around 1000K.

Figure 15 : [4 bar, n-heptane, Φ= 1.0] Solid lines represent model predictions. Open symbols represent
experimental test points. Each point is evaluated from 10 injections. Error bars represent a 95%
confidence interval at a given test condition. Data extracted from [16].
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Figure 16: [4 bar, n-heptane, Φ= 1.0] Calculated chamber temperature. Transformation was performed using all
known pressure and temperature offsets, including evaporative cooling. Legend descriptions reference nominal
temperature values before SOI. 650K case is omitted from main plot for clarity, but can be seen in the subplot in
the upper left corner. Plot scale has been adjusted such that data between SOI and EOI is not shown due to
injector signal noise.

An especially interesting finding is that the temperature value of each case with an initial
temperature below 850K rapidly increases to about 850K, where it is then approximately
constant until main ignition. This suggests that although each test point begins at a different
temperature, the chemical reactions that become dominant in the 850K-1000K range form a
barrier that once sufficient quantities of precursor radicals have been created, can be surpassed
and main ignition can occur. There is also a pattern of decreasing magnitude of LTHR when
moving from the 800K-850K points, and their autoignition delay is seen to increase rather than
decrease. This could suggest the greater importance of net energy release due to LTHR
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(magnitude), rather than the final temperature of the mixture, to the measured autoignition delay.
Exceptions to this rule are the 900K-1000K cases. Due to starting the combustion process at
temperatures far enough above 850K, it is possible that the chemical reactions occur at much
faster rates, having quickly passed a critical chemical equilibrium or activation energy point.
This is supported by the fact that no LTHR was observed for these cases.
Throughout this study, when observed, the amplitude of the chamber pressure and
temperature increase attributed to LTHR remained very close to 33% of the main ignition
pressure magnitude. What is interesting to note, is that obvious LTHR behavior only began for
initial temperatures larger than 700K. In the 650K case, the LTHR observed was in the form of a
very gradual increase in pressure (starting at about 30ms) up to the time of main ignition. This
would suggest an additional region of kinetic behavior in which the branching reaction causing
rapid formation of OH radicals usually attributed to LTHR is not occurring in large amounts
until main ignition.
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10 bar, n-heptane, Φ = 1.0
The 10-bar n-heptane stoichiometric case can be seen in Figure 17. This experiment
differs from the 4-bar case by having less agreement with its model comparison data. Above a
normalized temperature of 1.35 (i.e. for low temperatures) the data matches the simulation’s
trend and magnitude quite well. Above this temperature (<1.35) the data begins to diverge from
the trend, and essentially flatten, not returning to the downward trend in ignition with increasing
temperatures. The data do, however, replicate the low-temperature experimental shock tube
results well, but also diverges at the (1.3) case.

Figure 17 : [10 bar, n-heptane, Φ= 1.0] Solid lines represent model predictions. Open
symbols represent experimental test points. Each point is evaluated from 10 injections. Error
bars represent a 95% confidence interval at a given test condition. Data extracted from [1].
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When beginning this study, it was understood that there would exist an ignition delay
threshold below which the CID would no longer approximate a pseudo-homogenous reactor. As
stated above, one of the goals of this experimentation was to discover this limit. The autoignition
delay behavior observed in the 10-bar n-heptane case illustrates this fact, as the majority of this
study’s test points yielded autoignition delays below 10 ms. Results from non-reactive injection
experiments showed a pressure recovery just after EOI and a full stabilization time of 10 ms-15
ms depending upon duration of injection (Figure 9), although this time could also be expected to
decrease or increase depending upon chamber temperature. This testing helps to explain the
behavior shown in Figure 17. In addition, this study’s commanded fuel injection duration ranged
from 3.2ms to 4.6ms at the highest and lowest temperatures, respectively. When main ignition
begins before the required mixing time, the chemical processes cannot be truly decoupled from
the physical spray, droplet, and evaporation phenomena taking place [2, 4, 12, 19]. Finally, while
the minor peak in the experimental data at a normalized temperature of 1.25 could suggest minor
NTC activity, it is most likely that the physical spray processes are dominating the combustion
reaction at this point. The only caveat to this comparison to published data, is that while
matching the overall trend, and in some locations displaying the proper magnitude of
autoignition delay, the published results exhibit a large amount of scatter (more than any amount
observed in retrieved literature or this study).
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A plot of selected temperature cases from the 10-bar n-heptane stoichiometric study can
be seen in Figure 18. As before, due to the vast differences in autoignition delays between low
and high-temperature test points the plotted data have been reduced for the purposes of clarity
and scale. A subplot in the upper left-hand corner of the figure shows all experimental data to
illustrate the scale and representative trend of the pressure profiles. Finally, a selection of traces
is displayed in close detail to convey the changes in LTHR behavior with increasing
temperatures.

Figure 18: [10 bar, n-heptane, Φ= 1.0] Calculated chamber temperature. Transformation was performed using all
known pressure and temperature offsets, including evaporative cooling. Legend descriptions reference nominal
temperature
before SOI. 650K
and 700K
are omitted
mainof
plot
for study
clarity,fall
but can
seen in the
As values
was previously
discussed,
thecases
majority
of thefrom
results
this
intobethe
subplot in the upper left corner. Plot scale has been adjusted such that data between SOI and EOI is not shown due
to injector signal noise.

autoignition range of lower than 10ms. At this relative time scale, the combustion is expected to
be dominated by the fluid spray processes, but a number of interesting observations still emerge.
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While the general shape of the 650 K case remains much the same as it was at pressures
of 4 bar (LTHR is present, but is minimized, and takes the form of a slight increase in pressure
trace slope), the 700 K case is now displaying similar behavior. Each of these autoignition delays
should have allowed sufficient fuel/air mixing time. Interestingly, the point of main ignition for
the 10-bar, 700 K case (around 15 ms) is the same as the start of LTHR for the 4-bar, 700 K case.
This is an exemplification of the chemical-kinetics occurring more quickly at higher pressures.
Additionally, the 750 K case is the only test point that displays a more typical shape for twostage ignition (i.e., LTHR followed by main ignition). The positioning of the start of LTHR in
relation to EOI is also not altogether removed from the 4-bar 800 K and 825 K cases. At all
points above 750 K LTHR is only seen as an increase in slope of each respective trace, with each
successive slope being reduced as temperature increases. An interesting observation can also be
made from the behavior of the 900 K-1000 K cases. For each, combustion duration is increased
from the relative length of the other traces despite increasing mixture temperatures, suggesting
that the fuel spray interaction has the effect of lowering reaction rates. This could, in turn suggest
that 900 K (for this pressure and equivalence ratio) is the point where combustion becomes
significantly influenced by the fuel spray process. The results do suggest, however, that the CID
is capable of promoting sufficient mixing and evaporation to display accurate n-heptane ignition
delays to about 6 ms.
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13.5 Bar, n-heptane, Φ = 1.0
The final n-heptane test condition evaluated in this study, a 13.5-bar n-heptane
stoichiometric case, can be seen in Figure 19. Primarily, these test results agree with published
shock tube results (red diamonds) above a normalized temperature of 1.2. Below 1.2 the
experimental CID data only displays minimal NTC behavior, which can be seen in a reduction in
the slope of its ignition delay curve. While the majority of experimental data can be seen to agree
with the shock tube results, it most likely begins to diverge from both model trends below a
normalized temperature of 1.4 (which corresponds to an autoignition delay of around 6 ms).

Figure 19 : [13.5 bar, n-heptane, Φ= 1.0] Solid lines represent model predictions. Open
symbols represent experimental test points. Each point is evaluated from 10 injections. Error
bars represent a 95% confidence interval at a given test condition. Data extracted from [1]
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The behavior observed in Figure 19 is not altogether unexpected, due to the sub-10 ms (in
most cases sub-5 ms) autoignition delay times. There is simply not sufficient mixing time
allowed in this temperature, pressure, and fuel composition regime to allow a well-mixed-reactor
approximation. Again, while this illustrates a potential limitation of the device, several
conclusions can be drawn by examining this study’s resultant pressure and temperature traces. It
is interesting to note that unlike the 10-bar n-heptane stoichiometric case the ignition delay curve
sees not a flattening or reversal of trend, but only a reduction in downward slope until the curve
reaches the high temperature transition of 1000 K.
An assembly of combustion pressure traces from the 13.5-bar n-heptane stoichiometric
case is shown in Figure 20. While this graph helps to illustrate the limitations of the CID, it also
shows the continued behavior of n-heptane in the 650 K-700 K range. Again, no LTHR is
observed for those cases until just before main ignition. Additionally, main ignition is seen at 15
ms for the 700 K case, as was seen in the 10-bar case above. This would suggest a temperature
dominance, instead of a pressure dominance of combustion chemistry at this test condition, as
was predicted by modelling. It can also be observed that throughout this study, and especially as
pre-combustion temperature increases, and ignition delay decreases, the combustion temperature
trace takes on a more rounded shape. This, which is indicative of a lower heat release rate,
suggests the existence of a diffusion flame process. While this behavior is more representative of
the conditions that exist inside diesel engines, it is not desirable in a study of this nature as it
does not allow the decoupling of the physical and chemical processes of combustion. This is
evident, as the majority of the 13.5-bar test conditions, SOC occurs before EOI (shown in Figure
20).
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EOI

Figure 20 : [13.5 bar, n-heptane, Φ= 1.0] Calculated chamber temperature. Transformation was performed using
all known pressure and temperature offsets, including evaporative cooling. Legend descriptions reference nominal
temperature values before SOI. 650K, 700K, and 750K cases are omitted from main plot for clarity, but can be
seen in the subplot in the upper left corner.
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10 Bar, iso-octane, Φ = 0.7
The first tested iso-octane case can be seen in Figure 21. This test condition was chosen
to be a point of comparison with another type of CVCC, the IQT. The experimental data agrees
quite well with model predictions, while sharing an interesting relationship with the published
IQT data. It should be noted that with a perhaps 100 K temperature shift, the two sets of data
would almost match each other exactly. This offset could be due to a number of reasons.
Primarily, as a result of the IQT’s unmodified design, a constant amount of fuel is injected
regardless of the mass of air in the chamber, causing a shift in global equivalence ratio with
increasing chamber temperature (the equivalence ratio of the IQT data ranged from 0.7-1.05)
The current CID study was performed at a constant equivalence ratio of 0.7, and as a result,
should be expected to replicate the IQT data in the lower temperature region (1.5-1.7), however
it does not. This could be due to not accounting for the effects of evaporative cooling or other
temperature effects. Bulk temperature offsets in CVCC’s have been observed prior to this study,
by other authors such as Allen et al. in [14, 15].
In the first iso-octane study, the model predicts ignition delay behavior quite well. The
model accurately predicts the location of each key inflection point of the ignition delay curve.
There is clear NTC behavior occurring in the 650K-900K range (corresponding to a normalized
temperature range of about 1.5-1.1). This is seen in a halt, and subsequent reversal of the
downward trend until reaching 800K (about 1.3). A similar matching of behavior of the IQT data
could perhaps be seen with the previously mentioned 100 K temperature shift. The point of
greatest disagreement with the model is the magnitude of the autoignition delay reversal in the
NTC region. This is unexpected, as the iso-octane’s lower-reactivity nature allows for much
longer autoignition delays and therefore significantly (often orders of magnitude) more mixing
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time, than the n-heptane studies. This would suggest that physical spray phenomena should not
impact autoignition results for iso-octane at any temperature the CID is capable of reaching,
while at a starting pressure of 10 bar. Therefore, it was hypothesized that the additional mixing
time would present an ideal case for studying the underlying chemical kinetics in these reactions.
In all areas of the curve outside of the NTC region this seems to be the case, however, this
reduced reversal suggests an inability of the competing chemical reactions to reach the quasiequilibrium state that characterizes the NTC region. An additional possibility is the inaccuracy of
the kinetic mechanism at this test condition.

Figure 21 : [10 bar, iso-octane, Φ= 0.7] Solid lines represent model predictions. Open symbols represent
experimental test points. Each point is evaluated from 10 injections. Error bars represent a 95% confidence
interval at a given test condition. Data extracted from [2].

In multiple locations, however the magnitude of autoignition delay is accurately captured.
These locations are also at the highest temperatures tested in this study, lying in the transitional
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region of 850-K-1000 K. The relatively higher degree of accuracy in this region over others
could be the result of the hydrogen peroxide formation and accumulation reaction having
dominance, yet being less effected by spray phenomena. This switch from the dominance of the
branching reactions associated with LTHR to the H2 O2 dissociation reactions that take effect
nearer to 1000 K [8] is supported by the diminishing temperature rises observed above a starting
temperature of 850 K. The accumulation of hydrogen peroxide (H2 O2 ) in this area is one of the
factors that builds towards the extremely rapid production of OH radicals just prior to SOC.
A plot of combustion temperatures transformed from this study’s dynamic chamber
pressure can be seen in Figure 22. In the figure, clear LTHR is being observed until about 850 K.
The existence of any LTHR behavior was unexpected, as higher octane fuels tend to display only
a single stage ignition [5], when the autoignition delays are sufficiently short. In any case, the
existence of LTHR in alkane fuel combustion can be used as a tool to evaluate its underlying
chemical kinetics. While this study’s experimental data trend is well captured by the model, the
magnitude of autoignition delay reversal in the NTC region is not as well represented. This may
be a result of the various competing kinetic pathways not achieving a true quasi-equilibrium
state, which would lead to lower reactivity and longer ignition delays.
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Figure 22 : [10 bar, iso-octane, Φ= 0.7] Calculated chamber temperature. Transformation was performed
using all known pressure and temperature offsets, including evaporative cooling. Legend descriptions
reference nominal temperature values before SOI. 650K case is omitted from main plot for clarity, but can be
seen in the subplot in the upper right corner.

In this study, as in previous studies, the lowest temperature case’s autoignition delay is
far removed from the scale of the other cases, but unlike previous results, LTHR is seen even at
650 K. As temperature increases from 650 K the time ratio of start of LTHR to that of SOC
drastically decreases, from about 0.33 to 0.06. This means that as temperature increases and
LTHR is beginning more and more quickly, there is more time for the chemical processes
initiated by LTHR to create intermediate species, relative to main SOC. This could be an
explanation for the lower-than-predicted autoignition delays. From both Figure 21 and Figure 22
it can be seen that at the temperature point corresponding to the peak of the NTC region (800 K
or a normalized temperature of about 1.3) LTHR is still being observed, whereas in the 4-bar n55

heptane case it had been minimized by this point. Finally, the existence of LTHR in alkane fuels
in general has been shown to cause earlier occurrence of main ignition by researchers such as
Tanaka et al. [22]. This is suspected to be generally due to the initial energy release of LTHR and
increased precursor radical formation before reaching main ignition. The existence of LTHR in
iso-octane combustion prompts the assumption that greater amounts of fuel molecules are being
more quickly converted to radicals, generating decreasing ignition delays although trace starting
and pre-main ignition temperatures are similar.
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15 Bar, iso-octane, Φ = 1.0
The final iso-octane test case is shown in Figure 23. The experimentally measured
ignition delays exhibit a contrasting behavior when compared to the 10-bar iso-octane case.
Instead of the autoignition delay reversing as can be seen in the published shock tube data (filled
red diamonds), the data seems to only minimally exhibit NTC behavior in the typical region. As
has been seen before, the data outside of the NTC regime displays trend agreement with both
model predictions and published data. The model prediction captures the location and amplitude
of the NTC autoignition peak in the published shock tube data quite well, while the measured
CID results see only a reduction in downward slope instead of a true reversal. Throughout this
study, low injection-to-injection autoignition delay variation was observed, as can be seen in
error bars in Figure 23. The general shape of the autoignition delay curve, when compared with
the n-heptane studies would suggest a near constant dominance of the fluid spray process over
the underlying fuel chemistry. While the autoignition delays of this study were overall shorter
than the 10-bar iso-octane study (ranging from 10 ms to > 100 ms), prior experimentation
suggests ignition delays longer than about 6 ms should have sufficient time for mixing and
homogenization of the fuel/air mixture. While significantly more liquid fuel was injected for the
15-bar iso-octane case (to maintain a stoichiometric global equivalence ratio with an increased
air mass), the predicted ignition delays are often much larger than the previous cases that
experimentally suggested a minimum mixing time of 6 ms. The lack of accurate representation
of NTC behavior (in reference to both model and experimental data) in this study shows there
may be some other factor influencing the process of combustion.
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Figure 23 : [15 bar, iso-octane, Φ= 1.0] Solid lines represent model predictions. Open
symbols represent experimental test points. Each point is evaluated from 10 injections.
Error bars represent a 95% confidence interval at a given test condition. Data extracted
from [26]. [2]

A plot of combustion temperatures transformed from the 15-bar iso-octane study’s
dynamic chamber pressure can be seen in Figure 24. Like the previous iso-octane study, at 15 bar
this fuel was shown to exhibit LTHR from 650 K to 775 K. Additionally, as in most studies
discussed in this work, LTHR is expressed by a rise in chamber temperature to the range of 800850 K, which is generally accepted to be the transitional range for differing reaction dominances
of alkane fuel chemical kinetics. The temperature generally remains in this new temperature
range until sufficient amounts of radical species have been formed and trigger main ignition.
This study has the characteristic of displaying only very minor NTC behavior, and Figure
24 can be examined to investigate this divergence of expected results. As in the previous iso-
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octane study, both the 650 K and 700 K test points exhibit late-starting LTHR in relation to main
ignition, with the ratio of start of LTHR to SOC rapidly reducing with increasing starting
temperature. Generally after 700 K, start of LTHR occurs very near to EOI, allowing a relatively
larger amount of time for increased radical production and perhaps causing shorter autoignition
delays. LTHR is not observed for temperatures at or above 800 K, which occurs much sooner
than previous studies. This result is in disagreement with referenced literature that suggests
(below about 850 K) autoignition delay should increase with the reduction of LTHR, due to the
lack of the temperature increase that is associated with this phenomenon. This prompts the
postulation that the divergence of this could be related to the start of LTHR. While all cases
(with the exception of 1000 K and perhaps 950 K) have sufficiently long ignition delays to allow
thorough mixing, many of the cases exhibiting LTHR see it beginning just after EOI. If this
reaction is effectively limiting the participation of the total amount of fuel, the combustion could
emulate a more lean global equivalence ratio than actuality and produce longer autoignition
delays in the regions exhibiting LTHR. Above 800 K it is postulated that due to a higher starting
temperature, precursor radicals are accumulated at a much faster rate, leading to faster main
ignition.
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Figure 24 : [15 bar, iso-octane, Φ= 1.0] Calculated chamber temperature. Transformation was performed using all
known pressure and temperature offsets, including evaporative cooling. Legend descriptions reference nominal
temperature values before SOI. 650K and 700K cases are omitted from main plot for clarity, but can be seen in the
subplot in the upper right corner.
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INVESTIGATION OF PRESSURE AND PHI DEPENDENCE
After performing a number of experiments with primary reference fuels, a notable trend
became apparent. While the n-heptane studies had clear pressure, global equivalence ratio, and
charge mixing time agreement regions inside which the data could be seen to accurately
approximate a 0-D adiabatic reactor, the iso-octane studies do not conform as well, with the
majority exhibiting an unexpected behavior of drastically reduced NTC activity. An investigation
was undertaken to evaluate potential reasons for the divergence. It was expected that by
evaluating a matrix of test conditions at two points of interest on the iso-octane ignition delaytemperature curve, a test condition could be found that accurately represented the effect of the
NTC region. By evaluating this newly discovered set of test conditions, conclusions could be
drawn about the underlying physical and chemical factors at work. The temperatures of 700 K
and 800 K were chosen, as they are the nominal peak and trough locations of the NTC region for
the pressures under study. It was assumed that a change in autoignition delay in the predicted
direction (i.e., increasing ignition delay with increasing temperature) would be indicative of
accurate behavior (for a visual representation of this investigation, see Figure 25 and Table 3).
The full test matrix used in this investigation is shown in Table 3.
Table 3: Full matrix of tested conditions. Locations were selected based on location in iso-octane autoignition delay
curve. Test conditions were limited to two temperature points to maintain investigation feasibility.

700K

Pressure (Bar)

Φ

5.0
10.0
15.0
20.0

1.0, 1.5
0.5, 1.0, 1.5
0.5, 1.0, 1.5
0.35, 0.5,
1.0, 1.5

800K
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Pressure (Bar)

Φ

5.0
10.0
15.0
20.0

1.0, 1.5
0.5, 1.0, 1.5
0.5, 1.0, 1.5
0.35, 0.5,
1.0, 1.5

Because the test conditions span different pressures and equivalence ratios, the position
of the NTC region peak was not the same for each. This was accounted for in examining the
results case by case. After these experiments were performed, the trends from the transition of
each 700 K to 800 K test point was compared to the model prediction. It was found that the best
conforming test condition was the 5-bar, stoichiometric case. This motivated an additional
temperature sweep of the NTC region at those conditions. The results of that sweep can be seen
in Figure 25.

Test point 2

Test point 1

Figure 25: [5 bar, iso-octane, Φ= 1.0] Solid lines represent model predictions. Open symbols
represent experimental test points. Error bars represent a 95% confidence interval at a given test
condition. Filled red circles represent investigation methodology (points represent general
approach and not exact test points for the condition for clarity).
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When comparing the 5-bar stoichiometric case to the other iso-octane test conditions it
becomes apparent that both the measured and simulated autoignition delays are significantly
longer. This trace also displays the best experimental example the of autoignition delay trend
reversal that characterizes the NTC region for iso-octane. Like previous test cases in both isooctane and n-heptane, the model tends to under and over-predict ignition delay in the areas of
NTC behavior. The results do follow the trend predicted by the model, however. While the
magnitudes differ, the locations of the ignition delay local minimum and NTC maximum have
been correctly predicted, with the highest temperature case, 950 K being accurately located in
terms of both temperature and magnitude. As was done above, to better investigate the chemical
kinetic behavior in the NTC region a plot of calculated chamber temperatures was created. This
can be seen in Figure 26.

Figure 26 : [5 bar, iso-octane, Φ= 1.0] Calculated chamber temperature. Transformation was performed
using all known pressure and temperature offsets, including evaporative cooling. Legend descriptions
reference nominal temperature values before SOI.
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Throughout the 5-bar iso-octane study LTHR behavior was observed, as had been the
case for each iso-octane study. Like previous experiments, the time delay until the start of LTHR
rapidly decreases until the start of LTHR is just after EOI. Unlike other studies, LTHR is
maintained in some form throughout the entire test range – likely due to extremely long main
ignition delays. Also, like previous studies, each temperature trace starting below a temperature
of 850 K is brought to a similar temperature by LTHR and remains relatively unchanged until
main ignition. At 650 K and 700 K, a pattern of reducing net energy released due to LTHR with
increasing temperature could be an explanation for longer than predicted ignition delays. It is
postulated that the insufficient formation of precursor radicals is the cause of this deviation. The
750 K and 800 K points, while reflecting the trend of the model prediction, display behaviors
counter to the 650 K and 700 K traces. Their autoignition delays are quite short compared to
model predictions. While low, compared to previous studies in this work, the temperature
location of the NTC peak is 800 K (or a normalized temperature of approximately 1.3). At this
point LTHR is quite reduced but present. The continued existence of LTHR could potentially
explain the much shorter than expected autoignition delays at the NTC region. Finally, and as
has been previously seen, temperature traces corresponding to locations after the NTC peak are
assumed to display no LTHR behavior due to higher starting temperatures, causing more rapid
precursor radical formation.
While the iso-octane 5-bar, stoichiometric case follows the general predicted trend of
ignition delay, there are still questions of why it was the test condition to display best model
agreement. The most apparent explanation is in regards to extended fuel/air mixing times. Of the
tested conditions in the iso-octane investigation, the 5-bar, stoichiometric case had the longest
predicted autoignition delays. However this conclusions is at odds with the results of other
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studies from this work. Both non-reactive injection studies and previous iso-octane experiments
would suggest that apart from the highest temperature cases of the 15-bar iso-octane,
stoichiometric study, each tested iso-octane condition should have sufficient mixing time to
reach a pseudo-homogeneous mixture. The continued behavior of iso-octane suggests that
whatever condition exists in the areas of poor agreement, it is persistent across different
pressures and equivalence ratios. An additional hypothesis is that while the fuel/oxidizer mixture
is given enough time to vaporize and homogenize, it is possible that areas of differing
equivalence ratios begin to form as ignition delays increase. This could be attributed to sections
of the chamber being at different temperatures when at steady-state, due to the circulating
coolant in the injector and dynamic pressure transducer mounting blocks. To investigate this
possibility, a computational fluid dynamics (CFD) study could be undertaken to evaluate the fuel
spray and evaporation behaviors of the different fuels when injected into a heated combustion
chamber, which is beyond the scope of this work.
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INVESTIGATION OF AUTOIGNITION DELAY PRESSURE SCALING
A common practice in the use of the traditional shock tube is to assume a common
pressure scaling factor to normalize experiments that exhibit data scatter. While scatter occurs
simply due to the nature of these devices, the practice of pressure scaling has been applied to the
study of combustion in general. This is because, in a sense, the technique has the potential to
allow translation of accurate low-pressure combustion data to that of higher-pressure conditions.
Authors such as Horning, Davidson, Hanson, and Gauthier [7, 21] have attempted to create
complex equations that completely predict the measured ignition delay by utilizing all pertinent
factors as inputs. The potential for this type of analysis is immense, as it could allow for the
scaling of autoignition delay results by temperatures, pressures, equivalence ratios, or even fuel
chemistry. For this reason, a pressure-based autoignition delay scaling investigation was
undertaken utilizing the large amount of PRF data that were acquired throughout this work.
When attempting to create scaling equations based on measured results, the most simplistic
approach is to assume a scaling factor based solely on pressure (i.e., a 𝑃−𝑛 varying relationship
between autoignition delay and chamber pressure). In reality this is inaccurate due to the
generally understood shifting of NTC peaks to higher temperature points at higher pressures, but
for the sake of simplicity, a pressure-only approach is adopted here, but implemented at each
temperature. Throughout the course of the experiment, scaling factors were constructed along
lines of constant temperature by plotting ignition delay data on logarithmic plots and using
regression tools to fit them with linear trend lines. This technique has been shown to create valid
scaling factors (within an accepted range of inaccuracy) while keeping the analysis process
feasibly simple [21]. Logarithmic plots were created for each tested temperature and pressure
combination for stoichiometric n-heptane data, and used to determine scaling factors. The tested
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pressures included 4 bar, 5 bar, 10 bar, and 13.5 bar. An additional set of plots was then created
using corresponding simulated ignition delay traces in the same manner. An example of this
analysis can be seen in Figure 27 and the calculated resultant scaling factors can be seen in
Table 4.
Table 4 : Calculated scaling factors based on experimental and model data. Fuel used was stoichiometric n-heptane.
*Published scaling factor was extracted from [21] , and refers to a "global" scaling factor (factor applied equally to
all temperatures from a given experiment).

Experimental
Scaling Factor
650K
700K
750K
800K
850K
900K
950K
1000K

-0.2804
-0.4022
-0.8802
-1.1783
-1.5778
-1.7184
-1.6211
-1.3332

Model
Scaling
Factor
-0.145
-0.5027
-1.3053
-2.0565
-2.2088
-1.6506
-1.2445
-1.0991

Published
Scaling
Factor
-1.64*

Pressures
Tested

Fuel Tested

(4, 5, 10 13.5)
bar

n-heptane

It was found that for n-heptane, at a global equivalence ratio of 1.0, calculated
logarithmic scaling factors agreed well with published results, particularly at higher chamber
temperatures, nearer to where the original shock tube experiments were performed (normalized
temperatures of (0.7-1.3). In examining the results of the evaluated temperature points, two
distinct factor regimes emerged. The 650K and 700K traces exhibited minor scaling factor slopes
when compared to the 750K-1000K cases. This range better agreed with a factor put forth by
Horning et al. (-0.55) in [7] that was originally from a low pressure (1-6 bar), high temperature
(1330K-1620K) set of shock tube experiments. This change in scaling factor can be understood
as the result of the relatively minor changes of ignition delay with increasing pressure when at
lower combustion temperatures (Figure 19-normalized temperatures of 1.4-1.7). Once calculated,
these pressure scaling factors were utilized at each temperature to scale n-heptane, 4 bar,
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stoichiometric data to that of a 41 bar test condition. The results from the pressure scaling study
can be seen in Figure 28.

𝑅 2 = 0.9902

𝐿𝑛(𝐼𝑔𝑛. 𝐷𝑒𝑙𝑎𝑦) = −1.1783 ∗ 𝐿𝑛(𝑝𝑟𝑒𝑠𝑠𝑢𝑟𝑒) + 4.5672

Figure 27 : Typical Log-Log plot of pressure-based autoignition results used in calculation of pressure scaling
factors. Filled circles represent experimental points. Dashed line represents linear-fit trend line.

The 4-bar n-heptane data scaled with an experimentally determined factor (open circles)
was shown to agree well with both model predictions and published shock tube results. While he
data diverges slightly at lower temperatures (above a normalized temperature of 1.4), these
results show that the pressure-based scaling method is a viable option for relating accurate data
obtained at low temperatures to that which has been obtained at much higher temperatures and
pressures. The data that were scaled with a model-based scaling factors did not agree well with
any other ignition delay traces. This is interesting, as it was first assumed that the model based
scaling factor would produce much more accurate scaled results than its experimental factor
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counterpart. This could also suggest an inaccuracy in the low pressure regime (<10 bar) of the
kinetic mechanism used in this study.
The potential for this type of approach to the study of combustion and chemical kinetics
is great. Utilizing a pressure scaling method like the one shown above has the potential to allow
accurate low pressure CVCC data to be scaled to near IC-engine TDC conditions. This
essentially can allow the strengths of the CID (rapid test repeatability, and no pre-test fuel
mixing or treatment) to be expanded into temperature and pressure regimes that are outside of its
hardware limitations.

Figure 28 : Scaled 4-bar, stoichiometric, n-heptane data. Open circles represent data scaled with
experimental factor. Filled squares represent data scaled by model factor. Red diamonds represent 41 bar
shock tube data, extracted from [1].
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UNCERTAINTY ANALYSIS
Due to the nature of the overall CID system and the hardware of which it is composed,
uncertainty in measured autoignition delays needs to be evaluated. Throughout this work, plot
error bars represented a 95% confidence interval of the ignition delay at that point, and it is
assumed that inaccuracies have been minimized by statistically analyzing data from
10 combustion tests per test condition. While this is useful for the estimation of variability, a full
uncertainty analysis must be performed.
Estimating the uncertainty in measured autoignition delay can be quite difficult, in that
there are many factors that contribute to a given test condition’s measured delay, as well as some
inherent randomness in ignition and combustion processes. For this reason, the approach to
autoignition delay uncertainty is one based in uncertainty of global equivalence ratio. This is
because the overarching effect of varying global equivalence ratios by inaccurately estimating
the injected fuel amount was judged to have the most dominant effect on test accuracy and
repeatability. Also, despite the extensive calibration process to establish the injection behavior of
the common rail injector, it retains the largest amount of individual uncertainty. Finally, although
extensive work was performed on all other aspects of the chamber’s temperature and pressure
control system to allow accurate model comparison, a certain amount of uncertainty will always
persist. To this end, the various uncertainties or manufacturer quoted accuracies of the key CID
temperature and pressure measurement instrumentation were used to calculate a resultant
uncertainty. Standard uncertainty propagation equations were used to evaluate the uncertainty of
the equivalence ratio equation when using: chamber pressure, chamber temperature, and
instantaneous fuel rail pressure as variable inputs. It was found that the maximum uncertainty
would occur at the lowest chamber pressure and temperature in the tested range (4 bar and 650
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K). The maximum calculated uncertainty in global equivalence ratio equated to 0.0505, or a
percent error of 5.05%. To observe the effect of this inaccuracy, simulations were re-run with
high and low values of equivalence ratio for a given test condition. An example of these data can
be seen in Figure 29. As can be seen in the figure, a relatively high or low value of equivalence
ratio (1.05 or 0.95 when targeting 1.0) has a limited effect on autoignition delay. This is
especially true when compared to injection-injection variations (error bars) in the plotted study.
Finally, it can be seen that potential variation of ignition delay would be at its maximum point in
the trough region of the ignition delay curve and decrease as temperature increases.

Figure 29 : [5 bar, n-heptane, Φ= 0.35] Solid lines represent model predictions. Dashed lines represent rich
and lean values as calculated by standard uncertainty propagation techniques. Open diamonds represent
experimental test points. Each point is evaluated from 10 injections. Error bars represent a 95% confidence
interval at a given test condition.

71

CONCLUSIONS AND FUTURE WORK
The derived cetane tester (CID) was modified to allow greater ranges of pressures,
temperatures, and equivalence ratios to be tested. A custom control system was developed and
calibrated to perform combustion autoignition delay measurements. Extensive characterization
studies were performed that quantified the accuracy of all pressure, temperature, and fuel
injection devices onboard the CID, and non-reactive injection experiments were done with
primary reference fuels to evaluate the evaporative cooling effects of liquid-fuel injection. Two
LabVIEW programs were developed to operate the CID. One program operated and monitored
the device, while the second operated a data acquisition system for the measurement of dynamic
chamber pressure. A MATLAB code was written for the purpose of interpreting and analyzing
the resultant combustion pressure data. Finally, a variety of 0-D chemical kinetic models were
utilized to predict ignition delay behavior and establish a testing matrix.
A wide-ranging set of experiments was undertaken to study the autoignition delay
behavior of primary reference fuels in the modified CID. One of the goals of this
experimentation was to establish a minimum to the mixing time required for the chamber to
approximate a spatially homogenous perfectly stirred reactor, as had been observed by other
researchers utilizing CVCCs, such as Bogin and Osecky [19, 20]. The results of this study
showed that in the n-heptane cases, an autoignition delay of 6 ms provided sufficient mixing time
to correctly represent the underlying chemical-kinetic behavior of the combustion reaction.
Below this threshold, the chemistry effects could be not decoupled from the physical spray
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phenomena, and different chemical reactions dominated the combustion process. Above 6 ms,
experimental results agreed well with model predictions and published experimental RCM data.
The 4-bar, stoichiometric n-heptane case had best agreement with both model predictions and
published experimental data. It was shown to accurately replicate the autoignition delay trendreversing behavior that characterizes the NTC region. As is typical for low-octane fuels, LTHR
was observed throughout the n-heptane studies. This observation, in conjunction with plots of
pressure traces transformed into temperature traces via the ideal gas law, was used to evaluate
each test point.
The results of the iso-octane evaluation studies were not as clear as the n-heptane data.
The iso-octane cases often did not agree as well with model prediction or experimental results
from shock tubes and IQTs. While the 10-bar, 0.7 equivalence ratio case showed best agreement
with the model and published shock tube data, it did not display the full magnitude of NTC
reversal as predicted by the simulation. This was unexpected, due to the much greater amounts of
fuel/air mixing time that were the result of iso-octane’s low-reactivity and therefore longer
inherent autoignition delay. An additional unexpected result was the existence of LTHR in a
purely iso-octane fuel. This is because higher-octane fuels typically display only a single-stage
ignition process within IC engines [8]. As before, transformed temperature plots were used to
evaluate each case and draw parallels to the underlying chemical kinetics.
To further explore iso-octane’s divergence from expected auto ignition delay trends, a
specific study was begun to locate any test condition wherein iso-octane would display the
typical autoignition delay reversal of the NTC region. This was done by selecting two points
(700 K and 800 K) which typically formed the peak and trough points of the iso-octane ignition
delay curve from existing kinetic models, and evaluating each at a variety of pressures and
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equivalence ratios. After locating a test condition that displayed evidence of a more obvious
NTC behavior (5-bar chamber pressure at a stoichiometric equivalence ratio), a final temperature
sweep study was performed. The autoignition delays observed were much higher (often by
orders of magnitude) than previous iso-octane cases. The 5-bar iso-octane case did, however,
better conform to expected trends. While the magnitude of reversal within the NTC regime was
lower than predicted, a clear reversal could be seen.
The issue of this iso-octane divergence was one that was present throughout this work.
This issue is also postulated to be directly tied to LTHR behavior as it is the dominant factor in
the low-temperature chemical-kinetic regime (below 850 K). In cases where fuel spray effects
were clearly dominant (13.5-bar n-heptane case) the presence or lack of LTHR was well
understood. However, not all case results were as clear. Whenever LTHR appeared, it typically
had the pattern of beginning closer and closer to EOI as temperature increased. Another factor
that was present in the majority of results was that of starting temperatures below 850 K
producing LTHR reactions that would increase the chamber temperature to very near the 850 K
range, where it would remain approximately constant until main ignition. This is postulated to
cause the formation of precursor radicals, the quantity of which was dependent upon net energy
released by the LTHR reaction. In this way, even as the initial temperature increased, the reduced
energy released during LTHR resulting in more time being needed to accumulate precursor
radicals before main ignition. The issue of LTHR was also complicated by its occurrence within
purely iso-octane based experiments. Due to its existence, and frequently starting just after EOI,
it was assumed that the iso-octane LTHR could be having multiple effects on the combustion
process that could cause divergence from published experimental data and simulation results.
These included postulations that the LTHR could be accelerating radical production in some
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temperature conditions, and preventing full fuel quantity participation in others, due to its
proximity to (or even overlap with) EOI. A final possibility could be the inaccuracy of the isooctane kinetic mechanism in predicting autoignition delays at the relative low pressures of this
study (<20 bar).
Finally, a study was undertaken to evaluate the viability and accuracy of a pressure-based
autoignition delay scaling method. The process originally evolved from researchers studying
shock tubes scaling ignition delay results to normalize them, however this practice has expanded
to the formulation of complex equations based on all pertinent factors of a given test condition.
This scaling process, if accurate, holds great potential for scaling accurate low pressure
combustion results to that of higher pressure test conditions. To this end, the stoichiometric nheptane data that were acquired throughout this study were used to create logarithmic scaling
factors and scale 4-bar n-heptane data to that of a 41-bar shock tube study. The experimentally
scaled results agreed quite well with both model predictions and 41-bar shock tube data.
A variety of different approaches can now be taken with the CID. As the chamber is
simply a welded stainless steel construction, it possible that it can be modified to accept
additional data acquisition equipment. This might take the form of additional pressure
transducers, fuel inlet ports for dual-fuel studies, or viewing ports for optical or laser diagnostics.
In any case, a greater understanding of the fluid and fuel vapor flow dynamics inside the CID
would be beneficial to future work utilizing the device. Computational fluid dynamics (CFD)
studies on the fuel vapor dispersal and relative equivalence ratio distribution just before SOC
would also be an excellent direction for future research endeavors. Finally, coupled 3-D CFD
and chemical kinetic studies utilizing reduced or “skeletal” kinetic mechanisms would be
significant research tools.
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