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Abstract

Turbulent Jet Ignition is an advanced pre-chamber ignition enhancement technique for
spark ignition engines that uses a discharging jet of hot combusting gases to initiate main
chamber combustion. The jet acts as a distributed ignition source, leading to fast burn rates and
increased combustion stability. Experiments were performed in an optically accessible rapid
compression machine using liquid iso-octane to study the effects of auxiliary fuel injection and
ignition distribution due to nozzle geometry. A custom low-flow fuel injector was used to
overcome previous limitations of using liquid fuel in the pre-chamber. Jet induced autoignition
behavior was also studied in depth by considering high-speed images, pressure traces, and

pressure derivative data.

1. Introduction

Major initiatives are underway in the United States to improve combustion efficiency, reduce
emissions and enhance energy security by decreasing reliance on foreign energy sources.
Extensive research on advanced ignition engines that operate lean or highly diluted through low
temperature combustion (LTC) is currently of interest as this provides a means to reduce NOx
emissions while maintaining fuel efficiency [1-5]. However, the combustion of lean and highly
dilute mixtures is challenging to implement since as the mixture becomes increasing lean, the
burning speed becomes much slower and combustion starts to become unstable [6]. In this case,
ignition enhancement allows for faster burning rates and increased stability either by increasing
the ignition energy supplied, and/or distributing the ignition source over many ignition sites [6-
8]. Turbulent jet ignition (TJI) is one such advanced ignition enhancement technique for spark

ignition engines, where a jet of hot combusting gases is used as the ignition source. With TJI,
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combustion is initiated in a pre-chamber by conventional spark ignition, generating a rapid
increase in temperature and pressure that force combusting gases out of the pre-chamber though
one or more small orifices. Heat and radical species are distributed throughout the discharging jet
volume, and act as the ignition source for the main chamber charge as the unburned mixture
becomes entrained. This distributed ignition effect leads to fast burn rates and increased
combustion stability [8].

The concept of jet ignition was first introduced in the late 1950’s in the Soviet Union
under the direction of Nikolai Semenov, who is famous for his contributions to chain reaction
theory [9, 10]. Lev Gussak was one of the researchers working with Semenov to develop the
first jet ignition engine. They gave the ignition concept the name LAG (Lavinaia Aktivatsia
Gorenia) which translates to “Avalanche Activated Combustion” [8-13]. LAG is essentially a
divided-chamber stratified-charge ignition concept that uses a chemically reacting jet of fuel-rich
combustion products to initiate combustion in ultra-lean mixtures. The advantages to this
combustion process include limiting the occurrence of engine knock, reducing the required fuel
octane number, increasing combustion stability for lean mixtures, lowering specific fuel
consumption, and decreased formation of pollutants [11]. In the pioneering experimental work
on the LAG process performed by Gussak in a pre-chamber engine [11, 12], a rich mixture
(A=0.5) was delivered to the pre-chamber via a cam actuated injector, and a lean mixture of
A=2.0 was able to be ignited within the cylinder. A is defined as the air-fuel equivalence ratio, or
relative air-fuel ratio. Through extensive experiments, Gussak found that a pre-chamber volume
2-3% of the clearance volume and a total orifice area of 0.03-0.04 cm? per 1 cm? of pre-chamber

volume optimized the LAG process.
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Later, Oppenheim et al. [14-16] at the University of California, Berkeley developed a
similar ignition concept termed Jet Plume Injection and Combustion (JPIC). The JPIC igniter is
essentially a miniaturized version of the valve-operated LAG combustion system that can be
installed into an engine similar to a direct injector [8, 15]. Ultra-lean mixtures of A=2.22 could
be ignited by JPIC, while the lean limit for spark ignition was determined to be A=1.53. For
nozzle diameters of 2.5 mm, 4 mm, and 6 mm, combustion performance was evaluated based on
parameters of the pressure traces such as maximum pressure, and the slope of the pressure
curves. Murase and Hanada [17-19], also performed extensive research on the JPIC ignition
concept. In one study [19], jet ignition was used as a trigger to control the start of Homogenous
Charge Compression Ignition (HCCI), with direct visualization of the jet discharging and
Initiating combustion.

In the 1990’s, at the University of Melbourne, Watson et al. [20-22] developed a pre-
chamber ignition concept named Hydrogen Assisted Jet Ignition (HAJI). HAJI is similar to the
other pre-chamber jet ignition concepts mentioned in this paper; the hardware consists of a small
pre-chamber and orifices, spark plug, and pre-chamber direct injector. As the name suggests,
hydrogen is used as the pre-chamber fuel. Toulson et al. performed a study of the HAJI system
in a single cylinder research engine with Liquefied Petroleum Gas (LPG) as an alternative pre-
chamber fuel, with the LPG having a composition of 95% propane and 5% butane [21]. Main
chamber fuels tested were both LPG and gasoline. In this study, the experimental lean limit was
defined to be when the coefficient of variation of the indicated mean effective pressure exceeded
10%. As a baseline, spark ignition was determined to have a lean limit of 1.25. Using hydrogen
as the pre-chamber fuel was shown to extend the lean limit the furthest to A=2.6 with gasoline as

the main-chamber fuel and A=2.5 for the case when LPG was used as the main-chamber fuel.
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Using LPG as the pre-chamber fuel also showed a significant extension of the lean limit to
A=2.35 for both LPG and gasoline as main chamber fuels. Analysis of the exhaust indicated that
when LPG was used as the main-chamber fuel, the NOx emissions were reduced. Furthermore,
mass burn rate calculations derived from the pressure traces showed the effect of the different
pre-chamber and main chamber fuel combinations.

TJ1 is a further refinement of the jet ignition concept for direct application to standard
spark ignition engines. Attard et al. performed extensive engine studies of TJI [23-29], including
a visualization study of TJI in a single cylinder optical engine using natural gas at several air to
fuel ratios and engine speeds [30], as well as demonstrating successfully that vaporized gasoline
is a viable pre-chamber fuel [28].

The work of previous authors includes testing various pre-chamber fuels and fueling
strategies. Using a single fuel source in an engine is preferable, with a liquid gasoline system
being the most convenient to implement into existing spark ignition engines that already operate
using liquid gasoline as the primary fuel. However, liquid gasoline pre-chamber fueling systems
in the literature exhibit diminished performance due to poor mixture preparation caused by
limitations of the injector hardware [25].

When using different fuels, the physics that occur during jet ignition may change due to
changes in the thermochemistry. For instance, Murase and Hanada studied jet ignition using n-
butane mixtures in a rapid compression machine and found that jet ignition triggered autoignition
of the mixtures [19]. By analyzing the pressure traces and rate of pressure rise, along with high-
speed imaging, the effect of nozzle diameter and ignition timing were investigated. Two different
single orifice nozzles were used with diameters of 2.5 mm and 4.0 mm, and the jet behavior was

found to change with the orifice geometry and stoichiometric conditions [19].
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In the current work a TJI system incorporating a custom “low flow” pre-chamber fuel
injector was used to overcome the limitations of using liquid fuel as the pre-chamber fuel.
Experiments were performed in an optically accessible rapid compression machine in order to
characterize the TJI performance with varying nozzle geometry and proportion of auxiliary
injected mass using iso-octane. The nozzles were chosen to have a single orifice and dual orifice
geometry with equivalent cross-sectional flow area to study the effects of ignition distribution. In
the experiments, it was discovered that the jets were inducing autoignition of the unburned
mixture similar to what was observed by Murase and Hanada in their study [19]. In the literature,
autoignition is not a well-studied problem with respect to jet ignition. Therefore, the TJI induced
autoignition is investigated in detail by analyzing the high-speed images and derivatives of the

pressure curves.

2. Experimental Set-up

The Rapid Compression Machine (RCM) used for the experiments is shown in Figure 1.
The RCM operates using three pistons (combustion, hydraulic, and pneumatic) coupled together
with two shafts such that any motion from one of the pistons is transferred to the others. During
operation, high-pressure oil in the hydraulic reservoir provides a holding force for the system,
while pressurized air acting on the pneumatic piston serves as the driving force. When triggered,
a solenoid valve vents the high-pressure oil in the hydraulic reservoir. No longer restrained, the
piston system is driven forward until the hydraulic piston reaches the end of the reservoir where
it is stopped due to mechanical interference. By introducing shims in the back flange of the
hydraulic chamber, the stroke length may be adjusted, which allows the RCM compression ratio

to be variable.
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Figure 1. RCM illustration showing the location of the TJI igniter with the piston at BDC

The motion of the RCM piston compresses the charge of fuel and air in the combustion
cylinder to an elevated temperature and pressure suitable for combustion, which occurs at
constant volume when the piston has reached the end of its stroke. The RCM utilizes a single
stroke, and the piston remains at the Top Dead Center (TDC) position until it is returned to the
starting position after the test. Figure 2 shows a view of the RCM optical head and TJI Igniter
when the piston has reached TDC.

Figure 2 shows an illustration of the TJI igniter installed on the top of the RCM optical
head. A Kistler spark plug with incorporated pressure sensor threads into the pre-chamber
adapter, and there are two ports in the pre-chamber adapter body for fuel injectors to be installed.
To complete the pre-chamber assembly, a nozzle with the desired geometry (with one or more
orifices) is threaded into the bottom of the pre-chamber. When these components are assembled
together, the pre-chamber geometry is defined, with the main chamber connected to the pre-

chamber via the nozzle orifices.
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Figure 2. Illustration of the RCM Optical and TJI igniter used, with the RCM piston at TDC.

The RCM optical head and cylinder are pre-heated using band heaters, which are
controlled by a LabVIEW program. LabVIEW is also used for signal generation (ignition coil
dwell signal, fuel and air injection pulses) and data acquisition (control signals, pre-chamber
pressure, and main chamber pressure).

Prior to performing a test the combustion chamber is evacuated of all gasses using a
vacuum pump through a small port at the bottom of the combustion cylinder. To prepare the
initial charge of fuel and air, gasoline is pulsed through the pre-chamber fuel injector into the
evacuated cylinder. Since the cylinder pressure is below the vapor pressure of the fuel, the fuel is
vaporized and occupies the entire combustion chamber volume (main chamber and pre-
chamber).

An absolute pressure transducer is installed onto a small manifold that is connected to the
inlet port that allows the cylinder pressure to be measured, thus providing the partial pressure of

the gasoline. For the chosen stoichiometry, the partial pressure of air can then be calculated and
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introduced to the cylinder via the inlet port by using a metering valve connected to a compressed
gas cylinder. After the addition of air, the inlet valve is closed and the hydraulic reservoir is
pressurized, followed by pressurization of the pneumatic piston. Upon triggering, a solenoid
valve is actuated and the high pressure in the hydraulic reservoir vents, which allows the
pneumatic piston to drive the coupled piston assembly forward, starting the piston motion. For
auxiliary fueled cases, fuel is injected into the pre-chamber early in the compression stroke. The
global (initial charge + auxiliary fuel) air-fuel equivalence ratio for the experiments here was
held constant at 3.0. The typical mixture preparation time was approximately 3 minutes, which
was determined to be an adequate time for pre-mixing. Experiments were performed for 3, 5, 10,
and 20 minutes of pre-mixing time, with no discernable difference in the pressure traces or
optical images.

Table 1 provides the different injector pulse widths used and the corresponding
stoichiometric conditions. The pre-chamber A is estimated by assuming that no fuel or air is
displaced into the main chamber during the fuel injection event, since injection occurs during the
compression stroke and fluid motion should be into the pre-chamber. The mass fraction m;is also

given, which is the ratio of the injected fuel mass to the total mass.

Table 1. Testing conditions for different auxiliary fuel injection pulse widths

7\4 main }\ pre-

PW (ms) A global
chamber chamber

0.00 3.0 3.0 3.0 0.0 %

m;

0.50 3.0 3.02 2.60 0.7 %
0.75 3.0 3.15 1.25 6.6 %
1.00 3.0 3.30 1.06 8.6 %
1.25 3.0 3.35 093 107 %

10
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The entire bore of the RCM cylinder is optically accessible through a 50.75 mm sapphire

window. A Photron SA4 high-speed color camera equipped with a Nikon 50 mm /1.2 objective

lens is used to perform combustion visualization. An overview of the experimental setup can be

found in Table 2. Further details regarding the experimental setup can be found in [31, 32].

Table 2. Overview of RCM experimental set-up

Cylinder Wall Temperature
Compression Ratio used
Cylinder Capacity

Clearance Volume

Piston Stroke Length
Cylinder Bore

Compressed pressures at TDC
Main chamber fuel used

Auxiliary fuel
Auxiliary fuel injector

TJI pre-chamber volume
Nozzle Orifice Diameters
Orifice length

Electrical Ignition System
Power Supply Voltage

Ignition Coil Dwell Time

Spark Plug and Pre-Chamber
Pressure Sensor

Main chamber pressure sensor
High Speed Camera

Objective lens

120° C
11.2
564.4 cm®
50.63 cm®
254 mm
50.5 mm
2000 kPa
Iso-octane

Iso-octane

Bosch Direct Injector
(proprietary “low flow” design)

2.51 cm?

D=2x 2.26 mm, D=1x 3.16 mm
3.0 mm

Conventional inductive discharge
13.5V

5 ms

Kistler Type: 6117BFD17

Kistler Type: 6125C
Photron SA4
Nikon 50 mm /1.2

11
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3. Results and Discussion

Experiments were performed to determine the effect of varying the amount of auxiliary
fuel mass and nozzle geometry. The single orifice and dual orifice nozzle were designed to have
nearly equivalent cross sectional area, with dimensions of D=1x 3.16 mm and D=2x 2.26 mm,
respectively, with slight differences in the area due to selecting the nearest drill size during
machining. As a baseline, tests were first performed with no auxiliary fueling. For the auxiliary
fueled cases injector pulse widths 0.5 ms, 0.75 ms, 1.0 ms, and 1.25 ms were used,
corresponding to increasing quantities of injected mass. The global air-fuel equivalence ratio is
kept constant at A=3, thus for increasing amounts of auxiliary fuel mass, less fuel is present in the
initial mixture in order to keep the total amount constant. Each experiment was performed five
times to obtain some idea of the combustion stability and variability of the data. The
experimental pressure traces for both nozzle geometries are shown in Figure 3, with the dual

orifice results presented on the left, and the single orifice results on the right.

40 — PW= 1.25 No auxiliary injection 40 — PW= 1.25 ms No auxiliary injection
g 3w PWEIO 8 35 Pw=10ms
2 5 S 30
§ PW=0.5 5 T PW=05ms
O 25 Q 25
o Auxiliary fuel = Auxiliary fuel

20 — injection . 20 H injection o

" pulse ‘ ‘Ignition coil dwell signal e pulse H [ ]Ignition coil dwell signal

T I I I T I T I T I I I I I T I
-30 -15 0 15 30 45 60 75 -30 -15 0 15 30 45 60 75
time (ms) time (ms)

Figure 3: Experimental pressure traces for dual orifice (left) and single orifice (right) nozzle geometries

The timing of the auxiliary fuel injection event was set to be early in the compression

stroke, about 10 ms before the end of compression and was held constant for each test.

12
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Likewise, the spark timing was also constant for each test and occurred 7 ms after TDC (the
spark occurs on the falling edge of the ignition coil dwell signal). In the figures, the time datum
is chosen so that the time equals zero at the spark event. From the pressure traces, it can be seen
that for increasing pulse widths, i.e. higher ratios of injected fuel mass, the combustion stability
improves and the overall ignition delay is shortened. Another interesting feature that is apparent
is that the two nozzles appear to produce different pressure profiles at the various pulse width
conditions. Differences include the amount of variation in the curves, as well as differences in
the general shape of the curves with inflection points occurring at different locations.
To compare between the two different orifice geometries used, the average of the five

experimental curves for each auxiliary fueled condition and nozzle are plotted together in

Figure 4.

40 dual orifice

- - - - single orifice

35 —

-
-
=~

PW=1.25ms

30 PW=1.0 ms

Pressure (bar)

25 —

20 —

Ignition Coil
Dwell Signal

[ I I I
-10 0 10 20

Time (ms)
Figure 4: Average experimental pressure traces for dual orifice and single orifice nozzle geometries
In general, the pressure traces for the dual orifice tests precede the single orifice cases.
With the exception of the 0.75 ms case, the pressure curves for both nozzles appear to match
during the initial pressure rise, and then begin to deviate from each other. This implies that for

the higher auxiliary injected mass, the conditions for ignition are stable and nearly the same, and
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that the differences in combustion are due to factors that occur later in the combustion process.
However, this may be a somewhat misleading result in the case of PW= 0.5 ms, as there is
considerable variation in the pressure traces, and just by chance the average pressure traces
match initially (see Figure 3).

The ignition quality and speed of combustion can be determined quantitatively from the
pressure traces by considering the duration of combustion. In previous RCM studies, the duration
of 0%-10% of the pressure rise due to the combustion has been used to characterize the ignition
stage, while the duration of 10%-90% of the pressure rise gives an indicator of how quickly the
combustion of the overall charge occurs once ignition has been initiated [31]. Figure 5 shows a
pressure diagram of a typical pressure trace, with annotations detailing the definition of these
burn durations. Initially there is a pressure rise due to the piston motion. For auxiliary fueled
cases, fuel is injected towards the beginning of the compression stroke. At the end of
compression the piston has reached TDC and remains in that position until after the test is
complete, creating a constant volume condition in the combustion chamber for the entire test.
The spark in the pre-chamber is initiated shortly after TDC, with the time datum zero

corresponding to the moment of the spark discharge event.

45 4 100%
90%
= Pressure rise > <€ duration of 10%-90%
,g 301 | due to combustion
) —> duration of 0%-10%
=]
a2 y—10% +
2 15 0%
o / Pressure rise due to ! el S
. after TDC
compression
o Ignition coil dwell signal
Auxiliary fuel ™ l€—>»
injection pulse Injection timing
before TDC
T T T T T
-20 -10 0 10 20
Time (ms)

Figure 5. Typical pressure trace showing definition of 0%-10% and 10%-90% burn duration parameters
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This produces a pressure rise strictly due to combustion, since the piston is stationary and the
combustion chamber is at constant volume. The pressure reaches a maximum, and subsequently
falls due to heat transfer to the surroundings. The pressure is then scaled so that 0% corresponds
to the pressure at the time that the spark plug fires, and 100% corresponds to the maximum
pressure achieved.

The mean 0%-10% and 10%-90% burn durations for the auxiliary fuel variation
experiments are shown in Figure 6 for both nozzles, with the error bars representing the standard

error of the mean.

w
o

55 — 3 -T—
3 B 0-10% BD, single orifice e = — ® 10-90% BD, single orifice
50 B 0-10% BD, dual orifice = ® 10-90% BD, dual orifice
7 4 3 7% 3
= - S s 3
@ 10 g 2 °
£ — £ =
= 7 E = 10 4 ; i
5 3 3 L] i i
3 * - . °
0 — 0
| | | | | | | | |
0 0.5 0.75 1.0 1.25 0 0.5 0.75 1.0 1.25
Pulse Width (ms) Pulse Width (ms)

Figure 6. 0%-10% burn durations (left) and 10%-90% burn durations (right)

It can be seen that the 0%-10% burn duration for the non-auxiliary fueled case is much
longer compared to the auxiliary fueled cases. The relatively large error bars also demonstrate
the variability in the pressure traces as seen in Figure 3. These results indicate poor ignition
quality due to the very lean mixture in the vicinity of the spark plug. For the non-auxiliary
fueled case and for a pulse width of 0.5 ms, the single orifice has a faster 0%-10% burn duration
than the dual orifice nozzle, while for pulse widths of 0.75 ms, the dual orifice nozzle has a faster
0%-10% burn duration. For pulse widths of 1.0 ms and 1.25 ms, the burn durations are the

shortest and nearly identical for the two different orifices.
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These results can be further interpreted by considering the physics that are occurring.

The jet acts as a distributed ignition source, with the combusting jet either being channeled
through a single orifice or being channeled through two orifices with an equivalent cross-
sectional flow area. The dual jets will have a greater surface area, increasing the volume of
colder unburned mixture that can be entrained, which decreases the bulk temperature of the jet in
addition to the convective and radiative heat transfer losses that are also associated with an
increased surface area. In addition, for the leaner cases, the adiabatic flame temperature is lower
and the minimum ignition energy is higher. For these reasons, the jet that issues from the single
orifice nozzle produces an ignition source that is more concentrated and able to reach the
minimum ignition energy threshold more easily. Once the auxiliary fuel loading is increased, the
mixture stoichiometry in the pre-chamber is closer to stoichiometric and is easily ignitable. With
a lower minimum ignition energy threshold for these cases, both the single orifice and dual
orifice jets produce ignition sources that reliably and rapidly initiate combustion in the main
chamber.

From Figure 6 it can be seen that the 10%-90% burn durations for the non-auxiliary
fueled cases are comparable to the auxiliary fueled cases, but with greater variability. Initially,
the relatively fast burn duration for these cases was surprising since the ignition quality was poor
as determined by the 0%-10% burn durations. Upon closer inspection of the pressure traces
(Figure3) and the optical Images (Figure 7), it was determined that the jet discharge was
inducing autoignition of the unburned charge in the main chamber. The mean 10%-90% burn
duration is slightly shorter for the non-auxiliary fueled case compared to the auxiliary fueled case
due to a larger proportion of the unburned charge undergoing autoignition, which increases the

heat release rate. This causes the overall combustion duration to be shorter, but with combustion
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being less stable than the auxiliary fueled cases which have a smaller amount of end gas
undergoing autoignition. This behavior is explained in more detail as the optical images are
presented and further interpreted. It is important to note that when examining the raw pressure
traces, there is no evidence of the high-frequency pressure oscillations that are associated with
knocking combustion. This is likely because the pressure rise rates are not excessively high, the
end-gas volume is small, and the overall lean conditions lead to lower temperatures and
pressures than what would occur during stoichiometric combustion.

At a pulse-width of 0.5 ms the 10%-90% burn duration is a few milliseconds slower than
the case without auxiliary fuel loading, but with dramatically improved stability apparent from
the relatively small size of the error bars. As the injector pulse width is further increased, the
10%-90% burn duration becomes shorter indicating faster combustion overall. For all cases, the
dual orifice jet results in a shorter 10%-90% burn duration due to the increase in surface area and
the volume of entrained reactants.

Figure 7 shows the optical images obtained for the two different nozzle geometries for an
auxiliary fueled condition using a 1 ms pulse width, and a non-auxiliary fueled condition for
comparison. Images were selected so that similar features are shown in each frame i.e. the first
set of images show the development of the jet, while the later frames show autoignition events.
Due to these events occurring at different times, the time steps are indicated for each image
sequence presented. The brightness and contrast for each image is enhanced using Imagel, an
image processing software available for download by the National Institutes of Health [33]. In
addition, the auxiliary fueled cases and non-auxiliary fueled cases were captured at different
frame rates. Although the luminosity intensity appears comparable for the images shown in

Figure 7, the emission of light is orders of magnitude higher for the auxiliary injected cases taken
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at the faster frame rate than for the case without auxiliary fuel injection, which was taken at the

slower frame rate.

Single orifice

PW=1.0 ms

2.6 ms 3.0 ms 5.0 ms 7.00 ms 10 ms 12 ms

Dual orifice

PW=1.0 ms

2.7 ms 3.3 ms 5.0 ms 7.2 ms 10.3 ms 12.5 ms

Single Orifice

No auxiliary fuel
injection

26.0 ms 32.0 ms 40.0 ms 45.0 ms 49.0 ms 54.0 ms

Dual orifice

No auxiliary fuel
injection

24.0 ms 26.0 ms 30.0 ms 34.0 ms 38.0 ms 44.0 ms

Figure 7. Combustion visualization of dual and single orifice TJI for non-auxiliary fueled jet ignition and jet ignition with
auxiliary fuel injection (PW=1.0 ms)

For the auxiliary fueled jet ignition cases that are presented, there is stratification of the
charge, with the pre-chamber becoming enriched and a leaner main chamber. The reacting jet
discharges quickly, with a high momentum resulting in a narrow column of fluid that penetrates
the chamber and reaches the end wall. For the jet issuing from the single orifice nozzle, a

stagnation zone is created at the bottom of the cylinder and a wall jet is formed, where the fluid
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flow is bounded by the cylinder wall and directed upwards towards the unburned mixture.
Combustion is enhanced by this fluid motion, and shortly thereafter the jet discharge event ends
followed by a slower deflagration that continues to propagate. The end gas, which is defined as
the remaining fuel and air mixture that has not been consumed, is being compressed by the flame
front. Autoignition of the end gas then occurs, where the remaining fuel-air mixture is rapidly
consumed. This is evident by the much brighter chemiluminesence of the reacting mixture
compared to the region of burned gases, where the fuel and air has already been consumed by the
jet. Furthermore, the duration of the autoignition event is very short and corresponds to the rapid
rise in pressure as seen in the pressure traces in Figure 3.

For the auxiliary fueled dual orifice jet, the shape is also narrow initially, but with this
nozzle the two jets impinge on the side of the cylinder creating a fluid motion that directs the hot
jets toward the unburned mixture at the bottom of the cylinder. When the two jets meet, they
create an opposed jet flow, enhancing mixing and entrainment of the unburned mixture.
Combustion occurs within this flow field, and a flame front propagates upward towards the
unburned charge, compressing the end gas in the process. Similar to the single orifice case, the
unburned mixture experiences autoignition with the fuel and air being consumed rapidly.
However, the location and proportion of unburned mixture that is available for autoignition is
quite different. The dual jets are able to consume more of the mixture before autoignition occurs,
with a smaller volume experiencing autoignition. This is evident in the optical images by a clear
contrast between the reacting volumes of gases exhibiting chemiluminesence, versus the burned
gasses that are not emitting as much visible light. This autoignition behavior can also be
observed in the pressure traces in Figure 4 where the slope of the pressure traces increases after

the initial ignition event.
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The ignition behavior is quite different for the non-auxiliary fueled case when there is no
stratification of the fuel-air mixture between the pre-chamber and main chamber (A=3). For the
single orifice case, a colder, slower jet of gases discharge into the main chamber, entraining
unburned fuel and air, and initiating combustion near the center of the combustion chamber for
the single orifice nozzle. Combustion occurs throughout the jet structure, and the flame starts to
propagate outward almost in a spherical manner towards the cylinder walls. The end gas near
the cylinder periphery then begins to autoignite, with most of the gases in the core of the jet
structure already converted to combustion products.

For the dual orifice non-auxiliary fueled case, the two jets that issue from the dual orifice
are also slower, and grow into two jet plumes that compress the unburned gas and induce
autoignition faster than the single orifice case. Another result seen for both non-auxiliary fueled
cases is that the jets do not penetrate into the chamber as far and do not interact with the chamber
walls before autoignition occurs due to the lower initial jet momentum.

The burn duration analysis gives a quantitative interpretation of the overall ignition and
combustion, but does not enable the timing of the actual physics that occur to be resolved. For
example, the 0-10% burn duration includes the spark discharge event, low-temperature chemical
reactions that occur but do not increase the overall pressure, flame kernel propagation and
convection within the pre-chamber, mass transfer from the pre-chamber contents being displaced
into the main-chamber, and initial jet penetration and ignition of the main chamber charge. In
the definition of the 0%-10% burn duration, the percent of the pressure rise is chosen in order to
capture the ignition processes that are occurring, with the selection being somewhat arbitrary and
not necessarily corresponding to any physics that are actually occurring. Ten percent is typical of

this type of analysis, although in the literature one and five percent of the pressure rise are also
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used [34]. Similarly, the physics that occur during the 10%-90% burn duration are not able to be
temporally resolved. These physics include flame propagation, jet impingement, and autoignition
of the unburned mixture. Thus, a more fundamental analysis is needed to study the jet ignition
process in more depth and to identify when the physics are occurring.

From Figures 3 and 4, it can be seen that there are inflection points and changes of
curvature in the pressure curves. The first, second, and third derivatives of the pressure data were
then taken to identify these points of interest. From the first derivative, it can determined if the
pressure is rising or falling by considering if the sign is positive or negative. The change in sign
of the first derivative is useful for determining when the end of compression occurs by
considering the transition from a positive dP/dt to a negative value, where the pressure is no
longer rising and is starting to fall. The same technique can be used to determine the end of
combustion when there is no longer any significant generation of pressure due to combustion and
heat transfer to the surroundings causes the pressure to decrease. Local maximums of the first
derivative are also of interest as these points indicate the maximum rate of change in pressure.
The second derivative is closely related to the curvature of the pressure trace. Finding the local
maximum of the third derivative then gives the point where the curvature is changing the fastest.
When the correct amplitude of the third derivative is chosen, it represents ignition events where
the rate of pressure rise is relatively fast such as in jet ignition and autoignition. Thus,
characteristic points such as the start of jet ignition in the main chamber, and onset of
autoignition can be identified using the derivative curves and the times that they occur can be
measured. These characteristic times with their definition and method of identification are given

in Table 3.
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Table 3. Definition of characteristic times and method of identification

Characteristic Time

Method of Identification

To: End of compression

T,: Beginning of jet ignition

T,: Max rate of pressure rise due to jet ignition
73: Onset of autoigntion
T,: Maximum rate of pressure due to autoignition

T5: End of combustion

Transition of dP/dt from positive to negative (first occurrence)

Auxiliary Fueled: local maximum amplitude of the third derivative

Non-Auxiliary Fueled: Transition of dP/dt from negative to positive

Local maximum of dP/dt

Local maximum amplitude of the third derivative

Local maximum amplitude of the first derivative

Transition of dP/dt from positive to negative (second occurrence)

Figure 8 shows a pressure trace and 1%, 2", and 3™ derivative data for an auxiliary fueled

case using PW=1.0 ms, and the dual orifice nozzle geometry. The characteristic points are

superimposed onto the original pressure curve.
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injection pulse
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Ignition coil
dwell signal
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d*P/dt® [Bar/ms®] d’P/dt* [Bar/ms?]

Time [ms]

Figure 8: Pressure trace and derivative data for the dual-orifice PW=1.0 ms auxiliary fuel case
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The start of jet ignition and autoignition are identified by finding the local maximum
amplitude of the third derivative. Local maximums of the first derivative are also identified,
which are the inflection points in the original curve. By studying the optical images, it was
determined that these points define intervals in which specific combustion events are occurring.
For example, the beginning of jet ignition in the main chamber occurs between the intervals
defined by the start of spark discharge at 0 ms, until 1., which is a local maximum in the first
derivative. During this interval, ignition occurs in the pre-chamber, and there is jet penetration
into the main chamber. A second interval associated with jet ignition can be defined from 1.
until 15, where tsidentifies the onset of autoignition. This jet ignition interval is characterized by
wall impingement, fluid motion, and flame propagation. An autoignition interval is then defined
from the onset of autoignition until the end of combustion, i.e. from s to ts. The optical images

corresponding to these intervals for figure 8 are shown in Figure 9.

Jet Ignition
interval I
Tspark = 0ms
T, =2.6ms
T, = 3.6ms

2.78 ms 3.06 ms 3.33ms 3.61 ms

Jet Ignition
interval I
T, =3.6ms
73 =9.4ms

3.89 ms 5.56 ms 7.22ms 9.44 ms

Autoignition
Interval
73 =9.4ms
74 =10.35ms
75 = 11.8 ms

9.72 ms 10.28 ms 10.83 ms 11.94 ms

Figure 9: Optical images corresponding to characteristic time intervals for
auxiliary fuel injection (dual orifice nozzle geometry, PW= 1.0 ms)
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416 For the non-auxiliary fueled cases, the fundamental shape of the curve is different. Figure
417 10 gives the pressure trace and derivative data for the dual orifice, non-auxiliary fueled case. Jet
418  ignition does not happen very quickly, and the second and third derivatives are nearly zero
419  during the jet discharge. For this reason, the first derivative was used to determine the beginning
420  of jet ignition. The transition from a negative dP/dt to a positive value after the spark discharge

421 was found to identify the start of jet ignition in the main chamber.
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424 Figure 10: Pressure trace and derivative data for the dual orifice, non-auxiliary fueled case
425
426
427 One interesting feature of the first derivative curve for this case is that the pressure rise

428  due to jet ignition does not reach a local maximum before the onset of autoignition. The pressure

429  rise due to jet ignition continues to increase until the end-gas autoignition event. Thus, only two
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distinct intervals occur, one due to jet ignition and another due to autoignition. Figure 11 shows
the optical images corresponding to these two intervals based on the pressure trace shown in
Figure 10. It can be seen that the jet development and propagation is relatively slow, without
much impingement onto the cylinder walls. A larger proportion of end gas is available to auto-

ignite in this case.

Jet Ignition
interval
Tspark = 0 ms
7, = 18.6 ms
73 = 36.5ms

29.0 ms 34.0 ms

Autoignition
Interval
73 = 36.5ms
T4 =37.8ms
75 = 42.0 ms

36.0 ms 37.0 ms 39.0 ms 53.0 ms

Figure 11: Optical images corresponding to characteristic time intervals for
auxiliary fuel injection (dual orifice nozzle geometry, PW= 1.0 ms)

For different auxiliary fueling conditions and nozzle geometry, the pressure curves have
different profiles and the characteristic points occur at different times. To compare these
differences, the times were measured and plotted versus injector pulse width for both nozzles in
Figure 12. The characteristic times are plotted using a logarithmic scale due to the large
difference in scale between non-auxiliary fueled and fueled conditions. The mean data points are
plotted and connected using a shape preserving spline, with error bands representing the standard
error of the mean.

The curves for the two different nozzles have similar time scales for the non-auxiliary
fueled case, with wider error bands for the dual orifice nozzle implying increased combustion

instability. Similar time scales for both nozzles also occur for the 1.25 ms pulse width conditions,
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with small error bars implying consistent and stable combustion. This behavior agrees with the
burn duration analysis previously discussed. Additional insight can be obtained by comparing
the 0.75 ms pulse width case for the two nozzles. At this fuel loading condition, the dual orifice
has a faster autoignition onset than the single orifice. Increasing the injector pulse width to 1.0
ms decreases the time for the onset of jet ignition for the single orifice, but does not change the
onset of autoignition very much for the dual orifice. This implies that for this condition the dual
jets have consumed most of the end gas in the path of the jet and increasing the fuel loading has

less of an effect on the jets consuming the remaining portion of unburned fuel and air.

Dual Orifice Single Orifice

Time [ms]

0 0.5 075 1.0 1.25 0 05 075 1.0 1.25

Pulse width [ms] Pulse width [ms]

Figure 12: Characteristic time measurements as function of injector pulse width.
Error bands correspond to the standard error of the mean.
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Another feature that is distinct between the two nozzle geometries is that the separation
between the 1 and 1. curves are different. 1; represents the onset of autoignition, while 1.
represents the maximum rate of pressure rise due to autoignition. The fact that the 1; and T
curves occur closer together implies that the maximum pressure rise rate due to autoignition for
the single orifice occurs much closer to the onset of autoignition, whereas the pressure rise rate

reaches a maximum later on for the dual orifice geometry.

4. Summary and Conclusions
Experiments of TJI were performed in an optically accessible rapid compression machine using
liquid iso-octane and a custom low-flow fuel injector to overcome previous limitations of using
liquid fuel in the pre-chamber. The effect of nozzle geometry and auxiliary fuel injection were
investigated. Jet induced autoignition behavior was also studied in depth by considering high-
speed images, and pressure derivative data.

It was found that the auxiliary fuel injection was critical for combustion stability. In
addition, ignition distribution via the jet being channeled through one orifice or two was
important for low-auxiliary fuel loading conditions. For non-auxiliary fueling conditions, the
single orifice, D=1x 3.16 mm nozzle had better ignition performance than the dual orifice D=2x
2.26 mm nozzle as evident by the pressure traces and 0%-10% burn durations. However, when
the mixture stoichiometry was such that it was easily ignitable in the pre-chamber, the minimum
ignition energy was reached easily and both nozzles ignited the mixture reliably. This occurred at
an injector pulse width of 0.75 ms, with best performance as the injector pulse width approached
1.25 ms. Varying the orifice geometry and stoichiometry also had an effect of the jet structure

and fluid mechanics. In particular, the volume of end-gas was different for the two nozzles and
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induced different autoignition behavior in the unburned mixture. The jet ignition and
autoignition behavior was then characterized by using the pressure derivative data.
Characteristic points and time intervals were identified, which corresponded to the physics that
occurred as could be seen in the optical images. A time interval corresponding to jet penetration,
jet impingement, and autoignition could be defined for the auxiliary fueled cases. However, only
two intervals could be identified for the non-auxiliary fueled cases, one due to jet ignition and
another due to autoignition of the unburned mixture. Increasing the injector pulse width was
found to initiate jet ignition and autoignition faster, with little variation at injector pulse widths
of 0.75, 1.00, and 1.25 ms. In summary, this paper investigated the initiation of autoignition by
TJI, with the overall combustion behavior being sensitive to the fraction of auxiliary fuel injected
into the pre-chamber. However, further efforts are needed to study hydrocarbon, NOXx, and soot

emissions for the conditions tested as this may limit the practical application in an engine.
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Definitions/Abbreviations

A Air-Fuel Equivalence Ratio

BDC Bottom Dead Center

EGR Exhaust Gas Recirculation
HCCI Homogeneous Charge Compression Ignition
JPIC Jet Plume Injection Combustion
LAG Avalanche Activated Combustion
LTC Low Temperature Combustion

m; Injected fuel mass fraction

NOx Oxides of Nitrogen
RCM Rapid Compression Machine
TDC Top Dead Center

TJI Turbulent Jet Ignition
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