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Abstract. This work explores pathways to achieve diesel-like, high-efficiency combustion with
stoichiometric 3-way catalyst compatible combustion in a single-cylinder spark ignition (Sl) research
engine. A unique high stroke-to-bore engine design (1.5:1) with cooled exhaust gas recirculation
(EGR) and high compression ratio (r.) was used to improve engine efficiency by up to 30% compared
with a production turbocharged gasoline direct injection spark ignition engine.

Engine experiments were conducted with both 91 RON E10 gasoline and liquified petroleum gas
(LPG) (i.e., autogas) and were compared to legacy gasoline data on the production engine. Geometric
compression ratio (rc) of 13.3:1 was used for both fuels with additional experiments at 16.8:1 for LPG
only. Measurements of exhaust soot particle size and number concentrations were made with both
fuels. Significant reduction in soot particles across the whole particle size range were achieved with
LPG due to the elimination of in-cylinder liquid films. The effects of EGR, late intake valve closing
(IVC) and fuel characteristics were investigated through their effects on efficiency, combustion stability
and soot production. Results of 47% gross thermal efficiency, and 45% net thermal efficiency at
stoichiometric engine operation, at up to 17 bar IMEP and 2000 r/min with 16.8:1 r, were achieved with
LPG. Estimated brake efficiency values were compared to a contemporary medium duty diesel engine
illustrating the benefits of the chosen path for achieving diesel efficiency parity.

1. Introduction

Achieving thermal efficiency parity with diesel engines is one of the major challenges of
stoichiometric spark ignition (SI) engines, yet it is a promising path forward to reduce greenhouse gas
emissions and simplify criteria pollution control through the use of three-way catalysts (TWC).
Stoichiometric SI combustion presents major disadvantages when compared to diesel combustion.
Primarily Sl engine design is limited by knock, and thus r¢s of less than 12 are typical. Additionally, the
need for a stoichiometric mixture for TWC operation eliminates the possibility of air dilution, a known
strategy to improve combustion thermodynamic efficiency. Nevertheless, exhaust gas recirculation
(EGR) can be used to mitigate this loss [1], while also reducing knock in naturally aspirated engines
[2]. Mixture dilution in these engines is achieved with cooled EGR. Combustion stability, measured by
cycle-to-cycle variations, limits the dilution level and thus the efficiency benefits that can be achieved.
At high engine loads, cooled EGR becomes less effective at reducing knock and can even cause
knock to increase [3]. At part load, Sl engines require throttling to control the air fuel ratio of the
mixture, introducing pumping losses. These losses can be reduced with flexible valve operating
strategies like late intake valve closing [4], which can be provide additional benefits when combined
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with cooled EGR [2]. Finally, SI engines are susceptible to stochastic pre-ignition (SPI) which can
severely limit engine load and efficiency [5,6].

A major benefit of SI engines is that they allow the use of low carbon content fuels like
methane and propane. Additionally, criteria pollutant control, like unburned hydrocarbons, carbon
monoxide and nitrogen oxides (UHC, CO and NOx) is extremely efficient and does not require an
additional reducer, as in selective catalytic reduction (SCR) systems, characteristic of diesel engines.
Consequently, it is of interest to develop ways of closing the efficiency gap between diesel and
stoichiometric Sl engines combining the best characteristics of each system.

The control of criteria pollutants (UHC, CO and NOx) in stoichiometric SI engines has evolved quite
substantially. Conversion efficiencies over a warm catalyst approaching 99.9% are common, reducing
the challenge of emissions control to the first 30 seconds of a cold start. Additionally, precious metal
loading in TWCs have been decreasing as thinner, lighter substrates with lower wash coat
requirements are developed and thus substantially reduce aftertreatment cost [7,8].

At the same time, diesel engines are expected to meet significant technical barriers in being able to
meet future NOx regulations. Recently the California air resources board (CARB) has announced its
intention to reduce U.S. domestic NOx emission regulations for medium- and heavy-duty vehicles by
an order of magnitude by 2027 [9]. While SCR systems are very effective at reducing NOx at steady
state conditions, they require the use of urea as a reducer, which decreases the overall system fluid
efficiency. Additionally, transient control requires complex control strategies to optimize urea
consumption and formation of urea crystal deposits. The major challenge with upcoming MD/HD
regulations is the requirement to maintain NOx control under extremely low engine loads. SCR
systems currently cannot operate effectively below 170°C due to poor urea decomposition and low
ammonia storage in the substrate. Currently, the deactivation of SCR systems at low temperatures is
responsible for a large disparity between cycle-measured emissions during engine certification and
real-world operation [10]. Current diesel NOx control research [11] which assesses the feasibility of
meeting the proposed regulations showed that additional close-coupled catalysts and NOx traps may
be required. These measures are expected to increase the cost of diesel aftertreatment system by as
much as 100% [10]. The return on investment of the additional emissions control costs is duty-cycle
dependent and may not be feasible for medium-duty vehicles with low annual mileage.

Currently, Sl engines can achieve the criteria emissions regulation targets proposed for diesel engines
by California Air Resource Board (CARB) [9,12]. However, due to their relatively low fuel efficiency,
achieving phase 1 and phase 2 CO, emission regulations [13] is a challenge that is typically overcome
by using fuels with higher hydrogen content (i.e., higher H/C ratio) than gasoline. While gasoline
shows a marginal CO, improvement over diesel fuel for a given engine efficiency, liquefied petroleum
gas (LPG) and compressed natural gas (CNG) can achieve significant reductions simply due to their
lower carbon content. For engines with brake thermal efficiency (BTE) parity, LPG and CNG can
reduce CO, emissions when compared to a diesel fuelled engine by 11.7% and 32.6%, respectively.
Consequently, if an engine can achieve diesel-like efficiencies with LPG or CNG, there can be a
simultaneous reduction in CO, emissions as well as a simplification, and cost reduction of the
emissions control system. Both LPG and CNG exhibit high knock and pre-ignition resistance due to
their high octane rating, which makes them great candidate fuels for high efficiency SI combustion.
Their high volatility significantly reduce if not eliminate the formation of fuel films inside the cylinder
during the injection process and likely results in reductions to soot and particulate matter emissions.
Nevertheless, despite the potential advantages of both fuels, LPG offers significant advantages over
CNG in terms of storage and delivery as it can be stored at relatively low pressures (~5 bar) and
directly injected in common direct injection fuel systems with minor modifications. This makes it the
more attractive choice for a simpler, cheaper system that could be rapidly adopted in the MD market.
Consequently, the efficiency potential and particulate emissions of LPG in an Sl direct injected (DI)
engine will be a focus of the current work.

To achieve diesel-like efficiencies, loss mechanisms of stoichiometric SI engines must be identified
and addressed. Additionally, technologies need to take advantage of the unique fuel properties to
maximize engine performance. To that end, ORNL has recently commissioned a custom-built long
stroke single-cylinder research engine (LSE) targeting high efficiency SI combustion, as first described
in Boronat et al. [14]. To allow optimized control of mixture dilution, compression pressure and residual
gases, the engine is fitted with EGR and a variable valve actuation system. The uniqueness of the
platform comes in the form of a significantly larger stroke-to-bore ratio of 1.5:1 against a stock ratio of
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1:1. The increase in stroke-to-bore ratio results in increased in cylinder turbulent kinetic energy (TKE),
increasing turbulent flame speeds and reducing combustion durations. It is well documented that the
use of “domed” pistons to achieve high compression ratio (r;) is typically followed by increases in
incomplete combustion due to flame quenching. The LSE avoids this limitation due to its increased
piston travel distance and naturally higher geometrical r., thus further increasing the potential for
efficiency improvements.

The present work builds on previously reported LSE results [14] and explores in detail the
mechanisms by which the LSE can improve efficiency and what opportunities are left for further
improvement. Results with both gasoline and propane (surrogate for LPG) are shown and contrasted
in terms of performance and efficiency. Detailed soot measurements including filter smoke number,
photoacoustic measurements and scanning mobility particle sizing (SMPS) are used to characterize
the soot emissions of the engine with both fuels. Results are contrasted against legacy data on a
similar engine platform, and assessments of LPG engine efficiency are made.

2. Experimental set up

2.1 Engine platform

The LSE is a custom platform based on the General Motors (GM) Ecotec LNF family of
engines, and was developed to operate under a wide variety of modes and engine operating
conditions.

The LSE was developed on custom-built billet block, crankshaft and connecting rods. Figure 1
shows pictures and a schematic of the LSE. Custom components were combined with a stock cylinder
head and piston assemblies. The stock valve actuation system was replaced by a fully flexible
Sturmann variable valve actuation (VVA) system. The system enables variation of valve lift, opening
time and duration of actuation, with independent control of each valve. The ballistic response of the
valves in the system does not allow it to mimic the stock valve lift profile and maximum valve lift is
limited to 9mm (vs. stock of 10.2mm). Detailed discussion of this system on can be found in
[15,16,17,18]. Computational fluid dynamic studies showed that for matched valve opening events
minimal differences were observed on the flow pattern and TKE profile of the engine as repotted in
Boronat et al. [14], thus allowing direct comparisons to be made between the LSE and the stock LNF.

The production LNF coil on plug assembly is retained and can deliver 80mJ of spark energy. A
spark plug two heat ranges colder replaces the stock spark plug to avoid hot-spot-run-away events
while exploring high load conditions. Table 1 shows a summary of the production engine and the LSE
geometries. Naturally the longer stroke required a longer connecting rod, and results in a higher r. for
a given piston when compared to the stock engine.

£ . .
Figure 1. LSE billet block, crankshaft and connecting rod. Cylinder head is equipped with a
fully flexible valve actuation system by Sturman Industries. Engine was built for single cylinder
operation. Custom crankshaft was built with two counterweights for overall engine balance.

Table 1. Stock LNF and LSE geometry information.
LNF LSE
Bore [mm] 86 86
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Stroke [mm] 86 129
Connecting Rod [mm] 145 182.9
9.2:1, 13.3:1 (same piston as
re [-] 11.85, 9.2 LNF), 16.8 (same
13.8 piston as 11.85 LNF)
Number of Valves 4 4
Displaced volume [I] 0.495 0.7493
Exhaust valve lift [mm] 10.2 9
Exhaust valve duration ;
FCA] 188 variable
Exhaust cam phasing ) :
authority [°CA] variable
Inlet valve lift [mm] 10.2 9 (fixed in this study)
Intake valve duration .
[°CA] 200 variable
Intake cam phasing ) .
authority [°CA] variable

Figure 2 shows the two piston geometries used in the experiments. The stock LNF piston results in
a r; of 9.2 on the stock engine. When used in the LSE r. is increased to 13.3 for the same top-dead-
center (TDC) volume. A second piston bowl was modified to achieve a higher r. of 11.8:1 on the stock
engine while avoiding a “domed” configuration. When installed in the LSE the r. is increased to 16.8.
Further details can be found on previous reported work [15]
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Figure 2. Piston geometries used in the present work with r. noted for each design and
respective engine below image.

2.2 Experimental Setup and Testing Methodology

Engine control was managed by a National Instruments control software combined with the
Combustion Analysis Toolkit (DCAT) package. In cylinder pressure traces were measured using a
piezo-electric pressure transducer made by Kistler (6125C). Engine crank position was acquired by a
shaft mounted encoder (2614C11) providing a crank angle resolution of 0.2 crank angle degrees. For
all experimental conditions 2000 consecutive combustion cycles were recorded to generate ensemble
metrics. Engine air supply was managed by an Alicat 2000SLPM air mass controller. Air intake
temperature was controlled using a Sylvania Suremax 800 heater placed upstream of the intake
plenum. Intake and exhaust surge tanks were installed to mitigate pressure pulsations, characteristic
of single cylinder engines, which could affect boundary condition measurements. A cooled EGR loop
was installed between the intake and exhaust surge tanks. An EGR cooler was used to keep the gas
outlet temperature at a constant 40°C. EGR was adjusted by an electronic actuated valve in the EGR
system and an engine backpressure valve located downstream of the exhaust surge tank. Engine
backpressure was adjusted to simulate a turbocharger with a combined efficiency of 40%, according
to the calculation approach presented in [16].

Fuel supply was accomplished with six piston accumulators pressurized to 100 bar by nitrogen gas.
Delivery pressure was finely controlled downstream of the accumulators by a TESCOM (ER3000SI-1)
pneumatic pressure regulator. Fuel mass flow was measured by a Coriolis Micro-motion ELITE
(CMFO010P) flow meter. For all experimental conditions fuel injection timings were fixed at -280°CA
aTDCf and spark timing was adjusted to achieve optimal thermodynamic efficiency while avoiding



Performance of Direct Injected Propane and Gasoline in a High Stroke-to-Bore ratio SI Engine 5

knock. Peak cylinder pressure was limited to 100bar. Combustion stability as measured by the
coefficient of variation (COV) of the indicated mean effective pressure (IMEP) was kept below 3%.

2.3 Emissions equipment

Exhaust was sampled for criteria pollutants (CO, CO2, HC, and NOx) through a sampling line
heated to 190 °C downstream of the surge tank and analyzed with a number of instruments including
non-dispersive infrared (NDIR) for CO and CO2 detection, flame ionization detection (FID) for THC
measurements, and chemiluminescence detection (CLD) for NOx.

Particulate matter (PM) was characterized through particle size and number measurements and
carbonaceous soot measurements. Carbonaceous soot was measured through a photoacoustic
sensor (AVL microsoot). Figure 3 shows a schematic of the particle size distribution (PSD)
measurement apparatus. An ejector pump-based microdilution system was used to sample the
exhaust downstream of the surge tank. The ejector pump was mounted directly on the probe to
minimize line lengths. Total dilution ratio was measured by the CO, ratio of samples before and after
dilution using a Fourier transform infrared spectrometer (FTIR) and ranged from 10:1 to 12:1. A
scanning mobility particle sizer (SMPS, TSI Model 3936) was used to measure the particle size
distribution of the diluted sample. Combined with a differential mobility analyzer (DMA, TSI model
3081) and a condensation particle counter (CPC, TSI model 3025) particle sizes from 9.8 to 429nm
and quantities were measured.

To Vent HEPA air Microdilution Tunnel
— am& | [/i T
Surge M D

M
CPC A
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Figure 3. Microdilution exhaust sampling system for particle size and particle number
quantification.

2.4 Fuels

The engine was operated with propane (~96% propane balanced with ~2% butane and ~2%
ethylene), and an 87 anti-knock index (AKI) gasoline with 10% ethanol by volume. Table 2 shows a
summary of fuel properties and composition.

Table 2. Fuel properties
87 AKIEO | 87 AKIE10 | LPG
RON (ASTM D2699) 90.2 90.9 112
MON (ASTM D2700) 83.9 83.4 97
S (RON — MON) 6.3 7.5 15
Boiling Point [°C] N/A N/A -42
10% [°F] (ASTM D86) 97 52.3 N/A
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50% [°F] (ASTM D86) 205 94.3 N/A
90% [°F] (ASTM D86) 316 325

C wt% (ASTM 5391) 86.49 82.78 82.78
H wt% (ASTM 5391) 14.06 13.59 17.22
O wt% (ASTM 5599) 0 3.63 0
LHV [ MJ/kg] (ASTM D240) 43.454 41.410 46.4
oxygenates % vol. (ASTM 5599) | 0 9.87 0

2.5 Combustion analysis

Synchronous and asynchronous experimental data were processed by an in-house MATLAB
based post-processing routine. Cylinder pressure traces were filtered using a zero-phase filter and
combined with camshaft position feedback to calculate in-cylinder trapped mass on a cycle by cycle
basis using the approach proposed by Cavina et al. [19]. Heat transfer losses were estimated using
Woschni correlation [20] and crevice losses were calculated using the approach of Gatowski et al.
[21]. Apparent heat release is calculated from filtered pressure traces and combined with heat transfer
and crevice losses to derive total heat release. Engine TDC was adjusted using a magnetic proximity
probe (AVL OT-Sensor 428) during motoring operation and TDC loss angle was adjusted based on
the approach reported by Tunestal et al. [22].

3. Results

The results section will be divided into 4 sections spanning analysis of efficiency and particulate
emissions.

3.1 LSE and fuel effects on combustion duration and combustion efficiency

Initial results of combustion duration and incomplete combustion are plotted for gasoline and LPG in
Figure 4 A and B respectively. The results compare the LSE to the production LNF engine. Note that
the gasoline LNF data in Figure 4 A was originally reported in Splitter et al. [16,17,18], which used the
same valve timings, piston, and Sturman cylinder head as in the present work. The gasoline results in
Figure 4 A clearly highlight the advantages of the LSE platform with gasoline in a near r. neutral
analysis. Specifically, for a r, of ~13.5:1 the LSE enables HC emissions equal to the production LNF
engine (9.2 r;) and thus reduced incomplete combustion losses. The source of these is attributed to
the “dome” piston (Figure 2) needed in the LNF geometry to generate increased r.. Clearly, the
increased squish area in the dome design reduced combustion efficiency and increased combustion
duration, effects that are well documented in the literature [23]. However, the approach used in the
LSE offers high compression without increased quench and thus shows no effect to combustion
efficiency; in fact combustion efficiency was seen to have increased with the LSE design, an effect
attributed to increased charge motion. The increase in charge motion and reduction of quenching
regions are evident on the combustion durations in Figure 4 A, where relative to the stock LNF, the
dome piston showed increased combustion duration and the LSE showed reduced combustion
duration. Note, that the increased r. achieved through either the dome piston in the LNF or the stock
piston in the LSE, result in earlier onset and more extreme knock, where the knock limited spark
phasing effects on increasing combustion duration are also evident in the figure. Moreover, the similar
r.’s in the dome piston and stock piston in the LSE result in the knock limit near the same load.

Interestingly when the fuel is changed from gasoline to LPG as shown in Figure 4 B, the trends in
combustion duration of the LSE and dome piston continue, but the effects of quench on combustion
efficiency are much less clear. For all r.’s and engine configurations tested it was observed that
relative to gasoline, LPG offers improved combustion efficiency and reduced HC emissions. These
effects are attributed to improved fuel vaporization from LPG compared to gasoline, and thus in-
cylinder processes such as fuel films and injection strategy effects on mixing could be less
pronounced with LPG than with gasoline. Interestingly the LSE still retains faster combustion than the
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LNF, and for a given engine configuration there is no appreciable combustion duration difference
between LPG and gasoline (LNF 9.2 r.). Note that with LPG there was virtually no knock onset
observed in either engine at the tested conditions and combustion phasing was retarded only because
of peak cylinder pressure limits being reached.
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Figure 4 Combustion efficiency, HC emissions, and combustion duration for (A.) Gasoline
only with LNF at r.=9.2 and r.=13.8:1 ratios and LSE at r.=13.3:1, and (B) LPG and gasoline
reference with LNF at r;=9.2 and propane with LNF with r.=13.8:1 ratios and LSE with r.=13.3:

3.2 Long Stroke Engine Liquified Petroleum Gas Exhaust Gas Recirculation effects

The results in the previous section highlighted the combustion efficiency benefits that LPG offers
over gasoline. Beyond these benefits, LPG also showed significantly improved EGR tolerance when
compared to gasoline. Figure 5 shows that for all load conditions the COV of IMEP of LPG was overall
lower than gasoline’s and allowed a higher percentage of EGR before the COV limit was reached.

It is hypothesized that two main effects are responsible for the improved EGR tolerance
performance of LPG; (1) Its laminar flame characteristics and (2) its flame stretch properties like
Markstein length/number. As illustrated in the Borghi-Peters diagram [24] an increase in the laminar
flame speed or reduction in the flame thickness of the fuel relative to turbulent velocity and length
scales leads to a flame that is less prone to influences from the flow field. Flow field distortions of the
flame kernel are believed to be one of the main components of cycle-to-cycle variation in spark ignition
engines [25,26]. As EGR dilution is increased, the laminar flame speed of the fuel is reduced, and its
flame thickness is increased. An increase in flame thickness makes the fuel more prone to influences
from the flow field as turbulent eddies can corrugate the flame to a larger extent. LPG shows a lower
thickening of the flame when EGR dilution is introduced, thus favoring its resistance to corrugation by
turbulent eddies. LPG also shows a higher laminar flame speed than gasoline which allows it to have
faster flame kernel formation and propagation, increasing the Dahmkoler number of the flame [27].
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The second effect that contributes to LPG’s higher EGR tolerance is related to its flame stretch
properties. The Markstein length modifies the laminar flame speed of the fuel due to preferential
diffusion effects. Under the conditions relevant to internal combustion engines the Markstein length is
positive and relatively small, of the order of 0.1-0.2mm [28,29]. It is currently unknown how much
these effects contribute to LPG’s superior dilution tolerance in a real engine environment.
Nevertheless, the Markstein length of propane is positive (i.e., stretch effects reduce the laminar flame
speed of the fuel) and is smaller than the Markstein length for iso-octane, a surrogate for gasoline. As
such, based on the available literature, LPG should be less susceptible to stretch effects. The effect of
flame stretch is expected to increase the differences in laminar flame speed between LPG and
gasoline. Flame stretch and preferential diffusion effects on flame kernel formation and effects on
COV of IMEP is a topic that needs to be further explored to understand if the benefits of LPG can be
extended by optimizing charge motion and turbulence.
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Figure 5. COV of IMEP for DI gasoline (black) and LPG (blue) for four loads as a function of
EGR at 2000 r/min.

3.3 Long Stroke Engine Liquified Petroleum Gas operating strategies for increased efficiency

The combined effects of LPG on engine efficiency were explored in a systematic approach.
The LNF engine was operated in its stock form with LPG, and with the 13.8 r; piston (“dome” piston).
These experiments were conducted with 0% EGR and conventional cam timings. Results of the LNF
(and LSE) with LPG are presented in Figure 6. Relative to gasoline with no changes to the engine r; or
operating conditions, LPG extends the load range significantly, but offers no significant efficiency
benefits (green vs black lines in Figure 6); however, if r is increased then LPG can increase efficiency
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and simultaneously increase power density (blue vs black/green in Figure 6). At an 8 bar IMEP load,
this results in approximately a 9.5% relative increase in efficiency compared to the baseline engine
with either gasoline or LPG.

Using LPG but changing the engine from the LNF to the LSE offers further increase in
efficiency observed (red vs green). These improvements are primarily due to reductions in heat
transfer and combustion duration, as previously pointed out by Boronat et al. [14], there is also an
increase in combustion efficiency which is minor but non-trivial. As shown in Figure 6, at an 8 bar
IMEP load the LSE approach yields an approximate 16% relative improvement in efficiency compared
to the baseline LNF. Although the LSE approach alone enabled good efficiency gain, the combination
of EGR and even further increased r. were also explored, which as shown in Figure 6, are where
significant gains in efficiency can be realized. The high EGR rates possible with LPG were leveraged
with late intake valve closing (110°CA bTDC vs 170°CA bTDC) and EGR. When used in tandem with
16.8 r. this approach yielded nearly a 30% improvement in efficiency compared to the baseline LNF
engine. Moreover, the power density of the LSE with LPG is not fully represented here due to the
flowrate limit of the stock fuel injectors. With increased flow rate injectors higher power density should
be achievable. It should be noted that the efficiency and power density of the LSE SI LPG engine
approach those of current medium duty diesel engines.
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Figure 6. Efficiency improvement pathway for ORNL LSE engine with LPG, pathway
combined EGR and high r,

3.4 LPG and gasoline FSN, Soot, and Particle Size Distributions comparisons

The previous section highlighted that that stoichiometric LPG offered significant improvements in
efficiency, EGR tolerance, and combustion efficiency compared to stoichiometric gasoline, achieving
efficiencies similar to diesel engine results. To further assess stoichiometric LPG engine operation,
this section explores differences between LPG and gasoline particulate emissions.

Engine operation over a wide load range and several EGR levels were conducted. The LSE
engine was operated with only the production LNF piston installed (Figure 2). The filter smoke
numbers (FSN) of EGR sweep at four loads spanning the range of low-to-high load are plotted in
Figure 7. Note that the 10.5 bar IMEPg load for gasoline was heavily knock limited and near its
maximum spark retard while LPG was just becoming knock limited at this condition, so at the highest
loads the combustion phasings were not matched, but at lower loads they are. At each load EGR was
swept from 0% to the maximum possible until unstable engine operation occurred. The loads and
conditions are the same as those presented in Figure 5, where COV of IMEP beyond 3 is where
unstable operation existed.

Results in Figure 7 clearly show that LPG exhibits extremely low FSN values, effectively zero
FSN for all EGR rates and loads ranging from 3.5 bar IMEPg to 10.5 bar IMEPg. Tl is well known that
fuel volatility and subsequent fuel wall wetting can be correlated with FSN and particulate emissions in
S| DI engines. Szybist et al. [30] conducted several studies with DI in a GM LNF engine (i.e., the same
engine the LSE in the present work is based on) and found that increased volatility fuels, like E20 and
E85, and multiple injection events could be used to reduce particle emissions. That work and other
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simulation [31] and optical measurements [32], all support the hypothesis that the source of DI
gasoline particulates is primarily form surface wetting.

These previous findings and the combined results further support the current hypothesis of
reduced wall wetting with DI LPG compared to gasoline. The present results also show in Figure 7
that with LPG there is significantly reduced HC emissions, approximately 1/3 to 1/2 those of gasoline.
These results are also observable with 0% EGR over a load sweep with several different engine
configurations in Figure 4. The very low HC and effectively zero FSN with LPG regardless of load and
EGR rate in Figure 7 combined with the similar findings regardless of engine configuration in Figure
4strongly suggest that DI LPG has very low surface wetting. Interestingly the results in Figure 7 also
highlight that for gasoline, as EGR rate is increased FSN tends to be stable or decrease, with the latter
prevalent at increased engine loads. Similar trends were also observed by Alger et al. [33] and Zhang
et al. [34], where the latter work pointed out that as EGR rates increased the particle accumulation
mode decreased and particles were primarily accumulation mode independent of fuel type used. In
the present work similar processes appear to be occurring in gasoline, but at least for FSN there
seems to be no appreciable FSN from LPG entirely. Previous works attributed the accumulation mode
to HC emissions; however, the present work observed an increase in HC emission in both gasoline
and LPG with increased EGR rates, however, unlike gasoline, increased HC emission with LPG did
not observe an increase in FSN. This suggests that with LPG, soot formation pathways from HC could
eb different. To further explore the particles of LPG and gasoline further measurements and analysis
were conducted.
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Figure 7. FSN for DI gasoline (black) and LPG (blue) at four loads as a function of EGR at

2000 r/min.

To further analyze the particle emissions from DI LPG compared to gasoline, particle size distributions,
and micro soot sensor (MSS) measurements were made. The results for a 0% EGR load sweep are
plotted in Figure 8. Results show that like the EGR sweep (Figure 7), LPG has effectively zero FSN,
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but the results in Figure 8 also confirm that there is effectively zero soot for LPG as measured with a
MSS. Likewise gasoline displayed similar trends in FSN and MSS measurements, which were low, but
not an unmeasurable like those of LPG. Simultaneous acquisition of FSN, MSS< and SMPS particle
measurements were made. The SMPS results for select loads are plotted in Figure 9, but the total
particle number for the load sweep is displayed in Figure 8. Since measurements were conducted on
a single cylinder engine, the total particle number (PN) was calculated on an IMEPN basis and
corrected for dilution ratio. An average of 3 particle size measurements were made, where
the dilution and load normalized average is plotted in Figure 8.

Interestingly despite the differences in soot and FSN between gasoline and LPG, the
fuels have total PN that are of the same order and trend relatively well together. Gasoline
operation at 13 and 15 bar IMEP was not possible due to knock limit of the fuel, but LPG
displays a very interesting trend at these higher loads. Specifically, the total PN count is
reduced by an order of magnitude. It is thus hypothesized that most of the particles in both
this engine for DI gasoline and LPG are occurring primarily from sources outside those of the
fuels themselves, which could be lubricant or valve leakage past exhaust valve seals from
the hydraulic Sturman valve system. The sources of these are not directly known but
elevated in-cylinder temperatures associated with higher engine loads could be responsible
for at least part of the observed total PN reductions. Of particular note is that there is
virtually no soot detected by the MSS for LPG whereas even the E85 resulted in measurable
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FSN in Szybist et al. [30] despite having lower particle numbers than the observed LPG
results here. The lack of soot with LPG here is consistent with the idea that the particles
observed with the SMPS are not soot carbon, but lubricant derived aerosols.

Figure 8. Soot, FSN, and total particle number for DI gasoline (black) and LPG (blue) as a
function of load at 2000 r/min with 0% EGR.

To further understand the sources of PM in the LPG engine the particle size distributions (PSD) are
plotted in Figure 9. The shapes of the PSD of LPG compared to gasoline differ most when the
particles are over approximately 100 nm diameter, with more of a pronounced log-normal distribution
for the gasoline as compared to LPG. Unlike liquid fuels, the gaseous fuel is not likely to impinge on
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the walls or piston and result in pool fires or other sources of combustion particles, so the source of
the particles is likely the lubricant and has more to do with the mechanics and temperature of lubricant
aerosolization.
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Figure 9. Particle size distributions for DI gasoline (black) and LPG (blue) for four loads at
2000 r/min with 0% EGR.

Consistent with this of lubricant as the primary source of LPG particles, the shapes of the PSD for
the propane engine are plotted as a function of load with 0% and 15% EGR in Figure 10, where
engine load is observed to reduce the particle size and total number. This is even more pronounced
with 15% EGR, which is consistent with literature studies by others [33,34]. In contrast, broad particle
size distributions are characteristic of DISI gasoline engines [35,36,37,38]. are not evident with LPG,
suggesting that accumulation modes in general are very much reduced. Figure 10 illustrates that
accumulation mode particles decay with load, where loads over ~10 bar IMEP show very limited
accumulation mode particles (i.e., particles larger than ~30nm) with LPG. These findings combined
with the efficiency results of Figure 6 suggest that DI LPG could be a viable opportunity for low
emissions high efficiency engines like diesel engines that are common in medium duty applications.
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Figure 10. Particle size distributions for LPG load sweeps with (A.) 0% EGR and (B.) 15%

EGR

4. Discussion

The present results highlight that low PM and diesel like efficiencies are possible with DI LPG in a
high r. approach. The significance of this is directly applicable to the medium duty engine sector,
which, in the United States, is primarily fueled by diesel and gasoline engines. In this sector it is
common for 6-7L gasoline and diesel engines to be employed for a wide range of applications. One of
the most prevalent engines is the Cummins ISB 6.7L diesel engine. The current results are
demonstrated on a 0.75L single cylinder engine, and thus in a V8 configuration this would translate to
a 6L total displacement design, which is highly relevant to the United States medium-duty sector.

Therefore, it is of interest to estimate what efficiency and performance of a LSE based LPG engine
could be. Efficiency and load were corrected for friction using the default constants used in GT-power
as explained in Boronat et al. [14] and Splitter et al. [17, 18]. Because the exact friction is unknown,
the friction was estimated not as a direct number but a range. It was assumed that technologies to
reduce friction could be applied to reduce friction up to 40% over default GT-Power values, which is
relevant to what literature values have been reported by others [40]. The results of this analysis with
the best efficiency LSE LPG results are plotted in Figure 11 and compared to the NHSTA reported
values of the 2019 Cummins ISB, which are used for certification purposes. Clearly the results of DI
LPG very closely approach those of the ISB in terms of brake thermal efficiency (BTE) and output
(BMEP). Note that the load sweep with the LPG engine was prematurely stopped because the fuel
injection system was unaltered form the stock engine and the injector duration needed for high load
was beyond the safety limits imposed by the control software. A LPG specific injector design with
increased flowrate would likely be required for further load expansion demonstration.



14 D. Splitter, V. Boronat, F. Chuahy, and J.Storey,

—A— Cummins diesel ISB, 2019 production
®— ORNL LSE LPG, 16.8:1r,, 0-35% EGR

| ORNL LSE LPG friction range estimated

45-

—A—A—
R SN

40—- ‘/‘
s A
/

A

BTE* (%)

25

f—

20 - . - . . . :
0 5 10 15 20 25
BMEP* (bar)

Figure 11. ORNL LSE derived BTE numbers compared to 2019 production Cummins ISB
diesel.

The ramifications of the efficiency illustrated in Figure 11 become apparent when examined form the
perspective of pending 2027 emissions and efficiency regulation in the United states, which will
regulate CO2 emissions in medium duty vehicles. Specifically, the 2027 standards are 457 [gCO./bhp-
hr] and 535 [gCOy/bhp-hr] in the SET cycle and FTP cycles respectively [39]. Since the emissions
regulations are on a vehicle CO2 basis and not a, efficiency basis there are great potential
opportunities for reduced carbon intensity fuels like LPG.

According to a national LPG survey by the Propane Education and Research Council (PERC)
from 2017 and 2018 [41], LPG is between 91-96% on average propane, with the balance species of
ethane (0.5-6.5%) and combinations of butane and its isomers (up to 7.5%). The significantly
increased H/C ratio of LPG ~2.67:1 is attractive for reducing CO, emissions by ~12% (energy basis
when compared with diesel fuel) in a stoichiometric SI engine if engine brake thermal efficiency (BTE)
parity with diesel is achieved, presenting a pathway to beyond 2027 compliance.

The results in the present work and that of Boronat et al. [14] illustrate that an engine design that
exploits LPG’s unique properties, greatly improves efficiency, and enables significantly higher r; is
possible. As shown in Boronat et al. [14], and Figure 6 and Figure 11 of the present work, diesel
engine efficiency parity to the 2019 Cummins ISB is possible. Similar work has been conducted by
Rengarajan et al. [42], in a multi cylinder engine but with lower efficiency than the present work due to
reduced compression ratio and reduced stroke-to-bore ratio. The 2019 ISB is certified at 488
[gCO,/bhp-hr] (SET steady-state) and 525 [gCO,/bhp-hr] (FTP transient) [43], translating to 40.7%
SET and 37.8% FTP cycle-averaged efficiency.

The present work highlights proof-of-concept results as illustrated in Figure 11 that DI LPG can
approach or meet the Cummins 2019 ISB efficiencies. Thus, a similar SET and FTP transient
efficiency to the ISB might be possible with DI LPG using an approach like the LSE. With further
optimization and development, a target of 41% SET average with DI-LPG might be possible while
meeting all applicable 2027 criteria emissions regulations as three-way catalyst of this program is
highly possible as highlighted by previous work by others [44]. Achieving the such a cycle efficiency
with LPG would result in cycle CO, emissions of 430gCO,/hp.hr, a 6% reduction from 2027 Phase 2
greenhouse gas (GHG) regulations and illustrate a pathway for S| engine approaches to meet or
exceed 2027 emission regulation using DI LPG.
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5. Conclusions

The present work illustrated performance and emissions of DI LPG and gasoline in a novel
lone stroke engine (LSE). The major findings of the present work are outlined as the following.

1. Regardless of liquid petroleum gas (LPG) or gasoline fueling the LSE engine exhibited
significantly improved combustion durations, which were ~20% faster than the production GM
LNF engine, when using the same piston and TDC geometry. When using the similar
compression ratios (i.e. a “dome” piston in the LNF was required), the LSE exhibited even
further combustion duration benefits. These differences were attributed to significantly
increased turbulence from the LSE’s increase stroke

2. With gasoline the LSE was found to offer significantly improved HC and combustion efficiency
improvements when high compression ratio was used. This was again attributed to the
combustion chamber improvment for a given compression ratio with the LSE compared to the
LNF. However, with DI LPG the advantages were reduced as HC emissions were extremely
low with LPG overall.

3. LPG was found to enable increased EGR rate compared to gasoline (20-50% relative increase
depending on load). The results were attributed to fundamental flame dynamics and
combustion properties such as flame stretch differences of LPG vs. gasoline when EGR is
used.

4. A combination of DI LPG with LIVC (110°CA bTDC;s), EGR (~30%) and high r. (16.8:1) was
found to yield in excess of 45% NTE with diesel like power density. This was an improvement
of ~30% relative to the production engine with DI LPG.

5. DI LPG was found to have effectively zero measurable FSN and soot, but similar PN to
gasoline. Particle size distribution (PSD) as a function of load showed that as load increased
regardless of 0% or 15% EGR, DI LPG exhibited smaller diameter and lower number counts
of particles. This translated to reductions in total PN overall. These combined results were
postulated to be an effect of significantly reduced wall wetting with DI LPG as compared to
gasoline.

6. Efficiency results were compared to a conventional MD diesel engine in the form of the 2019
Cummins ISB. Brake thermal efficiency of the single-cylinder LSE was estimated by a friction
correlation and compared very favorably to the efficiency of the Cummins engine and power
density. The results show promise for pathways of low GHG/CO2 fuels to meet future
emissions regulation with SI TWC compatible combustion.
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