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ABSTRACT: An ignition quality tester was used to characterize the autoignition delay times of iso-octane. The experimental
data were characterized between temperatures of 653 and 996 K, pressures of 1.0 and 1.5 MPa, and global equivalence ratios of
0.7 and 1.0S. A clear negative temperature coefficient behavior was seen at both pressures in the experimental data. These data
were used to characterize the effectiveness of three modeling methods: a single-zone homogeneous batch reactor, a multizone
engine model, and a three-dimensional computational fluid dynamics (CFD) model. A detailed 874 species iso-octane ignition
mechanism (Mehl, M.; Curran, H. J; Pitz, W. J.; Westbrook, C. K. Chemical kinetic modeling of component mixtures relevant to
gasoline. Proceedings of the European Combustion Meeting; Vienna, Austria, April 14—17, 2009) was reduced to 89 species for use
in these models, and the predictions of the reduced mechanism were consistent with ignition delay times predicted by the
detailed chemical mechanism across a broad range of temperatures, pressures, and equivalence ratios. The CFD model was also
run without chemistry to characterize the extent of mixing of fuel and air in the chamber. The calculations predicted that the
main part of the combustion chamber was fairly well-mixed at longer times (> ~30 ms), suggesting that the simpler models
might be applicable in this quasi-homogeneous region. The multizone predictions, where the combustion chamber was divided
into 20 zones of temperature and equivalence ratio, were quite close to the coupled CFD—kinetics results, but the calculation
time was ~11 times faster than the coupled CFD—kinetics model. Although the coupled CFD—kinetics model captured the
observed negative temperature coefficient behavior and pressure dependence, discrepancies remain between the predictions and
the observed ignition time delays, suggesting improvements are still needed in the kinetic mechanism and/or the CFD model.
This approach suggests a combined modeling approach, wherein the CFD calculations (without chemistry) can be used to
examine the sensitivity of various model inputs to in-cylinder temperature and equivalence ratios. These values can be used as
inputs to the multizone model to examine the impact on ignition delay. The speed of the multizone model also makes it feasible
to quickly test more detailed kinetic mechanisms for comparison to experimental data and sensitivity analysis.

1. INTRODUCTION

The increasing demand for liquid transportation fuels, along
with the goals of minimizing greenhouse gas emissions from
fossil fuels and the dependence upon foreign energy sources,
has led to an increase in interest in more energy-efficient
engines and renewable liquid fuels. Advanced combustion
engines, such as reactivity-controlled compression ignition
(RCCI) engines, have shown promise for higher thermal
efficiencies while lowering NO, and soot emissions when
compared to traditional diesel engines.' The ability to control
the ignition timing in these advanced engines is dependent
upon the autoignition kinetics of the fuel, which means that the
development and validation of detailed chemical kinetic
mechanisms will be very important in their design.” Many
detailed chemical kinetic models for combustion of fuels have
been developed,” but many of these mechanisms have not
been well validated with experimental data, under engine-like
conditions, especially mechanisms for low-volatility fuels.
Ignition characterization of low-volatility fuels by traditional
methods (e.g, shock tubes, rapid compression machines, flow
reactors, and jet-stirred reactors) can be difficult, although there
have been advances in performing experlments with low-
volatility fuels in rapid compression machines,” shock tubes,®™®
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and jet-stirred reactors.” In contrast, the ignition quality tester
(IQT) can easily perform experiments on low-volatility fuel
components and blends, and it has the potential, when suitably
modified, to serve as a validation tool for kinetic models of low-
volatility fuels. However, the ease of performing experiments on
low-volatility fuels also comes with the added complication that
fuel droplet breakup, evaporation, and mixing can also affect the
ignition delay times of fuels.

The IQT is a constant volume combustion apparatus
designed to measure the derived cetane number of fuels
using the ASTM D6890 standard.'” The combustion chamber
can operate at pressures and temperatures that are similar to a
diesel engine at top dead center. Because fuel is injected
directly into the combustion chamber, experiments can easily
be performed on low-volatility fuels. The IQT requires small
amounts of fuel (<50 mL for derived cetane number
measurement), making it ideal for measuring the ignition
properties of emerging renewable fuels, which may only be
available in small quantities. The IQT has been used previously
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by the authors and others to characterize the ignition delay
times of various fuels across a broad range of conditions."' ™"
Also, the IQT has been used to compare ignition data with a
homogeneous charge compression ignition engine.

A coupled computational fluid dynamics (CFD)—kinetics
analysis of the IQT has been carried out for n-heptane using the
KIVA-3V software package.'” This model used a 42 species
skeletal n-heptane mechanism developed by Ra and Reitz."®
Comparisons of the predicted and experimental ignition delay
times are shown in Figure 1.
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Figure 1. Comparison of IQT model-predicted ignition delay times
and measured ignition delay times for n-heptane (@yopy = 0.5, P = 2.1
MPa, and 21% O,): (O) KIVA model and (M) IQT experiment. This
figure was reproduced with permission from ref 17. Copyright 2014
American Chemical Society.

This CFD model was able to predict the ignition delay times
well at short times (<10 ms), suggesting that the spray breakup,
evaporation, and mixing were accurately modeled using CFD.
Similarly, the overall agreement at longer ignition delay times
suggests that the mechanism used properly described the
ignition kinetics. The overall agreement was encouraging, but
extension of the coupled approach (CFD and ignition kinetics)
to more complex fuels (which require larger mechanisms) and
longer ignition delays is severely limited by the dramatic
increase in computational time requirements.

One approach to substantially reducing the computational
effort is to identify conditions where the ignition delay time is
determined largely by the chemical kinetics with minimum
impact from spray physics. Previous work by our group'’
characterized the ignition behavior of heptane isomers in the
IQT. By modification of the experimental conditions, the

ignition event could be delayed, allowing for the chemical
kinetics, rather than spray physics, to dominate the ignition
event. In fact, under conditions where the ignition delay time
was long (220 ms), a negative temperature coefficient (NTC)
behavior was observed in the IQT, indicating the influence of
the chemical kinetics. A CFD analysis that characterized the
fuel spray, droplet breakup, and fuel evaporation (no
chemistry) was used to characterize the mixing inside the
combustion chamber. These simulations predicted that a quasi-
homogeneous region was formed in the main part of the IQT
combustion chamber at long times (220 ms).'” The temper-
ature of this region was ~60 K cooler than the initial
temperature of the chamber, as a result of evaporative cooling
of the fuel, and the local equivalence ratio was ~1.5 times larger
than the global equivalence ratio. These results suggested that a
zero-dimensional (0D) homogeneous batch reactor model,
using these adjusted initial conditions, might be used to model
ignition inside the IQT at these long times. Such an approach
would allow for a straightforward way to validate compre-
hensive kinetic mechanisms, because attempts to incorporate
such detailed kinetics in a CFD analysis are typically very
computationally intensive.

This approach of using a 0D homogeneous batch reactor was
initially attempted for the heptane isomer experiments.'® The
mechanism used was developed by Westbrook and co-
workers.” To bracket the expected equivalence ratio, 0D
model predictions for heptane isomers were performed at both
the global ratio and double that ratio. Experimental temper-
atures were adjusted to account for the evaporative cooling
using a thermocouple that read 20—40 K cooler, instead of
using the hottest thermocouple in the combustion chamber.
Figure 2a shows that the predictions for one of the heptane
isomers, 2,2,3-trimethylbutane, were able to capture the
experimental data in terms of both the NTC behavior and
the effect of the pressure. This was the least reactive isomer,
and ignition delay times in the observed NTC region were
greater than 60 ms for all three pressures. The model
predictions for 2,3-dimethylpentane, a more reactive isomer,
exhibited more deviations, as shown in Figure 2b. Some of the
deviation can be readily explained by the expected impact of the
physics at earlier ignition times. There have been several
improvements made to the rate rules for branched alkane
ignition in iso-octane chemical mechanisms®*’ that were made
after the development of the heptane isomer mechanism. While
this suggests that some of the discrepancy would come from
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Figure 2. Experimental data (points) and model predictions (lines) for (a) 2,2,3-trimethylbutane and (b) 2,3-dimethylpentane at (blue) 0.5 MPa,
(red) 1.0 MPa, and (black) 1.5 MPa. This figure was reproduced with permission from ref 19. Copyright 2013 American Chemical Society.
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old rate rules, the systematic prediction of longer ignition delay
times than experimentally observed at the lower temperatures
suggests that issues remain with respect to inadequate
description of the actual conditions inside the combustion
chamber and that the single zone approach was not adequate.

To address these issues with model accuracy, this work
considers iso-octane as the fuel. Although iso-octane is not a
low-volatility fuel, its use provides several advantages: (1) This
fuel is less reactive and has longer ignition delay times, allowing
the IQT to be operated in a regime where chemical kinetics are
expected to dominate. (2) Substantial research has been
performed on both experiments and model development for
iso-octane. Ignition data have been measured in multiple types
of experiments, including shock tubes, rapid compression
machines, and a jet-stirred reactor.”’ >' These data have been
used to validate a detailed chemical kinetic mechanism for
oxidation kinetics of iso-octane developed at Lawrence
Livermore National Laboratory.””>*> This mechanism has
accurately predicted experimental data in these homogeneous
experiments across pressures of 0.3—5.1 MPa, temperatures of
650—1200 K, and equivalence ratios of 0.3—1. This paper
presents IQT experimental data gathered from 653 to 996 K,
from 1.0 to 1.5 MPa, and a global equivalence ratio ranging
from 0.7 to 1.05, generally within the ranges studied in
homogeneous experiments. However, it should be noted that,
while the variation in the global equivalence ratio extends
slightly outside the range, there will likely be some regions
inside the combustion chamber with an equivalence ratio
higher than the global value. This presents the opportunity to
extend the mechanism validation into fuel-rich conditions.

In this current paper, an improved description of the actual
conditions inside the IQT is modeled by extending the single-
zone 0D model, which was used earlier for the heptane isomers,
to a multizone model. In both cases, the CFD model was run
without chemistry (referred to here as CFD-without-chemistry)
and was used to characterize temperatures and equivalence
ratios at specified times, which are used as inputs for the single-
zone and multizone simulations. These simulations are
compared to a fully coupled CFD—kinetic analysis. The
objective is to determine if a multizone model is adequate to
predict the experimental results at longer ignition delay times.
Also, the multizone model and coupled CFD—kinetics model
will be compared to see if they give similar ignition delay time
predictions. If so, this multizone model provides an approach
whereby much larger detailed chemical mechanisms could be
combined with the CFD-without-chemistry results to explore
whether any remaining discrepancies could be addressed with a
more complex kinetics model.

2. EXPERIMENTAL SECTION

The IQT, shown in Figure 3, is a constant-volume combustion
apparatus with a spray injection system. Experimental parameters, such
as the initial temperature, pressure, mass of fuel injected, and oxygen
concentration, are well-controlled. The chamber is charged with air to
a given pressure, where it is heated to the experimental temperature
before fuel injection. Fuel is injected into the hot air, and ignition is
measured by a pressure transducer (Kistler 601B1) at the rear of the
combustion chamber. The fuel injector is a S-type inward-opening
pintle-type injector with a single hole. The injection event is measured
by a needle lift sensor that measures injector displacement. The
ignition delay time is defined as the time between the start of fuel
injection and the time when the pressure exceeds a set threshold above
the initial pressure. For this study, the pressure threshold was set to
413 kPa above the initial pressure (the pressure threshold of the

C

I

Intake Valve - Thermocouple
R/ (Chamber Surface)

Insulation Electrical Heaters

v v |

Thermocouple
(Pressure Transducer)

Injector
Nozzle Body

5.08cm

Chamber

Bolts Pressure Transducer

Housing

]
/

| oz

Ther I Thermocouples \

N © TOTC_OUP e (Combustion /‘;: | Exhaust
ozzle Tip Chamber) N Valve

(Coolant) I

17.65¢cm

Figure 3. Schematic of the IQT combustion chamber.

ASTM D6890 method is ~138 kPa above the initial pressure). This
higher pressure threshold was used so that ignition was not falsely
detected during the chamber pressure rise caused by low-temperature
heat release. Several modifications, including an independent control
system, have been made to the IQT to more accurately study chemical
kinetics. The independent control system used a National Instruments
CompactDAQ data acquisition and control system to control chamber
valves, start of fuel injection, and resetting of the pressure amplifier.
Omega K-type thermocouples, with an accuracy of 0.75%, were used
measure temperatures inside the combustion chamber. The IQT
apparatus used for this study along with these modifications has been
described previously in more detail.'"'*??

The mass of fuel injected was varied between the two pressures by
changing the thickness of shim in the injection pump. Masses of SS
and 83 mg of fuel were injected at 1.0 and 1.5 MPa, respectively. The
temperature is measured by a thermocouple in the middle of the
chamber and is a representative temperature of the majority of the
chamber. The fuel injector and pressure transducer are cooled,
resulting in sharp temperature gradients (AT = 400—700 K) near
these devices.

Iso-octane was supplied by Sigma-Aldrich with a purity of 99.8%.
High-purity gas was used to charge the combustion chamber. Synthetic
air (20.9% oxygen with the balance being nitrogen) was used.

3. MODELING METHODS

3.1. CFD Model. A CFD model using the CONVERGE
software package” was used to characterize fuel—air mixing and
ignition inside the IQT. The CFD model couples fuel spray
breakup and evaporation, turbulent mixing, heat transfer, and
chemistry. Lagrangian particle tracking of liquid fuel droplets
was coupled with Eulerian simulation of the gas phase, where
flow is governed by the Navier—Stokes equations. Turbulence
was accounted for using a dynamic structure large eddy
simulation turbulence model.”> The walls were set at a constant
temperature equal to the initial chamber temperature. Heat
transfer between the walls and the air in the chamber comes
primarily from the conduction term in the energy equation.
The turbulent thermal conductivity that was used for heat
transfer was defined as follows:

K, =K+ CPﬂ
Pr

where K, is the turbulent thermal conductivity, K is the material

thermal conductivity, C, is the heat capacity, Pr, is the turbulent

Prandtl number (Pr, = 0.9), and , is the turbulent viscosity.

The turbulent viscosity is a function of the sub-grid kinetic

energy calculated by the turbulence model. The base mesh
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Figure 4. Example of (a) initial temperature, (b) equivalence ratio, and (c) volume fraction of different zones that were used as inputs for the
multizone model. These data were taken from a CFD model run without chemistry at initial conditions of 823 K and 1.5 MPa at a time of 32 ms.

Global ¢ = 0.9.

consisted of roughly 62 000 hexahedral cells. Automatic mesh
refinement was used to refine the mesh in areas of large
gradients in the temperature, equivalence ratio, or velocity up
to a maximum of 200 000 cells. This model was run both with
an 89 species reduced iso-octane kinetic mechanism and
without chemistry. The mechanism reduction procedure is
described in more detail below. All models used the same
definition for the start of ignition as the experimental data (413
kPa above the initial pressure). CFD-without-chemistry
simulations were performed to characterize the mixing inside
of the IQT and to provide initial conditions for subsequent
single-zone and multizone modeling. Input parameters for CFD
modeling of the IQT, such as the spray droplet size, spray
velocity, and spray cone angle, have been discussed in more
detail previously.”” Experimental validation of the CFD model
at operational pressures is not performed because there is no
optical access in the IQT.

3.2. Single-Zone Model. The CHEMKIN-PRO software
package36 was used to model the IQT using a single-zone
homogeneous batch reactor model. This model does not allow
for spatial variance. To improve the accuracy of the model from
previous studies and to remove the uncertainty of initial
conditions, the single-zone model was run with initial
conditions predicted from the CFD-without-chemistry, which
is discussed later.

3.3. Multizone Model. A multizone engine model using
the CHEMKIN-PRO software package®® with 20 zones was

D

also used to model the IQT. The concepts for the multizone
engine model were developed by Aceves et al.”” The engine
model was used because there is no multizone homogeneous
batch reactor model in CHEMKIN-PRO. The displacement
volume and engine speed were set to 1 X 107'° cm® and 1 rpm,
respectively. These parameter choices resulted in a system that
was effectively a constant volume over the time frame
investigated. Initial conditions for the temperature, equivalence
ratio, and volume fraction of zones were provided by the CFD-
without-chemistry simulations. These inputs allow us to take
into account gradients in the temperature and equivalence ratio
for which the single-zone model cannot account.

In the multizone engine model, there is no mass or heat
transferred between the zones. However, all of the zones are at
the same pressure. If there is heat generated in one zone, it
compresses the other zones adiabatically until pressure is
equalized. This can allow non-reacting zones that are too lean
to ignite to absorb energy released by reacting zones, via
compression work, which, in turn, can slow the overall ignition
event (this effect may speed ignition in the NTC region).
Alternatively, it can allow for rich zones that are small in size to
heat other zones via compression to speed bulk ignition.

3.4. Initial Conditions for Single-Zone and Multizone
Models. To provide initial conditions for the multizone model,
the CFD domain needs to be split into smaller domains to
define each zone. Temperatures, equivalence ratios, and volume
fractions for each cell were extracted from the CFD-without-
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Figure 5. Example of (a) initial temperature, (b) equivalence ratio, and (c) volume fraction of different zones that were used as inputs for the
multizone model. These data were taken from a CFD model run without chemistry at initial conditions of 823 K and 1.5 MPa at a time of 20 ms.

Global ¢ = 0.9.

chemistry at a time that corresponded to the experimentally
measured ignition delay time. The conditions in the chamber
predicted by the CFD-without-chemistry varied significantly
over time while the fuel and air in the chamber mixed.
However, when conditions from different times (a few
milliseconds apart from the experimental ignition delay time)
were input into the multizone model, the ignition delay times
predicted by the multizone model varied by only a few
milliseconds. This suggests that changing the input conditions
by a few miliseconds will not significantly affect the predicted
ignition delay times. Also, whether the ignition delay time
predicted by the multizone model increased or decreased, as
the time used for inputs increased, was inconsistent between
the conditions examined. This inconsistency could be due to
predictions in the NTC region having the opposite trend
compared to predictions outside the NTC region. The cells
were divided into 20 different zones by equivalence ratio.
Increasing the number of zones to 30 changed the predicted
ignition delay time only by ~1%, showing that using 20 zones
was adequate to model ignition behavior. Defining zones by
temperature instead of equivalence ratio resulted in little
difference in ignition delay time prediction. An equivalence
ratio step size of 0.1 was chosen for equivalence ratios of 0 < ¢
< 1. For ¢ > 1, the zone boundaries were equal to the inverse
of the analogous equivalence ratio zone boundaries below 1
(ie, 1/0.9 = 1.11, 1/0.8 = 1.25, 1/0.7 = 1.43, etc.). The reason
for this change in step size was to allow rich zone boundaries to
have the same relative change between them as the lean zone

E

boundaries. Because the zones are defined only by the
equivalence ratio, they do not represent a continuous volume
inside the chamber. The initial conditions of each zone were
calculated by the volume-weighted average of all of the cells
with equivalence ratios between the two bounding equivalence
ratio values. Some CFD predictions did not contain any cells at
very rich or very lean conditions. This resulted in empty zones
as inputs to the multizone model.

Inputs to the multizone model for one set of conditions (823
K, 1.5 MPa, t = 32 ms, and global ¢ = 0.9) are shown in Figure
4. Contour plots of the temperature and equivalence ratio
including this set of conditions are discussed later (cf. Figure 9).
Generally, the rich zones are in the back of the combustion
chamber, and the leaner zones are in the main part of the
combustion chamber. A small amount of heat transfer is seen
by an increase in the temperature near the walls at long times.
For these conditions, there were no cells in the CFD with an
equivalence ratio of ¢ > 10. Therefore, zone 20 was input as
empty in the multizone model, resulting in 19 zones with
significant volume. The temperature and equivalence ratio are
inversely related to each other as a result of evaporative cooling.
The majority of the volume for this set of conditions is
contained within zones 8—11. These zones are close to the
global equivalence ratio (¢ = 0.9), but they are significantly
cooler (~75 K cooler) than the initial temperature.

While an approximate normal distribution for the volume
fraction is apparent in Figure 4, a bimodal distribution exists at
short times when fuel is concentrated in a small portion of the
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chamber; at longer times, the system will eventually have all of
the volume in a single zone when the chamber is completely
well-mixed. The multizone inputs taken at shorter times are
shown in Figure 5. These conditions revealed that the volume
fractionates into a bimodal distribution with additional peaks at
very lean (zone 1) and very rich (zone 18) zones.

The single-zone CHEMKIN-PRO model also used the CFD-
without-chemistry predictions to provide model inputs. A
volume-weighted average of all of the cells in the CFD-without-
chemistry simulation was used to generate a single temperature
and equivalence ratio that was used as the initial condition for
the single-zone model. For the conditions shown in Figure 4,
the average temperature and equivalence ratio were 746.5 K
and 0.98, respectively. These inputs using the CFD-without-
chemistry simulations provide significantly more accurate
model inputs than were used with the heptane isomer model."”

3.5. Reduction of the Iso-octane Mechanism. The
detailed 874 species iso-octane mechanism developed at
Lawrence Livermore National Laboratory™ was reduced to

an 89 species mechanism. The CHEMKIN-PRO mechanism
reduction code was used to perform the reduction. The 0D
single-zone homogeneous batch reactor was used for the
reduction. This code uses the directed relation graph®*~*
(DRG) and directed relation graph with error propagation®'
(DRGEP) methods to reduce the detailed mechanism. A
sensitivity analysis, alone or coupled with DRG or DRGEP, was
then used to further reduce the mechanism. Reduction was
performed at 22 points across a temperature range of 673—
1023 K, a pressure range of 1.5—3.0 MPa, and an equivalence
ratio range of 0.5—2.0. These conditions were chosen to span
the range of temperatures and equivalence ratios inside the IQT
prior to ignition. The reduced mechanism was able to
accurately reproduce the results of the detailed mechanism
across the range of conditions tested, even outside of the 22
points used for reduction. The reduced mechanism agreed well
with the detailed mechanism at all four equivalence ratios tested
(0.5, 1, 2, and 3). A representative comparison of the detailed
and reduced mechanisms is provided in Figure 6.
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The volumetric heat release of the two mechanisms, shown
in Figure 7, was also compared. The timing and magnitude of
low-temperature heat release was predicted well for these
conditions that are inside the NTC region. The entire profile
for volumetric heat release matches well between the reduced
and detailed mechanisms until very close to the ignition event.
The differences in predicted ignition delay times for these
conditions were less than 15%.

4. RESULTS AND DISCUSSION

4.1. Iso-octane Experimental Data. Iso-octane experi-
ments were run in the IQT at two pressures, 1.0 and 1.5 MPa.
While experiments on a wider range of pressures could be
performed, these relatively low pressures provided ignition
delay times that were long enough to reach quasi-homogeneous
conditions inside the combustion chamber but not so long that
wall effects may significantly affect the ignition delay times.
While engines typically operate at higher pressure, the shorter
ignition delay times at higher pressures mean that the spray
physics is more important and it is much more difficult to assess
the accuracy of the chemical mechanism. For a given pressure,
the mass of fuel injected was kept the same across all
temperatures, and as a result, the equivalence ratio changed
between 0.7 and 1.05 across the range of temperatures
characterized. The experimental temperature range (653—996
K) was chosen to capture the entire NTC region.

The NTC region is important in the low-temperature
combustion of many hydrocarbon fuels. It is characterized by
an increase (or flattening) of the ignition delay time as the
temperature increases. This reduction in reactivity is due to
alkyl radical + O, chemistry, which can lead to either chain
branching, propagation, or inhibition reaction pathways. The
competition between these pathways and shifting reaction
equilibria are the major causes of NTC behavior.*”** As the
temperature further increases, high-temperature ignition path-
ways begin to dominate, thereby decreasing the ignition delay
time.

The experimental data for ignition delay times at 1.0 and 1.5
MPa can be seen in Figure 8. There is some uncertainty in the
ignition delay time measurements, and the degree of
uncertainty can be seen by the scatter of experimental ignition
delay times with similar temperatures. NTC behavior can be
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Figure 8. Experimental data (closed symbols) and coupled CFD—
kinetics model predictions (open symbols). The 89 species reduced
mechanism was used for model predictions, with 21% O, and 0.7 < ¢
< 1.0S.

G

clearly seen at both pressures indicated by the three regions
with different slopes of ignition delay time versus inverse
temperature. The data collected at 1.0 MPa have longer ignition
delay times, and the NTC behavior is more pronounced. The
observation of NTC behavior indicates that, under these
conditions, chemical kinetics is more important than spray
physics.

4.2, Coupled CFD—Kinetics Modeling. The CFD model
coupled with chemical kinetics using the 89 species reduced
mechanism was compared to experimental ignition delay times.
Because the coupled CFD-—kinetics simulations took, on
average, 5.3 days of computation time, only three temperatures
were run at each pressure. A comparison between experimental
and coupled CFD—kinetics model results can be seen in Figure
8. Although the coupled CFD—kinetics model predictions at
1.5 MPa capture the ignition delay time at one point in the
NTC region, the predictions are too fast at higher and lower
temperatures. At 1.0 MPa, the predictions at the lower
temperatures are too fast and it appears that the extent of the
NTC region might be too broad. It would be difficult to
determine through coupled CFD—kinetics simulations whether
these discrepancies are due to inadequacies in the chemical
mechanism or inaccuracies within the CFD model, given the
long simulation times. However, considering the CFD and
chemical kinetics individually can provide more insight into the
discrepancy between experimental and model results.

For most cases examined, the coupled CFD—kinetics model
predicted multiple small flamelets forming near the walls. These
flamelets started to propagate outward. Bulk autoignition was
predicted before these flamelets could propagate across the
entire chamber. The presence of flamelets near the wall
suggests that heat transfer from the walls speeds ignition.
Without optical access into the IQT, these predictions cannot
be experimentally validated.

4.3. CFD-Without-Chemistry Modeling. CFD-without-
chemistry simulations were run to characterize the mixing and
evaporative cooling inside the IQT. The initial conditions run
in the CFD model correspond to initial air temperature,
pressure, and mass of fuel injected values for each experimental
data point being modeled.

The predicted temperature and equivalence ratio contour
plots for one set of conditions (823 K, 1.5 MPa, and global ¢ =
0.9) are shown in Figure 9. The experimentally measured and
coupled CFD—kinetics simulation predicted ignition delay
times for these conditions were 31.5 and 28.5 ms, respectively.
At 4 ms, large gradients in the temperature and equivalence
ratio are present and a significant amount of fuel had
penetrated to the back of the chamber. However, by 20 ms,
there are smaller gradients in the main part of the combustion
chamber. At 32 ms, which is close the experimental ignition
delay time, the main part of the chamber was fairly well-mixed.
This part of the chamber is close to the global equivalence ratio
for these conditions, but the temperature is roughly 75 K cooler
than the initial temperature. The contour plots at 50 ms show
slightly more uniform conditions within the chamber than at 32
ms. Most of the experimental ignition delay times discussed
earlier are longer than 20 ms, and many are longer than 32 ms.
Because the combustion chamber appears to be fairly well-
mixed at these long times, one might expect that the
predictions from the single-zone and/or multizone models
would provide adequate descriptions of the system. Of course,
the inclusion of multiple zones, each with its own temperature
and equivalence ratio, should lead to an improved description.
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Figure 9. Contour plots of (a) temperature and (b) equivalence ratio for iso-octane at 1.5 MPa, 823 K, and global ¢ = 0.9. No chemistry was run.
The experimental ignition delay time was 31.54 ms at these conditions.

The conditions inside the chamber at 32 ms were used as
inputs (cf. Figure 4) into the single-zone and multizone
CHEMKIN modeling discussed in section 4.4.

4.4. 0D Model Comparisons. The single-zone and
multizone models were run at eight temperatures for each
pressure. Comparisons of experimental and OD-model-
predicted ignition delay times are shown in Figure 10. The
temperatures, in Figure 10, at which the single-zone and
multizone models are plotted correspond to temperatures that
were used as initial conditions in the CFD-without-chemistry
simulations that provided the inputs for the single-zone and
multizone models. These temperatures correspond to the
experimentally measured temperatures that are recorded before
fuel is injected. The single-zone model overemphasized the
magnitude of the NTC effect at 1.0 MPa, but it captures the
high-temperature observations. For the higher reactivity 1.5
MPa case, this model is less successful. It likely suffers from
neglecting the presence of richer zones inside the chamber at
the highest temperatures, where the experimental ignition delay
time is only ~20 ms. It also predicts much more obvious NTC
behavior than is observed and predicts much faster ignition at
lower temperatures than is observed.

H
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Figure 10. Experimental results (diamonds and circles) with single-
zone (dashed lines) and multizone (solid lines) model predictions for
iso-octane. The 89 species reduced mechanism was used for model
predictions, with 21% O, and 0.7 < ¢ < 1.0S.

At both high and low temperatures, the predictions of the
multizone model are similar to those of the single-zone version.
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An improvement in the multizone model is that the overall
shape is closer to the experimental shape than the single-zone
model predictions. The multizone predictions at 1.5 MPa are
much improved at higher temperatures, except the highest
temperature modeled, but they become too fast at lower
temperatures. For most cases, the multizone ignition delay time
predictions are similar to or better than those of the single-zone
model.

Comparisons of the coupled CFD—kinetics model and the
multizone model are shown in Figure 11. At 1.5 MPa, the
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Figure 11. Experimental results (diamonds and circles) with CFD
(open triangles and open squares) and multizone (solid lines) model
predictions for iso-octane ignition. The 89 species reduced mechanism
was used for model predictions, with 21% O, and 0.7 < ¢ < 1.05.

multizone model predictions for ignition delay time are very
close to predictions made by the CFD model. Although the
predictions are generally faster than observed, the good
agreement between the CFD and multizone models suggests
that the temperatures and equivalence ratios predicted using
the CFD-without-chemistry model are appropriate for use as
initial conditions in the multizone model. At 1.0 MPa, the CFD
and multizone models are in good agreement at high and low
temperatures. However, there is a significant difference in the
model predictions between the CFD model and the multizone
model in the NTC region. This difference requires further
investigation. Inadequate prediction of low-temperature heat
release could be a cause of the differences in prediction in the
NTC region. The overall agreement indicates that the
multizone model can account for the majority of the effects
of incomplete mixing and evaporative cooling inside the IQT
that are based on the CFD-without-chemistry results. The
underprediction of ignition delay time for both the multizone
and CFD models at longer ignition delay times may result from
an overprediction of heat transfer into the combustion
chamber. An investigation of heat transfer inside the IQT is
currently ongoing. Also, these deviations may be due to
deficiencies in the chemical mechanism because it had not been
validated for rich equivalence ratio conditions that are present
at some locations within the IQT.*” Similarly, there could be
problems with aspects of the spray/droplet/evaporation
treatment in the CFD model.

Both the single-zone and multizone models appear
significantly more accurate than the method that was used
previously for heptane isomer modeling (cf. Figure 2) that did
not use CFD-without-chemistry simulation results for model
inputs.19 However, to provide a fair comparison, a single-zone

model was run with similar methodology as the model run for
the heptane isomers. The single-zone model was run with
experimentally measured temperatures, before fuel injection,
and it was run at the global equivalence ratio and at double the
global equivalence ratio to attempt to bound uncertainty with
regard to mixing inside the chamber. A comparison of this older
modeling methodology to the experimental results and
multizone predictions is shown in Figure 12. Without any

+ Experiment 1.0 MPa

1000 ; e Experiment 1.5 MPa
=>=Multizone 1.0 MPa
-0=-Multizone 1.5 MPa
- - Single-zone 1.0 MPa Global ¢
-++- Single-zone 1.0 MPa Double Global ¢ .
- - Single-zone 1.5 MPa Global ¢ }
’g +++ Single-zone 1.5 MPa Double Global ¢ »
~ s \\
N
g
= 100 4 % e
— E .~ .-
©
w
o
c
k]
p=1
'c
0
10

1000/T (K)

Figure 12. Experimental results (diamonds and circles) with multizone
(solid lines) model predictions for iso-octane. Single-zone model,
using an older methodology, at the global equivalence ratio (dashed
line) and double the global equivalence ratio (dotted line). The 89
species reduced mechanism was used for model predictions, with 21%
O, and global ¢ of 0.7 < ¢ < 1.05.

temperature correction in the old single-zone model to account
for evaporative cooling, the ignition delay time prediction curve
is shifted to lower temperatures relative to the experimental
data. One could imagine shifting these curves to higher
temperatures and finding reasonable accuracy at high and low
temperatures. However, the magnitude of the NTC predicted
by the old single-zone model is much larger than seen
experimentally.

The improved initial conditions for the multizone model
allowed for more accurate ignition predictions, and the
increased accuracy of the temperature estimate provides a
way to adjust the model predictions, so that they can be
compared at a similar temperature to the experimental data
after fuel evaporation. Additionally, running the model at two
different equivalence ratios was no longer needed to bound
uncertainty in the equivalence ratio values. For the multizone
model, inhomogeneity inside the IQT was taken into account,
allowing for increased accuracy of ignition predictions.

4.5. Calculation Time Comparison. While the most
accurate model is desirable, the calculation time is an important
consideration. The calculation times and lengths of time that
were modeled by the CFD models are listed in Table 1. Both
sets of CFD calculations were run on the same computer using
the same number of computational cores. The single-zone and
multizone model calculation times (<1 min) are not shown
because they are negligible compared to the CFD model
calculation times. Thus, the amount of time to complete the
multizone modeling would mainly come from the time to
complete CFD-without-chemistry simulations to generate the
model inputs. The CFD model generally took longer to
calculate a solution at lower pressures partially because the
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Table 1. Comparison Calculation Times for the CFD-Without-Chemistry and Coupled CFD—Kinetic Models and the Length of

Time That Was Modeled

experimental CFD-without-chemistry calculation ~ coupled CFD—kinetics calculation
conditions time (dayg time (days)

1.0 MPa and 0.50 6.30
718 K

1.0 MPa and 0.52 742
835 K

1.0 MPa and 0.44 3.89
973 K

1.5 MPa and 0.53 4.11
693 K

1.5 MPa and 0.45 4.83
823 K

1.5 MPa and 0.4 5.37
989 K

average

ratio of calculation times:
chemistry/no chemistry

length of time
modeled (ms)

65 12.7
61 14.3
33 8.89
57 7.80
29 10.6
13 12.0
11.1

model needed to be run out to longer times. The ratio of
calculation times shows that, on average, a coupled CFD—
kinetics simulation with chemistry takes ~11 times longer than
a CFD-without-chemistry simulation. Therefore, approximately
11 multizone model simulations (each requiring a CFD-
without-chemistry run to provide inputs) could be performed
for every coupled CFD—kinetics simulation. As a result, a
comparison of experimental data and model results across a
much broader range of conditions could be performed with the
multizone model than with the coupled CFD—kinetics model,
especially for larger chemical mechanisms. The CFD results
with the 89 species mechanism indicate that additional
improvements are required to fully characterize the IQT
results for iso-octane. Using the multizone model approach
should expedite the search for such improvements, because it
will be feasible to test more conditions and more detailed
mechanisms in a realistic time frame. This method may also be
applied to low-volatility fuels, where it is more difficult to
obtain data with traditional kinetics experiments but are readily
obtained in the IQT. Thus, it would be possible to validate the
larger kinetic mechanism associated with these larger fuel
molecules.

5. CONCLUSION

Ignition delay times for iso-octane measured in an IQT showed
clear NTC behavior. Three modeling methods were used to
model these data. A reduced chemical mechanism for iso-
octane containing 89 species was used in each approach. The
results of the most complete model, a coupled CFD—kinetics
model, captured the trends observed but predicted shorter
ignition delays than experimentally observed at lower temper-
atures. The CFD-without-chemistry predictions showed a large
quasi-homogeneous zone in the IQT at longer residence times.
The presence of such a zone suggested that it may be possible
to use a simple 0D kinetics calculation to predict the ignition
delay times under these relatively long-time events. These types
of calculations are much faster than those involving CFD, such
that one can explore much more complex mechanisms over a
wider range of conditions.

The temperatures and equivalence ratios in this quasi-
homogeneous zone were then used as inputs for either single-
zone or multizone model predictions. The multizone results
were very similar in most cases to those using the coupled
CFD—kinetics model, with the substantial advantage of
requiring ~11 times less central processing unit (CPU) time.
These results suggest that the approach of using a detailed

J

CFD-without-chemistry simulation to identify conditions
where quasi-homogeneous zones exist would allow for the
design of IQT experiments where the results could be
interpreted in terms of simple 0D calculations. This could be
valuable for testing detailed mechanisms of complex low-
volatility fuels by comparison to IQT data on these fuels.
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