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Abstract: Non-road sectors, such as agriculture and construction machinery, require high energy
densities and flexibility in use, which is why diesel engines are mainly used. The use of climate-
neutral fuels, produced from renewable energies, such as Oxymethylene Ether (OME) as a diesel
substitute, can significantly reduce CO2 and pollutant emissions in these sectors. In addition to CO2

neutrality, OME also offers improved combustion characteristics compared to diesel fuel, eliminating
the soot–NOx trade-off and thus enabling new opportunities in engine design and calibration. In this
paper, the combustion of pure OME on a close-to-production, single-cylinder non-road diesel engine
with a pump–line–nozzle injection system is analyzed. A variation of the center of combustion at
constant power output was performed for diesel and OME at different operating points. Two injectors
were investigated with OME. A study on ignition delay and a detailed thermodynamic analysis
was carried out. In addition, the exhaust emissions CO, NOx, VOC, as well as particulate-matter,
-number and -size distributions were measured. With OME, a significantly shorter ignition delay as
well as a shortened combustion duration could be observed, despite a longer injection duration. In
addition, the maximum injection pressure increases. VOC and CO emissions are reduced. Particulate
matter was reduced by more than 99% and particle number (>10 nm) was reduced by multiple orders
of magnitude. The median of the particle size distribution shifts from 60 to 85 nm (diesel) into a
diameter range of sub 23 nm (OME). A significant reduction of NOx emissions with OME enables new
degrees of freedom in engine calibration and an efficiency advantage without hardware adaption.

Keywords: Oxymethylene Ether (OME); alternative fuel; diesel; pump–line–nozzle; soot; particles;
NOx; pollutants; non-road application

1. Introduction

In the non-road sector, high requirements are set on the robustness, cost, flexibility
and ease of handling of the machines, which is why mainly robust and cost-effective diesel
engines are used in construction machinery. Stricter pollutant emission limits and the need
to drastically reduce carbon dioxide (CO2) emissions to limit global warming to 1.5 ◦C [1]
require alternative solutions for applications where high energy densities are required
and electrification is impossible [2]. Here, synthetic Power-to-Liquid fuels (PtL) produced
from renewable energy sources with improved combustion properties compared to fossil
fuels can make a significant contribution. The main feedstock for the synthesis of various
PtL fuels is methanol (MeOH, CH3OH), which could be produced from hydrogen (from
electrolysis of water (H2O) with electricity from renewable energy sources) and CO2 (from
industry process or direct air capture) [3,4]. Using non-fossil CO2 sources and renewable
energy creates a closed carbon cycle in the atmosphere with no impact on global warming.

The synthetically producible C1-oxygenates (Poly) Oxymethylene Dimethyl Ethers
(OMEn) (molecular formula CH3-O-(CH2-O)n-CH3) are particularly well suited for the use
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in compression ignition engines because of good ignitability and their physico-chemical
properties (especially n = 3–5) [5–7]. The OMEn chains are synthesized either by a route
from MeOH and formaldehyde (FA, CH2O) with dimethoxymethane and trioxane as
intermediates or by direct synthesis from MeOH and FA with the formation of H2O [5,8–10].
The OME production costs of the second synthesis route are lower, which is why it has
recently received more attention [10,11].

Since the physical and chemical properties of the individual OMEn molecules differ
greatly, the combustion properties of an OME mixture (OMEMix) strongly depend on its
composition from the individual components. In order to enable the introduction of OME
fuel into the market, the technical specification DIN/TS 51699 is going to be defined [12].
DIN/TS 51699 defines the limits for important properties such as freezing point, cetane
number, oxidation stability and flash point. The defined mixture consists primarily of
OMEs with a chain length from 3 to 5 (OME3–5) and only a small amount of OME6 [12].

Due to the oxygen content in the molecular structure of OME and the lack of C–C
bonds between the atoms, numerous studies with pure OMEn and mixtures of different
OMEn chains have shown that the nitrogen oxide (NOx)–soot trade-off, common for diesel
engines, does not exist [13–24]. Similarly, studies on OME and diesel blends show a
significant reduction in soot emissions due to the increasing amount of oxygen in the blend,
with a nonlinear relationship between blend rate and soot reduction [23,25–29].

In particle formation, soot precursors such as acetylene play a crucial role, as these
combine to form polycyclic aromatic hydrocarbons (PAHs), growing in turn into larger
soot particles, which is why the formation rate of the first PAH rings decisively determines
the total soot mass [30]. Gaiser et al. [31,32] found that in OME combustion, due to the lack
of C–C bonds, no typical soot precursors are formed, even under fuel-rich conditions, and
mainly oxygenated species participate in the reaction. Furthermore, the influence of chain
length on the species pool occurring during the reaction [31,32], reaction kinetics [33] and
particle formation [34] seems negligible. Extensive studies on the laminar flame velocity,
ignition behavior and reaction kinetics of OME combustion were carried out in [31–42].
The combustion process of OME and soot formation in injection sprays was studied in
detail using optical methods in [43–48]. On engine experiments with OME, it was shown
that the particle size distribution (PSD) shifts to particles with a mobility diameter (DP) of
<23 nm (nucleation mode) [21,29,49–52]. Due to the complex conditions in a combustion
chamber (flow, pressure, temperature,. . . ), the cause and mechanisms of particle formation,
as well as their composition, are not yet fully understood, so further research is needed.

Previous investigations with OME have mainly been carried out on engines with
modern common-rail injection systems, elaborate exhaust gas aftertreatment systems,
exhaust gas recirculation (EGR) options and turbocharging. In strongly cost-driven engines
without these options and with rudimentary injection technology, the fuel represents the
greatest and in some cases the only lever for reducing pollutants and increasing efficiency.
The excellent combustion properties of OME allow an omission of multiple injections and a
reduction of injection pressure without any disadvantages in particulate or NOx emissions,
whereby a simplification of the injection system and the exhaust gas aftertreatment system
seems possible [16,19,20].

Therefore, the aim of this work is to investigate the potentials of OME on a low-
cost close-to-production naturally aspirated non-road diesel engine with a pump–line–
nozzle (PLN) injection system without EGR. This article shows the results from experiments
with a OME3-6 mixture (further only called OME) and diesel as a reference. The influence
of a variation of the center of combustion (COC) on NOx, particle number (PN), particulate
matter (PM), volatile organic compounds (VOC) and carbon monoxide (CO) formation,
particle size distribution (PSD), combustion noise, efficiency (η) and ignition delay (τign)
is shown for OME and diesel at two different operating points (OP). The results of the
variation of the COC are subjected to a detailed thermodynamic analysis with consider-
ation of friction and heat losses. For OME, the influence of two nozzles with different
injection rate curves on combustion and the influence of physical properties of OME on the



Energies 2022, 15, 7932 3 of 26

hydraulics of the PLN injection system is discussed. An approach for the more accurate
determination of ignition delay using a needle lift sensor on the engine is presented, and
the results are shown using the series nozzle as an example. Finally, the potential for
efficiency improvement through calibration as a result of reduced NOx emissions with
OME is discussed for the close-to-production engine.

2. Materials and Methods
2.1. Tested Fuels

All reference measurements have been performed with fossil diesel fuel, which fulfills
the requirements of EN 590 [53]. The exact composition of the investigated OME (n = 3–6)
and other properties of both fuels can be found in Table 1.

Table 1. Selected fuel properties of diesel according to EN 590 and the test fuel OME-Mix 3–6 used
for this study.

Diesel EN 590 a OME b Unit

Lower Heating Value (LHV) 42.45 19.20 MJ/kg
Density (ρ) @ 40 ◦C * 825.5 1040.7 kg/m3

Oxygen content 1.1 47.0 %(m/m)
Carbon content 85.3 43.6 %(m/m)
Air–fuel ratio (AFR) 14.40 5.95 kgAir/kgFuel
Diesel equivalent 1 1.75 m3/m3

AFR/LHV 0.339 0.310 kgAir/MJ
CO2 factor 265 299 gCO2 /kWh
H2O factor 103 145 gH2O/kWh
Cetane number (CN) >51 [53] 70 -
Flash point >55 [53] 64 ◦C
Boiling range 170–390 [53] 157–273 [54] ◦C
Speed of sound (c) @ 40 ◦C and 45 bar ** 1297 1193 m/s
Bulk modulus (K) @ 40 ◦C and 45 bar *** 1.39 1.48 GPa
Kin. viscosity (ν) @ 40 ◦C 2.0–4.5 [53] 1.18 mm2/s
HFRR <460 [53] 390 µm

a Diesel fuel according to EN 590 with 7% FAME [53]. b Mixture composition [wt.% ]: 47.76 % OME3, 29.58 %
OME4, 16.38 % OME5, 5.32 % OME6. * Measured with density meter DMA 35 from Anton Paar GmbH. (5–45 ◦C).
ρDiesel = −0.0007T + 0.8535, (R2 = 0.9994); ρOME = −0.0008T + 1.0727, (R2 = 0.9935). ** Measured with HDA
injection rate analyzer from Moehwald GmbH, Homburg. *** Calculated with K = c2ρ. Assumption ρ45bar ≈ ρ1bar

and rigid line.

The investigated diesel is a standard gas station B7 fuel, including 7% Fatty Acid
Methyl Esters (FAME). Important parameters such as lower heating value (LHV) as well
as the oxygen and carbon content in Table 1 have been determined with an analysis for
both fuels. The significantly higher oxygen content of OME leads to a reduced LHV
compared to fossil diesel fuel. The higher density of OME can only partially compensate
this disadvantage, which is why 1.75 times the volume (diesel equivalent) must be injected
to achieve the same power output. Some important properties such as cetane number (CN),
boiling range and lubricity (High-Frequency Reciprocating Rig, HFRR) are within the limits
of EN 590, allowing the fuel to be used in conventional diesel engines and their injection
systems. The CN of OME is well above the EN 590 limit (CN > 51), which improves the fuel
ignition process. OME3–6 has a lower viscosity than diesel fuel. For the given values of the
bulk modulus, it must be taken into account that this is a simplification, since the density
and the bulk modulus are temperature and pressure dependent. In addition, stiffnesses in
the system were not taken into account.
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2.2. Experimental Setup
2.2.1. Test Engine

All measurements have been performed at a close-to-production single-cylinder non-
road diesel engine. It is naturally aspirated and has a PLN injection system. The parameters
of the engine are shown in Table 2.

Table 2. Parameters of the test engine.

Value Unit

Number of cylinders 1 -
Displacement 347 cm3

Bore/Stroke 80/69 mm
Compression ratio 21.5:1 -
Max. Power @ 3600 1/min 4.5 kW
Max. Torque @ 2100 1/min 14.7 Nm
Range of speed 1000–3600 1/min
Type of cooling Air cooled -
Injection system pump–line–nozzle -
Exhaust gas recirculation no -
Engine charging Naturally aspirated -

Some adjustments must be made to the series engine for test bench operation. The
cylinder head installed in the series engine contains a bypass that allows exhaust gas to
flow from the exhaust side to the intake side. This enables an engine speed and load
dependent but uncontrolled EGR and reduces NOx emissions. To eliminate the influence
of uncontrolled EGR, a cylinder head without an EGR bypass is mounted. The generator
integrated in the series engine is removed and the engine control unit (ECU) is powered via
an external voltage source in order to minimize external influences and uncontrolled para-
sitic losses. To avoid cross-influences, functions implemented in the series ECU software,
such as quantity correction in cold start, are deactivated. Furthermore, the diesel oxidation
catalyst is replaced by an empty silencer to enable an engine-out emission measurement.

2.2.2. Fuel and Injection System

Due to the need of fuel consumption measurement and the repeatedly observed
material incompatibilities between OME and commonly used elastomers in diesel en-
gines, such as flourine rubber (FKM), the low-pressure circuit of the fuel system must
be adapted [16,17,19,55]. The reason for the incompatibility to certain elastomers is the
oxygen bond in the OME molecule and the resulting dipole moment, which makes OME a
strongly polar solvent [56]. In contrast, the hydrocarbon chains of diesel fuel are non-polar.
Substances with the same polarity dissolve into each other, which is why the polar OME
dissolves in the polar FKM, resulting in increasing volume and mass. The elastomers
propylene diene rubber (EPDM) (non polar) and the chemically very resistant materials
perfluoroelastomers (FFKM) and polytetrafluoroethylene (PTFE) are suitable for OME
operation, but EPDM is not suitable for use in diesel fuel because of its polarity, and FFKM
is a very expensive material [19]. Therefore, all fuel-carrying hosepipes are exchanged to
PTFE for the test bench operation, and the fuel tanks are replaced by stainless steel tanks
with compression fittings. The schematic layout of the fuel system and the engine test
bench with all measurement systems can be seen in Figure 1.
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Figure 1. Schematic layout of the fuel system and the engine test bench with all measurement systems.

The two fuel tanks are pressurized with compressed air at a constant pressure of
0.35 bar, and the outflowing fuel is then pre-filtered. After a changeover valve, the fuel
flows through a coriolis flow meter (Section 2.2.3) into a compensating volume. The
compensating volume is partially filled with air and serves to dampen pulsations in the
low-pressure circuit. The pre-feed pump regulates the fuel pressure upstream of the high-
pressure pump (HPP) to a pressure of 0.5 bar, and the fuel is then filtered and conditioned
in a heat exchanger to a temperature of 35 ◦C. Two check valves prevent back-flow of
the fuel.

The injection system is an electronically controlled pump–line–nozzle system. Here,
the pump piston of the HPP is driven by a camshaft. As long as the Unit Control
Valve (UCV) of the HPP is not actuated by the ECU, the system delivers the fuel to the
return line of the low-pressure circuit. During actuation, the solenoid valve shuts off the
flow to the return, causing the pump piston to build up pressure in the high-pressure path.
As soon as the opening pressure of the hydraulically actuated injector is reached, injection
begins. After the UCV is switched off, the pressure in the high-pressure path is relieved
via the low-pressure side, the injector is closed, and injection is thus terminated. Thus,
by adjusting the energizing time of the solenoid valve (TOE), the injection mass can be
controlled depending on the engine load and speed.

In this work, two different injectors with a different injection rate curve in OME
operation are investigated. The first nozzle is the rate-shaping (RS) nozzle used in the
production engine, and the second nozzle is a proportional-opening (P) nozzle. The
RS-nozzle is equipped with a needle lift sensor (Section 2.2.3) for the OME and diesel
measurements. The injection rate curves and the injected energy of the two nozzles are
shown as an example for an operating point with identical injection parameters in Figure 2
and were recorded with an HDA injection rate analyzer from Moehwald GmbH. The P-
nozzle shows a nearly rectangular shape of the injection rate, whereas the RS-nozzle limits
the flow during the opening process (Rate Shaping) and shows a pronounced increase in the
injection rate during the closing process (Post-Spray). The limited flow during the nozzle
opening of the RS-nozzle acts as a kind of pre-injection and is intended to reduce exhaust
and noise emissions during diesel operation. The higher mass flow through the RS-nozzle
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with OME can be explained by the higher density of OME compared to diesel. Due to
the higher bulk modulus and the lower viscosity of OME (Table 1), a slight elongation of
the injection duration occurs for the RS-nozzle, despite the same TOE [57,58]. With the
normalized injected energy in Figure 2b, it can be seen that due to the lower LHV of OME,
significantly less energy is injected for both nozzles for the same solenoid valve actuation
time. The P-nozzle injects more mass for the same actuation time, but not enough to fully
compensate the difference in LHV between OME and diesel. Therefore, the TOE needs to
be extended with OME.

Rate-Shaping Post-Spray

(a) (b)
Figure 2. Example of normalized injection rate (a) and normalized injected energy (b) for RS− and
P−nozzle at n = 2640 1/min, TOE = 1950 µs and SOE = 26.5 ◦CA BTDC.

2.2.3. Measurement Systems

A schematic overview of the used measurement systems can be seen in Figure 1.
The fuel consumption is determined with a coriolis flowmeter SITRANS F C MASSFLO
of the type MASS 2100 DI 1.5 from Siemens AG. For needle lift measurement of the RS-
nozzle, an eddy current displacement sensor of type EU05(66) and an EA3200-EU05(66)M
matching board with a DT3300 controller from Micro-Epsilon Messtechnik GmbH & Co. KG
(Ortenburg, Germany) are used.

The entire measuring chain for pressure acquisition on the test stand is set up with
sensors from Kistler Instrumente GmbH. To measure the cylinder pressure, a piezoelectric
pressure sensor of type 6056A is positioned in the combustion chamber with the aid of a
glow plug adapter of type 6542Q. The charge signal generated by the sensor is amplified
by a charge amplifier of type 5064C in a signal conditioning platform of type SCP2853
and converted into a voltage signal. The pressure in the injection line is measured by
a type 4067E sensor with a measuring range up to 2000 bar which is mounted on the
injection line 225 mm before the injection nozzle with a clamp adapter of type 6533A11.
All high-resolution signals are acquired with an IndiModul Gigabit from AVL List GmbH
and processed with a resolution of 0.1◦ crank angle (CA). For the combustion analysis,
200 consecutive operating cycles are recorded and averaged per measurement point.

To ensure that the sample gas is taken evenly over the entire exhaust pipe diameter,
multi-hole probes with an internal pipe diameter of 6 mm are used for exhaust gas sampling.
In total, the multi-hole probe contains 15 holes with a diameter of 1.5 mm, which means
that the total cross-section of all holes (26.5 mm2) corresponds approximately to the cross-
section of the 6 mm sampling tube (28.3 mm2). The 15 holes are arranged in three rows of
five holes each at a 120◦ angle to each other.

A solid particle counting system (SPCS) type MEXA 2100 from HORIBA Europe GmbH
is used to measure the PN down to a diameter of 10 nm. It contains a condensation particle
counter (CPC) of the type CPC-100 manufactured by the TSI GmbH. The sample gas is
prepared in three dilution stages, and an evaporation tube heated up to 350 ◦C is used
to remove volatile components. As standard, the CPC achieves a counting efficiency of
50% (±12%) at 23 nm (±1 nm). By increasing the saturator temperature inside the CPC
from 38.5 to 39.2 ◦C and reducing the condenser temperature from 30.8 to 21.2 ◦C, the
counting efficiency could be increased to 52.6% for a mobility diameter of 10 nm and
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improved to nearly 100% for particles >30 nm [59]. For diesel measurements, a dilution
factor of 2000 is set, and for OME, a dilution factor of 200 is set.

PM measurements are performed by using a Micro Soot Sensor (MSS) from AVL
List GmbH, which works on a photoacoustic measurement principle. The raw exhaust
gas is sampled with a multi-hole probe, and a pressure reduction unit is installed to
dampen the pressure pulsations of the single cylinder engine. The dilution factor of the
internal dilution unit is set to 20 for the diesel measurements and is set to two for the
OME measurements. Since the measuring cell temperature of the MSS is 52 ◦C and the
exhaust gas cools down between the extraction point (TEP) and the MSS, a correction of the
measured value according to Kittelson and Johnson [60] is applied to consider the particle
losses due to the thermophoretic effect (Equation (1)).

PMKittelson = PMMicroSoot ·
(

TEP + 273.15 K
52 ◦C + 273.15 K

)0.38
(1)

To determine the particle size distribution (PSD), the sample gas is first taken from the
exhaust pipe using a multi-hole probe and then diluted by a VKL 10E dilution unit from
Palas GmbH at a ratio of 1:10. Subsequently, volatile components are oxidized at 350 ◦C by
using a Catalytic Stripper CS010 (CS) from Catalytic Instruments GmbH & Co.KG. In the
Catalytic Stripper, losses occur due to diffusion processes and thermophoresis, especially
with small particles, which is why the manufacturer provides a particle loss curve for this
device [61]. Despite higher particle losses in the sub 10 nm range, a Catalytic Stripper,
consisting of an evaporation tube or thermodenuder, is recommended, because of a better
handling of semi-volatile concentrations [62]. In this paper, the measured values of particle
size distribution are not corrected and are shown as measured. Following the CS, the
sample gas enters a scanning mobility particle sizer (SMPS) manufactured by TSI GmbH.
This sizer consists of a Type 3087 aerosol neutralizer, a Type 3080L electrostatic classifier
(longest version of the differential mobility analyzer (DMA)) and a Type 3775 condensation
particle counter, where particle diameters between 6 and 217 nm are measured. The
error bars of the PSD show the standard deviation for 16 measurements with diesel and
34 measurements with OME at a daily check reference point. The measurements have been
performed at different dates and between the MFB 50% variations.

The gaseous components CO, CO2, NO, NO2 are measured by using a Fourier Trans-
form Infrared Spectrometer (FTIR) of type Antaris IGS from Thermo Fisher Scientific Inc..
A Testa 123 flame ionization detector (FID) from Testa GmbH determines the VOC, and
a paramagnetic detector of the type PMA100 from M&C is used for measurements of the
oxygen (O2) content. When measuring oxygen-containing molecules (C1 structure of OME)
with the FID, a response factor smaller than 1 needs to be considered [63].

2.3. Test Methods

Table 3 shows the operating points (OP) of the engine tests. At each OP, the engine is
controlled to constant speed (n) and break mean effective pressure (BMEP). At constant
BMEP, the INCA application software was used to adjust the start of energizing (SOE)
until the angle at which 50% of the injected fuel mass is burned (MFB 50%), also called
center of combustion (COC), matches the values shown in Table 3. The test stand controller
adjusts the foot pedal position, and thus the TOE, until the BMEP remains constant. The
variation limits of the MFB 50% are given by a maximum cylinder pressure of 70 bar and
an unstable combustion at late MFB 50% positions. Therefore, at high loads and speeds,
the number of measurement points must be reduced. Due to hydraulic instabilities and
the resulting unstable combustion when using the P-nozzle, the measurement point with
MFB 50% = 8.1 ◦CA ATDC at OP1 could not be recorded. The reasons for this behavior
could be the increased stiffness in the low-pressure circuit due to the conversion to PTFE
pipes, the lower compressibility of OME and a lack of tuning of the P-nozzle to the standard
injection system. The location of the investigated OPs in Non-road Transient Cycle can be
seen in Figure 3.
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Table 3. Investigated operating points and values of MFB 50% variation.

Meas. No. OP1 OP2 Unit

n 2600 3300 1/min
BMEP 2.2 3.8 bar
MFB 50% 1 8.1 13.8 ◦CA ATDC

2 10.0 16.2 ◦CA ATDC
3 11.8 19.0 ◦CA ATDC
4 14.0 21.7 ◦CA ATDC
5 16.9 - ◦CA ATDC
6 23.9 - ◦CA ATDC

Figure 3. Location of the investigated operating points in Non-Road Transient Cycle.

The time-based measurement data are recorded over a time period of 30 s. Due
to strong pipe oscillations in the cylinder pressure signal, the frequency range of 8500–
16,500 Hz is filtered out by using a bandstop filter. This frequency range has been deter-
mined as the cause of the pipe oscillation via a fast Fourier transformation (FFT). Further-
more, a moving average filter is applied to the cylinder pressure signal with a window
length of 1 ◦CA. The integration boundaries for the calculation of the normalized cu-
mulative heating curve (QNorm) are set from −15 to 90 ◦CA. The ignition delay (τign) is
determined by using the needle lift sensor and the 5% turnover point of the cumulative
heating curve (MFB 5%). Here, the start of injection (SOI) is set when the 10% value of the
maximum needle lift is reached. The advantage of a needle lift sensor is that the hydraulic
opening delay of the injection system is excluded in the calculation, and thus, the ignition
delay can be determined more precisely. The ignition delay in µs can be calculated with
Equation (2), where n is the engine speed in 1/min.

τign =
MFB 5%− SOI

6n
106 (2)

The air–fuel equivalence ratio (λ) is calculated with the Brettschneider formula [64].
The friction mean effective pressure (FMEP) is calculated from the measured indicated
mean effective pressure (IMEP) and the BMEP.

FMEP = IMEP− BMEP (3)

3. Results and Discussion
3.1. Thermodynamic Combustion Characteristics
3.1.1. Operating Point 1

First, the thermodynamics of OME combustion and the injection system behavior
are discussed in order to draw conclusions about the emissions and their formation. In
Figure 4, the drive current of the UCV (IUCV), the pressure in the injection line (pinj), the
cylinder pressure (pcyl), the rate of heat release (RoHR), and the cumulative energy (Qnorm)
normalized to the total amount of energy injected are shown for two selected MFB 50% at
OP1 as a function of the crank angle (ϕ). The solid lines relate to a COC closer to the top
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dead center (TDC) (MFB 50% = 10.0 ◦CA), whereas the dashed lines represent an OP with
late COC (MFB 50% = 23.9 ◦CA). Table 4 lists the measured values of the most important
variables for the shown OPs and the respective combustion centers.

Figure 4. Drive current of high−pressure pump solenoid valve, pressure in injection line, cylinder
pressure, rate of heat release and normalized released heat as a function of crank angle at two
different MFB 50% timings for OP1 and for two different nozzles in OME operation. Solid lines
MFB 50% = 10.0 ◦CA, dashed lines MFB 50% = 23.9 ◦CA.

Table 4. Additional measurement values of OP1 corresponding to Figure 4.

OP1
TOE SOE ηi FMEP MFB 5% BD5–90 BD50–90 pinj, max
µs ◦CA BTDC % bar ◦CA ATDC ◦CA ◦CA bar

MFB 50%
◦CA ATDC 10.0 23.9 10.0 23.9 10.0 23.9 10.0 23.9 10.0 23.9 10.0 23.9 10.0 23.9 10.0 23.9

DieselRS 964 990 27.0 15.0 45 37 1.60 1.58 1.20 14.2 32.8 32.9 23.8 22.9 335 386
OMERS 1258 1320 25.9 10.5 45 40 1.58 1.56 0.80 16.0 25.9 24.4 16.9 16.4 527 550
OMEP 130l 1340 24.5 10.0 45 40 1.61 1.59 0.20 15.8 26.8 23.2 17.1 15.6 592 624

Looking at the drive current of the UCV for OP1 (Figure 4), it is noticeable that the
UCV for both nozzles in OME operation is controlled by about 1–2.5 ◦CA later than with
diesel, although due to the lower LHV of OME, the TOE for the same effective mean
pressure must be selected significantly longer overall, and the same center of combustion
must be maintained (Table 4). At late COC, the UCV is actuated up to 5 ◦CA later for OME
than with diesel. The injection pressure increases proportionally with actuation time in a
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PLN injection system [65]. Therefore, due to the longer TOE, the maximum pressure in
the injection line at this OP is ≈200 bar higher with OME for the RS-nozzle and ≈250 bar
higher for the P-nozzle than with diesel. In addition, the higher peak pressure and a
slightly steeper increase in pressure in OME operation is due to the higher bulk modulus
of OME (Table 1).

With diesel, there is a drop in the pressure of the injection line for both COC, which
is followed by a rise shortly after the UCV is turned off. In the case of OME, the pressure
in the injection line decreases continuously after shutdown. The pressure curve in a PLN
system depends significantly on the position of the pressure sensor, the TOE, the wave
impedance of the injection line (diameter, length, injector geometry), the bulk modulus, the
speed of sound, the density of the fuel, and many other factors [65]. In the pipe, the pressure
wave generated by the pump piston is reflected several times, causing location-dependent
interference and cancellation phenomena, and thus, the injection pressure at the nozzle
outlet differs from the pressure measured in the pipe, and the latter has a phase shift. This,
and the operation of the RS-nozzle in the ballistic range with diesel could be a reason for
the different pressure drop. The higher pressure of the P-nozzle is mainly due to a different
opening pressure of the nozzle and the changed wave impedance of the injection system
due to the changed nozzle geometry.

Looking at the cylinder pressure and RoHR (Figure 4), it can be observed that the
pressure curve with diesel and at early COC positions (MFB 50% = 10.0 ◦CA) shows a
steeper gradient, and the peak pressure is about three bar higher compared to OME. This is
due to about twice the maximum heat release during the pronounced premixed combustion
phase with diesel. With OME, an only moderately pronounced premixed phase occurs
for the RS-nozzle, and no premixed combustion phase occurs for the P-nozzle because of
a shorter ignition delay. The RS-nozzle initially shows a low heat release for OME and
diesel, as in a type of pre-injection with a subsequent steep increase in the conversion rate.
The reason for this is the throttled injection rate during the rate-shaping phase. With the
P-nozzle, the RoHR rises immediately. For OME, the RoHR increases for both nozzles
during the diffusion combustion phase, which is due to the rising injection pressure and
thus increasing mass flow rate during injection because of the extended TOE. Therefore,
for both nozzles, despite the lower LHV of OME, the heat release per crank angle is higher
during the diffusion combustion phase than during diesel combustion. As a result, the
lower LHV of OME can partly be compensated, and a reduced burn duration (BD5–90) can
be observed with OME despite a significantly longer actuation time (Table 4). The shorter
burning duration is due to the higher CN and oxygen bond in the molecular structure of
OME. In the normalized cumulative heating curve of the MFB 50% = 10.0 ◦CA point, it
can be seen that more heat is initially released during diesel combustion due to the high
premix fraction and LHV, but OME combustion is completed much earlier overall. A faster
burnout (BD50–90, Table 4) can be explained by the reduced soot formation with OME
during the main combustion phase which results in less soot to be oxidized in the later
combustion phase [66]. Previous findings showed that oxygenated fuels burn faster due
to higher oxidation rates, which is consistent with these measurement results [67,68]. The
friction FMEP and the IMEP are almost the same for both nozzles and fuels.

The OP with a very late COC (MFB 50% = 23.9 ◦CA) shows a completely different
combustion behavior than the OP with a center of combustion closer to TDC. The maximum
cylinder pressures occurring during combustion are approximately the same, and the pres-
sures in the injection line are slightly increased for all three nozzles and fuel combinations
due to a longer TOE compared to the OP with an early center of combustion (Table 4). The
reason for the elongation in TOE is the reduced efficiency at late COC. For RoHR, a similar
pattern occurs for all fuels and nozzles, showing high conversion rates and no classical
diffusion-controlled combustion phase. Due to the late injection in the expansion phase,
the mixture formation process is affected because of low temperatures in the cylinder,
low turbulence in the charge movement and the low back pressure, which increases the
ignition delay time and results in the formation of a partially homogenized mixture in
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the combustion chamber. This mixture burns at a high conversion rate after auto-ignition.
Diesel combustion starts earlier than OME combustion, but it rises to its maximum at a
much flatter rate than OME combustion because of lower oxidation rates (no oxygen in
molecule). The earlier start of combustion with diesel can be explained by the 5 ◦CA earlier
SOE and the associated earlier injection for the same COC. Even with a very late COC, the
OME combustion is completed significantly earlier than with diesel. In addition, the total
amount of energy converted is significantly lower with diesel, which can be attributed to
incomplete combustion and high heat losses due to a long combustion period with a large
combustion chamber surface and thus leads to a reduction of the indicated efficiency (ηi)
by 3 percent points compared with OME. Overall, the differences in the RoHR between
the two nozzles with OME can be considered to be small. Due to the short ignition delay
and the lower LHV of OME, the rate-shaping phase plays a minor role and the effect of RS
injection rate on the combustion process seems to be negligible. In addition, the maximum
nozzle flow rates differ only slightly.

In order to analyze the differences in burning duration, indicated efficiency, friction
and heat losses in more detail, Figure 5a–d are used. Figure 5a shows the ignition delay
for OME and diesel and the RS-nozzle at OP1 as a function of SOI. OME shows a shorter
τign for all points compared to diesel. In addition, a strong dependence on injection
timing relative to TDC is observed for diesel, whereas this dependence is much less for
OME. If the fuel is injected very early in the compression phase, the cylinder pressure
and temperature are not yet at their maximum, which means that jet breakup and fuel
evaporation take more time, thus increasing the ignition delay. During the compression
phase, however, sufficient charge movement due to swirl and squish flow in the piston
bowl favors mixture formation, resulting in a shorter τign for injections before TDC than
after TDC. In the expansion phase, pressure and temperature decrease continuously, and
the kinetic energy of the cylinder charge is reduced, which is why significantly longer
ignition delay times occur with injections beginning ATDC. For diesel, a clear minimum
of τign is shown at 4–6 ◦CA before TDC. It is assumed that the turbulence level in the
piston bowl is highest there due to squish flows, whereby mixture formation is affected
positively. Shimamoto and Akiyama [69] showed for a cylindrical piston bowl and different
piston bowl diameter to bore ratios that the maximum squish velocity occurs at about
5–10 ◦CA BTDC (losses neglected). However, the mixture formation and flow processes
in the combustion chamber are very complex and strongly depend on the piston bowl
and combustion chamber geometry. The significantly reduced dependence of the τign on
the SOI with OME is due to the improved ignition properties resulting from the higher
CN, the lower boiling point and, above all, the oxygen content in the molecular structure.
Due to the intrinsic oxygen bond, the influence of the charge movement on the mixture
formation processes decreases, since the oxygen required for combustion is carried along in
the molecule and does not have to be supplied from the charge air by air entrainment [70].
This enables the combustion to be located closer to the nozzle tip, where the turbulence
level is higher [70]. Since the opening pressure of the RS-nozzle remains constant for both
fuels, the injection pressure before the start of combustion is relatively similar. However, it
should be noted that at the same injection pressure, OME has a lower nozzle outlet velocity
and thus a lower momentum flux compared to diesel due to its higher density [71,72],
resulting in less turbulence being introduced into the combustion chamber at this time.
Pöllmann et al. [73] observed on an optically accessible single-cylinder diesel engine with a
common-rail-injection system that the ignition delay of the OME3–6 investigated there is
almost independent of the injection pressure and the nozzle geometry, but it is prolonged
at low cylinder pressure at the SOI.



Energies 2022, 15, 7932 12 of 26

(a) (b)

(c) (d)
Figure 5. Ignition delay ((a), calculated with needle lift sensor of RS−nozzle), exhaust gas tempera-
ture (b), oil temperature (c) and combustion noise (d) for a variation of SOI (a) or MFB 50% (b–d) at
OP1 (n = 2600 1/min, BMEP = 2.2 bar) for two different nozzles in OME-operation.

Figure 5b shows the exhaust gas temperature (TExh) for OP1 as a function of MFB 50%.
The exhaust gas temperature increases with later positions of the COC, since the heat of
combustion in the working process cannot be converted into mechanical work efficiently,
which significantly decreases the indicated efficiency (Table 4). The lower exhaust gas
temperature of OME is due to the higher exhaust gas mass flow because of the larger
injection mass and the significantly higher heat capacity due to a higher concentration
of water vapor and CO2 in the exhaust gas (CO2 and H2O factor in Table 1). At later
COC positions, the gap in exhaust gas temperature between OME and diesel combustion
increases, since OME has a significantly shorter burning duration and faster burnout
due to its oxygen content, resulting in more efficient combustion. Especially at late COC
positions, a shorter combustion duration ensures lower wall heat losses. A further small
effect for lower exhaust gas temperatures could be the slightly higher value for enthalpy of
vaporization of OME [18].

With OME, significantly higher oil temperatures were measured on the air-cooled
engine than with diesel, despite the same ambient temperature and same fan speed (equal
to the engine speed) of the engine cooling system (Figure 5c). During the measurement
campaign, the combustion chamber was regularly inspected with an endoscope to identify
possible damage. It was found that during diesel operation, there were heavy soot deposits
on the piston crown, whereas in OME operation, no soot deposits were visible and the
piston was metallic bright. As already proven several times, very low PM emissions are
generated during OME combustion [15–17,50], which is why a buildup of soot deposi-
tions on engine components is not to be expected during OME operation. Existing soot
deposits were oxidized after switching from diesel to OME operation, thereby cleaning
the combustion chamber independently. The prolonged injection due to the reduced LHV
leads to a longer interaction of the flame front with the piston bowl, which is expected
to result in a higher heat input. An impingement of the burning spray with the piston
bowl leads to higher local surface heat flux [74]. Higher wall temperatures on the piston
lead to a reduction or complete removal of soot deposits on the piston, even in diesel
operation [75]. In addition, the soot layer in the combustion chamber acts as an insulator,
which is why a higher heat flux occurs in the absence of deposits and thus more heat is
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transferred to the piston [75,76]. The heat flux is strongly dependent on the composition of
the depositions and therefore from the used fuel [76]. Approximately 50% of the energy
leaving the closed cylinder system goes through the piston and approximately 30% goes
through the cylinder head [77]. The energy supplied to the piston is transferred to the
engine oil via the piston rings, causing the oil temperature to rise. Another effect could be
that due to the higher injection pressure with OME, a longer jet penetration length occurs,
and thus, the combustion takes place predominantly near the piston wall. Furthermore,
more kinetic energy is introduced into the combustion chamber by the fuel system due to
the higher total mass flow (lower LHV), thus increasing the turbulence level [20], which
could further increase the heat transfer coefficient and thus increase heat losses. In contrast,
the absence of soot during combustion and a reduced adiabatic flame temperature of OME
could reduce the heat losses through radiation, but these processes are very complex and
could not be further validated in terms of this work. The differences in oil temperature
between the nozzles with OME are small.

The fact that the same indicated efficiency of 45% (Table 4) occurs for both nozzles and
fuels in OME combustion at early COC despite a significantly shorter combustion period
confirms that greater heat losses occur in OME operation. At first, the piston section is
subjected to more stress due to the extended injection. Furthermore, more heat is extracted
from the combustion chamber to evaporate the higher injection mass and due to the slightly
higher values for enthalpy of vaporization of OME compared to diesel [18]. At late COC,
diesel combustion efficiency decreases more severely than OME due to inadequate mixture
formation and the longer BD5–90. Surprisingly, the FMEP at this OP is very similar for all
COCs (Table 4), although the HPP requires significantly more energy to pump the higher
fuel mass and to produce the higher injection pressure. It is assumed that the higher oil
temperatures occurring in OME operation reduce the viscosity of the SAE 10W-40 engine
oil and thus reduce friction in the crankshaft drive. This can compensate for the higher
energy demand for fuel injection at this OP.

When considering the combustion noise as a function of the center of combustion in
Figure 5d at OP1, a strong dependence on the center of combustion becomes apparent for
diesel, similar to the ignition delay, which is less pronounced for OME. The combustion
noise was determined from the cylinder pressure curve by means of a noise analysis using
the AVL INDICOM v2.6 software. Due to the lower premixing proportion at early COC
positions and the resulting smaller pressure gradient in the cylinder pressure curve, the
combustion noise in OME operation is reduced by up to 6 dB for both nozzles. This
corresponds to a reduction in sound intensity by a factor of four, which significantly
reduces the noise level in the environment of the engine. At very late COCs, both fuels
and nozzles show similar noise levels, which can be attributed to the similar RoHR and
cylinder pressure curve with small pressure gradients. For early COC, the noise emissions
with the P-nozzle are slightly reduced compared to the RS-nozzle, which can be explained
by the complete lack of premixed combustion phase (Figure 4).

3.1.2. Operating Point 2

When considering an OP with higher load and engine speed (OP2) as shown in
Figure 6, in contrast to a load point with lower BMEP, the UCV with OME is energized
earlier and longer than with diesel. Additional values of important variables for OP2 can
be taken from Table 5. The TOE must be selected significantly longer to compensate for the
lower LHV of OME due to the additional fuel mass required. A much higher pinj and the
required higher fuel mass with OME result in a significantly larger FMEP at this OP for all
COCs (Table 5), and the injection system friction losses for the P-nozzle are larger than for
the RS-nozzle. These losses can no longer be compensated by a higher oil temperature and
thus lower engine oil viscosity at this OP. The decrease in FMEP when shifting the COC
toward late timings for all nozzles and fuels could be explained due to the reduced gas
force on the piston rings due to the lower maximum cylinder pressure, which decreases the
contact force between the piston rings and cylinder wall [78]. In addition, reduced forces
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occur in the journal bearings of the crankshaft and connecting rod bearings, resulting in
reduced friction losses [78]. A detailed loss distribution calculation is only possible with a
very high measurement effort and is not possible in the course of this work.

Figure 6. Drive current of high−pressure pump solenoid valve, pressure in injection line, cylinder
pressure, rate of heat release and normalized released heat as a function of crank angle at two
different MFB 50% timings for OP2 and for two different nozzles in OME−operation. Solid lines
MFB 50% = 13.8 ◦CA, dashed lines MFB 50% = 21.7 ◦CA.

Table 5. Additional measurement values of OP2 corresponding to Figure 6.

OP1
TOE SOE ηi FMEP MFB 5% BD5–90 BD50–90 pinj, max
µs ◦CA BTDC % bar ◦CA ATDC ◦CA ◦CA bar

MFB 50%
◦CA ATDC 13.8 21.7 13.8 21.7 13.8 21.7 13.8 21.7 13.8 21.7 13.8 21.7 13.8 21.7 13.8 21.7

DieselRS 1145 1042 33.5 23.0 44 39 1.96 1.90 1.7 10.4 41.5 44.7 29.4 33.1 504 529
OMERS 1680 1632 36.7 25.6 42 41 2.05 1.96 −0.3 8.0 42.5 40.8 28.5 27.1 739 780
OMEP 1879 1699 37.9 24.6 43 40 2.16 2.02 −1.0 7.0 42.4 42.2 27.6 27.7 876 950

The maximum cylinder pressure is the same for both nozzles and fuels at early
COC (MFB 50% = 13.8 ◦CA), but the cylinder pressure increases with a significantly
larger gradient at the start of combustion and at a later crank angle for diesel. This is
due to the longer τign and the resulting high premixed fuel fraction in diesel operation,
which results in a high conversion rate during the first phase of combustion. In the case of
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OME, no premixed combustion phase can be detected for both COCs and for both nozzles,
which is due to the short τign and the described greater independence of combustion from
mixture-bidding processes. The conversion rate of OME is purely limited by the fuel
mass flow of the nozzle and thus by the injection system. The combustion of the small
injection mass during the rate-shaping phase of the RS-nozzle can also be seen here in
OME operation by a slight increase in the RoHR curve. However, the post-spray is not
discernible, which could be due to a change in the closing behavior of the RS-nozzle at
long actuating durations and high injection pressures (faster closing). The conversion rate
increases for OME because of the rising pinj during injection and the resulting higher fuel
mass flow. For the early COC, diesel combustion starts later but overtakes the total heat
conversion in OME operation, resulting in a slightly shorter BD5–90 and higher ηi for diesel.

With the state of production injection system, it is not possible to inject the required
amount of energy into the combustion chamber in a sufficiently short time at high engine
speeds and loads. As a result, the BD5–90 with OME is extended to values similar to those
with diesel, despite the significantly better ignition characteristics and faster burnout. The
higher heat losses with OME because of evaporation (more mass and higher enthalpy of
vaporization) and interaction of injection spray with piston surface leads to a reduced
indicated efficiency with comparable burning duration. This disadvantage could only be
compensated by nozzle adaptation in the form of an increased nozzle flow rate, which
significantly reduces the BD5–90 whereby, despite higher heat losses, a significant increase
in the indicated efficiency can be expected with OME.

At late COC (MFB 50% = 21.7 ◦CA), diesel shows a predominantly premixed com-
bustion with long ignition delay, similar to OP1, which leads to a steep pressure rise. Due
to the low temperatures and pressures during the expansion phase, the mixture formation
processes are affected in a negative way, which prolongs the BD5–90 for diesel. The RoHR
of OME shows a similar course for both nozzles at the early and late COC. Due to an earlier
start of injection and the shorter ignition delay, OME combustion at late COC starts closer
to TDC and thus at a higher pressure and temperature level than with diesel combustion.
The fuel is continuously fed to the combustion chamber, which is why diffusion-controlled
combustion is observed at approximately constant pressure. Despite the constant pressure
combustion, OME shows for a late COC a shorter BD5–90 and a slightly higher ηi than
diesel. This is mainly due to faster burnout in the late expansion phase and more complete
fuel conversion because of oxygen in the molecular structure.

The differences between the P- and RS-nozzle on thermodynamics are small, as the
nozzles have similar maximum flow rates and the injection rates differ mainly in the
opening and closing process. Due to the lower LHV of OME and longer actuation time, the
influence of the opening and closing phases decreases, since the amount of energy supplied
there takes up a smaller share of the total energy conversion. With increasing engine
speed and load, the influence of these phases decreases. This leads to minor differences in
heat release.

The trends for τign, TExh, Toil and combustion noise of OP2 are similar to OP1 (Figure 5a–d).

3.2. Emissions

In Figure 7, various effective emission values for OP1 are shown. Due to the reduced
LHV of OME, the brake-specific fuel consumption (BSFC) with OME increases by about
2.21 times compared to diesel operation assuming the same efficiency (Figure 7a). At late
COC, fuel consumption increases for all nozzles and fuels due to reduced combustion
efficiency.
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(a) (b)

(c) (d)
Figure 7. Brake-specific fuel consumption (a) and different specific effective emissions (b–d) for a
variation of MFB 50% at OP1 (n = 2600 1/min, BMEP = 2.2 bar) for two different nozzles in OME
operation.

The specific effective CO2 emissions (Figure 7b) for OME combustion are higher
than for diesel because complete combustion produces more CO2 due to the molecular
structure (see CO2 factor in Table 1). The difference in CO2 emissions between OME
and diesel decreases at late COC because diesel combustion efficiency decreases more
at late COC than with OME. In order to achieve low CO2 emissions in a tank-to-wheel
consideration with OME, the efficiency would have to be significantly increased compared
to diesel operation, which only seems possible through extensive hardware adaptation or a
completely new development of an engine optimized for OME. However, if the OME used
is produced from renewable sources and a well-to-wheel analysis is applied, OME has a
clear advantage over fossil diesel fuel in terms of the overall CO2 balance.

Looking at the specific VOC and CO emissions in Figure 7c,d, it can be seen that
emissions increase with late COC for both fuels and both nozzles. Since combustion occurs
far into the expansion phase, low temperatures prevail in the combustion chamber at the
end of combustion, causing the oxidation reaction to freeze, and thus, the intermediates
formed can no longer be fully oxidized, resulting in increased products of incomplete
combustion. In addition, mixture formation is impaired due to lower turbulence in the
combustion chamber and impaired jet decay due to low backpressure and low temperatures,
resulting in increased areas of rich mixture and the detection of higher VOC and CO
concentrations in the exhaust gas. In addition, very late COC can result in interactions
of the fuel jet with the combustion chamber wall and the engine oil thereon, resulting
in increased ejection of unburned fuel and oil residues. No significant difference can be
observed between the two nozzles with OME. The lower VOC and CO emissions with OME
are due to the oxygen content in the molecular structure, since there are fewer areas with a
local rich mixture than with diesel. In addition, the lower boiling point of OME and the
significantly higher injection pressure result in improved mixture formation. Furthermore,
the higher CN and the shorter combustion duration ensure that combustion is completed
earlier than with diesel, which is why freezing of the oxidation reaction in the expansion
phase is avoided. Overall, it can be concluded from the course of the curve that similar to
the ignition delay with OME, a reduced dependency on the center of combustion and on the
parameters determining the mixture formation, such as injection pressure and turbulence,
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can be observed. When measuring oxygen-containing molecules (C1 structure of OME)
with the FID, a response factor smaller than 1 needs to be considered [63].

The particle number measured with the SPCS and the normalized particle mass as
a function of COC for OP1 and OP2 are shown in Figure 8. At low load and medium
engine speed (Figure 8a), the PN initially increases with diesel as the COC becomes later
and decreases again at very late COC positions. The same behavior is also evident in the
median of the particle mobility diameter (DP, Median) (Figure 8a, right axis). Due to the shift
of combustion to the expansion phase, mixture formation is negatively affected by lower
temperatures and combustion chamber pressures, which is why zones with rich mixture
occur more frequently in the combustion chamber. This results in an increased formation of
soot particles and promotes agglomeration into larger particles at low temperatures [79]. In
addition, the oxidation reaction stops during the expansion phase due to low temperatures.
The reduction in particle number at very late COC and with diesel can be explained by the
high conversion rates due to a large premixing fraction (see RoHR Figure 4). Due to a very
long ignition delay phase, a partially homogeneous mixture is formed in the combustion
chamber which burns at a high conversion rate, resulting in fewer rich zones and a higher
oxidation rate than the pyrolysis rate because of high temperatures [80].

OP1: n = 2600 1/min, BMEP = 2.2 bar

(a)

OP2: n = 3300 1/min, BMEP = 3.8 bar

(b)

(c) (d)
Figure 8. Measured particle number with SPCS (a,b, left axis), median of particle diameter from
SMPS (a,b, right axis) and normalized particle mass from Micro Soot Sensor (c,d) at OP1 and OP2 for
diesel and two different nozzles in OME operation.

For OP2 and diesel, the PN and DP also increase slightly with later COC (Figure 8b).
Due to the higher engine speed and load, less time is available for mixture formation and
post-oxidation of particles during the expansion phase, which is why diesel produces more
PN and larger particles compared to OP1 despite the higher temperature level and thus
improved oxidation. In addition, a reduced λ at high load leads to increased soot formation
due to oxygen deficiency. Better atomization because of the significantly higher maximum
injection pressure at OP2 cannot compensate for these disadvantages.

With OME, there is a reduction of about three orders of magnitude for PN10 at both
OPs compared to diesel (Figure 8a,b). The DP, Median shifts from about 60–85 nm with diesel



Energies 2022, 15, 7932 18 of 26

to particles with a mobility diameter of only 10–20 nm with OME. Therefore, SPCS mea-
surements with OME must take into account that counting efficiency decreases sharply at
DP < 23 nm, so dependencies of PN on the COC in this range cannot be fully resolved with
SPCS. No significant differences exist between the nozzles with OME, and no dependence
of PN and DP on COC is evident.

The significant reduction of PN with OME is mainly due to the missing C-C bonds.
Investigations with laminar OME flames showed that due to the missing C-C bonds in
the molecular structure, no detectable typical soot precursors as with hydrocarbons (e.g.,
acetylene) are formed during the combustion of OME even under very rich conditions, but
mainly oxygenated species such as formaldehyde and methyl formate are formed [31,32].
These precursors are largely responsible for the formation of PAHs, and the initial ring
formation rate is in turn the controlling factor for soot emissions [30]. However, due to the
complex conditions in the combustion chamber, formation of such soot precursors, e.g., by
burning engine oil, cannot be completely prevented. With OME, however, only a few PAHs
are formed, resulting in fewer particles and preventing agglomeration into larger particles.
Another reason for the reduced particles is the shorter combustion time. Overall, fewer
and smaller particles are formed during the main combustion phase, which is why post-
oxidation is completed earlier during the expansion phase, preventing oxidation freeze-up.
The soot oxidation rates during the burnout phase are also increased due to the availability
of oxygen in the molecule [13]. The low residual level of particulates could also originate
from metallic abrasion of the injector or engine components [20,21].

The PM emissions (Figure 8c,d) for diesel show the same trend as the PN. With OME,
the measured PM concentration of the Micro Soot Sensor, using the lowest dilution level,
is located within the measurement noise for both nozzles and thus at the detection limit,
as also observed previously by [15,50]. Therefore, the PM emissions are reduced by more
than 99% for OME compared to diesel.

Figure 9 shows the PSD for three different COCs in diesel and OME operation for
OP1 and OP2. At both OPs, diesel predominantly produces particles with a mobility
diameter >23 nm (PN23) whereas in OME combustion, the peak of the PSD shifts toward
the nucleation mode. The PN23 in the raw exhaust gas approaches the ambient level of the
test cell with OME for both OPs.

At low load and engine speed (Figure 9a), with OME, there is no dependence of the
PSD on the start of injection and on the injection nozzle. The PN in nucleation mode is at
the same level as for diesel. The PN23 are reduced by several orders of magnitude with
OME compared to diesel. Comparing Figures 7c and 9a, it is noticeable that the increase
in VOC emissions with late COC does not occur in PSD. This indicates that the Catalytic
Stripper removes all volatile components and that they are most likely solid particles. It
should also be noted that the counting efficiency of the SMPS decreases for very small
particles and the loss curve of the CS must be considered, so there is some uncertainty in
the nucleation mode.

At higher load and engine speed (Figure 9b), with OME (both nozzles), the particles
in nucleation mode increase compared to diesel, and a further increase in particle number
is observed as the COC is shifted toward late timings. At higher engine speeds, less time
is available for mixture formation, and the λ decreases with increasing load due to the
larger injection mass, causing the PN to increase. At the same time, the temperature level
increases, and therefore, the primary particle size decreases with engine load because of
improved oxidation compared to OP1 [81]. Due to the significantly increased actuation
time and high injection pressure with OME at high load, it is possible for the injection jet to
impinge on the piston or cylinder wall, washing off and burning engine oil. Dworschak
et al. [52] also observed an increase in particle number in nucleation mode and a bimodal
size distribution at unfavorable operating conditions (idle and full load) in engine tests
with OME2–6 and also suspect a combustion of engine oil due to unfavorable operating
conditions.
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(a)

(b)
Figure 9. Particle size distribution for three different MFB 50% at OP1 (a) and OP2 (b) for diesel and
two different nozzles in OME operation. Hint: Size distribution for MFB 50% = 8.1◦CA ATDC could
not be measured for P-nozzle in (a).

The increase in PN as the COC becomes later (Figure 9b) could be explained by
a further deterioration of conditions in the combustion chamber. On the one hand, a
further aggravation of the previously described interaction between the injection jet and
the cylinder wall is to be expected due to the low backpressure, and on the other hand, a
large part of the combustion takes place very late in the expansion phase, which is why
the oxidation reaction stops due to low temperatures, resulting in an increased ejection
of small particles. In the case of the P-nozzle, the slightly higher injection pressure and
the inadequate matching of the nozzle to the combustion chamber, as well as the steeper
injection rate curve, could be the cause of the slightly higher PN compared to the RS-nozzle.

In summary, there is a significant reduction in particle number and soot mass with
OME due to the absence of C–C bonds and the particle size shifts to particles in nucleation
mode, as has been widely reported [18,21,50–52]. Furthermore, the observations of [52]
regarding particle formation in nucleation mode with OME under unfavorable operation
conditions can be confirmed. It can be concluded that the formation of nanoparticles does
not result solely from the fuel properties of OME and that special attention must be paid to
the avoidance of nanoparticles in engine calibration and combustion process development.

3.3. NOx and Efficiency Potential Through Calibration

When considering the specific effective NOx emissions and varying the COC at
OP1 (Figure 10a top) and OP2 (Figure 10b top), in OME operation, a reduction in NOx
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emissions of about 20–30% can be observed compared to diesel. NOx emissions increase
for all fuels and nozzles exponentially at COC closer to TDC, which is due to the formation
of thermal NO because of higher cylinder pressure and associated temperature increase in
the combustion chamber. The difference in NOx emissions between both nozzles in OME
operation is small because the RoHR (see Section 3.1, Figures 4 and 6) is nearly similar
for both investigated OPs. The reason for the reduction in NOx emissions with OME is
the significantly higher injected fuel mass, whereby heat is extracted from the combus-
tion chamber charge during evaporation and peak temperatures decrease as a result. A
stoichiometric combustion of OME produces larger amounts of water and CO2 due to its
molecular composition (CO2 and H2O factor in Table 1), which increases the specific heat
capacity of the combustion chamber charge and in turn results in lower peak temperatures
and NOx [66]. Assuming the same efficiency, all OPs with the same power output and
the same aspirated air mass (naturally aspirated engine) result in a larger λ than with
diesel due to a smaller ratio of AFR/LHV (Table 1) of OME [20]. The higher λ results in a
significantly lower adiabatic flame temperature (AFT) for OME, and the AFT increases less
with rising engine load (λ ↓) than for diesel, which further increases the differences in AFT
at high engine loads [20]. This leads to reduced NOx emissions with OME, but effects of
reaction kinetics, energy release rate, local peak temperatures, etc. on NOx formation are
not considered here. Another reason for the lower NOx emissions with OME is the lower
maximum energy conversion rate, since no premixed combustion phase occurs as in diesel
operation due to the short ignition delay, and the maximum amount of energy converted
is limited by the unchanged nozzle diameter (Figures 4 and 6). Previous studies showed
that the NOx reduction potential without EGR increases with chain length of OMEn and
therefore depends on the fuel composition [20,33,66,82].

Series Calibration

+3.5%

(a)

Series Calibration

+1%

(b)
Figure 10. Specific effective NOx-emissions and effective efficiency for a variation of MFB 50% at
OP1 (a) and OP2 (b) for diesel and two different nozzles in OME operation.

Since the series engine does not have the option of controlled EGR for NOx reduction
and an SCR exhaust gas aftertreatment system is very cost-intensive, the COC of the series
calibration is set to more than 20 ◦CA ATDC over a large part of the operating range in
order to keep NOx emissions at a low level and to meet government regulations. The strong
reduction of NOx emissions in OME operation thus opens up a new degree of freedom in
the calibration of the series engine, whereby the COC can be shifted significantly toward
TDC for the same NOx emissions (Figure 10a top). This can increase the effective efficiency
of the engine by about 3.5% points in the medium load and speed range without hardware



Energies 2022, 15, 7932 21 of 26

adaptation (RS-nozzle), while complying with NOx limits (Figure 10a bottom). At high
loads and speeds (Figure 10b bottom), a reduced potential (≈1 percent point) is shown,
since the series injection system is limited in flow. The required amount of energy cannot
be injected into the combustion chamber in a sufficiently short time, resulting in longer
combustion durations, and thus, heat and efficiency losses occur (Section 3.1, Figure 6). In
addition, at high loads and engine speeds, the friction losses of the injection system increase
due to the extra mass and high injection pressures. With the P-nozzle, a slight efficiency
disadvantage is evident at both OPs, which can be attributed to inadequate matching of the
nozzle to the HPP and maybe different spray pattern and piston or wall impingement with
the spray (higher pinj). The effect of the different injection rate curve during the opening
phase plays a minor role on NOx formation in OME operation due to the short ignition
delay, and it is mainly through diffusion controlled combustion.

4. Conclusions

Investigations were carried out on a close-to-production single-cylinder diesel engine
with a pump–line–nozzle injection system using an OME3-6 mixture and diesel as a refer-
ence. Variations of the center of combustion were carried out at two different operating
points, and two nozzles with different injection rate curves were measured for OME.

The thermodynamic analysis of the OPs showed that with OME, despite a longer TOE,
significantly shorter burn durations occur, which can be attributed to higher oxidation rates
due to the oxygen bond in the molecule, the low soot formation and thus faster completion
of post-oxidation in the burnout phase, and the high cetane number. The shorter burn
duration with OME results in higher indicated efficiency, especially at low loads, although
greater heat losses occur with OME (↑ TOil) compared to diesel. These are due to the
extended TOE and the interaction of the injection jet and flame with the piston surface. The
higher fuel mass to be evaporated and a higher specific heat capacity of the combustion
chamber charge (more CO2 and H2O) lead to higher heat losses.

In a PLN injection system, the injection pressure and thus the mass flow increase
strongly due to the extended TOE, which means that the LHV disadvantage can be partially
compensated without nozzle adjustment.

The differences between the P- and RS-nozzle in terms of emissions and efficiency
are small, as the nozzles have similar maximum flow rates and the injection rates differ
mainly in the opening and closing process. Due to the lower LHV, shorter ignition delay
and longer actuation time with OME, the influence of these phases decreases, since the
amount of energy supplied there takes up a smaller share of the total energy conversion.

The FMEP increases with rising load for OME due to the additional effort required
for fuel delivery and the higher injection pressure. At certain OPs, a higher oil temperature
due to the higher heat losses could lead to reduced friction in the engine and partially
compensate for this disadvantage. The piston is probably subjected to higher thermal loads
in OME operation without adjustment of the nozzle flow.

For OME, a significantly shorter ignition delay and a lower dependence of the ignition
delay on the SOI and thus on the flow and temperature conditions in the combustion cham-
ber were observed than with diesel (lower boiling point, oxygen in the molecule reduces
influence of air entrainment). The shorter ignition delay and lower LHV of OME reduces
the premixed fraction, which decreases the maximum conversion rate and significantly
reduces noise emissions.

Significantly reduced VOC, CO, PM and PN emissions indicate more complete com-
bustion of OME. Particle number and soot mass decrease significantly with OME due to
the absence of C-C bonds and higher oxidation rates because of oxygen in the molecu-
lar structure. The median of particle size shifts with OME to particles in the nucleation
mode (<23 nm). Particle formation in the nucleation mode with OME was observed under
unfavorable operating conditions, which could be caused by the combustion of engine oil,
as a result of impingement of the injection jet on the piston crown or cylinder wall due to
long injection durations and high injection pressures.
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The reduction of NOx emissions opens up new degrees of freedom in the calibration
of the series engine, allowing an increase in efficiency while complying with current
NOx regulations through software adaptation. At high loads, the potential for efficiency
improvements decreases due to the limited nozzle flow.

The results show that fuel switching to OME, especially for simple engines with
rudimentary fuel injection technology and no means of NOx reduction (no EGR or SCR),
opens up enormous potential for increasing efficiency while reducing all regulated pollu-
tants (NOx, PN, PM, CO, and VOC).
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Abbreviations
The following abbreviations are used in this manuscript:

AFR Air–Fuel Ratio
AFT Adiabatic Flame Temperature
ATDC After Top Dead Center
BD Burning Duration
BMEP Break Mean Effective Pressure
BSFC Break Specific Fuel Consumption
BTDC Before Top Dead Center
CA Crank Angle
CN Cetane Number
CO Carbon Monoxide
CO2 Carbon Dioxide
COC Center of Combustion
CPC Condensation Particle Counter
CS Catalytic Stripper
DMA Differential Mobility Analyzer
DP Particle diameter
ECU Engine Control Unit
EGR Exhaust Gas Recirculation
EPDM Propylene Diene Rubber
ηi Indicated Efficiency
ηe Effective Efficiency
FA Formaldehyde
FAME Fatty Acid Methyl Ethers
FID Flame Ionization Detector
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FKM Flourine Rubber
FFKM Perfluoroelastomers
FMEP Friction Mean Effective Pressure
HFRR High-Frequency Reciprocating Rig
HPP High-Pressure Pump
IMEP Indicated Mean Effective Pressure
LHV Lower Heating Value
MSS Micro Soot Sensor
MeOH Methanol
n Engine Speed
NOx Nitrogen Oxides
τign Ignition Delay Time
MFB Mass Fuel Burned
OME Oxymethylene Ether
OP Operating Point
P Proportional Nozzle
PLN Pump–Line–Nozzle
PM Particulate Matter
PN Particle Number
PN10 Particle Number, diameter ≥ 10 nm
PN23 Particle Number, diameter ≥ 23 nm
PSD Particle Size Distribution
PTFE Polytetrafluoroethylene
PtL Power to Liquid
RoHR Rate of Heat Release
RS Rate Shaping
SMPS Scanning Mobility Particle Sizer
SOE Start of Energizing
SOI Start of Injection
SPCS Solid Particle Counting System
TDC Top Dead Center
TOE Time of Energizing
UCV Unit Control Valve of High Pressure Pump
VOC Volatile Organic Compounds
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