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Abstract: Dual-fuel low-temperature combustion is a possible solution for alleviating the tradeoff
between oxides of nitrogen and soot emissions in conventional diesel combustion, albeit with poor
combustion stability, high carbon monoxide, and unburned hydrocarbon emissions at low engine
loads. The present work compares emissions and combustion (heat release and other metrics) of
both diesel and poly-oxy methylene dimethyl ether as high-reactivity fuels to ignite natural gas
while leveraging spray-targeted reactivity stratification, which involved multiple injections of the
high-reactivity fuels. The experiments included six parametric sweeps of: (1) start of first injection,
(2) start of second injection, (3) percentage of energy substitution of natural gas, (4) commanded
injection duration ratio, (5) rail pressure, and (6) intake pressure. The experiments were performed
on a 1.8 L heavy-duty single-cylinder research engine operating at a medium speed of 1339 rev/min.
Not-to-exceed limits for the indicated oxides of nitrogen emissions, maximum pressure rise rate, and
the coefficient of variation of the indicated mean effective pressure were set to 1 g/kWh, 10 bar/CAD,
and 10%, respectively. The indicated emissions decreased and combustion improved significantly for
both fueling combinations when the experimental procedure was applied.

Keywords: dual fuel; RCCI; natural gas; low-temperature combustion; OME

1. Introduction

Internal combustion engines (ICEs) have been a predominant factor in the growth
and interconnectivity of society [1] ever since their introduction nearly 145 years ago [2].
The integral nature of ICEs to our everyday life, with over 99% of all global transport
being powered by ICEs [3], means that they will continue to be choice for the movement
of people and goods for the coming decades [4]. While light duty ICEs may have some
form of hybridization or electrification in the near future, heavy duty vehicles (mainly
Class 7 and 8 trucks) will continue to be powered using ICEs. Heavy duty vehicles will
see a continual increase in vehicle miles traveled according to the US Energy Information
Administration’s Annual Energy Outlook [5], with heavy duty trucks estimated to travel
approximately 500 billion vehicle miles by 2050. An increase in the vehicle miles traveled
inevitably leads to more emissions associated with combustion, mainly carbon dioxide
(CO2), oxides of nitrogen (NOx), carbon monoxide (CO), and unburned hydrocarbons
(UHC). Emissions which are harmful to the environment and to public health are heavily
regulated globally. For example, the California Air Resources Board recently implementing
amendments to Title 13 of the California Code of Regulations [6], which state that the NOx
limits for heavy-duty diesel engines cannot exceed 0.05 g per brake horsepower/hour
(g/bhp-h) for model years 2024–2026. The NOx limit is further restricted to 0.02 g/bhp-h
for any 2027 model year and newer vehicles. UHCs and CO emissions are also restricted to
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0.14 and 15.5 g/bhp-h, respectively. To meet the needs of these stringent regulations, ad-
vanced combustion engine strategies will need to be researched and implemented. Strate-
gies such as dual-fuel low-temperature combustion (DFLTC) and reactivity-controlled com-
pression ignition (RCCI) are potential pathways to maintain compliance with
emissions regulations.

The concept of using two fuels at the same time in an ICE is not a novel one, with
studies from Boyer [7] and Elliot et al. [8] showcasing it as early as the 1950s. DFLTC
and RCCI take advantage of using two fuels, a low-reactivity fuel (LRF) which has a
high resistance to auto-ignition (low cetane number) and a high-reactivity fuel (HRF),
which has a high cetane number to achieve low engine-out NOx emissions by reducing
local temperatures and low soot emissions by separating fuel mixture preparation and
combustion. DFLTC is not the only approach to reducing local temperatures during
combustion; for example, exhaust gas recirculation (EGR) is a well-recognized strategy
for NOx reduction in conventional diesel combustion. DFLTC and RCCI are not the
only LTC concepts, with homogeneous charge compression ignition (HCCI) [9,10] and
gasoline compression ignition [11,12] being two examples of other LTC concepts that have
been considered due to their emissions benefits. An advantage that DFLTC and RCCI
have over these other strategies is the ability to control combustion phasing through the
inherent reactivity stratification levels achieved while requiring minimal modifications
to existing compression ignition engines. Another benefit is the wide variety of LRF
and HRF fuels that can be used together, including renewable fuels. Fuel combinations
such as diesel/ammonia [13,14], diesel/natural gas (NG) [15–19], diesel/propane [20,21],
diesel/methanol [22], diesel/gasoline [22,23], and primary reference fuels (n-heptane and
isooctane) [24,25] have been studied previously. In addition to different HRF/LRF fuel
combinations in DFLTC, other efficiency and emissions improvement strategies include
the use of variable compression ratios and friction reduction approaches (cf. Ref. [26]),
variable valve actuation to achieve overexpanded operation, etc.; however, these strategies
are beyond the scope of the present work.

The low NOx and soot emissions with DFLTC are accompanied by higher CO and
UHC as well as higher cycle-to-cycle variations in the combustion process [27]. One strategy
that could be implemented to address these challenges is to use multiple HRF injections
instead of single HRF injection. Carlucci et al. [28] used a biodiesel–syngas fuel combination
and split the pilot injection into two separate injections on a 510.1 cc displacement engine.
They concluded that a second injection that occurs 10 to 30 crank angle degrees (CAD)
after the first injection, with the first injection occurring within 35 to 20 degrees before
compression top dead center (dBTDC) can ensure the highest fuel conversion efficiencies
for the biodiesel–syngas dual-fuel combustion. Yadav et al. [29] used diesel and butanol on
a three-cylinder 1.5 L turbocharged engine at an engine speed of 1800 RPM. It was found
that by introducing a post-injection, the brake thermal efficiency increased as compared
to a single injection case at the same load, and the smoke measurements were also lower.
A post-injection quantity of 1.5 mg/cycle, with the injection occurring 9.7 CAD after the
main injection, was found to be optimal. Bartolucci et al. [30] numerically investigated the
benefits of using a split-injection strategy with diesel and NG at 5 bar brake mean effective
pressure on a 1.8 L single-cylinder research engine (SCRE) operating at 1500 RPM. After
validating an early injection timing of 310 CAD with experimental results, the effects of
using multiple injections and different rail pressures were studied. The second injection
was added 65 degrees after the first injection (i.e., after TDC). Introducing the second
injection without increasing the rail pressure showed a higher amount of CO and UHC
than for the single-injection case alone, and this was corroborated by experimental results.
However, increasing the rail pressure from 500 bar to 1200 bar significantly decreased
the CO and HC, while also maintaining a NOx value less than 1 g per kilowatt hour
(g/kWh), because of a greater number of observed ignition locations which resulted in faster
methane reaction rates. Hariharan et al. [31] specifically targeted the reduction in UHC
and CO emissions on a 1.8 L SCRE operating at 1500 RPM in the dual-fuel mode using a
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split-injection strategy. Parameters such as the second injection duration, the percent energy
substitution (PES), and the rail pressure were studied. Close-coupled injections (injection
events spaced within 15 CAD of one another) showed advanced combustion phasing, as
well as increased combustion efficiency. However, the NOx emissions with close-coupled
injections were six times as high as the baseline diesel–methane dual-fuel point. It was
also shown that rail pressure had a significant impact on the efficiency emissions tradeoffs,
and the indicated fuel conversion efficiency (IFCE) increased with rail pressure, with a
maximum value of ~50% being observed.

Split injection may be a possible solution to DFLTC’s cyclic combustion variations
problem at low loads; however, there is still the issue of possible soot formation, or par-
ticulate matter (PM), with near-TDC second injection of diesel. The use of oxymethy-
lene ether (OME) fuel blends has garnered increasing research interest to mitigate PM
emissions [32–38]. Being oxygenated fuels with fewer (or no) carbon–carbon bonds, OMEs
can help reduce PM emissions [35]. García et al. [36] numerically showed the benefits
of using OME with dual-fuel combustion, with gasoline as the LRF, on a series hybrid
setup using a 0-D vehicle model. The well-to-wheel CO2 analysis showed that the use of
an optimized series hybrid architecture along with OME–gasoline dual-fuel combustion
improves upon current commercial trucks by 25%. Garcia et al. [37] demonstrated the use
of OME fuels in a four-cylinder 1.6 L engine. The engine was fueled with three different fuel
blends, each with a different amount of OME fuel and Fischer–Tropsch diesel on a volume
basis; three different speed/load points were considered for the study. It was found that the
fuel blends with higher OME amounts reduced PM by at least 5 mg/kWh, as compared to
diesel when using baseline engine calibrations. The fuel consumption for these higher OME
fuel blends increased, however, due to the reduced lower heating value (LHV) of the blend
accompanying higher percentages of OME fuels in the blends. NOx emissions could not be
directly correlated with the decreased soot, because they could either be lower or higher
than the baseline diesel reference depending on the engine load. However, NOx could be
reduced with respect to the diesel baseline (at the expense of PM, UHC, and CO emissions)
if the engine calibration were optimized. Overall, the well-to-wheel brake-specific CO2 was
reduced for the fuel blend that was entirely composed of OME and Fischer–Tropsch diesel.
Tong et al. [38] successfully demonstrated the use of polyoxymethylene dimethyl ether
(POMDME), a type of OME fuel, as the HRF in a dual-fuel RCCI configuration with gasoline
as the LRF. The experiments were conducted on a modified six-cylinder heavy-duty diesel
engine, where one of the six cylinders was isolated from the rest for the purposes of testing.
Low PM values were obtained for the POMDME–gasoline combustion regardless of the
POMDME injection timing and the POMDME-to-gasoline fuel proportion. A slight penalty
in NOx emissions was observed compared to diesel–gasoline operation. Stoichiometric
equivalence ratios were also deemed to be achievable with the POMDME dual-fuel method,
meaning the use of three-way catalysts could be explored in the future.

The primary goals of the present work are to improve efficiency and combustion sta-
bility and to reduce UHC, CO, and NOx emissions in DFLTC of NG by utilizing POMDME
and diesel as HRFs. In this work, it must be noted that NG provides most of the fuel energy
input (baseline ~80%) with the remainder provided by either POMDME or diesel. In other
words, the DFLTC concept presented here utilizes two fuels simultaneously (POMDME–
NG or diesel–NG), and therefore is fundamentally different from bi-fuel combustion that
involves combustion of one of two fuels at a given time (e.g., gasoline or E85 ethanol in
flex-fuel vehicles). The present work leverages the Spray-TArgeted Reactivity Stratifica-
tion (STARS) concept introduced by Narayanan et al. [39] for DFLTC along with other
control parameters. The STARS concept utilizes a split-injection strategy to minimize the
cycle-to-cycle variations that are inherent in dual-fuel combustion by allowing for a more
distributed ignition within the cylinder (due to higher stratification levels) which lead
to faster burn rates, higher combustion efficiencies, and lower UHC and CO emissions.
The present study builds upon previous research by Hariharan et al. [40], which studied
pathways for reducing UHC and CO emissions using both diesel–natural gas as well as



Energies 2024, 17, 1920 4 of 23

POMDME–natural gas DFLTC. Their study demonstrated that by strategically varying
six control parameters, UHC and CO reductions of ~85% and ~92%, respectively, can
be achieved.

2. Materials and Methods
2.1. Experimental Setup

The engine used for the experiments is an SCRE platform, based on a PACCAR MX-
11 multi-cylinder direct-injection diesel engine. The stock piston was used without any
modifications made to the combustion chamber. The engine specifications are provided in
Table 1, and a detailed schematic of the experimental setup is presented in Figure 1. The
engine was coupled to a 393 hp, AC dynamometer, with a Dyne Systems InterLok IL5
(Milwaukee, WI, USA) unit used to control the engine speed. For the DFLTC experiments,
the HRF was directly injected into the cylinder while the LRF was fumigated into the intake
manifold. The load was controlled via the fueling rates of HRF and LRF. A pressure regu-
lator was used to meter the LRF flowrate (NG, in this case), with a Micromotion Coriolis
flow meter (Model CMFS015M319N0A2ECZZ, Emerson, St. Louis, MO, USA) being used
to measure the LRF flowrate. The HRF (diesel or POMDME) was injected directly into
the cylinder using the stock electronically controlled solenoid injector, which was con-
nected to a common rail injection system capable of achieving up to 2500 bar rail pressure.
Diesel injection timing, duration, and rail pressure were controlled via a National Instru-
ments Direct injector control and measurement (DCM) device interfacing with Vieletech
(Woodland Park, CO, USA) Calibration Viewer software (2019 Version). The HRF flowrate
was measured with a Micromotion Coriolis flow meter (Model CMFS010M319N0A2ECZZ).
Pressurized air was supplied to the engine air intake using an external air compressor,
which was conditioned using a heatless desiccant dryer before entering the engine. The
air flow rate was measured using a sonic (choked) nozzle from FlowMaxx (Model SN16-
SA-345, North Richland Hills, TX, USA). In-cylinder pressure was measured using a
Kistler (Kistler Instrument Corp., Novi, MI, USA) model 6124A pressure sensor, with a
Kistler 5018-type charge amplifier used to amplify the signal. A 0.1 CAD resolution BEI
(Sensata Technologies, Attleboro, MA, USA) shaft encoder was used to phase the in-cylinder
pressure trace. Static intake pressure (Pintake) was measured with a Setra (Setra Systems,
Inc., Boxborough, MA, USA) model 206 pressure transducer and a Kistler 4624A pressure
transducer was used to measure crank-angle-resolved dynamic intake pressure to peg
each engine cycle’s cylinder pressure trace. Table 2 provides information on the accuracies
associated with the sensors used in this engine setup.

Table 1. General engine specifications.

Engine Type Single Cylinder, Four Stroke

Bore (mm) 123
Stroke (mm) 152
Con. Rod Length (mm) 244.5
Displaced Volume (L) 1.806
Nozzle Dia (mm)/number of holes 0.1905/7
Compression Ratio 18.5
Intake Valve Timings IVO—710 CAD, IVC—210 CAD
Exhaust Valve Timings EVO—490 CAD, EVC—5 CAD
Diesel Injection System Delphi DFP5 common rail
Operating Speed (rpm) 1339

Table 2. Details of experimental sensors and their accuracies.

Data Type Make/Model Type Unit Accuracy

Temperature Omega (Omega Engineering,
Norwalk, CT, USA) K-type ◦C ±0.75% of reading

Air mass flow Flowmaxx Sonic orifice kg/h ±0.25% of reading
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Table 2. Cont.

Data Type Make/Model Type Unit Accuracy

Diesel mass flow Emerson/Micro Motion Coriolis kg/h 0.1% of reading
Methane mass flow Emerson/Micro Motion Coriolis kg/h 0.25% of reading

NOx and NO Richmond Instruments
(Clinton Township, MI, USA) CLD ppm <1% of full scale

THC Richmond Instruments FID ppm <0.5% of full scale
CO Richmond Instruments NDIR % <1% of full scale
CO2 Richmond Instruments NDIR % <1% of full scale
O2 Richmond Instruments MPA % <1% of full scale

Cylinder pressure Kistler 6124A Piezoelectric bar ±0.3% of reading
Dynamic pressures (intake, exhaust) Kistler 4049A Piezoresistive bar ±0.1% of full scale
Static pressures (intake, exhaust, etc.) Setra Model 206 Capacitance psig ±0.13% of full scaleEnergies 2024, 17, x FOR PEER REVIEW  5  of  25 
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Figure 1. Detailed experimental setup.

As mentioned before, two different HRFs were used in this work: diesel and POMDME.
POMDME is typically a combination of six different OMEs. The chemical formula for OMEn
is CH3(-O-CH2)n-O-CH3, where n represents the number of (O-CH2) groups in the polymer
chain. The composition of the fuel used in this study is: 0.02% OME1, 0.12% OME2,
47.76% OME3, 29.58% OME4, 16.38% OME5, and 5.37% OME6. Pertinent fuel properties
are provided in Table 3.

In the current work, all references to crank angles use the absolute crank angle conven-
tion, meaning that 0◦ refers to gas exchange TDC, and 360◦ refers to compression TDC. For
each operating point, 1000 consecutive engine cycles were recorded, and these data were
subsequently post-processed using an in-house MATLAB R2021a code to derive in-cylinder
heat release information.
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Table 3. Fuel properties.

Diesel POMDME City Natural Gas

Octane Number/Cetane Number Cetane = ~46 Cetane = 70 Octane = ~110–120
Lower Heating Value (MJ/kg) 43.4 19.2 49.2

Oxygen (m/m) % 0 47 0
Hydrogen/Carbon Ratio 1.8 2.35 3.8655

Oxygen/Carbon Ratio 0 0.83 0.0029
Nitrogen/Carbon Ratio 0 0 0.0076

2.2. Experimental Procedure

The experiments in this study were performed in accordance with the flowchart
shown in Figure 2. This flowchart was designed as one potential pathway for reducing
UHC and CO emissions in DFLTC at an indicated mean effective pressure (IMEP) of
5 bar and an engine speed of 1339 RPM. Equation (1) shows the IMEP calculation, where
Pi is indicated power in kW, Vd is displaced volume in liters, and N is engine speed in
revolutions per second. The not-to-exceed (NTE) limits for the entire set of experiments
were: maximum pressure rise rate (MPRR) < 10 bar/CAD, coefficient of variation in IMEP
(COVIMEP) < 10%, and indicated specific NOx (ISNOx) < 1 g/kWh. Equation (2) shows the
COVIMEP calculation, where σ is the standard deviation of IMEP and µ is the mean of the
IMEP over the 1000 consecutive cycles of recorded data. All experiments presented in this
work were completed without the use of EGR.

IMEP =
2Pi103

VdN
(1)

COV IMEP =
100σ

µ
(2)Energies 2024, 17, x FOR PEER REVIEW  7  of  25 
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Step 1 in the experimental procedure is to perform a start of injection (SOI1) sweep
at a constant PES of NG and a constant Pintake of 1.5 bar. The PES is calculated using
Equation (3), where

.
m is the fuel mass flowrate and both

.
m and LHV have subscripts

denoting which fuel is being considered. The PES is used as a metric for the propor-
tion of the fuel energy input from the LRF, and therefore, a higher value of PES means
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higher LRF substitution rates. The optimal operating point for the SOI sweep is then deter-
mined based on the criterion of ultra-low NOx emissions along with reasonable UHC and
CO values. The goal for the SOI1 sweep was to prioritize NOx reduction so that the re-
mainder of the experiments could be leveraged to reduce UHC and CO while keeping NOx
below the self-imposed NTE limit of 1 g/kWh.

PES =

.
mLRFLHVLRF

.
mLRFLHVLRF +

.
mHRFLHVHRF

(3)

Step 2 is divided into two parts: part (a) consists of introducing a second injection
(SOI2), following the STARS idea, and part (b) consists of a PES sweep. In part (a), the
SOI from step 1 (henceforth known as SOI1) was kept constant. The injection duration
of SOI1 was reduced until the COVIMEP limit of 10% was reached, at which point SOI2
was added to stabilize the combustion. This injection duration for SOI1 was then kept
constant for the remainder of part (a) testing, as SOI2 timing was changed. Load was
maintained by changing only the injection duration of SOI2 at each injection timing, and
the PES was maintained at 80%. Part (b), however, only utilized the best single-injection
timing from Step 1, and the effects of changing PES were observed. Both parts (a) and (b) of
step 2 were completed in parallel, and both were combined to choose the operating point
to be considered for the remainder of the testing procedure based on optimal UHC and CO
emissions while maintaining reasonable NOx emissions.

Step 3, as mentioned previously, used the SOI2 timing from step 2(a) and the PES value
from step 2(b) that were determined to be the best operating points for those conditions and
changed the injection split ratio. In the present work, the injection split ratio is defined as
the commanded injection duration of SOI1 divided by the commanded injection duration
of SOI2. While it would be more appropriate to determine the actual injection duration
from needle lift data, the injector could not be instrumented for needle lift data acquisition.
As with previous steps, the optimal point for these operating conditions was determined
based on emissions values. In step 4, the optimal rail pressure (again, based on emissions)
was chosen before performing the boost pressure sweep in step 5.

The apparent heat release rate (AHRR) was calculated using Equation (4), in which
γ is the ratio of specific heats, P the instantaneous cylinder pressure, V the instantaneous
volume, and θ the instantaneous crank angle. To find γ at each crank angle, an in-house
chemical equilibrium code was used to determine composition and NASA polynomials [41]
were used for determining the specific heat as a function of temperature for each species in
the mixture.

AHRR =
γ

γ − 1
P

dV
dθ

+
1

γ − 1
V

dP
dθ

(4)

The cumulative heat release was then calculated by integrating the AHRR with respect
to θ, and the start of combustion (CA5), combustion phasing (CA50) and end of combustion
(CA90) were determined as the CAD locations where 5%, 50%, and 90% of the maximum
cumulative heat release were achieved, respectively. In cylinder bulk gas (average) temper-
ature was also calculated on a crank angle basis using the Redlich-Kwong real gas equation
of state [42]. Using these calculated in-cylinder temperatures, CAD-based residence times
for which the in-cylinder gases remain above a certain temperature can be determined.
Combustion efficiency (ηcomb) and the gross IFCE were also calculated based on definitions
presented by Heywood [43] as shown in Equations (5) and (6), respectively, where y refers
to the mass fractions of the different species (identified by the different subscripts).

ηComb(%) = 100 − 100 ∗
[(

yUHCLHVUHC + yCOLHVCO + yH2 LHVH2

)
∗
( .
mair +

.
mLRF +

.
mHRF

)
.

mLRFLHVLRF +
.

mHRFLHVHRF

]
(5)

IFCE (%) =

∫ 540 CAD
180 CAD PdV

mLRFLHVLRF + mHRFLHVHRF
(6)
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Finally, the MPRR was defined as the maximum of the first derivative of the
ensemble-averaged cylinder pressure with respect to CAD.

3. Results and Discussion

The experimental results are presented sequentially for each step of the experimental
procedure described in Figure 2. For each step, both diesel–NG and POMDME–NG
operation are discussed.

3.1. Step 1: SOI1 Sweep

A wide SOI1 range from 310 CAD to 355 CAD was considered for both fuel combi-
nations. Injection timings earlier than 310 CAD resulted in COVIMEP values greater than
the 10% NTE limit. Figure 3 shows the cylinder pressure curves, AHRR profiles, and emis-
sions for both diesel–NG and POMDME–NG operation. As the SOI1 was advanced from
355 to 330 CAD for diesel–NG, the location of peak AHRR advanced and ISNOx in-
creased, while ISHC decreased. The same phenomenon occurred with POMDME–NG.
In addition, for both fuels, the peak cylinder pressure increased until the MPRR limit
was reached, at which point the SOI1 had to be significantly advanced to reduce MPRR
and to avoid the MPRR-limited region. Further advancement of SOI1 resulted in lower
peak cylinder pressures and also retarded the location of peak AHRR. Correspondingly,
the ISNOx decreased dramatically as the SOI1 was advanced toward 310 CAD (note
the logarithmic NOx scale). This phenomenon has been seen previously in various
studies [44–46]. There was also a change in the shape of the AHRR profile from a two-stage
AHRR shape to a single-stage “Gaussian” AHRR shape as SOI1 was advanced toward
310 CAD. This AHRR shape transformation has been observed in several previous stud-
ies and the underlying reasons have been discussed in a recent paper by the present
authors [47]. The lower ISNOx at earlier SOI1s was likely due to the increased time avail-
able for fuel–air mixing, resulting in fewer regions in the combustion chamber for which
the equivalence ratio (ϕ) is near-stoichiometric, leading to lower local temperatures. The
avoidance of high local temperatures is key to NOx reduction, since the main mechanism
for NOx formation (the Zel’dovich thermal mechanism) under these conditions requires
temperatures > 1900 K [48].

The SOI1 advancement from 325 to 310 CAD increased ISCO emissions, but the ISHC
emissions stayed nearly invariant. To explain this, the COVIMEP is presented in Figure 4,
along with MPRR for both fuel combinations. At the very advanced SOI1s, the COVIMEP
for diesel–NG was 6.5%, and for POMDME–NG it was 6.2%. This indicates that the
combustion is quite unstable at these conditions due to high cycle-to-cycle variability. This
variability also likely led to partial fuel oxidization to CO, but not complete oxidation to
CO2. Additionally, the higher CO emissions were also accompanied by shorter residence
times of high in-cylinder bulk gas temperatures. For these operating conditions, most
of the ISHC likely arises from the crevices, late burning, and some from bulk quenching
for partially firing cycles. For very late SOI1s, the ISHC emissions were very high due
to delayed combustion phasing and late burning; however, they decreased with SOI1
advancement to ~325 CAD. Further advancement of the SOI1 timing beyond 325 CAD
may not lead to more distributed ignition of the unburned NG, meaning the amount of
unburned NG remains invariant on a global basis.

The SOI1s of 310 CAD and 320 CAD were chosen for the subsequent steps for
diesel–NG and POMDME–NG operation, respectively. The 310 CAD SOI1 for diesel–NG
was chosen due to virtually zero ISNOx emissions (unmeasurable by our emissions bench,
and hence not represented on the log scale for ISNOx in Figure 3). When performing
the POMDME–NG experiments, 320 CAD SOI1 was chosen due to its higher IFCE and
comparable ISNOx compared to 310 SOI1 (39.8% vs. 38.2%), which offered a better starting
point for performing the remainder of the experiments.
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3.2. Step 2a: Split Injection (STARS) Sweep

The goal of STARS is to improve combustion stability (lower COVIMEP) using multiple
injections. The authors also expected a concomitant improvement in ISCO emissions and
possibly also ISHC emissions with STARS. Figure 5 shows COVIMEP along with the MPRR
for both fuel combinations at each SOI2 value.

For diesel–NG DFLTC, which had a COVIMEP of 6.5% for the baseline single-injection
case, introducing a second injection (SOI2) after the 310 CAD SOI1 from step 1 reduced
the COVIMEP, whereas SOI2s earlier than 310 CAD increased the COVIMEP. The COVIMEP
results for POMDME–NG combustion were less conclusive, i.e., injections that occurred be-
fore or after the fixed 320 CAD SOI1 from step 1 produced both higher and lower COVIMEP
values compared to the 6.2% value. To determine the impact of SOI2 on combustion, the
cylinder pressure, AHRR, and emissions results for each SOI2 are presented in Figure 6.
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Figure 6. Cylinder pressure (top), AHRR (middle), and emissions (bottom) results for SOI2 sweep at
each SOI2 timing for both diesel–NG (left) and POMDME–NG (right).

Injections occurring after the fixed 310 CAD SOI1 had lower ISCO values than those
that occur before the 310 CAD SOI1 for diesel–NG combustion. However, the ISCO
values for all SOI2s considered in the diesel–NG sweep were lower than the ISCO value
(66.7 g/kWh) for the single-injection baseline from step 1. A similar trend was observed for
POMDME–NG, where the ISCO values for all SOI2s were less than the ISCO value for the
single injection of 320 CAD considered from step 1. The ISNOx trends are also similar to
the SOI1 trends seen in step 1, which is likely due to the increased mixing times available
for early SOIs, thereby allowing for lower local equivalence ratios, and therefore, lower
local temperatures and lower ISNOx emissions.

The AHRR curves for diesel–NG show that changing SOI2 has an impact on the
location of the peak AHRR, with SOI2s of 295, 300, and 305 CAD (all of which occurred
before the fixed 310 CAD SOI1 from step 1) having the most retarded locations of peak
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AHRR with respect to TDC of 364.6, 365.2, and 365.5 CAD, respectively. Once the SOI2
occurs after the fixed 310 SOI1, the peak AHRR location shifts to near TDC for SOI2s of 317,
320, 325, and 330 CAD. A similar AHRR behavior occurs with POMDME–NG, with the
exception that the peak AHRR location starts to retard closer to TDC as the SOI2 location is
retarded closer to TDC. To observe these trends better, the CA5, CA50, and CA90 locations
for each SOI2 are plotted for both fuel combinations in Figure 7.
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The CA5, CA50, and CA90 occurred earlier in the cycle as soon as SOI2 occurs after
SOI1 for diesel–NG; for POMDME–NG, there was a similar trend for SOI2 = 330 CAD.
However, when the SOI2 was further retarded, the CA5, CA50, and CA90 values occurred
later in the cycle. This can be attributed to the time allowed for fuel–air mixing, as SOI2
timings that occur before SOI1 will inevitably have more time for mixing than for later
SOI2s, which leads to more homogenization of the fuel–air mixture.

Another interesting observation regards the manifestation of the low-temperature
heat release (LTHR) portion of the AHRR profile for both diesel–NG and POMDME–NG
combustion. Figure 8 shows this LTHR region for both fuel combinations. There is a
stark contrast within this LTHR region between diesel–NG and POMDME–NG. Diesel–NG
shows a very consistent LTHR profile, which never exceeds 15 J/CAD of peak LTHR;
POMDME–NG, on the other hand, shows a very erratic LTHR profile, with the SOI2
timings that occur before the fixed 320 SOI1 having much higher LTHR than for SOI2s that
occur after the fixed 320 CAD SOI1.
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The differences in LTHR profiles for both fueling combinations could be due to a few
different factors. First, the timing of SOI1 could impact LTHR, with diesel having a fixed
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SOI1 timing of 310 CAD and POMDME having a fixed SOI1 timing of 320 CAD. This means
that diesel–NG combustion will have at least 10 CAD more time for mixing than POMDME.
In addition to this effect, POMDME requires much higher fueling rates compared to diesel,
as evident from Figure 9, due to the lower LHV of POMDME. This likely leads to higher
local equivalence ratio stratification levels for POMDME than for diesel, resulting in more
significant changes to the LTHR profiles for the former.
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It is also noteworthy to compare the differences between the LTHR curves for SOI2s
that occur before their respective SOI1s for both diesel–NG and POMDME–NG. In Figure 8,
as mentioned previously, similar peak LTHR values as well as similar onset of LTHR
locations are observed for all diesel SOI2s, whereas for POMDME, 310 and 305 SOI2s
had significantly different LTHR curves. To further understand the possible reasons for
this behavior, the LTHR was plotted vs. the calculated in-cylinder bulk gas temperature
in Figure 10.
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From Figure 10, it is evident that for diesel–NG combustion, there are only minor
differences between the different SOI2 in-cylinder bulk gas temperatures, with the start of
LTHR occurring consistently between 770 and 780 K. POMDME–NG combustion, however,
shows LTHR onset temperatures between 760 K and 770 K for SOI2s of 305, 310, and
330, but shows temperatures that are near 750 K or lower for SOI2s of 340, 345, and 350.
Firstly, it is clear from these plots that POMDME’s higher reactivity compared to diesel
has an impact on the low-temperature chemistry, since all the temperatures at the onset
of LTHR are lower compared to diesel. Secondly, the changes in LTHR behavior seen
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in POMDME–NG operation can be attributed to a phenomenon that is occurring locally
within the cylinder. It is posited that for SOI2 values of 340, 345, and 350 CAD in POMDME
operation the LTHR component is mostly due to the fuel which has been properly mixed
from the SOI 320 CAD injection event. Conversely, the SOI2s that occur before the SOI1 of
320 CAD show more intense LTHR. This could mean that more of the overall fuel mixture is
taking part in the low-temperature chemical reactions. However, without detailed chemical
kinetic simulations, nor without knowing the local thermodynamic conditions within the
combustion chamber, no definitive explanations can be put forth for these LTHR trends for
POMDME–NG compared to diesel–NG.

Finally, the reduction in ISCO that occurs with introducing a second injection needs to
be addressed. Not only did the cycle-to-cycle variability decrease for some SOI1-SOI2 com-
binations, but also the in-cylinder bulk gas temperatures were higher for longer durations
of time. To visualize this, residence times above a threshold bulk gas temperature were
calculated and plotted in Figure 11. It has been shown that, in HCCI combustion, for exam-
ple, the lowest peak temperature needed for complete CO oxidation is 1500 K [49]. This
might be a reasonable starting point threshold peak temperature to study residence times
even for DFLTC. However, for the low-load DFLTC studied here, peak in-cylinder tem-
peratures for the SOI2 sweep never approached 1500 K. In fact, the maximum in-cylinder
temperature was 1296 K for diesel–NG and 1351 K for POMDME. It should be noted that
these temperatures are bulk gas temperatures, not local temperatures, which can certainly
exceed 1500 K, leading to local CO-to-CO2 conversion in some regions within the cylinder.
Nonetheless, two residence time threshold temperatures were considered, and they were
calculated as 10% of the maximum temperature achieved for a given SOI2 sweep, and 20%
of the maximum temperature achieved for the SOI2 sweep, both of which were rounded to
the nearest integer and to two significant digits. For example, in the diesel–NG SOI2 sweep,
the maximum temperature for any SOI2 was 1296 K; therefore, the cutoff temperatures
were set at 1200 K and 1000 K for 10% and 20%, respectively. This process was repeated for
each sweep, for both fuels. In general, the longer the residence times at high temperatures,
the greater the opportunity for oxidizing CO to CO2 within the combustion chamber.
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In Figure 11, the residence times for the ‘best’ operating points from the SOI1 sweep
are also shown, for comparison, as horizontal lines, with red corresponding to the 20%
threshold and cyan corresponding the 10% threshold. It is clear from Figure 11 that the
residence times for every SOI2, for both diesel–NG as well as POMDME–NG are longer
at the given threshold temperatures. For diesel–NG, the residence times for 295, 300, and
305 CAD SOI2s were close to the residence times observed with the SOI1 sweep in step
1; however, the ISCO was still lower than the 310 CAD SOI1 chosen from step 1, but was
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higher than for the 317, 320, 325, and 330 CAD SOI2s. This indicates that the residence time
plots and the respective thresholds that were used in Figure 11 can be correlated to the
reduction in ISCO emissions.

3.3. Step 2b: PES Sweep

As with Step 2a, the SOI1s of 310 CAD and 320 CAD for diesel–NG and POMDME
–NG operation, respectively, are considered for the PES sweep. The goal of the PES sweep
is to determine, at these SOI1s, the impact of PES on emissions, specifically ISHC and ISCO
emissions. Figure 12 shows the cylinder pressure, AHRR, and emissions for each PES for
both fueling combinations.
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As PES was decreased, for both fueling combinations, the peak cylinder pressure
increased, and the location of the peak cylinder pressure advanced. AHRR profiles also
show this advancement in the location of peak AHRR and increased peak AHRR values
with decreasing PES. This phenomenon can be seen in the CA5, CA50, and CA90 trends
shown in Figure 13. As PES was decreased, the CA5, CA50, and CA90 all advanced linearly,
with diesel–NG and POMDME–NG showing an advancement in combustion phasing.
The combustion advancement with decreasing PES was accompanied by ISCO and ISHC
reductions due to higher in-cylinder bulk gas temperatures and ISNOx increase due to
higher local temperatures.

By reducing the PES, multiple outcomes arise that help reduce the ISHC and ISCO
emissions. First, the advancement of the combustion phasing for both fuel combinations
facilitates the reduction in the total combined HRF and LRF quantities needed to achieve
5 bar IMEP, thereby increasing IFCEs as seen in Figure 14. In fact, IFCE increased from
41.2% at ~75% PES to as high as 44% at ~60% PES for diesel–NG and increased from 33.6%
at 90% PES to as high as 41.3% at 70% PES for POMDME–NG combustion. Second, the
combustion efficiency (also shown in Figure 14) increased, due in part to the more robust
distributed ignition centers likely with a higher quantity of HRF fuel dispersed throughout
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the combustion chamber at lower PES values. Combustion efficiencies approached 95% for
diesel–NG operation and exceeded 90% for POMDME–NG operation.
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Figure 14. IFCE and combustion efficiency for the results from a PES sweep for diesel–NG (left) and
POMDME–NG (right) operation.

Finally, the residence time plots are shown in Figure 15 for diesel–NG and POMDME–
NG. As was carried out previously, the lower threshold was taken as 20% of the peak
temperature that occurred for any PES within the sweep, and the upper threshold was 10%.
As PES decreased for each fueling combination, the residence time that was spent above
these threshold values increased. This indicates that there is a longer duration of time
within the cycle for which higher temperatures occur, resulting in greater CO oxidation to
CO2 as evident from Figure 12.
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3.4. Step 3: Injection Split Ratio Sweep

When performing the injection split ratio sweep, the results from steps 2(a) and 2(b)
were combined to set SOI1 and SOI2, as well as a PES value that was fixed during the
experiments. For diesel–NG operation, the SOI2 of 300 CAD was chosen. This falls before
the SOI1 of 310 CAD, which was set from step 1; however, the nomenclature of SOI2 is still
retained since it was introduced as the second injection within the framework presented in
this study. The SOI2 of 300 CAD was chosen mainly due to its low NOx compared to SOI2s
that had longer injection dwells. NOx was expected to be a limiting factor when the boost
pressure sweep was performed and consequently, it was decided to minimize NOx at this
stage. A PES of 50% was chosen from step 2b, due to the high-IFCE as well as low-NOx
values. While the NOx values for this point were near the cutoff of 1 g/kWh, the results
were for a single-injection case; therefore, by combining this with the STARS strategy from
step 2a, it was thought that NOx values could be reduced.

For POMDME–NG operation, an SOI2 of 310 CAD was chosen. The rationale behind
choosing an SOI2 of 310 CAD is much the same as for diesel–NG operation, in that the NOx
values were very low. A PES of 75% was chosen due to its good IFCE and NOx.

For the injection split ratio sweep, the SOI1 and SOI2 were fixed from step 1 and
step 2(a), respectively, while allowing for the injection durations to vary at constant IMEP
and PES. It was hypothesized that the injection split ratio could give finer control over
in-cylinder reactivity stratification, which could lead to greater reduction in ISCO and ISHC.
The injection split ratio is defined as the ratio of the commanded injection duration of SOI1
to that of SOI2. This was varied for both diesel–NG and POMDME–NG combustion. The
AHRR and emissions curves for this sweep are shown in Figure 16.

Diesel–NG operation shows a nearly invariant heat release profile with injection split
ratio. The emissions are relatively invariant as well, with the exception being an increase in
ISHC emissions to over 40 g/kWh at a split ratio of 1.75, which appears to be an outlier
within the dataset. The changes in the shape of AHRR in POMDME–NG operation may
be attributed to the fact that the coupled injections occur later compared to diesel–NG
operation, meaning there is less time for mixing and there is a larger amount of mass of fuel
for POMDME compared to diesel (due to the lower LHV of POMDME), which compounds
the mixing limitation. It is evident, though, that for POMDME–NG operation, the higher
injection split ratio did improve the ISCO emissions, bringing ISCO down from ~60 g/kWh
to just over 30 g/kWh. This, once again, can be explained with the residence time plot
shown in Figure 17.

The combustion duration shifts to starting earlier in the cycle for higher injection
split ratios, and the temperature exceeds 1200 K sooner compared to other injection split
ratios. The time for which the temperature stays above 1200 K is also prolonged at the
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4.75 injection split ratio. This resulted in lower ISCO, but only slightly higher ISNOx
emissions, and therefore the injection split ratio of 4.75 was chosen for POMDME to move
forward. For diesel–NG operation, the injection ratio sweep did not produce any significant
emissions reductions. Therefore, the 0.82 injection split ratio was chosen as it was close to
equal weighting between the injection durations.
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3.5. Step 4: Rail Pressure Sweep

Rail pressure has been shown to impact dual-fuel emissions in the literature [30,31].
The AHRR and emissions values for both fueling combinations are shown in Figure 18.
Interestingly, the rail pressure effects on dual-fuel emissions observed in this work are
different from trends previously observed in the literature. The differences may have
been caused by the close-coupled (or short-dwell) strategy chosen in the present work
for multiple injections and the relatively lower PES conditions chosen for the rail pres-
sure sweep. For example, Bartolucci et al. [30] observed a decrease in the CO emissions
for higher rail pressures, albeit for a long dwell between the multiple injections as op-
posed to close-coupled multiple injections used in the present work. In a similar fashion,
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Hariharan et al. [31] showed an improvement in the efficiency–emissions tradeoffs when in-
creasing the rail pressure. By comparison, as shown in Figure 17, the ISCO decreases when
rail pressure is decreased for both fueling combinations. The explanation for the differences
from this study and the previous literature could be due to the differences in PES between
the studies and possibly due the use of long-dwell injections in previous studies compared
to the close-coupled injections employed in the present study. The literature examples
used PES values of 75% or higher for diesel–NG, whereas for diesel–NG operation in this
study, a PES of 50% was used. The higher amount of diesel, combined with close-coupled
early injections, likely resulted in some spray impingement on the walls of the combustion
chamber at higher rail pressures. This would lead to partial burning of the diesel and less
active combustion spread in the surrounding NG–air mixture, potentially leading to higher
CO emissions. The higher rail pressures could also be contributing to an over-leaning of
the local fuel–air mixture (caused by the increased mixing due to higher spray momentum),
which can inhibit complete fuel oxidation.
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diesel–NG (left) and POMDME–NG (right) fueling combinations.

Differences are also evident in how rail pressure affects the AHRR curves when
comparing diesel–NG and POMDME–NG combustion. For diesel–NG combustion, the
AHRR curve is minimally affected when rail pressure is changed from the baseline pressure
of 500 bar. POMDME–NG combustion, however, shows a much more pronounced change
in the shape of the AHRR, with the 350-bar rail pressure case exhibiting a very high peak
AHRR compared to the other rail pressures. This likely explains why ISNOx increases,
since there are likely higher local temperatures due to the more intense AHRR profile for
350-bar rail pressure.

As noted previously, the residence time plots (shown in Figure 19) for diesel–NG and
POMDME–NG combustion provide insights into the ISCO reductions at low rail pressures.
For both fueling combinations, the calculated threshold temperatures were the same, with
the 10% and 20% cutoffs being 1200 K and 1100 K, respectively. The rail pressures of
1000 bar and 1100 bar were chosen for diesel–NG and POMDME–NG combustion, respec-
tively, for the subsequent boost pressure sweep. Even though these rail pressures actually
led to higher ISCO emissions compared to 500 bar, which was used in step 3, the ISNOx
decreased slightly, and the ISHC also improved for POMDME–NG combustion. Therefore,
the higher injection pressures were preferred.
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3.6. Step 5: Absolute Boost Pressure Sweep

The intake boost pressure is an important lever that is known to affect DFLTC. By
reducing the boost pressure, the air flow rate will decrease for a given engine speed, leading
to higher global ϕ values and higher in-cylinder temperatures The cylinder pressure, AHRR,
and emissions for the boost pressure sweep from nearly naturally aspirated conditions
(~1.02–1.07 bar) to a slightly higher than baseline boost pressure of 1.6 bar are shown
in Figure 20 for both fueling combinations. Overall cylinder pressures, including peak
cylinder pressures, decrease as the intake pressure is decreased. This is intuitive since the
pressure at TDC for a given engine speed is directly dependent on the compression ratio
and the pressure at the start of the closed portion of the cycle, which is reduced as intake
pressure decreases. The peak AHRR, on the other hand, increases as the boost pressure is
decreased for both fuel combinations. As boost pressure is reduced, the air flow into the
cylinder is reduced, leading to higher overall equivalence ratios and the likely presence of
more locally rich areas within the cylinder, ultimately resulting in higher local temperatures,
faster rate of heat release, and higher peak AHRR values. The ISCO emissions dramatically
decrease for both fuel combinations with decreasing boost pressures, with ISCO values
under 10 g/kWh at low boost pressures. This ISCO reduction is accompanied by higher
ISNOx emissions, and this tradeoff can be explained better using the in-cylinder bulk gas
temperature and residence time trends shown in Figure 21.

Peak bulk gas cylinder temperatures increased as the boost pressure reduced. This
directly led to longer residence times for which high bulk gas temperatures persisted. For
the baseline 1.5 bar boost pressure, with baseline diesel–NG combustion, no residence
time above the calculated thresholds was ever registered. For POMDME–NG combustion,
however, finite residence times were observed above the 20% threshold at the higher
boost pressures. In general, the longer residence times allowed for more complete CO
oxidation within the cylinder, thereby reducing the ISCO emissions. Moreover, the faster
combustion process likely led to higher local temperatures, resulting in higher ISNOx
emissions. ISHC emissions decreased slightly (for POMDME–NG) or remained nearly
invariant (for diesel–NG) throughout the boost pressure sweep. With fumigation of NG as
the LRF in DFLTC, most of the ISHC emissions may be expected to be unburned methane
arising either from the cold crevice regions or from bulk gas quenching. With the lower
in-cylinder densities accompanying lower boost pressures, the mass of unburned NG–air
mixture trapped within the crevices may be expected to decrease, leading to lower ISHC
emissions. However, the relative invariance in ISHC emissions with boost pressure for
diesel–NG combustion indicates that the impact of reducing crevice trapped mass on ISHC
at lower boost pressures is minimal for this engine at these specific operating conditions.
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Figure 20. Cylinder pressure (top), AHRR (middle), and emissions (bottom) for a boost pressure
sweep suing diesel–NG (left) and POMDME–NG (right).
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4. Conclusions

A detailed set of comparative experiments was performed on a single-cylinder research
engine involving multiple strategies at a fixed challenging low load (5 bar IMEPg) and con-
stant engine speed (1339 rev/min) for both diesel–NG and POMDME–NG
dual-fuel low-temperature combustion (DFLTC). With not-to-exceed limits of 10 bar/CAD
for maximum pressure rise rate (MPRR), COVIMEP < 10%, and ISNOx < 1 g/kWh, and
employing multiple injections, percent energy substitution (PES) of NG, rail pressure,
injection split ratio, and boost pressure as the control parameters, the primary goals of the
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present work, viz., to improve efficiency and to reduce UHC, CO, and NOx emissions in
DFLTC were achieved. The salient conclusions are as follows:

• Utilizing spray-targeted reactivity stratification (STARS) via carefully timed multiple
injections increased combustion stability at advanced SOIs, resulting in lower COVIMEP
for second injections that occurred after the first injection.

• Indicated fuel conversion efficiencies increased from baseline values of ~37% for both
fueling combinations to as high as 45% after the experimental framework was imple-
mented. Most of this IFCE improvement arose from higher combustion efficiencies
(>95%) for both fueling combinations.

• ISHC emissions decreased the most with decreasing PES for both diesel–NG and
POMDME–NG. This can be attributed to more diesel or POMDME being utilized to
achieve a better distributed ignition, leading to faster burn rates and less unburned
ISHC emissions.

• ISCO emissions are strongly correlated with the “residence times” for which the in-
cylinder bulk gas temperature remains above CO oxidation thresholds. Consequently,
lower PES, multiple injections, and especially lower boost pressures led to ISCO
reductions for both diesel–NG and POMDME–NG.

• Injection split ratio experiments did not provide any significant improvement in the
emissions or efficiency values across any split ratio studied.

• Lower boost pressures had the most profound positive impact on ISCO emissions
(and consequently IFCEs) for both fueling combinations.
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