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Abstract
An active pre-chamber ignition system with supplemental scavenge air, delivered via a poppet valve, has been implemen-
ted on a small-bore two-stroke engine for drone applications. The engine was operated either using the pre-chamber
ignition mode or the standard spark ignition mode by swapping the cylinder head. Multiple fuels were examined, includ-
ing pre-mixed gasoline and two kerosene-based military fuels with varying cetane ratings (30 and 50). During the pre-
chamber tests, the fueling in the crankcase was reduced and instead delivered via the pre-chamber to reduce fuel short-
circuiting. Fuel economy and emissions characteristics were assessed for both pre-chamber and traditional spark ignition
modes. The results comparing the two ignition systems operating on gasoline revealed a 39.7% decrease in specific fuel
consumption at low-speed conditions and a 30.9% decrease at cruising speed, while also reducing hydrocarbon emissions
by up to 50%. When operating on the kerosene-based fuels, the pre-chamber ignition mode yielded up to a 44.6%
decrease and 29.7% decrease in indicated specific fuel consumption at the low speed and cruising speed conditions,
respectively. These results provide a foundation for future performance mapping and optimization of air-scavenged pre-
chamber ignition systems for two-stroke applications. This study addresses a gap in the literature concerning the experi-
mental application of active pre-chamber ignition systems in small-bore two-stroke engines. The system under study
mitigates the limitations of passive concepts through active air and fuel scavenging of the pre-chamber.
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Introduction

Two-stroke engines are recognized for their relative
simplicity and power density, but have become much
less common today due to their generally high fuel con-
sumption and emissions characteristics. Despite their
drawbacks, two-stroke engines are still widely used
today in unmanned aerial systems (UAS) applications,
where weight and power density drive the choice of pro-
pulsion system. In a typical crankcase scavenged config-
uration, the charge is prepared within the crankcase
and is then introduced to the combustion chamber via
transfer ports in the cylinder liner. An exhaust port is
uncovered during the blowdown phase of the expansion

stroke to remove combustion products. Because both
the transfer port and exhaust port are open simultane-
ously, a significant fraction of the fresh charge delivered
via the transfer port is lost through the exhaust port
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during scavenging. This is referred to as short-circuiting
when the intake charge contains fuel. As much as 40%–
50% of the intake charge may pass directly out of the
exhaust port without participating in combustion.1,2

Short-circuiting can be minimized, and scavenging
improved by optimizing the exhaust geometry to yield
the desired wave dynamics and flow characteristics.
This works well over a somewhat narrow range of oper-
ating conditions, that is, engine speeds, but is difficult
to achieve across the entire operating range. Therefore,
scavenging is typically poor at low engine speeds, leav-
ing a high residual fraction within the cylinder after the
gas exchange procedure. This can lead to high cycle-to-
cycle variability, misfires, and generally poor perfor-
mance at low engine speeds.3

Direct injection has been implemented to reduce fuel
short-circuiting losses, as the fuel can be delivered late
in the scavenging process, separately from the air enter-
ing via the transfer port. Several researchers have
demonstrated very significant improvements in specific
fuel consumption and corresponding reductions in
hydrocarbon emissions.4–6 Direct injection systems are
generally classified as low-pressure direct injection
(LPDI), with injection pressure of approximately 5
bar,5 or high-pressure (HPDI, GDI), with injection
pressures ranging from about 50 to 200bar.6–8 Low-
pressure systems are less complex, although they often
yield a slight reduction in peak power compared to
crankcase injection, resulting from insufficient atomiza-
tion under high-load, high-speed conditions.4,5 High-
pressure direct injection enables very late injection with
sufficient atomization at the expense of requiring a
high-pressure fueling system, which presents unique
packaging and weight challenges with respect to small
UAV applications.

Mixture injection, where a fuel-air mixture is directly
injected into the cylinder, has been applied to two-
stroke engines to resolve the atomization issues associ-
ated with late fuel injection under low injection pres-
sure.1,8–11 Among the most successful commercial
implementations of mixture injection in two-stroke
engines is the air-assisted direct injection (AADI) sys-
tem developed by Orbital.12 An example of this system
was presented by Worth et al. for a two-stroke marine
outboard application.9 The AADI system consists of
two injectors per cylinder, including a conventional
low-pressure fuel injector and a direct in-cylinder air-
fuel mixture injector. The shearing and expansion of
the air-fuel mixture upon injection provide a very finely
atomized fuel spray at very low pressure, compared to
single-fluid systems using high-pressure direct injection.
The AADI system implemented on the Mercury
Optimax outboard marine engine used an air pressure
of 550kPa, with a fuel pressure of 620kPa.9

To simplify logistics and promote the safe transport
of fuel, the US military requires UAS power plants to
operate on kerosene-based ‘‘heavy’’ fuels (such as JP-5,
JP-8, and Jet-A1) in alignment with the ‘‘single fuel
strategy’’ proposed in 1988.13 Spark ignition (SI) of

heavy fuel is challenging due to its poor atomization
characteristics and knock propensity because of its low
octane number. The orbital AADI system has evolved
for application within the UAS industry to address the
atomization challenge with several examples success-
fully operating on heavy fuel.11 When operating on
heavy fuel, a slight reduction in peak power compared
to gasoline operation is often observed because of
knock under high-load operation.11,14,15

Increasing the ignition energy is a strategy to pro-
mote complete combustion of low-volatility fuels or
highly dilute mixtures.16–19 Pre-chamber ignition sys-
tems are one such concept, where ignition first occurs
in a small combustion volume within the cylinder head
(typically \ 15% of the clearance volume).
Combustion within the pre-chamber produces turbu-
lent ignition jets through several connecting orifices,
subsequently igniting the bulk charge in the main
chamber. Pre-chamber systems are referred to as active
if they contain a fuel injector within the pre-chamber,
and passive if the pre-chamber fuel is delivered from
the main chamber through the nozzle orifices.

Several studies have found that pre-chamber systems
can promote reliable, rapid ignition of kerosene-based
mixtures.15,20–23 Furthermore, pre-chamber systems
have been shown to suppress knocking combustion due
to the rapid burn rate, thereby reducing the time for
end-gas auto-ignition.15,21–25 For example, Cui et al.21

studied the combustion and knocking characteristics in
a four-stroke Rotax-914 piston aircraft engine fueled
with RP-3 aviation kerosene, equipped with a passive
pre-chamber and an air-assisted direct injection system.
The knock-limited IMEP could be extended by 13.9%–
31.9% over the SI ignition mode, depending on the
operating condition. Under low speed and throttled
operation, the pre-chamber exhibited slower heat
release than SI due to exhaust residuals remaining
inside the pre-chamber from the previous cycle. The
reduced turbulent kinetic energy within both chambers
under throttled conditions was determined to influence
the scavenging of exhaust residuals within the pre-
chamber. Other researchers have noted the influence of
exhaust residuals within the pre-chamber, irrespective
of the main chamber dilution rate.26 Additionally, the
authors noted overheating issues with the larger, better-
performing pre-chamber. These issues are addressed
within this study.

Wang et al. compared the combustion characteris-
tics of gasoline to RP-3 aviation kerosene in a Rotax-
914 piston engine.15 Compared to gasoline, they found
the kerosene-based fuel exhibited a long ignition delay
and 21.2% longer combustion duration. A passive pre-
chamber jet ignition (PJI) system was implemented,
which accelerated the burn duration to be equivalent to
that of gasoline operated in an SI configuration. The
effect of the PJI system compared to SI on knocking
combustion was assessed using RP-3, where a 10% to
27% increase in knock-limited IMEP using PJI was
observed at different operating conditions.

2 International J of Engine Research 00(0)



While the previously mentioned studies were carried
out on four-stroke architectures, the literature on pre-
chamber-initiated combustion in small two-stroke
engines is very limited, and nearly nonexistent for sys-
tems operating on heavy fuel. Bosi et al. compared a
passive pre-chamber ignition system to SI on a gasoline-
fueled 50 cc two-stroke engine with an LPDI injection
system.27 Two pre-chambers were tested, one with six
1mm orifices and one with six 1.5mm orifices. Both
pre-chambers significantly accelerated the burn rate and
improved the combustion stability over SI, although the
1.5mm orifice configuration offered superior perfor-
mance compared to the 1mm orifice across the operat-
ing range. Beyond 7500 rpm, stable combustion was not
achieved using either pre-chamber configuration. This
was attributed to insufficient time for fuel atomization
and transfer across the pre-chamber orifices. Bosi later
presented another performance comparison of SI versus
several different passive pre-chamber geometries at three
operating conditions in a 49.2 cc two-stroke engine.28

The optimal pre-chamber geometry was dependent on
the operating conditions, and the pre-chamber ignition
strategy yielded higher brake efficiency at mid-load,
mid-speed, and wide-open-throttle conditions. At low
speed and load, combustion was unstable using the pre-
chamber system. This was attributed to the high amount
of residual gas within the pre-chamber at this operating
condition. An external pre-chamber scavenging system,
such as an air injector, was proposed to enhance com-
bustion stability.

From these studies, it can be concluded that there
are barriers to implementing passive pre-chamber sys-
tems on small-bore two-stroke engines due to their
inability to provide reliable ignition across all operating
conditions. At low speeds and loads, insufficient
scavenging of the pre-chamber leads to unstable com-
bustion. At wide open throttle, there may be insuffi-
cient time for fuel atomization and transfer through the
passive pre-chamber orifices. Resolving these issues
would enable the implementation of pre-chamber com-
bustion systems on small two-stroke engines and the
exploitation of their benefits, particularly in terms of
power density, burn duration, and knock suppression.

This study presents the application of an active pre-
chamber ignition concept with supplemental air scaven-
ging to a small-bore two-stroke engine, addressing these
challenges. By implementing a supplemental pre-chamber
scavenging system, the exhaust residuals are effectively
purged from the pre-chamber under all operating condi-
tions. Coupling the supplemental air scavenging with an
active pre-chamber system (containing a fuel injector)
allows for precise mixture control within the pre-cham-
ber. The pre-chamber system under discussion is referred
to as Jetfire�, and is further described below.

Introduction to Jetfire�

Jetfire� is an active Turbulent Jet Ignition (TJI) system
with supplemental air scavenging. Compressed air and

fuel are delivered to the pre-chamber shortly before
ignition, enabling precise control of the mixture quality.
This level of mixture control promotes reliable ignition
where traditional TJI systems are likely to struggle,
such as under highly dilute main chamber conditions.
Compressed air is delivered through a cam-actuated
poppet valve. For the four-stroke application, a high-
pressure direct injector is located within the pre-cham-
ber. A low-pressure injector is placed upstream of the
poppet valve in the two-stroke system, as described in
more detail in the following section. An example of the
in-cylinder pre-chamber and main chamber pressure
traces from a two-stroke operating cycle is shown in
Figure 1. The small difference between the pre-chamber
and main chamber pressure is a result of the large ori-
fice area to pre-chamber volume ratio, which was cho-
sen to enable the bulk charge to be delivered through
the pre-chamber injector. Some key geometric pre-
chamber parameters are provided in Table 1.

The system has been extensively studied for four-
stroke engine applications operating with high rates of
cooled Exhaust Gas Recirculation (EGR).29–33 Intake
manifold EGR dilution rates up to 50% have been
demonstrated,29 and indicated thermal efficiencies up
to 45%. Heavy-fueled operation for two fuels with

Figure 1. In-cylinder pressure traces and pressure difference.

Table 1. Engine and pre-chamber specifications.

Parameter Value

Bore 39 mm
Displacement 33.8 cc/cylinder
Geometric compression ratio 8:1
Trapped compression ratio 5:1
Pre-chamber volume 0.67 cc
Pre-chamber orifice 6 mm 3 1.5 mm
Injection pressure 3 bar gage
Cooling method Liquid cooled
Fuel type Gasoline or heavy fuel (JP-8)
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varying cetane numbers has also been demonstrated on
a four-stroke platform.22 Given the ability to operate
reliably on heavy fuel and under high main chamber
dilution rates, the air scavenged pre-chamber system
was thought to offer several benefits for two-stroke
applications, including:

� Increased burn rate and improved combustion
stability across a range of fuels.

� Increased power density due to improved com-
bustion efficiency and the slight supercharging
effect of the pre-chamber scavenge air delivery,
especially under low to mid speed conditions.

� Reduce or eliminate short circuiting losses under
part load, cruising conditions by delivering all
fuel through the pre-chamber.

� Increase knock tolerance due to reduced burn
duration and improved control over the ignition
process, further enabling load extension or an
increased compression ratio.

A multi-fuel-capable two-stroke engine for drone
applications was modified and instrumented to test
these hypotheses. The test bench will now be described
in further detail.

Experimental setup

A Cobra Aero A99HF engine platform was configured
and instrumented at the Michigan State University
Energy and Automotive Research Lab. The engine

implements a liquid-cooled, three-cylinder, two-stroke
architecture with a displacement of 101.4 cc. The
A99HF produces 7 kW at 8500 rpm, and is compatible
with gasoline and kerosene-based heavy fuels (JP5,
JP8, Jet A) without hardware modification.34,35 The
engine is crankcase-injected, with each cylinder having
an independent crankcase. The cylinder heads, engine
block, and crankcase are additively manufactured using
powder bed fusion, enabling component geometries
that would not be feasible using traditional manufac-
turing methods. This approach also facilitated the pro-
duction of a prototype cylinder head with an integrated
pre-chamber. The pre-chamber volume is 670mm3,
which is approximately 13.9% of the TDC clearance
volume. General engine specifications are provided in
Table 1.

The prototype cylinder head, henceforth referred to
as the Jetfire head, houses several accessories support-
ing the pre-chamber scavenging and data acquisition,
including a poppet valve for delivering the fresh pre-
chamber mixture, a low-pressure fuel injector, a spark
plug containing an integrated pre-chamber pressure
transducer, a compressed air delivery passage, and a
boss for a main chamber pressure transducer. A water
jacket cools the cylinder head and pre-chamber assem-
bly. Fuel is injected upstream of the pre-chamber pop-
pet valve. This injector location was chosen primarily
to enable a smaller pre-chamber volume as compared
to placing the injector directly within the pre-chamber.
Figure 2 shows a top view of the prototype cylinder
head. Figure 3 shows a rendering of the cylinder head
and pre-chamber cross section.

A performance comparison between TJI and SI,
based on in-cylinder pressure data, was performed by
swapping between the standard and Jetfire cylinder
heads. Only one of the three cylinders (cylinder 3) was
modified for this experiment, while the other two cylin-
ders used standard heads configured for SI. By com-
paring the two ignition modes on the same cylinder,
the results were not influenced by variations between
cylinders. When operating on the Jetfire head, an aux-
iliary belt-driven camshaft actuated the pre-chamber
poppet valve. The camshaft was removed when

Figure 2. Pre-chamber integrated cylinder head (top view).

Figure 3. Cross section of pre-chamber head.
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operating with the standard SI cylinder head. Figure 4
shows the engine test stand when operating on the stan-
dard head, while Figure 5 shows the test bench when
operated using the Jetfire head and auxiliary camshaft.
Compressed pre-chamber scavenging air was delivered
at pressures up to 25psi gage (PSIg) using the test facil-
ity machine shop air compressor. The energy losses
associated with compressed air delivery were estimated
using equation (5), which was then used to correct the
reported engine load and specific fuel consumption.

In-cylinder pressure data were acquired using Kistler
piezoelectric pressure transducers, coupled to an A&D
charge amplifier and Phoenix CAS combustion analysis
system. Jetfire main chamber pressure data were
acquired using a Kistler 6054C transducer, and pre-
chamber pressure data using a Kistler 6113B spark
plug integrated transducer. When testing the standard
cylinder head, the 6113B spark plug integrated transdu-
cer monitored the main chamber pressure. An optical
encoder with a resolution of 1 crank angle degree moni-
tored the crank angle position. A Kistler 4075A

piezoresistive pressure transducer was positioned within
the cylinder 3 intake runner, and a Kulite EWCT-11-
312M water-cooled piezoresistive transducer within the
exhaust runner. The fuel flow rate was monitored using
a MAX Machinery P001A piston flow meter. Only the
fuel flow to cylinder 3 was routed through the fuel flow
meter, including both the main chamber and pre-
chamber injectors when operated in the TJI mode.
Emissions data, including CO, CO2, NO, and hydro-
carbon emissions, were monitored using a Horiba
MEXA 584L exhaust gas analyzer, where the exhaust
gas sampling location was positioned within the cylin-
der 3 exhaust runner. Pre-chamber scavenge air flow
rates were measured using an Omega FMA-1611A flow
element. An external 12V DC source supplied power
to the engine ECUs, fuel pump, an electric coolant
pump, and several of the instruments mentioned above.
The engine was coupled to an AC dynamometer, which
was configured to maintain the engine speed at a con-
stant set point, with a maximum speed capability of
6150 rpm. A schematic of the test bench configured
with the Jetfire cylinder head is shown in Figure 6.

Combustion analysis parameters

As only a single cylinder was modified for these experi-
ments, the performance of the two ignition modes was
assessed based on the in-cylinder pressure data. The
indicated mean effective pressure (IMEP) is the pressure-
volume work developed over the cycle, normalized by
the swept volume, as defined in equation (1).

IMEP=
1

Vd

ð
pdV ð1Þ

Where p and V are the crank angle resolved in-cylinder
pressure and volume, respectively, and Vd is the swept
volume. The IMEP reported during this work repre-
sents the average over 200 cycles for each operating
condition. The IMEP is a normalized measure of the
engine load, from which the indicated power and

Figure 5. Test stand using jetfire head (with auxiliary camshaft).

Figure 6. Schematic of test bench configured with the pre-
chamber.Figure 4. Test stand using standard head.
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indicated specific fuel consumption (ISFC) can be com-
puted according to equations (2) and (3), where N is
the engine speed, and _mfuel is the fuel mass flow rate.

_Wind= IMEPð Þ � Vd �N ð2Þ

ISFC=
_mfuel

_Wind

ð3Þ

Combustion stability has been assessed based on the
IMEP coefficient of variation (COV %), as defined in
equation (4). An IMEP COV of less than 5% indicates
good combustion stability, while a COV greater than
10% may suggest misfires, partial burns, and overall
high cycle-to-cycle variability.

IMEPCOV %ð Þ= sIMEP

mIMEP

� 100% ð4Þ

Where sIMEP is the standard deviation of the IMEP
and mIMEP is the mean of the IMEP. The COV reported
during this work is calculated using the mean and stan-
dard deviation of a 200-cycle data set corresponding to
each operating condition.

Delivering the scavenge air to the pre-chamber
results in a parasitic loss, which has been estimated
using the first law approach presented in equation (5).

_Wc =
_mair � h2 � h1ð Þ

hc

ð5Þ

Where _mair is the pre-chamber scavenge air mass flow
rate, h1 and h2 are the enthalpies of the air before and
after compression, respectively, and hc is the assumed
isentropic compressor efficiency. An isentropic com-
pressor efficiency of hc =0:6 was assumed as a conser-
vative estimate. Air was modeled as an ideal gas, from
which the temperature after compression was estimated
using polytropic relations with a polytropic exponent
of n=1:4. Ideal gas tables were used to interpolate the
difference in enthalpy at the two respective states.36

When reporting measured quantities for the Jetfire
head, the parasitic energy loss from pre-chamber
scavenging has been subtracted from the IMEP; there-
fore is also accounted for in the corresponding ISFC.

A relation for the in-cylinder net rate of heat release,
shown in equation (6), can be derived from a first law
analysis by assuming the cylinder consists of a single
phase obeying ideal gas relations.3,37

dQnet

du
=

g

g � 1
p
dV

du
+

1

g � 1
V
dp

du
ð6Þ

Where g =
cp
cv is the ratio of specific heats, u is the

crank angle. This equation is integrated to arrive at the
cumulative net heat release.

Testing procedure

Three fuels were examined during this work, including
ethanol-free gasoline and two kerosene-based heavy
fuels with varying cetane numbers. The low cetane

heavy fuel had a cetane number of 30, while the higher
cetane fuel had a cetane number of 51. These are
referred to as CN30 and CN50, respectively. The
engine platform under study does not employ a dedi-
cated separate lubrication system. All lubrication of
load-bearing components (e.g. piston, rings, and bear-
ings) is provided solely by two-stroke oil pre-mixed
with the fuel. All fuels were pre-mixed with two-stroke
oil at a 50:1 ratio by volume. Relevant fuel properties
for the kerosene-based fuels are provided in Table 2.
The exact properties of the commercial gasoline used in
this study were not measured; therefore, representative
literature values are reported.

Two operating conditions were selected for this ini-
tial study: a low-speed, moderate-load condition of
3 bar IMEP, 3000 rpm, and a cruising-speed, load con-
dition of 4 bar IMEP, 5000 rpm. Each fuel was exam-
ined using both ignition modes at these two operating
conditions.

A primary motivation of this study was to assess the
lowest specific fuel consumption achievable with the
two ignition systems at the target operating conditions
described above. The following testing methodology
was developed to minimize fuel consumption at the tar-
get conditions. Using the standard head, the engine was
initially operated at a load slightly higher than the tar-
get IMEP. The fueling was then reduced until crossing
over the target IMEP. This process was repeated for
several fixed throttle positions to determine the most
optimal SFC at the target load. The ignition timing was
continuously adjusted for maximum IMEP.

For the Jetfire ignition tests, the engine was gener-
ally operated at a fixed throttle position determined
from the SI experiments, and the pre-chamber air pres-
sure was swept instead (up to 25psi gage). This was
done to avoid a very large test matrix and to study the
influence of pre-chamber scavenge air pressure on the
TJI system performance. Again, the initial fueling was
set such that the load slightly exceeded the target
IMEP. The fueling was then gradually reduced until
crossing over the target. When operating with the
Jetfire cylinder head, the main chamber (crankcase)
fueling was progressively reduced, and the pre-chamber
fueling increased as needed to maintain the target load.
At the lowest flow rates, the fuel was entirely delivered
via the pre-chamber with no crankcase fueling. This
was done to reduce the short-circuiting of fuel during

Table 2. Fuel properties.

Property CN50 CN30 Gasoline38,39

Cetane/octane 51 CN 30 CN 91 AKI
Lower heating value (MJ/kg) 43.6 43.6 ; 43
Density (g/cc) 0.788 0.785 ; 0.75
Viscosity (cSt) 4.04 4.01 ; 0.7
Stoichiometric AFR 14.74 14.70 ; 14.7
Flash point (–F) 122 125.6 \ � 40
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the main chamber scavenging process and to evaluate
the feasibility of pre-chamber-only fueling as an alter-
native to other two-stroke direct injection strategies.
The engine was only operated in this mode briefly (up
to about 1min per test point) due to the lack of main
end bearing lubrication when fueling solely through the
pre-chamber.

Estimating the trapping efficiency and trapped air-
fuel ratio

Since the intake and exhaust ports are open simultane-
ously, a significant fraction of the fresh charge is short-
circuited during scavenging. The trapping efficiency is
defined as the mass ratio of the fresh charge that is
trapped to the fresh charge delivered according to equa-
tion (7).

htr =
mair, trapped

mair, delivered
ð7Þ

When operating rich, a simple estimate of the trap-
ping efficiency can be obtained from the exhaust oxy-
gen concentration as shown in equation (8).

htr’1� ½O2�exh
½O2�atm

ð8Þ

The portable exhaust gas analyzer available for the
main experiments was not equipped with O2 sampling,

so additional experiments were performed to measure
the exhaust oxygen concentration at various operating
conditions. A Horiba MEXA 7200 exhaust gas analyzer
was implemented for these experiments. The engine was
operated rich at either 3000 or 5000 rpm and several
throttle positions. Figure 7 presents the main result of
these experiments, including the O2 percentage, bulk
relative air fuel ratio, and calculated trapping efficiency.

Under rich conditions, the air-fuel ratio (AFR) can
be approximated using CO, CO2, and NO exhaust con-
centrations according to equation 9.40

AFR’Kf

1
2 ½CO�+ ½CO2�+ 1

4Kwx ½CO�+ ½CO2�ð Þ+ 1
2 ½NO�

½CO�+ ½CO2�
ð9Þ

Where x is the fuel hydrogen to carbon ratio,

Kf =138:18= 12:011+1:008xð Þ, and Kw =
3:5½CO2�

½CO�+3:5½CO2�.

The trapped air mass for each speed, fuel, and throttle
position was estimated for the SI ignition mode using the
measured fuel flow rate, equation (9) under rich condi-
tions, and the trapping efficiency shown in Figure 7. The
trapped air mass was calculated for each fuel, engine
speed, and throttle position. The trapped air mass, trap-
ping efficiency, and fuel flow rate were then used to esti-
mate the air-fuel ratio under lean conditions.

When estimating the trapped AFR using the TJI
system, the additional scavenge air was added to the
trapped air mass used in the SI case. A trapped effi-
ciency of 95% was calculated for the pre-chamber
injected mass (fuel + air), which was also verified
using a 3-D CONVERGE model of the TJI system.
The AFR reported throughout this work is computed
according to the total trapped air and fuel. This does
not account for the variations between the pre-chamber
and main chamber mixture composition. The pre-
chamber mixture composition is difficult to isolate
from the main chamber composition, although
CONVERGE results indicate it to be slightly richer
than the main-chamber bulk mixture. Initial CFD
modeling results suggest the pre-chamber operated at
roughly 0.2 lower relative air-fuel ratio than the main
chamber.

Results and discussion

Gasoline results

Figure 8 presents the result of the fuel sweeps near the
low-speed target condition operated on gasoline. The
IMEP and SFC of the TJI data have been adjusted to
account for the estimated pre-chamber air delivery
parasitic loss according to equation (5). Several throttle
positions are shown to illustrate the test methodology
for determining the optimal SFC using each ignition
mode. At this operating condition, the lowest SFC
while maintaining the 3 bar load target was achieved at
40% throttle using the SI ignition mode, and 50%
throttle using the Jetfire TJI ignition strategy. The

Figure 7. Measure O2 % (a), bulk l (b), and calculated trapping
efficiency (c) at 3000 and 5000 rpm versus throttle position.
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3-bar target load could not be maintained with throttle
positions below 30%. As the main chamber fueling was
reduced, the pre-chamber fueling was increased to
maintain the target load with the TJI ignition mode.
Fuel was only delivered via the pre-chamber injector
for flow rates less than 1.5 mg

cycle. A 39.65% reduction in
fuel consumption was observed using TJI with all fuel
delivered through the pre-chamber compared to the
standard SI ignition strategy at 3 bar IMEP and
3000 rpm with gasoline fuel. The TJI system main-
tained stable combustion at the lowest fuel flow rate
tested, with a COV of 1.68% at the most efficient oper-
ating point. The SI system combustion stability deterio-
rated with fuel flow rates below 1.75 mg

cycle
. Still, the SI

exhibited a good COV of 3.93% at the most efficient
operating condition. It is essential to note that the SI
ignition mode utilized only the crankcase injector;
therefore, it was subject to higher short-circuiting
losses. While this is an advantage of delivering fuel via
the pre-chamber with the TJI system, an equivalent
comparison with an LPDI system was not performed
during this study. The trapped air fuel ratio result of
Figure 8 suggests the TJI system was operated under a
slightly leaner bulk in-cylinder mixture composition
than the SI system after accounting for the short-

circuited fuel, which was up to 42.5% at this operating
condition and throttle position according to Figure 7.
The variations in AFR during the TJI tests are a result
of difficulty in holding the pre-chamber air pressure
constant.

Figure 9 shows the comparison of the two ignition
modes at 5000 rpm, and nominally 4 bar IMEP oper-
ated on gasoline. This operating point was selected to
represent cruising conditions in a typical UAV applica-
tion. Again, several throttle positions are shown for the
SI test data, while only a fixed throttle position of 50%
was tested for the TJI data at this operating condition
with gasoline. At cruising conditions while operating
on gasoline, the TJI system exhibited a 30.9% improve-
ment in fuel consumption over the SI system. Again,
the fueling was only delivered via the pre-chamber at
this flow rate. As with the low speed operating point,
combustion became unstable using the SI system for
fuel flow rates below 1.75 mg

cycle
. The Jetfire system main-

tained stable combustion down to a flow rate of
roughly 1.25 mg

cycle
. The two systems were operated with

similar combustion phasing (CA50) during this test,
and the trapped AFR estimate suggests the two systems
were operated with similar trapped in-cylinder mixture
compositions at the lowest fuel flow rates. At a given

Figure 9. IMEP, COV, ISFC, CA50, and trapped lambda using
gasoline with 5000 rpm, 4 bar target.
*IMEP and ISFC corrected for pre-chamber parasitic loss.

Figure 8. IMEP, COV, ISFC, CA50, and trapped lambda using
gasoline with 3000 rpm, 3 bar target.
*IMEP and ISFC corrected for pre-chamber parasitic loss.
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trapped air-fuel ratio, the TJI system exhibited better
combustion stability than the SI system. These results
demonstrate that significant improvements in fuel
economy can be achieved while maintaining good com-
bustion stability using the TJI fueling and ignition
strategy. If a DI system could achieve comparable fuel
atomization and burn rates in this small-bore engine, it
may also deliver similar fuel economy benefits.

Figure 10 shows the indicated specific emissions
measured at both target conditions using gasoline near
the minimum SFC observed using each ignition mode.
The TJI system exhibits a significant reduction in

hydrocarbon and nitrogen oxide emissions at both
operating conditions, although with an increase in CO.
The decrease in hydrocarbon emissions is primarily dri-
ven by the reduced fuel short-circuiting. The pre-
chamber fueling strategy may be associated with a
charge-cooling effect, which could explain the reduc-
tion in ISNO. Additionally, the reduced time for fuel
evaporation when fueling through the pre-chamber
likely explains the increase in ISCO.

Figure 11 shows the rate of heat release and the
cumulative heat release at cruising conditions for the SI
ignition mode, the TJI system operated with main
chamber and pre-chamber fueling, and the TJI system
operated with only pre-chamber fueling. The 10–90
burn durations are provided in the legend of the cumu-
lative heat release plot. Compared to SI, the TJI igni-
tion strategy yields roughly twice the maximum rate of
heat release (ROHR) and up to a 59% faster 10–90
burn duration when operated at a similar trapped air-
fuel ratio. A slightly lower maximum ROHR and a
small increase in burn duration were observed when
fueling only via the pre-chamber as compared to fueling
both the main and pre-chamber, although the trapped
air-fuel ratio was leaner when fueling only through the
pre-chamber injector, which likely influenced the burn
rate. Both fueling strategies led to significantly faster
combustion using the TJI ignition method when com-
pared to SI. This result demonstrates the benefit of the
Jetfire TJI system from a combustion duration perspec-
tive. Figure 12 shows the in-cylinder pressure traces and
LogP–LogV diagram corresponding to the heat release
plots shown in Figure 11. When operating on the TJI
system, the bulk charge is consumed rapidly after TDC,
resulting in a faster rate of pressure rise and a higher
peak cylinder pressure compared to SI. This increases
the pressure-volume work developed during the early
stage of expansion as shown in the LogP–LogV result

Figure 10. SI versus TJI gasoline emissions.

Figure 11. Net rate of heat release and cumulative heat
release at 5000 rpm, 4 bar IMEP operated on gasoline.

Figure 12. In-cylinder pressure and LogP–LogV diagram at
5000 rpm, 4 bar IMEP operated on gasoline.
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of Figure 12. The SI case required earlier ignition tim-
ing than the TJI cases to compensate for slower flame
propagation, resulting in a modestly higher cylinder
pressure late in the compression stroke. Delaying the
ignition advance also allows more time for fuel eva-
poration, which is likely beneficial when adopting the
pre-chamber-only fueling strategy due to the later injec-
tion timing and shorter fuel flow path compared to
crankcase injection.27

Heavy fuel results

Following the gasoline experiments, two kerosene-
based fuels with varying cetane numbers were exam-
ined under equivalent operating conditions using the SI
and TJI ignition strategies. As in the previous section,
the performance of the two fuels was assessed based on
specific fuel consumption, combustion stability, and
burn duration. The results of the heavy-fueled experi-
ments are presented in this section.

Figure 13 presents the comparison of the SI and TJI
ignition systems operating on the CN30 (low cetane)
heavy fuel at nominally 3000 rpm, 3 bar IMEP. The
lowest SFC using SI with CN30 fuel was achieved at

30% throttle, while the TJI system was also operated at
30% throttle for this test. At this operating condition,
the TJI system achieved a 37.3% reduction over the SI
system while fueling entirely through the pre-chamber,
as well as a significant improvement in combustion sta-
bility. At the lowest SFC, the SI system was operated
near the combustion stability limit with a COV of
12.4% at 2.93 bar IMEP. The Jetfire TJI system main-
tained good combustion stability with a COV of 3.5%
at 2.87 bar IMEP after correcting for the parasitic pre-
chamber scavenging loss, which resulted in roughly a
0.1 bar reduction at this operating condition. The two
ignition systems were operated with similar combustion
phasing during these experiments. The trapped air fuel
ratio estimate suggests the TJI system was operated
roughly 0.3 relative AFR leaner than the SI system at
their lowest respective ISFC. This supports the claim
that the air-scavenged TJI system can promote reliable
ignition of low volatility fuels and dilute mixtures, but
should be verified via direct measurement of the air-fuel
ratio in the future. The poor combustion stability of the
heavy fuel using SI at low speed and low load condi-
tions may be attributed to the lower reactivity and lon-
ger ignition delay associated with the fuel, combined
with a higher residual mass fraction within the cylinder
due to incomplete scavenging at this operating condi-
tion. The TJI system overcomes these challenges by dis-
tributing ignition sites throughout the main chamber.

Results at 5000 rpm using CN30 fuel are presented
in Figure 14. Similar to the results at the low-speed
condition, the SI system achieved the best SFC for the
target load at a fueling rate near the combustion stabi-
lity limit, while the TJI system, operating at the same
throttle condition, appears to maintain stability for fuel
flow rates and loads below the 4 bar target. This sug-
gests that the practical fuel economy benefit of the TJI
over SI may be greater than what is suggested by this
test strategy, as fueling in practice must be some mar-
gin above the stability limit to ensure reliability. The
two systems were operated with similar combustion
phasing, and the TJI system was operated with a leaner
trapped AFR than SI at their most efficient points. At
the 4 bar IMEP target and again while fueled entirely
via the pre-chamber, the TJI system achieved a 28.5%
reduction in fuel consumption over SI at 5000 rpm on
the CN30 fuel in this experiment.

The results for the higher cetane fuel (CN50) at the
low speed target are presented in Figure 15, while the
results for the cruising speed target are presented in
Figure 16. At the low-speed operating condition, the
trapped air-fuel ratio estimate suggests the TJI system
was operated significantly leaner than the SI system at
their lowest respective SFC. This operating condition
was where the largest percentage improvement in fuel
consumption was observed. The TJI system achieved a
44.6% reduction over the SI system when operating on
CN50 fuel at 3000 rpm and 3bar IMEP. This also sup-
ports the hypothesis that Jetfire can maintain good

Figure 13. IMEP, COV, ISFC, CA50, and trapped lambda using
CN30 fuel with 3000 rpm, 3 bar target.
*IMEP and ISFC corrected for pre-chamber parasitic loss.
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performance under low-speed, low-throttle conditions,
where main chamber scavenging is poor and passive
TJI systems are likely to struggle due to insufficient pre-
chamber scavenging.28 At the cruising speed condition,
the SFC of the SI system improved considerably with
the improved main chamber scavenging, although the
TJI system still achieved a 29.7% reduction in fuel con-
sumption over SI at this operating point after account-
ing for the pre-chamber parasitic losses. Again, the
trapped AFR result suggests the TJI system was oper-
ated slightly leaner than the SI system at the lowest
SFC point for this fuel and operating condition.

Figure 17 shows the burn duration versus IMEP for
gasoline and both kerosene-based fuels, where the data
have been organized by the shortest burn duration
within 0.2 bar intervals. Similar burn rates were
observed across the fuels tested, and the TJI system
exhibits a significantly shorter burn duration under
both operating conditions. There appears to have been
a slightly larger difference in burn duration at the
3000 rpm operating point across the load range. This
result suggests the air-scavenged TJI system may be
especially beneficial for maintaining good combustion
performance under low speed, throttled conditions,
where challenges associated with in-cylinder residuals

have limited the adoption of passive pre-chambers on
two-stroke architectures.28

Effect of pre-chamber air pressure

During the TJI experiments, the pre-chamber scavenge
air pressure was adjusted up to 25PSIg, where the
results presented in the previous section isolated the
lowest specific fuel consumption after accounting for
the parasitic losses in alignment with equation (5). This
section demonstrates the effect of varying the pre-
chamber air pressure on engine performance and the
minimum pressure requirements to achieve the target
operating conditions while fueling only through the
pre-chamber.

Figure 18 shows the IMEP, 10-90 burn duration,
and pre-chamber air flow rate versus engine speed for
each ignition mode using CN50 fuel. Several pre-
chamber air pressure levels are presented for the TJI
result. These experiments were conducted at wide-open
throttle conditions, and the IMEP results for the TJI
system have been corrected again to account for the
parasitic pre-chamber scavenging work. The TJI system
achieved a slight increase in load over SI across the
operating range, where the highest scavenge air

Figure 15. IMEP, COV, ISFC, CA50, and trapped lambda using
CN50 fuel with 3000 rpm, 3 bar target.
*IMEP and ISFC corrected for pre-chamber parasitic loss.

Figure 14. IMEP, COV, ISFC, CA50, and trapped lambda using
CN30 fuel with 5000 rpm, 4 bar target.
*IMEP and ISFC corrected for pre-chamber parasitic loss.
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pressure yields the maximum load. The pre-chamber
scavenge air has a slight supercharging effect; however,
in practice, the air compressor would likely be sized for
the lowest possible flow rate to minimize weight. The
IMEP using the TJI system was 5%–15% higher than
the SI system across the operating range, depending on
the pre-chamber air pressure. The burn duration
observed during this test was marginally dependent on
the pre-chamber air pressure, although it was signifi-
cantly faster for the TJI system for all operating condi-
tions. The burn duration using the TJI system increased
with engine speed, with a minimum of about 10– at
3000 rpm, and a maximum of about 18– at 6000 rpm.
This trend in burn duration is likely influenced by the
decreasing air flow on a per-cycle basis with increasing
engine speed, as shown in Figure 18(c). At higher
engine speeds, the poppet valve is open for a shorter
time interval, requiring a higher scavenge air pressure
to maintain the same air flow per cycle. There was no
clear trend in burn duration versus RPM for the SI
result, which was relatively constant from roughly 30–

to 35–.
As discussed in the previous section, the fuel econ-

omy benefits of using Jetfire TJI ignition are maxi-
mized when the bulk fueling is entirely delivered
through the pre-chamber, because this strategy mini-
mizes fuel short-circuiting during main chamber
scavenging. Therefore, the minimum air pressure
requirement at the two target operating conditions was
examined with all the fuel being delivered through the

Figure 16. IMEP, COV, ISFC, CA50, and trapped lambda using
CN50 fuel with 5000 rpm, 4 bar target.
*IMEP and ISFC corrected for pre-chamber parasitic loss.

Figure 17. 10-90 burn duration and trapped lambda for
gasoline, CN30, and CN50 kerosene-based fuels at 3000 and
5000 rpm.

Figure 18. IMEP (a), 10-90 burn duration (b), and pre-chamber
scavenge air flow rate (c) versus engine speed and pre-chamber air
pressure at WOTusing CN50 fuel.
*IMEP corrected for pre-chamber parasitic loss.
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pre-chamber. Figure 19 presents IMEP and COV ver-
sus pre-chamber air pressure while fueling entirely
through the pre-chamber with either CN30 or CN50
Fuel. The 3000 rpm, 3 bar target could be achieved with
as little as 6 PSIg air pressure, which resulted in about a
1% parasitic IMEP loss (0.035 bar). Lower pre-
chamber air pressure resulted in a sharp decrease in
combustion stability and a corresponding decrease in
load. It is worth noting that the TJI system can operate
with little to no pre-chamber air, provided that bulk
fueling is delivered via the main chamber crankcase
injector, although this results in higher fuel consump-
tion. The minimum air pressure required to achieve the
5000 rpm, 4 bar operating target with all fuel delivered
via the pre-chamber was approximately 15PSIg, result-
ing in a 3% reduction in the measured IMEP, or
roughly a 0.12 bar loss. Extending the pre-chamber
valve lift duration may reduce the air pressure require-
ment, but could also increase fuel short-circuiting if the
valve opens during main chamber scavenging. Thus,
optimizing the pre-chamber valve timing, valve dura-
tion, and injection timing would likely yield benefits
concerning efficiency and parasitic losses.

Note that these estimates of parasitic losses were
obtained under ambient conditions near atmospheric
pressure. At altitude, a higher pressure would be required
to maintain an equivalent mass flow rate, leading to
higher parasitic losses. Assuming a simplified flow
through an orifice, the required pressure differential to

maintain a constant mass flow rate increases as air den-
sity decreases. Group 3 UAS systems are categorized by
a nominal flight altitude up to 18,000 ft. At an altitude of
15,000 ft, the parasitic work required to deliver an equiv-
alent mass of air per cycle increases by approximately
80% relative to at sea level. This suggests a parasitic
MEP loss of approximately 5.5% at altitude if the sca-
venge air mass flow requirement were to remain equiva-
lent to that under the experimental test conditions.

Conclusions and future work

This study examined an active pre-chamber ignition
system with supplemental air scavenging for use in a
small-bore two-stroke engine for drone applications.
The engine was operated in both spark ignition (SI) and
turbulent-jet ignition (TJI) modes using either gasoline
or kerosene-based military fuels. Fuel was delivered via
a crankcase injector for the SI experiments. For the TJI
experiments, the crankcase fueling was reduced or elim-
inated, and much or all of the bulk charge was delivered
through the pre-chamber injector. The main conclu-
sions are summarized below.

� The air scavenged TJI system can operate reli-
ably under moderate air pressure (6–15PSIg),
with the bulk charge being delivered only
through the pre-chamber for low-speed and
cruising conditions.

� When fueling only through the pre-chamber, the
TJI system achieved a 37.3%–44.6% reduction
in fuel consumption at the 3000 rpm and 3 bar
indicated mean effective pressure (IMEP) oper-
ating condition, depending on the fuel used. At
an approximate cruising condition (5000 rpm,
4 bar IMEP), the TJI system achieved a 28.5%–
30.9% reduction in fuel consumption over SI for
the various fuels examined.

� Exhaust O2 measurements indicate 30%–45% of
the fuel is short-circuited using the SI ignition
mode under the studied operating conditions.
These results suggest that the air-scavenged TJI
system can significantly reduce the short-
circuited fraction while simultaneously maintain-
ing excellent combustion stability under low to
moderate speeds and loads.

� When comparing the two ignition systems at
their most optimal specific fuel consumption
(SFC), the TJI ignition and fueling strategy exhi-
bits up to 50% lower hydrocarbon emissions.

� The air-scavenged TJI system accelerated the
burn rate by up to nominally 50% under both
operating conditions examined in this work.

Limitations and future work

This study was limited to moderate-speed operating
conditions due to the maximum speed limit of the
dynamometer. It will be critical to evaluate the

Figure 19. IMEP (a), COV (b), pre-chamber parasitic loss and air
flow rate (c) versus pre-chamber air pressure using heavy fuel at
3000 and 5000 rpm. All fuel delivered through the pre-chamber.
*IMEP corrected for pre-chamber parasitic loss.
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performance of the Jetfire TJI system under high-speed,
maximum power conditions, as this is another operat-
ing regime where passive pre-chambers have been
shown to fall short of SI unless the geometry of the pas-
sive pre-chamber is optimized for high-speed opera-
tion.27,28 It is believed that the active pre-chamber
fueling system will resolve the issue of insufficient time
for fuel transport through the pre-chamber orifices
reported by other researchers. Performance of the pre-
chamber poppet valve will also need to be assessed
under these high-speed regimes. A rotary pre-chamber
scavenge valve concept is under development for this
system, which may reduce the valvetrain weight and
offer superior valve performance at high engine speeds.
The optimization of the pre-chamber valve timing and
duration should also be assessed.

A comparison against LPDI would further isolate
the benefits of the pre-chamber over the injection strat-
egy. While a direct injection system would also signifi-
cantly reduce fuel short circuiting, it is likely that the
pre-chamber ignition strategy would still be advanta-
geous for igniting highly stratified mixtures under late
injection timing. Knock tolerance testing is currently
underway, although the loads examined in the work
described in this paper were not prone to knocking with
the CN50 fuel. Finally, a three-cylinder variant of the
TJI system with an integrated air compressor would
enable a direct comparison of brake output and effi-
ciency with a traditional SI system, thereby eliminating
any assumptions regarding parasitic losses.
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