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Abstract

The combustion chemistry of OME; and OME, was studied in stoichiometric laminar flames at low pressure,
50 mbar, by carrying out flame structure measurements with molecular-beam mass spectrometry (MBMS). The
kinetic modeling has been performed under the same conditions and the simulated results were compared with
experimental results. A new detailed kinetic sub-mechanism for OME, will be developed and added to the previous

UCL mechanism.

Introduction

The urgency of reducing the emission of greenhouse
gases and achieving a circular carbon economy encour-
ages research on renewable energy systems. The alter-
native synthetic fuels (e-fuels), produced from hydro-
gen and carbon dioxide (CO,) via carbon capture and
utilization (CCU) with renewable electricity, could be
high-potential energy carriers for long-distance trans-
portation and long-term storage [1][2]. Oxymethy-
lene ethers (OMEy), formally known as polyoxyethy-
lene dimethyl ethers (PODES), with structural formula
of CH30(CH,0),CH3, is regarded as a potential asset
to the current energy transition and one of the valuable
candidates for e-fuels benefiting from its high energy
density [3]. The absence of C-C bond and high oxygen
content in OME; bring enhanced efficiency and signifi-
cant decreases in CO as well as soot emissions, without
increasing NOy emission when blended with diesel in
the direct injection diesel engine [4].

Deep understanding of oxidation kinetics of OME;
remains a prerequisite for optimizing their combustion
and for a comprehensive assessment of the engine ap-
plication potential of OME; in the future. As the sim-
plest OMEg, the combustion kinetics of OME|, which
is also named as DMM, have been studied extensively
with experimental and numerical methods [5-12]. Lean
and rich premixed OME;/oxygen/argon flames were
studied in our previous work which resulted in a new
sub-mechanism of OME,; added into the UCL mech-
anism which includes the formation and consumption
of oxygenated species involved in OME, oxidation [5].
Alzueta et al. [9, 10] investigated OME; oxidation in
a flow reactor at high and atmospheric pressures, from
fuel-lean to rich conditions. The study at atmospheric
pressure [9], with the interpretation of their chemical
kinetic mechanism, shows that methyl formate is a vital
intermediate and the activation energy value of the reac-
tion of methyl formate conversion to methanol and CO
has a significant impact on modeling results. The soot
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precursor, acetylene, was only detected under pyroly-
sis and very reducing conditions. Few detailed studies
have been conducted on longer-chain species (OME,,
n>1). The mechanism of OMEj; at low and intermedi-
ate temperatures for the prediction of the ignition char-
acteristics was developed by He et al. [13] based on
the reaction rates calculation with canonical transition
state theory (CTST). Their mechanism has been vali-
dated against the results from RCM and HCCI exper-
iments with good agreement. Cai et al. [14] inves-
tigated the ignition delay time of OME, 4 in a shock
tube. The chemical mechanism of OME, 4 was ob-
tained by using an automatic reaction class-based mech-
anism generator and was optimized automatically for
higher prediction accuracy. Sun et al. [15] investigated
the high-temperature combustion chemistry of stoichio-
metric OMEj; flat flame with a synchrotron vacuum ul-
traviolet photoionization mass spectrometry and mea-
sured the laminar burning velocities of OME3/air mix-
ture in a spherical bomb at atmospheric pressure. The
reaction pathways analysis revealed that the absence of
carbon-carbon bonds in the C-O chain structure is ben-
eficial to soot-reduction and the relevant reaction pat-
terns can ba applied to larger OME;. In the recent work
from Wang et al. [11], pyrolysis of OME; 3 was stud-
ied in a jet-stirred reactor (JSR) at around atmospheric
pressure (1.03 atm) and temperatures of 450-1080 K.
The reactivity increases evidently with the increase of
the fuel chain, reflected in the initial pyrolysis tempera-
ture decrease, which results from the production of CHj
and H radicals from the unimolecular decomposition of
OME, 3. Methane and methyl formate were detected
with high concentrations. Using JSR, they further in-
vestigated the low-temperature (500-950 K) oxidation
kinetics of OME|_3 [12]. It was found that, under low
temperatures, OME; is directly decomposed into small
molecules resulting in a faster decomposition rate than
that of OME; and OMEj3;. Gaiser et al. [16] recently
studied fuel-rich (equivalence ratio of 1.7) premixed
flames of OME_4 with electron ionization (EI) MBMS
at 40 mbar with the help of kinetic modeling with the



mechanism from Kathrotia et al. [17] for interpreta-
tion, making conclusion that oxygenated species dom-
inate the combustion process and the observed species
pool is nearly independent of the chain length of the re-
spective OME,. The purpose of this work is to inves-
tigate the kinetics of OME; and to study the detailed
combustion chemistry of OME, under low-pressure and
stoichiometric conditions to understand the effects of
(-CH;0) chain length and be ready for the studies on
higher OME; in the future. The measurement and cal-
ibration of OME; stoichiometric flame has been per-
formed. However, the calibration of intensity to mole
fractions of species in OME, flame is in progress. This
paper focuses on the investigation on detailed kinetics
of OME premixed flame.

Experimental methods

For the purpose of investigating the combustion
chemistry of OMEy systematically, the MBMS flame
setup was used for measurements of both OME; and
OME; stoichiometric, premixed laminar flames at low
pressures. Table 1 shows the inlet composition of
flames. The argon and oxygen flow rates are con-
trolled and metered by El-Flow mass flow meters from
Bronkhorst (with an accuracy of +0.5%). After be-
ing controlled and measured by the liquid Coriolis
mass flow meter (Bronkhorst Mini Cori-Flow M12 with
an accuracy of +0.2%), the liquid fuel enters into a
Controlled Evaporation Mixing (CEM) system from
Bronkhorst, is evaporated and is mixed with the carrier
gas argon. The flow rate of carrier gas was 2 L/min. The
vaporizer temperature was set to 333.15 K for OME;
and 383.15 K for OME,. To prevent condensation, the
gaseous mixture passes through a pipe, which is heated
up to 473.15 K, and then is mixed with the rest of
the argon and oxygen before entering the burner. The
flames are stabilized at 50 mbar on a Spalding-Botha
burner, 8 cm in diameter. The total flow rate of the in-
let gaseous mixture is 5.72 slm. Parallel to the burner
surface, a 2 cm length quartz cone (0.1 mm orifice)
with a 45°angle allows direct sampling from the flame.
Thanks to the mobility of the burner, samples can be
taken at any point from the fresh gases to the flue gases,
passing through the flame front. The range of height
above burner (HAB) is 0-30 mm with a precision of 0.1
mm. The high vacuum chamber (10 mbar) behind the
quartz cone forces the sampling gas to form a molecular
beam, which is then sucked into the chamber of lower
pressure (10°® mbar), passes through a copper skimmer,
and reaches the ionization chamber of the mass spec-
trometer (10”7 mbar). The axis of the mass spectrometer
is perpendicular to the molecular beam. This arrange-
ment allows the gaseous sample to be “frozen”, which
keeps chemical composition unchanged from the tip of
the cone to the detection system and enables the de-
tection of reactive chemical species avoiding reactions
with other molecules or the wall. In order to mini-
mize interferences either from fragmentation during the

electron impact or from overlapping species with simi-
lar masses, the ionization potentials were measured and
chosen specifically for the species detected with the pre-
cision of 0.01 eV. For OME,, (n>0), it is difficult to
form stable molecular ions in the MBMS. The signal of
molecular C3H70; is regarded as OME, and of molec-
ular C4Hg9O3 is regarded as OME,. The species mea-
sured in OME; and OME, flames are shown in the Table
2. Conversion of signal intensities to mole fraction pro-
files was performed using a calibrated mixture for sta-
ble compounds and estimating ionization cross-sections
for radicals and unstable species. An internal calibra-
tion procedure was used for the calibration of the ma-
jor species, such as OME;, OME,, O,, CO,, CO, H,
and H,O, with uncertainties lower than 6%. The direct
calibration was used for the determination of CH4 and
C,H; mole fraction profiles with uncertainties around 5-
10%. Estimating ionization cross-sections for unstable
species resulted in higher uncertainties (10-20%).

The flame temperature profiles will be obtained after
all the measurements of stoichiometric OME_3 flames
at the end. The one used for the simulations for the cur-
rent procedure is based on the experimental temperature
profile measured in the OME/O,/Ar fuel-rich flame in
[5].

Table 1: Stoichiometric flames inlet composition (slm at 273
K; 1013 mbar), with D¢ (total flow rate), and italics in the
brackets are mole fractions

Fuel(g/h) O, (slm) Ar(slm)  D¢(slm)
OMEl1 70(0.07) 1.72(0.24) 4.0(0.70) 5.72
OME2 55(0.04) 1.10(0.17) 4.4(0.79) 5.72

Numerical Modeling

In this work, two mechanisms were used for chem-
ical kinetic modeling. The UCL mechanism was estab-
lished by Dias et al. [5]. It has been developed to pre-
dict lean and rich premixed OME;/O,/Ar flames, and
will be extended by building sub-mechanisms for OME,
and OME; combustion. 480 elementary reactions and
90 chemical species are included in the UCL mecha-
nism with detailed illustrations in the previous paper [5].
At the same time, the mechanism from Kathrotia et al.
[17], which includes ethers from OME; to OMEs with
1814 reactions and 238 species, was used for compari-
son with the OME, and OME, flames. It is named Kath-
mechanism in the following discussion. The numerical
modeling is performed using OpenSMOKE++ [18].

Results and Discussion

Figures 1-5 show experimental (symbols) and sim-
ulated (lines) mole fraction profiles of the chemical
species measured. In the following section, we discuss
the consumption of OME| and the formation of chem-
ical species produced from OME;. The primary and
secondary radicals produced by H abstraction of OME;



Table 2: Species measured in two flames and ionization po-
tentials; IP-T:ionization potential threshold; IP: ionization po-
tential used in the present work

Mass Species IP(eV) IP-T(eV) Flames
2 H, 15.37 15.5
15 CH;3 9.84 9.82
16 CHy 12.65 12.55
18 H,0 20.20 12.60
26 CyH, 12.00 11.39
28 CcoO 18.50 14.01
28 CyHy 12.20 10.51
29 HCO 9.84 9.84
30 CH,O 12.40 10.88
31 CH30 11.68 11.67
32 (0)) 20.00 12.10 OME, »
32 CH3;0H 10.86 10.85
33 HO, 13.50 11.53
34 H,0, 10.94 10.92
40 Ar 26.00 15.90
44 CH;3;CHO 10.22 10.21
44 CO, 23.80 13.20
44 C3Hg 10.95 10.95
45 CH3;0CH, 9.13 9.11
59 CH;0CO 12.30 12.30
60 CH3;CHO 10.82 10.81
76 OME, 20.00 10.38
30 CyHeg 11.55 11.55 OME,
43 CH;3CO 8.10 8.05 OME,
77 CH30CH,0,  10.00 10.59 OME,
90  CH3CH,CHO 11.00 10.59 OME,
106 OME, 20.00 10.39 OME,

are denoted as DMM; (CH,OCH,0CH;) and DMM,

(CH,OCHOCH3).
Figure 1 and Figure 2 present experimental and cal-

culated mole fraction profiles of the reactants and prod-
ucts in the stoichiometric flame of OME;/O,/Ar mix-
ture. The results show a good agreement between ex-
perimental results and simulated ones from both mech-
anisms. In Figure 1, two mechanisms underestimated
the mole fraction of O,. The experimental results show
that OME; was consumed earlier and faster than that
estimated by the two mechanisms, probably caused by
the shift of flames due to the sampling nozzle. In Fig-
ure 2, the mole fractions of the main products (H,O,
CO,, CO and Hy) are shown. UCL-mechanism shows
a good prediction of HyO mole fraction starting posi-

tion of around 5 mm. The experimental mole fractions
of H, and CO are lower than the numerical results from
both mechanisms. According to the research performed
by Dias et al. [5] and Gaiser et al. [16], which showed
the excellent prediction of the mechanisms, the devia-
tion here might be from the estimated temperature pro-
file used in the modeling for the current work. However,
the two mechanisms show good agreement in the posi-
tion of peak and trend along the distance from the sur-
face of the burner. Unlike modeling results of the other
three species, the mole fraction profile of H, from Kath-
mechanism is higher than that from UCL-mechanism.
From the results of simulations, H abstraction by OH
and H dominates the consumption of OME;. Among
these, the reaction OME;+H=DMM;+H, shows the
highest reaction rate in UCL-mechanism. However, the
reaction OME;+OH=DMM+H,O0 is the fastest in the
Kath-mechanism. The second most crucial consump-
tion pathway for the UCL-mechanism is H abstraction
by OH to produce DMM; and DMM),, with identical re-
action rates, followed by the reaction with the O. The
reactions with H are the second most important con-
sumption pathway in the Kath-mechanism. The last
consumption of OME; is with CHj3 in both mechanisms.
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Figure 2: Experimental (symbols) and simulated (lines) mole

fraction profiles of main products

Figure 3 shows the mole fraction profiles of CH;O,
CHj; and CH4 from experiments and simulations. A



good agreement of CHy mole fraction profile is ob-
served between experimental results and numerical re-
sults from Kath-mechanism. The two mechanisms un-
derestimate the mole fraction for CH3 and overestimate
that of CH,O, but with good agreement on peak posi-

tions and trends.
Figure 4 shows the experimental and simulated mole

fraction profiles of HCO and C,H,. With regard to
HCO, the simulated results almost overlap with each
other and underestimate the mole fraction of HCO on
the peak position. The Kath-mechanism overestimates
the concentration of C,H,, while UCL-mechanism un-

derestimates it.
Figure 5 presents experimental and numerical re-

sults of C;H4 and HO,. UCL-mechanism shows a good
agreement on peak value against with the experimen-
tal mole fraction of HO, while the Kath-mechanism un-
derestimates it. The apparent deviation of C,H,4 from
both simulated results is observed. It has been found
that Kath-mechanism showed underestimation of C,Hy
in work from Gaiser under fuel-rich OME; flame [16].
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Figure 3: Experimental (symbols) and simulated (lines) mole
fraction profiles of CH3, CH4 and CH,O
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Figure 4: Experimental (symbols) and simulated (lines) mole
fraction profiles of CoH; and HCO

The two mechanisms were used to analyze the reac-
tion pathway of OME; consumption and formation of
essential intermediates, as shown in Figure 6. The bold
black arrow line indicates the main pathway of OME,
consumption in both mechanisms, which is similar to
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Figure 5: Experimental (symbols) and simulated (lines) mole
fraction profiles of Co,H4 and HO,

the conclusion from our previous work on the fuel-rich
flame of OME, [5]. The pathway of the dash line in
red denotes the reactions that show more contributions
in the UCL-mechanism while being less critical in the
Kath-mechanism, and vice versa. The consumption re-
actions of HCO in UCL-mechanism might explain the
lower predicted mole fraction of HCO, as shown in Fig-
ure 4. Similarly, the conversion of CH30CO to CHj
might directly result in a higher simulated mole fraction
of CH3.
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Figure 6: Reaction pathway of OME; consumption and for-
mation of intermediates in stoichiometric OME/O,/Ar flames
(solid black line: main and minor pathways in both mecha-
nisms; short dash line in red: reactions only important in UCL-
mechanism; long dash line in blue: reactions only important
in Kath-mechanism)

Work in progress

The measurement of OME,/O,/Ar stoichiomet-
ric flame is finished. ~Compared to the measure-
ment of OME; flame, intermediates C,Hg, CH5CO,
CH30CH,0; and CH3CH;CHO were only detected in
OME, flames, with specific ionization potentials in Ta-
ble 2. The calibration is in progress. The new sub-
mechanism of OME, flame will be used for model-



ing, evaluated against the experimental results, and ex-
panded to the combustion of OME3. These results will
guide future work on combustion chemistry OME3 sto-
ichiometric flame and OME;_3 flames under fuel-lean
conditions.

Conclusion

In this work, the stoichiometric flame of
OME/O,/Ar and OME,/O,/Ar were analyzed by
molecular-beam mass spectrometry at 50 mbar. The
mole fraction profiles of species, especially the reactive
intermediates, were measured and presented. Numer-
ical modeling was performed with UCL-mechanism
and Kath-mechanism. The comparison of experimen-
tal results of OME; flame verified the experimental
measurements and showed good agreement. From
both mechanisms, OME; consumption is dominated by
H-abstraction reactions. It follows two main pathways,
with the first one being the fastest at the stoichiometric
condition: OME, = CH3OCH,OCH, = CH3;0CH,
= CH,0 (Route 1) and OME, = CH3:OCHOCH3 =
CH3;0CHO = CH3;0CO =- CH30 = CH;,0 (Route 2).
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