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ARTICLE INFO ABSTRACT

Keywords Advanced combustion engine strategies that can offer increased efficiency and reduced emissions are enabled by
Constant volume combustion chamber numerical engine combustion simulations, requiring accurate chemical kinetic mechanism input. The Advanced
Fuel Fuel Ignition Delay Analyzer (AFIDA) device can perform high quality, repeatable measurements of ignition delay
CFD (ID) times using small fuel quantities with high throughput. The AFIDA experiments involve liquid fuel injec-
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tion into the heated and pressurized constant-volume chamber, producing an autoignition delay resulting from a
combination of physical mixing and chemical kinetic processes, a complexity which makes the development of
complementary numerical models necessary for the development and validation of chemical kinetic mechanisms.
Modeling the device based on a homogenous approximation with reduced primary reference fuel (PRF) mecha-
nism shows up to 75% error in the modeled vs. observed autoignition delay data for n-heptane and iso-octane at
10 bar (¢ = 1.2-0.8) and 20 bar (§ = 0.6-0.4) over 973-648 K, whereas the use of a computational fluid dynam-
ics (CFD) model reduces the discrepancy to within 25%. The homogenous approximation error is greatest for con-
ditions where the observed ignition delay is short and the system is not sufficiently mixed (<30 ms), providing
guidance to select a homogenous reactor vs. CFD modeling approach based upon desired accuracy. Experimental
20 bar iso-octane ID results show a larger magnitude of negative temperature coefficient chemistry compared to
numerical results, indicating possible deficiencies in the PRF chemical kinetic mechanism. This characterization
demonstrates the AFIDA as a capable research platform for chemical kinetic model development and validation.

1. Introduction based testing methodology [4-6], although the ASTM D613 method re-

mains the referee testing procedure mainly due to legacy [7,8].

While diesel fuel combustion quality characterization is common
practice using constant-volume combustion chambers (CVCCs), gaso-
line-range fuel testing methodology is a relatively new research area for
these types of devices [1,2], and is often based on correlations with
a derived cetane number. Nonetheless, the value of this approach has
been shown for screening candidate fuels [3]. The use of CVCCs to
generate derived or indicated cetane numbers for diesel fuels is gener-
ally preferred to conventional cetane engine testing due to the advan-
tages of quick analysis time, much smaller fuel volume requirements,
and better precision over traditional cooperative fuels research engine-

The Advanced Fuel Ignition Delay Analyzer (AFIDA) is the latest
in a series of CVCCs designed to measure the ignition delay of diesel
fuels and produce a cetane correlation from the result [5]. Previous
CVCCs reasonably have fuel injection systems designed around their in-
tended purpose of injecting diesel fuels, and do not provide enough
line pressure or cooling to fully address boiling challenges presented
from volatile fuels [9-11]. The AFIDA has considerable advantages over
other CVCCs, including automation, its similarity to modern injection
technologies used in vehicles today, and compatibility for volatile fu-
els with gasoline-like boiling ranges [12]. The AFIDA design, which in-
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cludes a modern high-pressure piezoelectric diesel injector, minimizes
spray physics effects to focus on chemistry effects, with greater temper-
ature and pressure capability than other CVCCs. In non-premixed igni-
tion, the processes of mixing and reaction are necessarily intertwined,
and it is desirable to maximize the realism of the spray breakup to
drive relevant mixture preparations. This is especially important for the
cetane measurement of new (bio)fuels with physical properties that may
fall outside the typical diesel-fuel range, in which cetane correlation
shows dependence on injection technology [13]. However, for gaso-
line-range fuels, end-gas autoignition is a feature of interest, and to in-
vestigate the relevant longer ignition delays it is desirable to have a
rapidly completed mixing process decoupled from subsequent chemical
kinetics. Use of the AFIDA as a research platform in this regime is be-
yond its original intended purpose and extensive experimental charac-
terization is necessary to determine guidelines for selecting an appropri-
ate modeling approach.

Accurate chemical kinetic mechanism models are necessary to in-
tegrate with computational fluid dynamics (CFD) to enable numerical
simulations of engine combustion, necessary for the development of ad-
vanced combustion engine strategies to increase efficiency and reduce
emissions [14]. The selection of surrogate species to represent the com-
plex real fuel is critical [15,16]. Development of chemical kinetic mech-
anisms for these surrogate species is challenging, requiring validation
against experimental ignition data across a range of engine-relevant
temperatures, pressures, equivalence ratios, and dilution [17,18]. Re-
ductions of full kinetic mechanisms in terms of species and reactions
are frequently necessary to enable engine combustion CFD with finite
computing resources. Validations of both full and reduced kinetic mech-
anisms rely on experimental ignition data, most commonly from fun-
damental research devices including shock tubes, jet stirred reactors,
and rapid compression machines [18]. More recently, the Ignition Qual-
ity Tester (IQT) CVCC has been used as a research platform to aug-
ment the data available from more fundamental research devices to pro-
vide ignition-delay data in complementary pressure and temperature
regimes [19-23]. In general, shock tubes provide data at higher temper-
atures and lower pressures than engines. Rapid compression machines
generally operate at low to intermediate temperatures and higher pres-
sures, closer to an engine, but are normally limited to surrogate blends
due to mixture preparation challenges [24-26]. While mixture prepa-
ration techniques have recently been developed for more complex sur-
rogate blends in rapid compression machines and shock tubes, CVCCs
can further extend these studies by providing fuel injection of complex,
full-boiling-range liquid fuels [24,26,27]. While the ignition delay (ID)
time in a CVCC is complicated by including physical effects along with
chemical effects in the total ignition delay, deliberate operation and
careful analysis of experiments can provide ignition delay data focused
on the chemical ignition delay portion [28,29]. This can enable CVCC
data to be used in CFD simulations to validate reduced kinetic mech-
anisms, and in some cases zero dimensional (0D) models can be used
to evaluate full kinetic mechanisms. With the flexibility to handle com-
plex real-world fuels, CVCCs can be research platforms to complement
more fundamental devices to assist in the development of chemical ki-
netic mechanisms. Beyond developing chemical kinetic mechanisms, the
ignition delay data from CVCCs and more fundamental devices can also
be used to generate ignition delay maps to link with simpler engine sim-
ulations to study advanced combustion strategies [30]. To further ad-
vance the relevancy of CVCC combustion research, the National Renew-
able Energy Laboratory (NREL) acquired an AFIDA with the intent to
similarly adapt it as a more flexible research platform for fuel ignition
studies [31].

This paper presents a comprehensive characterization of the AFIDA
device and an illustration of how it can be used in a research set-
ting, combined with a complementary modeling approach to validate
chemical kinetics mechanisms for the reference fuels 2,2,4-trimethylpen-
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tane and n-heptane, which exhibit both long and short autoignition de-
lay times relative to the mixing timescale.

2. Materials and methods
2.1. Materials

The AFIDA instrument was purchased from ASG Analytik-Service
Gesellschaft mbH. Millipore Sigma supplied the iso-octane
(2,2,4-trimethylpentane 99.8% CAT# 360066), n-heptane (99%
high-pressure liquid chromatography (HPLC) Plus Cat# 650536),
toluene (99.8% anhydrous CAT# 244511), and ethanol (pure 200-proof
CAT# 459844). Infineum International Limited supplied the R655 lu-
bricity additive sample. Matheson Tri-Gas, Inc. supplied the certified
20.9% (molar volume) oxygen balance nitrogen air cylinders used for
charge air. The analytical balance used was a Mettler Toledo PB303-S. A
National Institute of Standards and Technology (NIST)-certified Omega
DPG1001B-100G pressure gauge was used for external pressure mea-
surements.

2.2. AFIDA overview

The AFIDA device directly injects fuel into a heated and pressur-
ized fixed-volume combustion chamber and records pressure data to
infer when the fuel autoignites. Fig. 1 shows the device installed at
NREL, while Fig. 2 shows a simplified schematic of its key features.
A 16-position auto-sampling system utilizing 40-mL sample vials and a
sampling needle allows for continuous unattended operation. Fuel pres-
sure up to 1200 bar is supplied by an HPLC-style pump consisting of
two positive displacement piston pumps connected in series. Capillary
stainless-steel lines connect the fuel pump to a Bosch CRI3-18-based
piezoelectric diesel injector, which resides within a liquid-cooled hous-
ing that attaches to the top center of the combustion chamber using
six spring-loaded bolts. Key injector parameters such as the symmetri-
cal 143-um 7-hole pattern and 79° spray angle geometry were provided
by Robert Bosch LLC. The injection duration can range from O to 5 ms
with up to four separate injection events possible. The operation of the
fuel injector differs from a typical constant-pressure common rail injec-
tion system found on vehicles in that the HPLC fuel pump produces a
very consistent initial pressure, but it does not respond while the injec-
tion occurs over the course of a few milliseconds. As a result, the pres-
sure within the fuel system drops while the injection event occurs. While
maximum fuel line pressure is limited by the fuel pump to 1200 bar,
all experiments are carried out with an initial pressure of 1190 bar to
avoid bumping against the limit. An injection duration of 4 ms leads to
the fuel line pressure dropping to near 250 bar. The coolant, which sur-
rounds the injector excluding the tip and rear electrical connection por-
tion, is held at a temperature of 338 K + 5 K. To prevent any possible
boiling issues for volatile fuels, the pressure of the fuel system never
drops below 50 bar once the injector is purged of fuel, even while idle.
The return line of the fuel injector has an adjustable back-pressure reg-
ulator typically set to 17.5 bar and plumbed to a waste container. The
mostly cylindrical (approximately 4-cm height by 5-cm radius) combus-
tion chamber is heated around the perimeter via a band heating element
up to a maximum internally measured air test temperature of 998 K,
measured using the average of two equidistant off-center class 2, type
K (nickel-chromium/nickel-alumel) thermocouples mounted within the
bottom of the combustion chamber. Pressure data from a liquid cooled
Kistler 6041B pressure transducer, also mounted at the bottom of the
combustion chamber, begins recording at 250 kHz from moments before
the injection event occurs through 40 ms. For experiments leading to ig-
nition delays exceeding 40 ms, the sampling rate is reduced to 25 kHz
for a user-specified time. Two separate regulated gas inputs feed through
Bronkhorst 201CV and/or 201AV mass flow controllers (MFC) to allow
precise filling of the chamber to pressures <50 bar.
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Fig. 1. AFIDA device installed at NREL.
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Fig. 2. AFIDA schematic.
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2.3. Experimental test sequence

A test sequence begins by purging the low-pressure area of the fuel
system with the new fuel sample, achieved by actuating the injector
at a rate of 50 Hz while running the HPLC pump, resulting in 20 to
40-bar pressure conditions throughout the fuel system and injector. This
process takes 420 s and uses approximately 20 mL of fuel to flush all
the lines, the fuel reservoir mounted atop the injector, and most ar-
eas within the fuel injector. A smaller volume of fuel was found to ad-
equately purge the fuel system, but typical setpoints here were main-
tained as fuel volume was not limited. Next, the internal area within
the tip of the injector, which cannot be purged without injecting fuel, is
purged using a series of 18 actual injections. Once complete, two fully
sequenced pre-injections are performed, followed by 12 injections which
are recorded. The combustion sequence begins by flowing charge air gas
through the chamber directly to exhaust at approximately 3 bar to both
cool the chamber below the test temperature setpoint and remove resid-
ual exhaust gas. Once the chamber is cooled 5 K below the test tem-
perature setpoint, the exhaust valve closes and the chamber pressurizes
to the setpoint. During the chamber charging process, the fuel pump
pressurizes the fuel line to the setpoint. Injection occurs as the follow-
ing three conditions are simultaneously met: the chamber temperature
is within 0.5 K of the test temperature setpoint, the chamber air pres-
sure is within 0.5 bar of the test pressure setpoint, and the fuel line pres-
sure is within 5 bar of the fuel pressure setpoint. When the criteria are
met, the locking (isolation) valve closes to completely seal the cham-
ber and shield the mass flow controllers, and the pressure transducer
signal is recorded at 250 kHz starting 0.4 ms before the injection event
is electronically triggered. The fuel line pressure and chamber air pres-
sure setpoint are typically maintained before the temperature setpoint
is reached, resulting in the chamber temperature parameter controlling
the timing of the injection event. This control strategy allows for very
repeatable control of injection event timing as it relates to the tempera-
ture history profile of the charge air before injection. The entire process
of a fuel purge and ignition delay measurement takes around 20 min,
although subsequent tests using the same fuel without the need for purg-
ing require only 9 min to complete. The AFIDA’s indicated cetane num-
ber test run as per ASTM D8183 has a slightly different fuel purge se-
quence, although the combustion sequence is identical [5].

2.4. Numerical methods

Two separate approaches are used to model the AFIDA process: a
homogenous reactor based on a zero-dimensional (0D) formulation that
considers only chemical kinetics, and a three-dimensional (3D) compu-
tational fluid dynamics (CFD) model that includes the spray and mixing
physics in conjunction with the chemical kinetics.

The homogeneous reactor model of the device to predict ID times is
performed using a Python interface to the open-source kinetic model-
ing software Cantera [32]. The system is modeled as a constant-volume
batch reactor with the initial temperature, pressure, and mixture com-
position matching the experimental conditions.

The 3D modeling is performed using the CONVERGE CFD software
package [33]. The conservation equations are solved using a second-or-
der accurate finite volume method with first-order implicit time accu-
racy. Pressure-velocity coupling in the transport equations are solved
by the Pressure-Implicit with Splitting of Operators method. Variable
time stepping using a Courant-Friedrichs-Lewy number less than 0.5 is
used for calculation of each time step. The solver uses Lagrangian-Euler-
ian coupling to treat the discrete spray parcels in the continuous gas
phase. A “blob injection method” [34] is used for spray injection,
modified Kelvin-Helmholtz and Rayleigh-Taylor models [35,36] are
used for droplet breakup, the No-Time-Counter model [37] is used for
droplet collision, the Frossling model [38] is used for droplet evapora-
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tion, the Dynamic Drag model [39] is used for droplet drag effect, and
the O'Rourke model is used for droplet turbulent dispersion. Renormal-
ization group k-epsilon Reynolds-Averaged Navier-Stokes was used for
modeling turbulence. The cut-cell Cartesian method used in the software
automatically creates an orthogonal computational grid that precisely
represents the geometry from a computer-aided design description. The
internal base grid size is 1 mm initially and the areas with high gradients
are automatically refined using adaptive mesh refinement based on the
velocity and temperature fields. The smallest grid size in cases of high-
est refinement was 0.125 mm (three levels of refinement). To resolve
flow near the injector, a fixed nozzle embedding was used during the
spray injection time with a minimum grid size of 0.125 mm, which pro-
vides enough detail to achieve accurate results with grid convergence
[40]. This resulted in a peak cell count of about 5,000,000 at time steps
with the highest refinement. A one-seventh slice of the symmetric AFIDA
geometry consisting of one injector hole with periodic boundary con-
ditions is used for the numerical reacting simulations. Each simulation
case was run with 480 processors in parallel and computational costs
varied from approximately 10,000-20,000 CPU hours. A graphical rep-
resentation of the full geometry is depicted in Fig. 3, including the sim-
ulated one-seventh area slice and the initial mesh with injector embed-
ding. The average internal temperature, discussed further in Section
3.1, is used for the initial condition within the CVCC. The injection du-
ration of 4 ms matched the experiment. Injection volume, discussed fur-
ther in Section 3.3, was experimentally measured and a constant injec-
tion flow rate over the duration was modeled. Table 1 shows the typical
input parameters used for CONVERGE reacting simulations.

Chemical reactions are modeled directly using the SAGE detailed
chemistry solver [41], which reads the chemical kinetic mechanism

Fig. 3. Full AFIDA 3D geometry illustrating the simulated one-seventh area slice (left side)
and the initial computational mesh with fixed near-nozzle embedding (right side).

Table 1
Parameters used for CONVERGE AFIDA simulations.

Fuel n-heptane and iso-octane
Nozzle diameter 0.14 mm

Fuel mass injected 0.117 g

Injection duration 4 ms

Fuel temperature 363 K

Nozzle umbrella angle 79°

Nozzle embedding grid size 0.125 mm

Ambient temperature 973-648 K

Ambient pressure
Ambient composition

10-20 bar (gauge)
Air (20.9% molar volume O,, balance Nj)
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in CHEMKIN format. A reduced PRF mechanism with 127 species [42]
derived from the Co-Optimization of Fuels & Engines (Co-Optima) de-
tailed mechanism [43] was used for iso-octane and n-heptane 0D and
3D CFD simulations. Adaptive zoning was employed to accelerate the
chemistry calculations.

3. Results and discussion
3.1. AFIDA temperature and volume characterization

To characterize temperature stratification within the combustion
chamber, a 1/8-inch type K thermocouple was inserted through an ex-
haust port and temperatures from top to bottom were measured at 11
locations along the z-axis, as shown in Fig. 3, and at 9 locations along
two other outer radial positions, as illustrated in Fig. A.1. This was done
for AFIDA specified “test temperature” conditions ranging from 998 to
673 K in 50-K increments at 10 and 20 bar, measuring temperature im-
mediately before injection occurs. These data points, along with wall
temperature measurements taken from two type-K thermocouples pre-
sent in the CVCC (seated within the chamber wall), were used to build a
detailed model representing the temperature stratification present with
the chamber, shown in Fig. A.1. There is approximately 10 K of tem-
perature stratification present throughout most of the combustion cham-
ber when pressurized, less than the magnitude present at unpressurized
steady-state conditions. From this model, the average internal tempera-
ture was calculated and found to be 25 K lower than the AFIDA speci-
fied “test temperature.” Ignition delay results are plotted and modeling
is performed using the calculated average internal temperature. For ex-
ample, if the AFIDA’s test temperature was set to 998 K, the ignition de-
lay results are plotted using a temperature of 973 K, and corresponding
0D and 3D CONVERGE simulations use an input temperature of 973 K.

The moles of air present within the CVCC was measured at 5, 10, and
20-bar pressure (reported as gauge pressure throughout this document)
at room temperature by evacuating the pressurized CVCC volume into a
2.795-L vacuum-filled SUMMA canister. Pressure was recorded using a
NIST-certified pressure gauge and moles were calculated using the ideal
gas law. The total moles measured, which includes the moles of air pre-
sent in the canister along with an estimation of the moles of air left in
the CVCC chamber, were within 3%-5% of the moles predicted by the
CFD model depending on pressure, which verified model geometry accu-
racy. This procedure was also performed at 673 K and produced agree-
ment within 10%. There is some temperature uncertainty in this tech-
nique, especially when attempting to measure the volume of a high tem-
perature charge, resulting from the gas expanding into the SUMMA can-
ister while heating simultaneously occurs within the combustion cham-
ber.

3.2. Piezoelectric injector operability using gasoline-range fuels

The use of gasoline-range fuels throughout the fuel system poses
challenges not present when using diesel fuels, for which the device was
originally intended. There are very little data regarding the use of gaso-
line fuels with piezoelectric diesel injectors, and there are reasonable is-
sues to consider. Piezoelectric diesel injectors use the fuel internally as
part of the hydraulic amplification system attached to the movement of
the piezo stack, which ultimately opens the injector. In general, sealing
gasoline-range fuels within the high-pressure fuel system is more diffi-
cult than diesel fuels due to the decreased viscosity. The possibility of
cavitation caused by either fuel boiling or pump pressure differentials is
significantly higher when using fuels with much higher vapor pressures
such as gasoline-range fuels.

The addition of a lubricity additive proved to be helpful in restor-
ing well-controlled injection operation with n-heptane and iso-octane.
An evaluation was performed to determine the correct amount of lu-
bricity additive to add to iso-octane to maximize injector operability
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while minimizing the perturbation of the combustion kinetics. With-
out the use of the additive, normal injector operation was found to be
somewhat sporadic. The problems experienced included irregularities in
shot-to-shot injections, as evidenced by the measured pressure trace and
ID time, increased variability of gravimetrically measured fuel delivered
(discussed further in Section 3.3), and occasional internal leaking from
the high-pressure side of the injector to the low-pressure side. These
anomalies have origins with the control valve and nozzle module, the
two moving parts within the injector likely influenced by a lack of lu-
bricity. The lubricity additive also helped ease sticky fuel pump inlet
check valve operation issues that occasionally present in HPLC pumps.

Based on prior research using gasoline in diesel engine platforms,
Infineum R655 was considered [44]. ID times measured at ¢§ = 0.8,
823 K, 10 bar conditions for Infineum R655 blended into iso-octane at
levels ranging from 0 to 1500 parts per million by volume (ppmv) are
shown in Fig. 4, using four different ignition delay definitions discussed
further in Section 3.4. ID times clearly trend downward from O to
750 ppmv levels and stabilize at 1000-1500 ppmv levels, while the cor-
responding average peak combustion pressures shown in Fig. 5 trend
upward from O to 750 ppmv levels and stabilize at 1000-1500 ppmv
levels. As lubricity additive levels are increased, injector functional-
ity improvements both increase and stabilize fuel injection volumes,
thereby increasing global ¢ and reducing ID time, along with producing
higher peak combustion pressures. Since the lubricity additive itself is
not designed to influence fuel reactivity, the majority of the relatively
small 7% decrease in ID observed between iso-octane with no additive
and iso-octane with 1000 ppmv R655 additive is likely due to fuel deliv-
ery improvements, supported by peak combustion pressure data. Based
on this information, the doping level of 1000 ppmv R655 was used in all
fuel samples used during this study, excluding diesel fuel, which allowed
for continuous operation using n-heptane and iso-octane fuel samples
without experiencing injection functionality issues due to lubricity defi-
ciencies. This 0.1% by volume blend level is comparable to the purity
level of fuels used in the study.

3.3. Injection volume characterization

Although this study focuses primarily on a single injection duration
of 4 ms for n-heptane and iso-octane—fuels which have similar physical
properties and therefore exhibit similar injection profiles—it is interest-
ing to note how the piezoelectric injector performs for a wide variety of
liquid fuels. In addition to more extensive characterization of the fuel
volume delivered for iso-octane and n-heptane with a 4-ms duration,
the injector’s delivered fuel volume was measured for five different fu-
els over eight different injection durations by injecting fuel into a closed
tube fit tightly over the tip of the injector and weighing the collected
fuel with an analytical balance. The weight of fuel was then converted
to volume using the density of the fuel. The five fuels with different
physical properties calibrated were certification diesel fuel, iso-octane,
ethanol, toluene, and a full-boiling-range gasoline (a renewable blend-
stock for oxygentate blending (RBOB) used in the Co-Optima program)
[45]. This procedure was done twice for each data point, with the aver-
age result plotted in Fig. 6, in addition to 10 measurements done each
for iso-octane and n-heptane at 4 ms duration, which are nearly identi-
cal. The repeatability of the weight measurement was excellent, with the
RBOB gasoline fuel presenting the worst repeatability with a 2.3% mea-
sured weight difference between measurements at a 0.5-ms duration,
and most fuels presenting within 0.2% of each other. Noticeable differ-
ences in injection volumes were measured between the fuels, as iso-oc-
tane flowed at the fastest rate of 169 L per injection with a 4 ms dura-
tion while the certification diesel flowed at 143 uL per injection, likely
a result of the physical property differences (viscosity, density, and bulk
modulus) between the fuels.
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3.4. Ignition delay time definition

Ignition delay time is defined here as time elapsed between the start
of injection and the start of combustion. The start of injection is sim-

6

ple to identify from the pressure transducer data, whereas the start of
combustion has more ambiguity in its definition, although repeatable
identification is possible based on various definitions, including maxi-
mum rate of pressure rise, absolute pressure thresholds, and fractions of
peak pressure.
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Before fuel is injected into the chamber there is a very short elec-
tronic triggering delay followed by a hydraulic delay within the injector.
This total time of 0.12 ms (which includes both the electronic and hy-
draulic delay times) is extremely repeatable as long as the system is not
altered. The pressure transducer begins picking up noise at the precise
moment fuel begins to enter the combustion chamber, which defines the
start of injection.

A thermodynamic approach defines the start of ignition as coincid-
ing with the maximum apparent heat release rate, which is the rate of
heat release consistent with the observed pressure change, neglecting
heat transfer and assuming ideal gas behavior. This is measured by the
maximum slope of the pressure trace (max. dP/dt). This measure was
observed to be quite sensitive to noise in the pressure signal as well as
changes in the combustion mode. A seven-point moving average was ap-
plied to the raw pressure data to smooth it, making calculation of max.
dP/dt less noisy.

Another approach commonly used with CVCCs is to define the start
of ignition where the pressure trace exceeds a specific threshold. This
simple and consistent methodology is used within various ASTM meth-
ods to correlate a measured ID time to a cetane number [4]. Under those
circumstances, however, there is typically no low-temperature heat re-
lease (LTHR) occurring due to the carefully chosen conditions under
which they are run for diesel fuels, but this is not the case for gaso-
line-range fuels, which react slower and become more well mixed before
ignition. The threshold concept has the advantages of being both sim-
ple to apply to a data set and extremely consistent. Over wide pressure
and temperature operating conditions, however, care must be taken to
choose the correct threshold to properly measure LTHR, high-tempera-
ture heat release (HTHR), or both, and a single threshold may not work
well for an experiment covering a wide pressure and temperature range.
A 5-bar pressure threshold was one ignition delay definition used in this
study to calculate ID times.

Under some conditions certain fuels may undergo two-stage ignition
involving an initial pressure rise due to LTHR, or “cool flame,” combus-
tion kinetics, which can occur well before the HTHR event [46]. Espe-

cially in these cases, it is important to distinguish between the ID time
resulting from either LTHR or HTHR. For diesel-range fuels, previous
work in CVCCs has noted that first-stage ignition produces approxi-
mately 10% of the pressure rise ultimately associated with the premixed
burn following ignition [47]. We report ignition delay based on two rel-
ative pressure thresholds at 10% and 40% of measured peak pressure for
the ignition event. This definition is robust and works well for all con-
ditions studied. For many cases, the 10% peak and 40% peak definition
produces very similar ID times since the HTHR ignition event typically
produces a very large slope. The 10% peak definition could potentially
trigger in cases where significant LTHR is present, while the 40% peak
definition will generally always pick up the HTHR ignition. The pressure
recovery point and maximum pressure drop are also recorded as part of
an algorithm developed to process AFIDA pressure data quickly.

Table 2 shows a comparison of the various ID definitions and how
they apply to an iso-octane 20-bar temperature sweep from 973 to 648 K
average internal temperature where ¢ varies from 0.6 to 0.4, while a plot
of this data is found in Fig. A.2. Here, all ID definitions produce very
similar results except in the low-temperature areas, where the 10% peak
definition picks up the LTHR pressure increase and the others do not.
Fig. 7 graphically illustrates the difference in all previously discussed ID
time definitions with an example of iso-octane ignition at 20 bar, 648 K,
¢ = 0.4 conditions.

3.5. Mixture stratification characterization

Characterizing the spray physics and mixing associated with these
experiments is critical to understanding the fuel/air ratio stratification
and facilitating identification of a timescale over which the physical ef-
fects such as spray injection, evaporation, and diffusion are large in-
fluences on overall ID time compared to the chemical kinetics. For ob-
served IDs significantly longer than the period over which local fuel/
air ratio stratification dissipates, chemical kinetic pathways are expected
to dominate. A CFD simulation of the mixing process (with chem-
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Table 2
Ignition delay time comparisons of iso-octane 20-bar data.

Fuel xxx (XXxXX) XXX-XXX

AFIDA average internal temperature (K) Temperature (1000/K) Global ¢ ID (max. dP/dt) ID (5-bar threshold) (ms) ID (40% peak) (ms) ID (10% peak) (ms)
973 1.03 0.61 14.2 139 14.1 13.7
948 1.05 0.59 17.9 17.2 17.8 16.8
923 1.08 0.58 23.8 21.9 22.7 21.5
898 1.11 0.56 30.6 29.8 30.2 29.4
873 1.15 0.55 35.2 34.7 35.1 34.3
848 1.18 0.53 37.4 36.7 37.0 36.3
823 1.22 0.52 37.5 37.0 37.3 36.6
798 1.25 0.50 37.0 36.4 37.0 35.9
773 1.29 0.48 36.1 35.0 35.9 34.3
748 1.34 0.47 35.9 33.7 35.0 32.7
723 1.38 0.45 35.5 34.0 35.6 32.5
698 1.43 0.44 44.4 41.9 44.0 38.4
673 1.49 0.42 59.3 55.6 58.4 40.7
648 1.54 0.41 95.4 85.4 94.2 68.1
40 - - 12
Peak pressure = 36.2 bar above initial
35 - :
10
Ignition delay for (max. dF/dt) definition = 95.4ms ~__
30 -
—Avg. pressure trace for iso-octane 20 bar, 648 K
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- Ignition delay for 40% peak definition = 94.2 ms o
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2 Ignition delay for 5-bar threshold definition = 85.4 ms =
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Ignition delay for 10% peak definition = 68.1 ms
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Fig. 7. Ignition delay definition comparison for iso-octane at 20 bar, 648 K test temperature, § = 0.4.

istry deactivated) is used to study the physics of the injection event.
Fig. 8 shows the simulated fuel/air ratio stratification for an injection
of iso-octane at 10 bar and 973 K test temperature within the device at
1, 3, 5, 10, 30, and 50-ms timesteps. The total amount of fuel injected
in the simulation was 0.169 mL over a 4-ms duration. Large local fuel/
air ratio stratification exists through 5 ms, but by 10 ms the only com-
pletely unmixed fuel/area is in the lower region, which houses the pres-
sure transducer. By 30 ms the concentration is quite uniform outside of
the region near the pressure transducer and difficult to distinguish from
that of 50 ms. Concentration gradients for the same conditions across
the AFIDA x-axis (see Fig. 3) are extracted in Fig. 9, where the five
lines each represent a specific time after the start of injection and show
the predicted iso-octane mole fraction concentrations starting at the
center of the AFIDA and proceeding radially towards the outer bound-
ary. Simulations at 10 bar, 673 K and 20 bar, 798 K conditions yielded
similar results, as shown in Figs. A.3 and A.4. This analysis sug-
gests that the AFIDA becomes very well mixed by 30 ms after injection,

8

and the physical effects of spray evaporation and mixing are not ex-
pected to be very influential from this point on.

3.6. Experimental uncertainty analysis

The key parameters to understand for this experimental setup are
pressure, temperature stratification within the combustion chamber, §,
and the definition of ignition delay time. Each of these parameters has
been experimentally characterized and examined, and all experimental
data reported show error bars which are set at 95% confidence intervals
based on a summation of both the experimental error of ignition delay
measurement of twelve individual injections and all of the possible error
within the initial conditions resulting from fuel delivery and measure-
ment (temperature/pressure) uncertainty.

The liquid-cooled Kistler 6041B pressure transducer has specifica-
tions of 0.3% full-scale linearity on 250 bar, thus absolute accuracy
falls within +0.75 bar for any given reading. This error is associ-
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Fig. 8. Nonreacting CFD simulation showing iso-octane mole fraction present in the AFIDA for ¢ = 1.2, T = 973 K, and P = 10 bar.
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Fig. 9. Simulated iso-octane mole fraction concentration starting from the center (X = 0)
and moving radially outward on the AFIDA’s x-axis (see Fig. 3) for § = 1.2, 973 K, 10 bar
conditions with a 4 ms, 0.169-mL injection, centered on the y and z axes.
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ated with initial pressure conditions and pressure rise measurements.
Global fuel/air ratio is calculated from the amount of fuel and moles of
air present in the combustion chamber. As expected, the piezoelectric
diesel injector produces extremely repeatable injection volumes, which
were experimentally measured, with injection-to-injection measurement
variances gravimetrically measured to be 0.169 mL with a standard de-
viation of less than 0.0004 mL for iso-octane with a 4.0-ms injection
duration. The calculation of moles of air present is based on the vol-
ume and average internal temperature within the combustion chamber.
Volume is calculated from the mesh, created from ASG Analytik-Ser-
vice Gesellschaft mbH-supplied engineering drawings. The moles of air
within the combustion chamber is calculated using a CFD model based
on temperature measurements taken within the combustion chamber
at various locations. Temperature measurements taken using standard
class 2, type K thermocouple have accuracy within +2.2 °C or 0.75%
(of the reading in °C), whichever is greater. An estimation of the mod-
eling error is not included here but the maximum thermocouple error
for the measurements recorded from which the model is built was con-
sidered. The maximum error associated with initial moles of air and
fuel was used to calculate the maximum error in global fuel/air ra-
tio. The OD Cantera batch reactor model was then used to estimate
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the maximum error of the ID time as a function of maximum tempera-
ture error, initial pressure error, and maximum global ¢ error. Once this
error was generated, the 95% confidence experimental uncertainty was
calculated based on the experimental standard deviation and applied to
the maximum and minimum ID limits found using the 0D maximum er-
ror results. Table A.1 shows an example of how error bars were gener-
ated for two specific data points.

3.7. High-reactivity fuel: n-heptane results

Experimental measurements of ignition delay time for n-heptane
were carried out at 10 and 20-bar pressures in 20.9% (molar volume)
oxygen balance nitrogen atmosphere over the temperature range of
973-648 K. For the 10-bar experiment, global ¢ values were run close
to stoichiometric (§ = 1.2 — 0.8) from highest to lowest measured tem-
peratures as injection duration was held constant. This range in global
¢ occurs if the injection duration is held constant due to ideal gas law
calculations that result in less charge air present at higher temperatures,
since pressure and volume are held constant. The data set for n-heptane
was generated using approximately 150 mL of fuel over eight hours of
unattended operation.

Figs. 10 and 11 compare experimental ID results versus numer-
ical OD and 3D CFD simulations for 10 and 20-bar experiments us-
ing the 127 species-reduced PRF Co-Optima mechanism mentioned ear-
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Fig. 10. Arrhenius plot showing experimental vs. numerical ignition delay results for
10-bar n-heptane over the temperature range (973-648 K) and global ¢ (1.2-0.8).
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Fig. 11. Arrhenius plot showing experimental vs. numerical ignition delay results for
20-bar n-heptane over the temperature range (973-648 K) and global ¢ (0.6-0.4).
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lier, while numerical ID prediction error quantification is shown in Fig.
12, plotting overprediction and underprediction of ID time as positive
and negative error, respectively. Each experimental data point is the av-
erage of 12 measurements, with uncertainty error bars described in Sec-
tion 3.6. 0D comparisons between the detailed and reduced PRF mech-
anisms showed no significant difference in ID time predictions or neg-
ative temperature coefficient (NTC) activity over the temperature and
pressure conditions in this study (Figs. A.5 and A.6), and consequently
the comparisons to the 0D detailed mechanism are left out for simplic-
ity. Table A.2 contains all experimental ID data and standard deviations
plotted in Figs. 10 and 11.

n-Heptane is very reactive and tests the limits of the experiment, as
ID times at the higher temperature regions are extremely short com-
pared to the injection duration of 4 ms. For the 20-bar experiment at
973 K, ignition occurs during injection, while for the 10-bar experiment,
just over 1 ms of time elapses from the end of injection to the start of ig-
nition. Maximum error between experimentally measured ID time data
vs. 0D numerical simulations for both 10 and 20-bar cases ranges from
approximately +60%, and the experiment loses the ability to capture
the full magnitude of NTC chemistry predicted from 0D simulations un-
der these conditions. A discrepancy between 0D and measured ID data
is expected due to the high level of ¢ stratification and physical mix-
ing effects, conditions present in all but the lowest temperature data
points, where the ID time is shorter than the time required for the fuel/
air mixture to become homogeneous. For both 10 and 20-bar cases, the
0D model becomes more accurate at predicting ID time for the lower
temperature experiments as the ID time increases. A noticeable level of
NTC chemistry still presents in the experimental 10-bar n-heptane data,
indicating important fuel combustion chemistry can still be observed
in the ID times even while significant physical mixing effects are still
occurring. This is a substantial improvement over previously reported
similar IQT-based n-heptane autoignition experiments, where n-heptane
NTC activity could not be observed at pressures above 2 bar at similar
global ¢ [20]. The AFIDA’s symmetrical geometry and higher fuel injec-
tion pressure leads to faster fuel/air mixing and increased observation of
fuel chemistry effects on autoignition chemistry at shorter ID times ver-
sus IQT-based experiments. For the 20-bar case, where the magnitude of
NTC activity is expected to decrease, all NTC experimental observation
disappears.

The CFD model of the AFIDA captures the ignition delay times well
in both cases, where total ignition delay time overlaps with the mixing
timescale. The improvement relative to the 0D model is evident in both
the absolute ID time prediction as well as the reduced magnitude of NTC
chemistry effect and temperature shift. Throughout the entire temper-
ature region explored for both 10 and 20-bar n-heptane data, the re-
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Fig. 12. Numerical n-heptane ignition delay time prediction percent error over tempera-
ture (negative error corresponds to underprediction of ID time).

Pursuant to the DOE Public Access Plan, this document réopresents the authors' peer-reviewed, accepted manuscript.
The published version of the article is available from the relevant publisher.



J. Luecke et al.

duced kinetic mechanism only shows a maximum error of +10% to
—30% in predicting the ignition delay, although error continues to in-
crease at the lowest temperatures, indicating an opportunity to fine-tune
the mechanism in these regions. Typical kinetic mechanism validation
tools such as shock tubes and rapid compression machines do not oper-
ate at the lowest temperature regions used in these CVCC experiments,
making it reasonable to find slightly more deviation there, where vali-
dation has likely not occurred. Experimental results are expected to be-
come closer to 0D reactor predictions as temperature decreases and ID
time lengthens, which is observed in the data plots for the lowest three
temperatures.

These results indicate very good accuracy in the AFIDA CFD model,
underscore the accuracy of the Co-Optima reduced kinetic model for
n-heptane, and demonstrate the utility of the AFIDA to validate kinetic
mechanisms for very fast-reacting fuels reasonably well using OD ap-
proximation under mixing stratified conditions, although the use of CFD
is required for more accurate comparisons in this case, especially as re-
lated to NTC activity.

3.8. Low-reactivity fuel: iso-octane results

Experimental measurements of ID time for iso-octane under the same
pressures, temperatures, and stoichiometry used for n-heptane are pre-
sented along with the corresponding simulations in Figs. 13 and 14,
while a chart quantifying numerical ID prediction error is shown in Fig.
15. This includes 10-bar (¢ = 1.2 — 0.8) and 20-bar (§ = 0.6 — 0.4) ex-
periments using 20.9% oxygen balance nitrogen atmosphere over the
test temperature range of 973-648 K. Table A.3 contains all experimen-
tal ID data values and standard deviations that have been plotted in
Figs. 13 and 14.

As with the n-heptane results, a large discrepancy (—-75%) in 0D ID
times versus experimental occurs at the highest temperatures. Again,
this is as expected due to large ¢ stratification found within the com-
bustion chamber at those conditions that is not accounted for in the
0D model. The ID prediction error for OD versus experimental decreases
as the ID time increases, and for ID times over 50 ms for both 10 and
20-bar data, error floats between *+25%, except for the lowest tempera-
tures, where error continues to increase, illustrating an area of possible
mechanism improvement. For fuels exhibiting longer ID times such as
iso-octane, a 0D modeling comparison versus experimental data is a rea-
sonable check on mechanism accuracy.

The CFD model can accurately account for the physical effects and
captures the ID in the high temperature region to within around 10%
absolute error for both pressure cases. Once the ID times become long
enough, the ID times predicted by the CFD model approach the 0D re-
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Fig. 13. Arrhenius plot showing experimental versus numerical ignition delay results for
10-bar iso-octane over the temperature range (973-648 K) and global ¢ (1.2-0.8).
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Fig. 14. Arrhenius plot showing experimental versus numerical ignition delay results for
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Fig. 15. Numerical iso-octane ignition delay time prediction percent error over tempera-
ture (negative error corresponds to underprediction of ID time).

sult. The 10-bar case takes a slightly longer time for the OD and CFD
to converge (around 60 ms), compared to the 20-bar case where the re-
sults are similar for IDs over 30 ms. This may be due to increased injec-
tion turbulence and mixing present in the 20-bar case. For the 10-bar
case, the CFD does correctly shift the temperature location for NTC on-
set to slightly higher temperatures, which the OD model misses. For the
10-bar condition, both 0D and CFD models predict slightly longer igni-
tion delays (20%-40%) throughout the NTC chemistry areas than is seen
experimentally. There is larger disagreement between 3D modeling and
experimental data in the iso-octane 20-bar case compared to the 10-bar
case. The most significant deviation begins around the area where NTC
chemistry begins, where both the 0D and 3D CFD simulations markedly
underpredict the level of NTC chemistry magnitude here and miss the
extent of temperature space affected by NTC activity compared to the
experiment. ID times here are between 30 and 40 ms, where the sys-
tem is quite homogeneous. This suggests an opportunity to improve the
Co-Optima detailed mechanism and corresponding reduced PRF mecha-
nism within the NTC chemistry region over these pressure, temperature,
and ¢ conditions.

4. Conclusion
NREL’s newest CVCC, the AFIDA, is characterized in concert with

complementary modeling to evaluate its potential to be used as a plat-
form for validating chemical kinetic mechanisms for liquid fuels. Con-
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ditions studied include 14 different nominal test temperatures ranging
from 973 to 648 K and pressures of 10 and 20 bar. Temperature unifor-
mity was characterized experimentally by measuring wall temperatures
and three radial positions with 10 axial measurements between the top
and bottom. The injection volume delivered over various injection du-
rations for the piezoelectric diesel injector was measured for four dif-
ferent gasoline-range fuels and a certification diesel fuel. This informa-
tion, combined with very accurate pressure control using a high-fidelity
pressure transducer, produced a well-controlled and characterized ex-
periment for measuring a fuel’s autoignition delay time in the AFIDA. A
lubricity additive is useful at the level of 1000 ppmv to improve gaso-
line-range fuel performance of the piezoelectric diesel injector, with neg-
ligible impact on the measured ID.

Four different ID definitions were calculated from the AFIDA pres-
sure data to determine differences introduced by the various techniques.
A thermodynamic approach called max. dP/dt defines the start of com-
bustion at the point of maximum measured heat release rate. A fixed
relative pressure threshold of 5 bar was used as well. Neither of these
approaches is universally applicable to the many pressure and temper-
ature conditions that can sometimes produce significant LTHR profiles,
whereas relative pressure measurements based on 10% and 40% of max-
imum pressure worked well at discerning LTHR and HTHR, respectively,
at various pressure and temperature conditions.

A homogeneous model of the processes based on a Cantera batch
reactor model, along with both detailed and reduced PRF mechanisms,
resulted in reasonable agreement for ignition delay times >30 ms for
iso-octane across 10-bar (¢ = 1.2 — 0.8) and 20-bar (§ = 0.6 — 0.4)
973-648 K conditions. These delays correspond to conditions where the
total ID is larger than the mixing timescale to achieve a homogeneous
mixture within the AFIDA, estimated by a nonreacting CFD simulation
of the injection process. There is significantly more error in the predic-
tion from a homogenous model as ID times shorten, consistent with sig-
nificant local air/fuel ratio stratification existing at time intervals closer
to injection. In this regime, the physical influence of the spray injection,
evaporation, and fuel/air mixing have a significant impact on ID time.

A CFD model of the AFIDA using CONVERGE software addresses
the shortcomings of the homogeneous approximation by including spray
physics and diffusion processes, as well as the chemical kinetics. CFD
predictions of the ID using this model and a one-seventh simplified sym-
metry slice of the AFIDA geometry were within 25% of experimental
ID measurements for most conditions. Experimental iso-octane ID time
data over the NTC region indicate a larger magnitude of NTC activity
compared to what the detailed and reduced PRF kinetic mechanisms
predict, suggesting an area of opportunity to fine-tune the mechanism.
From these data, informed decisions can be made on modeling require-
ments necessary for achieving desired accuracy of numerical ID predic-
tions for a wide range of fuels exhibiting various experimental ID times
within the device.

Using the AFIDA, small fuel volumes (150 mL) can be used to gen-
erate large quantities of autoignition delay data in hours for liquid fuels
over wide temperature and pressure space but are limited to lean con-
ditions for pressures >10 bar. 0D analysis of chemical kinetic mecha-
nisms can be performed quickly as an initial indication of chemical ki-
netic model performance, which is especially useful at conditions that
lead to ID times >30 ms. Chemical kinetic mechanisms can be evalu-
ated more thoroughly over all pressure and temperature conditions us-
ing the CFD model, which captures the coupling between mixing physics
and chemical kinetics throughout the experiment. The adaptation of the
AFIDA as a flexible CVCC research platform strengthens the capability
in the combustion research community for quickly evaluating chemical
kinetic mechanism accuracy and evaluating fuel combustion quality for
liquid fuels, including complex gasoline- and diesel-range blends.
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