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ARTICLE INFO ABSTRACT

Keywords: The pyrolysis of dimethyl ether (DME), oxymethylene ether-1 (OME,), and oxymethylene ether-2 (OME3) and
Oxygenated fuels their oxidation with oxygen under three different equivalence ratios (¢ = 0.5, 1.0, and 2.0) have been studied
ShOCk, tube experimentally in a customized single-pulse shock tube. The measurements were carried out highly diluted in
g;;::il:iaolnthermometer argon over a wide temperature range between 975 K and 1400 K at initial pressures behind reflected shock waves
GC/MS ps(t = 0) of about 16 bar. The classical single-pulse mode involving a dump tank was not employed. Instead, post-
Modeling shock gas samples were extracted through a fast-acting solenoid valve located inside the end flange of the driven

section of the shock tube, to reduce measurement errors from thermal boundary layers. Thirteen stable species
were identified and quantified by three different gas chromatographs simultaneously, in detail, DME, OME;,
OME_,, methane, ethane, ethene, acetylene, carbon monoxide, carbon dioxide, molecular hydrogen, formalde-
hyde, methanol, and methyl formate. The temperature dependent, measured, and normalized species concen-
tration profiles were compared with the predicted species profiles obtained by using two different chemical
kinetic reaction mechanisms from the literature and an updated version of the in-house reaction model DLR
Concise. In addition, speciation data of 1,1,1-trifluoroethane and nitrous oxide at elevated pressures are pre-
sented, which were used as external chemical thermometers to validate the calculated temperature behind the
reflected shock wave of the single-pulse shock tube.

Novelty and Significance: In this work, a series of more than 300 single-pulse shock tube experiments have been
performed, to investigate the decomposition products of oxygenated fuels at pressures around 16 bar. To the best
of our knowledge, no speciation data is yet available for this pressure regime. By comparing the data with
chemical-kinetic reaction mechanisms from the literature, opportunities for model improvement have been
identified, particularly regarding methanol formation, which could be further developed in the future.

The presented high-pressure validation data contributes to the development of chemical-kinetic reaction models
for new oxygenated fuels derived from renewable sources. By incorporating these reaction mechanisms into CFD
codes, advancements in combustors and engine technology are facilitated, promoting cleaner combustion
processes.

1. Introduction

In 2015, at the Conference of Parties in Paris (COP 21), 196 parties
declared ‘The Paris Agreement’, aiming to minimize the harmful effects
of global warming by limiting the man-made temperature increase to 2
°Cor even 1.5 °C above pre-industrial levels [1]. Achieving this goal will
require a massive reduction of greenhouse gas (GHG) emissions and,

even more, of carbon dioxide equivalents (COz-eq), a metric used to
compare the emissions from different greenhouse gases based on their
global-warming potential (GWP). The transport sector is responsible for
a large proportion of global greenhouse gas emissions [2] due to its
current predominant use of fossil fuels. In addition to the effects of water
vapor and COs, further contributions to the greenhouse effect are linked
to nitrous oxide (N20) and unburned hydrocarbons (UHC), such as
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methane (CHy4) [3], while emissions of nitrogen oxide (NOy), carbon
monoxide (CO), and soot additionally pose additional risk to human
health and the environment [4-6].

Synthetic fuels produced from renewable sources could contribute to
a significant net reduction of anthropogenic emissions. For the ground
transport sector, oxygenated fuels, among others, have been widely
discussed in the literature for their potential to replace fossil fuels — neat
or in blends [7-9]. Among the most promising candidates are oligomers
of polyoxymethylene dimethyl ethers (OME,, CH30(CH20),CHs, where
n > 0). Several studies at various blending ratios of OME,, in diesel have
demonstrated nearly soot-free combustion, which also allows to escape
from the trade-off between NOy and soot formation usually encountered
in compression ignition (CI) engines [10-13].

Understanding the fundamental combustion properties of these
oxygenated fuels enables the development of detailed chemical kinetic
reaction mechanisms, which are required for numerical calculations and
general assessment strategies in engine development and optimization
to ensure a safe and clean use of OME, as fuels. For this purpose,
experimental data under different conditions are essential to cover a
wide range of combustion boundary conditions. For dimethyl ether
(DME or OME), experimental data and modeling studies are available
in the literature [14-24], while experimental data for larger OME,,
[22-32], are quite limited, especially at high pressures.

In the present study, the oxygenated fuels DME, OME;, and OME;
were investigated for the pyrolysis and oxidation at three fuel-
equivalence ratios ¢ = 0.5 (fuel-lean), 1.0 (stoichiometric), and 2.0
(fuel-rich). The measurements were performed highly diluted in argon
in a single-pulse shock tube at initial fuel concentrations of about 500
ppm over a wide temperature range between 975 K and 1400 K and at
initial pressures behind reflected shock waves ps(t = 0) of about 16 bar.
A customized experimental setup of the DLR’s single-pulse shock tube
[33] was used, without employing the classical single-pulse mode
involving a dump tank [34]. Instead, post-shock gas samples were
extracted into a small and evacuated volume through a fast-acting so-
lenoid valve located inside the end flange of the driven section of the
shock tube. The product distribution of the post-shock gas samples was
analyzed simultaneously by three different gas chromatographs (GC). A
total number of thirteen stable species were identified and quantified. In
addition, the experimental results were compared with the predictions
of three detailed chemical kinetic reaction mechanisms, including an
updated version of the in-house developed semi-detailed reaction
mechanism DLR Concise [35], which includes reactions of polyoxy-
methylene dimethyl ethers up to OMEs.

2. Experimental setup
2.1. Mixture preparation

The gas mixtures were prepared in a 65.7-liter stainless steel vessel
that was electrically heated up to 373 K. It was evacuated to 3.0x107°
mbar by a pumping system that includes a turbo pump and a diaphragm
pump. The concentrations of the test gas mixtures used in this work were
adjusted using partial pressures. Mixtures of DME (purity: 99.9%,
Linde), 1,1,1-trifluoroethane (purity: 99.5%, Westfalen AG) as well as
nitrous oxide (purity: 99.999%, Linde) were prepared manometrically
by filling a certain amount of gas into a small sample volume of 55 ml
and then flushed into the evacuated mixing vessel with a mixture of
4950 ppm xenon in argon (Linde, purity: 99.998% (Xe) and 99.9999%
(Ar), respectively) and oxygen (O, purity: 99.9999%, Linde). Mixtures
of OME; and OME; were prepared by injecting a weighed amount of
OME; or OME; in liquid form directly into the evacuated mixing vessel
using a syringe. Xenon/argon and oxygen were then added manomet-
rically to achieve the desired dilution. To ensure a homogeneous gas
mixture, all mixtures were left to mix overnight. OME; was purchased
from Sigma Aldrich (purity: 99.0%) and OME, from Analytik-Service
GmbH (ASG, purity: 96.0%). Minor impurities of OME;,

Combustion and Flame 272 (2025) 113883

formaldehyde, methanol, and methyl formate were detected in OME,
(96.0% OME,, 2.1% OME, 1.2% formaldehyde, 0.6% methanol, 0.1%
methyl formate).

2.2. Apparatus

The customized single-pulse shock tube (see Fig. 1) is designed to
analyze stable product patterns at post-shock pressures of up to 40 bar
and temperatures ranging from 700 K and 3000 K. It is constructed from
stainless steel and can be electrically heated up to 473 K to prevent
condensation of the fuel and of the combustion products on the inner
wall. However, since the fast-acting solenoid valve used for gas sampling
has a maximum operating temperature of 378 K, the shock tube in this
study was heated up to 373 K. Both ends of the shock tube are closed by
an end flange. A 10 cm long double aluminum diaphragm assembly
forms the intermediate section, dividing the shock tube into a 2.42 m
long driver section and a 4.89 m long driven section. The entire shock
tube has an inner diameter of 4.6 cm. Before each experiment, the driven
section is evacuated to pressures of about 1.5x10> mbar by a turbo-
molecular pump coupled to a rotary vane pump. The driver section and
the intermediate section are connected to a rotary vane pump, which
reaches a pressure of less than 1.0x10~> mbar. Helium (purity:
99.996%, Linde) is used as the driver gas.

To start a specific experiment, the intermediate section (see Fig. 1) is
evacuated, causing both aluminum membranes to burst, creating a
shock wave that propagates along the driven section. Eight piezoelectric
pressure transducers (type: PCB 112A05) are used to measure the ve-
locity of the incident shock wave. The temperature and pressure behind
the reflected shock wave (Ts and ps) are calculated by the ideal one-
dimensional equations for the shock jump condition [36] by using the
shock wave velocity at the end flange. The shock wave velocity at the
end flange is estimated by measuring the attenuating velocity along the
driven section and its linear extrapolation to the end flange position.
This standard practice results in an uncertainty of +1% for Ts [37].

The classical single-pulse mode involving a dump tank [34] was not
employed. Instead, a fast-acting solenoid valve (First Sensor series 9
Pulse Valves, type: 952-A1-P3-9B06) is mounted inside the end flange of
the shock tube’s driven section. A probe protrudes 3 mm off from the end
wall surface of the end flange inside the driven section of the shock tube
to ensure sampling outside the thermal boundary layer [38,39]. A
similar approach was published recently by Ferris et al. [40].

The fast-acting solenoid valve is connected to a sample volume of
13.7 ml. The sampling event is initiated approximately 3 ms after the
arrival of the incident shock wave at the end flange; it is triggered by a
delayed (~ 5.6 ms) signal from the fourth piezoelectric pressure trans-
ducer to the fast-acting solenoid valve assuming quenched conditions
after this time interval (dwell time) due to an 20% pressure drop of the
pressure profile measured 10 mm before the end flange (Fig. 2 att ~ 2.6
ms, black dashed curve). This assumption is based on literature rec-
ommendations [41,42] and an expected temperature drop of 0.5 to 1
K/ups [43] induced by the superposition of the reflected rarefaction fan
and the decompression wave created when the reflected shock wave
passes through the contact surface. The pressure profile inside the shock
tube displayed in Fig. 2 corresponds to a shock tube experiment using
100% argon, with Ts = 1181 K and ps = 16.0 bar. The slight pressure
reduction within the first millisecond after the reflection of the incident
shock wave is attributed to an irregular burst of the double-aluminum
diaphragm arrangement, a phenomenon that occurred occasionally.

The sampling time ends after approximately 7.4 ms, which is rep-
resented by a peak of the pressure rise in the sample volume (Fig. 2 att ~
10 ms, red solid curve, 120 mbar < psample < 180 mbar), measured by a
piezoelectric pressure transducer (type: PCB 113A21) in a separate se-
ries of experiments. Note that the pressure profile, dwell time, and
sampling time are unique and may vary with respect to T5 and ps. In all
cases, the fast-acting solenoid valve has to be completely closed before
the re-reflected shock wave arrives again at the end flange of the driven
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Fig. 1. Sketch of the DLR single-pulse shock tube. The fast-acting solenoid valve is located inside the end flange of the driven section of the shock tube and is
connected to an evacuated small volume. Three different GCs each coupled with a MS and mounted with different separation columns are used to analyze the product

distribution of post-shock gas samples.
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Fig. 2. Normalized pressure profile p(t)/ps in the shock tube, measured 10 mm
in front of the end flange of the driven section (black dashed curve) and pres-
sure profile in the sample volume with the valve fully opened (red solid curve)
to determine the optimum sampling time.

section (Fig. 2 at t ~ 17.5 ms) since no dump tank [34] is used in the
present setup and to prevent the gas sample being taken out again from
the decompression event.

The pressure signals were recorded using an oscilloscope (Tektronix
TBS2204B) with 200 MHz bandwidth, 8-bit vertical resolution, and a
sample rate of 2 GSa/s. To smooth the pressure profile before incorpo-
rating it into the numerical simulations, a Savitzky-Golay filter was
applied.

2.3. Sample analysis

Post-shock gas samples are analyzed using three different gas chro-
matographs simultaneously, each equipped with a different separation
column and coupled to a mass spectrometer. GC/MS No. 1 (GC 2010
Plus with QCMS-QP2020 from Shimadzu) is directly connected to the
sample volume via a sample loop and is equipped with a non-polar Rt®-
Q-BOND PLOT separation column from Restek (used for N3O, 1,1,1-tri-
fluoroethane, 1,1-difluoroethene, DME, methane, ethane, ethene,

acetylene, and CO). Sample volume and sample loop are heated up to
373 K to prevent condensation of post-shock products. Both are con-
nected to a separate pumping system consisting of a turbo drag-pump
backed by a diaphragm pump achieving pressures of 4.0x10~2 mbar
and 1 mbar, respectively. GC/MS No. 2 (GC 2010 with QCMS-QP2010
Plus from Shimadzu) and GC/MS No. 3 (GC 2010 Plus with QCMS-
QP2010 Ultra from Shimadzu) are mounted with a Zebron™ ZB-WAX-
plus™ polar column by Phenomenex (used for OME;, OME,, formal-
dehyde, methanol, and methyl formate) and a Rt®-Msieve 5A column by
Restek (used for Hy and CO), respectively. Gas samples for GC/MS No. 2
and No. 3 are injected manually by a gas syringe, that is stored in an
oven at 393 K prior to injection to avoid condensation of gas products.
Gases and chemicals used to calibrate the GCs were obtained by different
suppliers. Linde delivered methane (purity: 99.9995%), ethane (purity:
99.95%), ethene (purity: 99.95%), acetylene (purity: 99.6%) in gas
mixtures of alkanes, alkenes or alkynes (diluted in nitrogen to concen-
trations of around 500 ppm), molecular hydrogen (purity: 99.999%),
carbon monoxide (purity: 99.997%) and carbon dioxide (purity:
99.9993%). 1,1-Difluoroethene (purity: 99.0%) and methyl formate
(purity: 99%) were purchased from Sigma Aldrich. Methanol (purity:
99.8%) was obtained by Merck. Gas mixtures of formaldehyde were
prepared by pyrolysis of paraformaldehyde (thermo scientific, purity:
96.0%) at T > 110 °C. Helium (Linde, purity: 99.9999%) is used as
carrier gas for all GCs and xenon as the internal standard.

3. Kinetic modeling

The chemical kinetic simulations are calculated using a 0-dimen-
sional homogeneous reactor model implemented in the SENKIN-Code
of the Chemkin II package [44]. For each individual simulation, the
corresponding experimentally obtained pressure profile p = p(t), which
was smoothed using a Savitzky-Golay filter, is used as an input for the
calculations to account for the post-shock compression pressure rise due
to gas dynamic effects. A figure demonstrating this phenomenon can be
found in the Supplementary Material. The reaction time is defined to be
between the arrival of the reflected shock wave at the end flange of the
driven section and the time when an 20% pressure drop of the experi-
mentally obtained pressure profile is observed, assuming that most of
the reactions are quenched by freezing conditions. However, to account
for all recombination reactions, the simulation time was defined as the
sum of the dwell time and the sampling time (t = tgwell + Atsampling)-
Since no significant concentration gradients were observed in the
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individual species after a specific simulation time (see Fig. S3 in the
Supplementary Materials), the final simulation time was set to 8 ms. The
mole fractions were then extracted at this time and used for comparison
with experimental results.

The calculations with DME, OME;, and OME, as fuels were per-
formed using three chemical kinetic reaction mechanisms from the
literature, listed in Table 1. This selection includes an updated version of
our in-house reaction model DLR Concise [35]. In this update, the
recently published jet fuel mechanism ‘DLRConcise2021v1.JF’ [45] is
modified and updated, e.g., (i) by adding low-temperature combustion
chemistry for OME_5 and also for n-heptane and iso-octane, and (ii) by
introducing nitrogen chemistry from the mechanism of Glarborg et al.
[46] with reactions of OME,—NOy interaction to allow prediction of NOy
emissions for OME,,. For clarification, the new model is here referred to
as ‘DLRConcise2024v2.F’.

4. Chemical thermometry

In this work, two external chemical thermometers [49,50] were used
to investigate the temperature behind the reflected shock wave.
Knowing the exact temperature is critical to obtain accurate results in
single-pulse shock tube studies [37]. Here, the thermal decomposition of
a molecule, for which the reaction rate expressions are well known and
well studied in literature, is used in order to obtain a more accurate
temperature history of the gas mixture. There are two general strategies
described in the literature: Internal and external chemical thermome-
ters. The internal chemical thermometers are present directly in the gas
mixture itself, but may lead to side reactions with the molecule to be
studied. External chemical thermometers are studied separately over a
wide range of temperatures and can be used for comparison as long as
the conditions, e.g pressure profile and dilution, are comparable.
Regarding the design of an individual experimental facility, the results
of both methods subsequently confirm [51,52], correct [33,41,53-57]
or replace [58,59] the specific temperature, which is calculated by the
equations of the shock jump condition [36] from the measured shock
wave velocity.

First, the decomposition of nitrous oxide (N2O) has been examined in
the present work, which has already been considered as an external
chemical thermometer by Schuler et al. [33] who sampled at a radial
port through the boundary layer. In our investigated temperature range
between 1222 K and 1637 K, the main reaction leading to consumption
of N,O is the unimolecular thermal decomposition of N,O, which pro-
duces molecular nitrogen (N3) and an O atom. The rate coefficients of
this reaction found in the literature have mostly been studied by precise
time-resolved optical measurement methods [60], e.g., IR spectroscopy
in a laminar flow reactor by Johnsson et al. [61]. In addition, the results
were reviewed by Baulch et al. [60] and have been incorporated to the
mechanism by Glarborg et al. [46] as well as to the model by Konnov
[62]. Therefore — and because of further reactions with decomposition
products that may contribute to a further consumption of NoO (N2O + O
< N3 + 02, N20 + O < 2NO, and N3O + NO < NOj + Ny) although
with minor priority (see ROP in Fig. S4) — we have used the mechanism
of Glarborg et al. [46] and the newest version of the Konnov mechanism
[62] for the calculated model predictions of N2O. A discussion of the
comparison between the calculated and the measured yield of N2O
within our experimental setup is given later.

Second, the unimolecular thermal decomposition of 1,1,1-trifluoro-
ethane (TFE, CH3CF3) to 1,1-difluoroethylene (DFE, CH,CF,) and

Table 1

Overview of the chemical kinetic models used in this work.
Reaction Model Species Reactions
DLRConcise2024v2.F [35] 290 1225
Cai et al. 2020 [47] 322 1611
Shrestha et al. 2022 [48] 259 1678
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hydrogen fluoride (HF) was investigated in a temperature range be-
tween 1173 K and 1430 K. Numerous single-pulse shock tube studies in
the literature have considered TFE as chemical thermometer [41,51,
53-59] or have investigated the thermal decomposition of TFE itself
[63-68] driven by the need to accurately predict the temperature behind
the reflected shock wave. Currently, two mechanisms are considered in
literature: The one of Tsang and Lifshitz [63] and that of Matsugi et al.
[67] and Matsugi [68]. Recently, Sirjean et al. [54] questioned the re-
action rate coefficients reported by Tsang and Lifshitz [63] based on
single-pulse shock tube measurements. Matsugi et al. [67] also found the
coefficients of Tsang and Lifshitz [63] to be too high in a discussion
involving other experimental data [54,63-66,69]. Consequently, Mat-
sugi et al. [67] and Matsugi [68] published new rate coefficients based
on shock tube/laser absorption spectroscopy and single-pulse shock tube
methods combined with RRKM/master equation calculations. Although
the reaction rate coefficients of Matsugi et al. [67] and Matsugi [68] are
now considered in the literature to be the most plausible, they are also
occasionally debated [51,70,71]. Furthermore, a third mechanism was
published by Giri and Tranter [65]; this model was obtained from
experimental data gathered from their own single-pulse shock tube/time
of flight mass spectrometry (TOF-MS) measurements and from the shock
tube/laser-schlieren (LS) measurements of Kiefer et al. [64].

In the present work, while studying the unimolecular thermal
decomposition of TFE, we additionally tracked the concentration of the
resulting DFE. This molecule undergoes partial consumption through
the subsequent reaction CH;CF, (+ M) < CHCF + HF (+ M). We
observe its impact on our experimental finding by a slight flattening in
the trend of the DFE data at higher temperatures. Matsugi et al. [67]
provide rate coefficients also for the decomposition of DFE. Giri and
Tranter [65] included the rate -coefficients by Simmie and
Tschuikow-Roux [72]. Tsang and Lifshitz [63] did not include DFE
decomposition pathways into their model. Therefore, we modified the
Tsang and Lifshitz model by adding the DFE decomposition reaction step
and rate coefficients proposed by Simmie and Tschuikow-Roux [72].

5. Results and discussion
5.1. Chemical thermometry: nitrous oxide and 1,1,1-trifluoroethane

First, we examine the speciation measurements of the thermal
decomposition of nitrous oxide (N2O) and 1,1,1-trifluoroethane (TFE)

N
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Fig. 3. Normalized mole fractions of the thermal decomposition of approxi-
mately 502 ppm nitrous oxide (N,O) diluted in argon at pressures around 16
bar. Experiment (this work): Diamond; calculations: Solid curves using the ki-
netic model by Glarborg et al. [46], dashed curves using the model by Konnov
et al. [62].
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shown in Figs. 3 and 4, respectively. Both molecules serve as chemical
thermometers; they were separately studied at initial concentrations of
about 500 ppm diluted in argon (Linde, purity: 99.9999%) at pressures
of ps = 16.2 bar (£ 0.6 bar) over a wide range of temperatures. As an
internal standard, a mixture of 30,000 ppm xenon in helium (Linde,
purity: 99.99% (Xe) and 99.9993% (He), respectively) was added
manometrically to the sample volume after every experiment. It was
then left for mixing for at least 30 min. Note that this procedure was
modified later on when studying the depletion of the three ethers by
adding xenon as internal standard directly into the intended ether
mixture. The measured concentrations after the dwell time ([TFE]gwell,
[DFE]gwell, and [N2O]gwen) are shown in normalized form relative to the
initial concentration, [N2O] or [TFE], respectively, as a function of the
initial temperature Ts(t = 0) — the temperature behind the reflected
shock wave. Measurement uncertainties are also provided in the graphs.

Uncertainty in measuring the velocity of the incoming shock wave
contributes to the temperature uncertainty (abscissa), which results in
+1% of Ts. The uncertainty of the individual concentration (ordinate) is
calculated through error propagation [71,73], taking into account the
standard deviation of the calibration factor for each species, the purity
uncertainties of the test gases according to the manufacturer’s specifi-
cation, and the uncertainties in the evaluation of the individual peaks in
the chromatogram of the gas chromatograph.

The deviation between experimental and calculated data can only be
estimated for the temperature range in which the chemical thermometer
is sensitive, i.e., the temperatures at which thermal decomposition can
be observed. For our experimental setup, this is about 1275 K to 1600 K
for N3O and about 1150 K to 1400 K for TFE, respectively. In the tem-
perature range for N3O, the experimental and modeled results are in
good agreement (Fig. 3). Some minor deviations are observed in the
temperature range between 1393 K and 1470 K; however, they are
within the error tolerances. Based on this observation, within the tem-
perature range covered by the N»O decomposition, the temperature
calculated by the one-dimensional shock jump equation [36] can be
reasonably assumed to be the temperature actually experienced by the
gas mixture. Therefore, no temperature corrections are required based
on the NoO measurements.

Fig. 4 shows the experimental data and the model predictions of the

1.0 1 1.0
° 0.84 0.8 °
o Exp. (this work) E
L "
= 0.6 TFE 40.6
= e DFE =
% Sim g
o 941 Tsang (mod.) 104 07
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Fig. 4. Normalized mole fractions of the thermal decomposition of approxi-
mately 500 ppm 1,1,1-trifluoroethane (TFE) diluted in argon at pressures
around 16 bar. In addition, 1,1-difluoroethylene (DFE) was monitored as
decomposition product. Experiments (this work): Black squares (TFE), blue
circles (DFE); calculations: Solid curves using the model by Tsang and Lifshitz
[63] with added rate coefficient data for DFE decomposition obtained from
Simmie and Tschuikow-Roux [72], dotted curves using the model by Giri and
Tranter [65], and dashed curves using the model by Matsugi et al. [67] and
Matsugi [68]. The reaction rate coefficient data used for the calculations are
given in Table S2 of the Supplementary Material.
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thermal decomposition of TFE and formation of DFE. All thermody-
namic data are taken from Goos et al. [74]. For our experimental setup,
the sensitivity of this reaction system is in the temperature range around
1150 K to 1400 K. Regarding the TFE results, the mechanism by Tsang
and Lifshitz [63] reproduces our experimental data quite well for low
temperatures (Fig. 4, solid curves). With increasing temperature, an
increasing deviation is observed, where the TFE consumption appears to
be too fast predicted by the mechanism of Tsang and Lifshitz [63], with a
maximum deviation of approximately 30 K. However, with respect to
the mechanism proposed by Giri and Tranter [65] (Fig. 4, dotted curves)
the TFE consumption is predicted too slow and a temperature correction
of about 25 K towards higher temperatures is required. On the other
hand, the model of Matsugi et al. [67] and Matsugi [68] (Fig. 4, dashed
curves) predicts an even slower decomposition and necessitates a tem-
perature correction of 50 K towards higher temperatures. Due to the
estimation of Matsugi et al. [67] — reporting that the rate coefficients by
Tsang and Lifshitz [63] were too high — and the widely accepted
mechanism by Matsugi et al. [67] and Matsugi [68], the present
experimental results are deemed unsatisfying in this context. The DFE
data demonstrate a similar trend of disparities between experimental
data and model prediction because DFE is a direct decomposition
product of TFE. The formation of DFE is overpredicted by Tsang and
Lifshitz [63] and underpredicted by Matsugi et al. [67] and Matsugi [68]
when compared to our experimental data. Nevertheless, the prediction
of Giri and Tranter [65] aligns well with our results, if error tolerances
were considered.

When comparing the results of TFE and N3O, an overlap is observed
in the temperature range between around 1275 K to 1400 K, in which
both chemical thermometers are sensitive (see Fig. S5). While there was
good agreement observed within the NoO data in this temperature
range, the TFE data necessitates a temperature correction, leading in
two distinct conclusions for the same temperature range.

It may be suggested to use a non-linear temperature correction that
matches the temperature range of the NoO measurements and corrects
the temperature range for the TFE data. However, introducing such a
correction is not straightforward if there is no agreement on the over-
lapping temperature range on the TFE and N2O data, which is between
1275 K and 1400 K. Additionally, it is challenging to explain why the gas
would encounter a temperature higher than what is calculated by the
one-dimensional shock jump equation [36]. Usually, the opposite is
observed [75] - ‘real’ gas temperatures are lower than those calculated
by the shock jump equation [36] due to heat dissipation along the shock
tube or boundary layer effects. However, these effects are largely
minimized by our experimental design. An excessively high temperature
correction could undermine the accuracy of calculating the temperature
via the one-dimensional shock jump equation [36]. Consequently,
implementing a non-linear temperature correction is not reasonable.

To allow a more objective decision about the need and the extend of
a temperature correction, a chi-square distribution (;(2 = Y11 (Oexp,i -
amod,i)z/errorz(cfexp,i)) was calculated (see Fig. S6). Based on this anal-
ysis, we apply the following two-step strategy: (1) Examine our pyrolysis
measurements of dimethyl ether with two different temperature profiles
mirroring the results of the chemical thermometers (i.e., TFE/DFE: Ts real
= Tscalc + 45 K and N,O: No temperature shift); then (2), use the
chemical kinetic mechanisms including the in-house model DLR Concise
[35], the mechanism by Cai et al. [47], and the mechanism by Shrestha
et al. [48] to validate the species profiles in this study.

Fig. 5 shows the procedure described with using experimental results
and model predictions of the pyrolytic decomposition of DME. The re-
sults are presented as [DME ] 4w.p normalized to the initial concentration
[DME]y plotted against the initial temperature Ts(t = 0) behind the
reflected shock wave. Experimental results without a temperature shift
are shown as full squares, whereas those with a temperature shift of +45
K are indicated as open squares. Model predictions are denoted by solid
curves for our in-house model DLR Concise [35], dashed curves for the
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Fig. 5. Normalized mole fractions of the pyrolysis of approximately 500 ppm
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(Shrestha et al. [48]).

Cai et al. [47] mechanism, and dotted curves for the Shrestha et al. [48]
mechanism. All models are validated against extensive experimental
data sets for the pyrolysis and oxidation of DME. We do not want to
anticipate the kinetic discussion of DME at this point, and therefore refer
to the later section for this matter. Nonetheless, Fig. 5 clearly shows that
all three mechanisms considered show a clear trend towards those
experimental data points without the positive temperature correction.

Based on the results of the NoO measurements as a chemical ther-
mometer and the comparison of the dimethyl ether measurements with
predictions using chemical kinetic mechanisms from the literature — it
was decided not to make any temperature corrections for the species
profiles discussed in this work. To ensure clarity, we considered the
temperature calculated by the one-dimensional shock jump equation
[36] as the actual temperature experienced by the gas mixture at the
start of the compression event. It is important to note that for each in-
dividual model calculation the corresponding experimentally obtained
pressure profile p = p(t) is used as input to account for temperature
changes caused by individual pressure fluctuations.

5.2. Pyrolysis of DME, OME;, and OME,

The initial concentration of each fuel for the pyrolysis, as well as for
the three different oxidative conditions discussed later, was kept
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constant at 500 ppm (489 ppm for OME,). This approach consequently
results in a decreasing dilution as the mixing ratio moves from pyrolytic
to fuel-rich, stoichiometric, and fuel-lean conditions, due to the
increasing oxygen content (see Table S3 for more information on mix-
tures and experimental conditions). For OME,, small amounts of im-
purities of decomposition products were detected (96.0% OME,, 2.1%
OME;, 1.2% formaldehyde, 0.6% methanol, 0.1% methyl formate),
which were considered in the simulations as initial concentrations.

Fig. 6 shows the experimental results and model predictions of the
pyrolytic decomposition of DME, OME,, and OME; after the dwell time
([Fuellgwel)- As with the chemical thermometers in the previous section,
the mole fractions are shown normalized to the initial concentration of
the individual molecule ([Fuel]y) versus the initial temperature Ts(t = 0)
behind the reflected shock wave. For a better readability, uncertainty
limits (see previous section) are displayed only in a certain temperature
interval although actually present for each data point.

Comparing the three fuels shown in Fig. 6 it is seen that as the chain
length of the corresponding oxygenated molecules increases, the onset
of decomposition starts at lower temperatures. This characteristic is
related to the decreasing bond dissociation energies (BDE) of C-O and
C-H bonds in each molecule as the chain length [76] increases, coupled
with the increasing likelihood of a bond breaking. For example, the bond
dissociation energy of the C-O bond for DME is 83.2 kcal/mol [77],
while OME; and OME; have primary bond dissociation energies of 80.61
kcal/mol [76] and 79.8 kcal/mol [76], respectively. For OME; and
OME,, and higher OMESs, BDEs are higher at the secondary carbon atom
than at the primary carbon atom [76]. This can be attributed to an
electron shift due to the higher electronegativity of oxygen as compared
to carbon; as a result, chain start reactions are more probable at the
primary carbon atom [78].

Based on rate of progress (ROP) analysis performed, the initial re-
action for the pyrolysis of DME is the unimolecular decomposition
CH30CH3 (+ M) «< CH30 + CH3 (+ M) forming a methoxy radical
(CH30) and a methyl radical (CHs3). The CH30 stabilizes to CH,0
(formaldehyde) and releases a hydrogen radical, which is the dominant
path leading to CH20. The released H atom may subsequently inter-
connect with the existing radical pool through recombination reactions
such as combining with another hydrogen radical to form Hj or reacting
with CHs to form CH4 (methane). It may also react with DME via H-
abstraction reactions as indicated by CH3OCHg + H <~ CH3OCH> + Ha.
In addition, H-abstraction reactions via CH3OCHs + CH3 < CH30CH; +
CH,4 are vital in high temperature DME decomposition. The dominant
subsequent decomposition of methoxymethyl radicals occurs through
p-scission via CH3OCH; < CH30 + CHgs, another important reaction
that forms CH0.

The experimental speciation data for pyrolysis of DME is consistent
with all three models. However, Shrestha et al. [48] is slightly closer to
the measured data, probably a result of the rate coefficients used for
H-abstraction reactions with DME via H. Shrestha et al. [48] obtained
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Fig. 6. Normalized mole fractions of the pyrolysis of approximately 500 ppm fuel diluted in argon with 4950 ppm xenon at pressures around 16 bar. Experiment (this
work): Black squares (DME), blue circles (OME;), and orange triangles (OME,); Calculations: Solid curves (DLRConcise2024v2.F [35]), dashed curves (Cai et al.

[471), and dotted curves (Shrestha et al. [48]).
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the reaction rates of DME + H from the work of Sivaramakrishnan et al.
[791, which are slightly accelerated compared to the reaction rates from
Burke et al. [80]. The latter are implemented in the DLR Concise model
[35] and the mechanism by Cai et al. [47].

Seven stable species were detected and quantified during the py-
rolysis of DME. These include methane, ethane, ethene, ethyne, carbon
monoxide, Hy, and formaldehyde, as shown in Fig. 7. The primary re-
action forming methane is CH,O + CH3 < CH4 + HCO. As the tem-
perature increases, additional reactions contribute to the formation of
methane via H-abstraction reactions of CHz with DME, H,, and CyHg as
well as via the recombination reaction of CH3 + H. Two additional re-
actions compete with methane formation: The production of ethane via
2 CH;3 (+ M) < CyHg (+ M), and the dehydrogenation of formaldehyde
via CH20 + H «& HCO + Hj acting as both an H-atom scavenger and a
CH50 scavenger. A slight flattening in the trend of the methane data at
temperatures higher than 1260 K is observed. At this temperature, the
fuel consumption of DME is about 87% implying that the CH3 supply via
CH30CH3 and CH30CH;, decomposition is about to collapse. Further-
more, CHpO as the main H-donator for CH4 formation is largely
consumed at this temperature. However, methane concentration con-
tinues to steadily increase at temperatures above 1260 K, although with
a lower slope. This finding can be related to the decreasing supply of CHg
via DME decomposition as well as the additional but minor supply of
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CHj3 at higher temperatures via ethane decomposition: CoHg (+ M) < 2
CHs (+ M). Competing to this reaction, ethane also decomposes via
dehydrogenation reactions to form ethene and subsequently ethyne. No
additional higher hydrocarbons were detected.

All mechanisms show good agreement for the detected hydrocar-
bons, with the model of Shrestha et al. [48] being closest to the data for
methane. However, the predicted ethane concentrations from the same
model are slightly above the experimental data due to the utilization of
faster reaction rate coefficients for 2 CHs (+ M) < CyHg (+ M) from
Baulch et al. [60]. The DLR Concise model [35] includes rate coefficients
for 2 CH3 (+ M) < CyHg (+ M) obtained by Wang et al. [81], whereas
the mechanism of Cai et al. [47] includes data taken from Oehlschlaeger
et al. [82]. Best fit for the ethane data is obtained through the mecha-
nism of Cai et al. [47]. It is important to note that all mechanisms used
here have different core mechanisms. Specifically, (i) the Hy-O5 chem-
istry from Burke et al. [83] along with a carefully considered compila-
tion of C;-Cs species for the DLR Concise [35]; (ii) the Cy—C4 mechanism
is taken from Blanquart et al. [84] and implemented in the model of Cai
et al. [47], and (iii) sub-models for Cy [85] and C;-C; [86] in the model
of Shrestha et al. [48] were derived from previous publications by their
group mainly following the recommendations of Baulch et al. [60].

A large amount of formaldehyde was detected, which is formed via
CH30 (-‘r M) < CHzo +H (+ M) and CH30CH2 < CHzo + CH3. With
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increasing temperatures, CHO primarily decomposes via H-abstraction
reactions to form HCO. Friedrichs et al. [87] identified the competing
unimolecular decomposition reaction CH,0 (+ M) < CO + Hjy (+ M) as
part of the high temperature decomposition of CH20. However, due to
its high activation energy and the large amount of radicals in our system,
this reaction plays only a minor role in our CH20 decomposition ex-
periments. Instead, a high amount of HCO is produced, which itself
decomposes rapidly [87] mainly through H-cleavage to form CO + H.
The DLR Concise model [35] and the model by Cai et al. [47] align well
with the formaldehyde data observed experimentally. In contrast, the
model of Shrestha et al. [48] overpredicts the respective data. This is
primarily due to the implementation of slower reaction rate coefficients
for CH,O + H « HCO + H, from Baulch et al. [60], in contrast to those
in the other two mechanisms which are taken from the work of Irdam
et al. [88]. Consequently, the model of Shrestha et al. [48] predicts a
slower increase in CO data as a result of the reduced slower decompo-
sition rate of formaldehyde.

Furthermore, a large amount of molecular hydrogen is formed via
recombination or H-abstraction reactions involving atomic hydrogen in
several reactions. Due to mass conservation, the deviation between the
calculated and experimental data is opposite to those species previously
observed; H; profiles are underpredicted by the mechanisms, while most
of the other species data containing hydrogen are overpredicted.

In summary, the agreement between the three extensively validated
models and the experimental results in this work is satisfactory. This
demonstrates the reliability of our measurement method including the
determination of the temperature behind the reflected shock wave as
well as the simulation methodology based on the pressure profile.

Regarding the pyrolysis of OME; shown in Fig. 6, the measured mole
fraction decomposition occurs faster than predicted by each of the three
investigated mechanisms. This results in a deviation of about 20 to 30 K,
with the in-house DLR Concise model [35] showing slightly closer re-
sults to the experimental data. According to the studies by Golka et al.
[78], OME; predominantly undergoes decomposition via C-O bond
fission of the primary carbon atom - also denoted as primary channel —
forming CH3 + CH30CH30. CH30CH,0 then reacts via H-cleavage to
form CH3OCHO (methyl formate) or via f-scission to form CH,O and
CH30. A secondary channel forms CH3O + CH3OCH; by C-O bond
fission of the secondary carbon atom. In the recently published work of
Pazdera et al. [89], the authors discussed the existence of eight addi-
tional competing unimolecular decomposition reactions of OME;. In the
mechanisms discussed in the present work merely four more unim-
olecular reactions can be found; however, only two of them result in a
significant contribution to the decomposition of OME;: OME; (+ M) «
CH,0 + DME (+ M) and OME; (+ M) < CH3OH + CHs + HCO (+ M).
The last reaction might play an important role as we observed a large
amount of methanol formed during the experiments. It should be noted
that methanol is also be produced by the unimolecular decomposition of
methyl formate forming CHsOH + CO. H-addition reactions of CH3O to
form CH3OH should be negligible here since a large amount of CH30 was
also formed in our DME measurements, but almost no yield of CH30H
was detected.

Furthermore, H-abstraction reactions with OME; occur either at the
primary carbon atom forming CH3OCH>OCH, which reacts further via
p-scission to CH3OCHy and CH20 or at the secondary carbon atom
forming CH3OCHOCH3 which reacts further via g-scission to CHsOCHO
and CHg. Cai et al. [47] and Shrestha et al. [48] also considered both
reactions as unimolecular decomposition via H-cleavage; however, due
to the much higher BDE of the C-H bonds compared to those of the C-O
bonds, both reactions are negligible for the temperature range investi-
gated in this work.

The three model predictions of the OME; pyrolysis, differ slightly
from each other, as they use different sub-mechanisms for OME; with
varying expressions. In more detail, the DLR Concise model [35] uses a
set of selected rate values for OME;, which are obtained from He et al.
[90], Sun et al. [76], De Ras et al. [91], Golka [92], Shrestha et al. [48],
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and Cai et al. [47], while the mechanism of Cai et al. [47] itself uses a
sub-mechanism for OME,, which is based on the model by Jacobs et al.
[93]. The OME; data in the mechanism of Shrestha et al. [48] consists of
their recent work of Shrestha et al. [94], in which most of the reaction
rates were obtained from model studies by Vermeire et al. [95], Sun
et al. [96], Jacobs et al. [93], and Sun et al. [76]. Furthermore, the DLR
Concise model [35] and the model by Shrestha et al. [48] favor the
secondary channel over the primary one (see ROP in Fig. S8), which is
supported, e.g., by the work of Vermeire et al. [95] and Peukert et al.
[97], but contradicted by the recently published work of Golka et al.
[78] and Pazdera et al. [89]. Both studies revealed the reaction OME; (+
M) < CHs + CH30CH20 (+ M) as the dominating reaction above
temperatures of 900 K, which is consistent when comparing the amount
of the corresponding BDEs. Moreover, the temperature shift observed
between the experimental data and the model predictions of OME; is
consequently also reflected in the profiles of its decomposition products
(see Fig. 8), in particular of methane, ethane, and methyl formate, albeit
with the exception of formaldehyde. The measurements of hydrocarbons
are mostly in good agreement with the model predictions, although they
vary among themselves; however, the modeled data for CO, hydrogen,
and formaldehyde are largely overpredicted. Regarding CO, the devia-
tion between experimental and modeled concentrations at higher tem-
peratures may imply that the missing mass must be present in other
species. Since CO contains oxygen, oxygenated compounds are of
particular relevance. While OME;, methyl formate, and formaldehyde
are nearly fully depleted under these conditions, small amounts of
methanol remain. However, the concentration of methanol does not
fully account for the discrepancy, and the small quantity of CO2 pro-
duced is also insufficient to offset the observed mass loss. Nevertheless,
the strong agreement between the experimental and modeled CO data
during the pyrolysis of DME supports the reliability of the CO mea-
surements within this work. This observation, along with a C/H/O
balance calculation (see Supplementary Materials) suggests that not all
species generated during the pyrolysis of OME; were detected. It is likely
that additional, unidentified species — such as acetaldehyde, ethanol,
water, or others — as well as alternative reaction pathways, may be
influencing the observed mass distribution.

Additionally, the yield of methyl formate from our experimental data
is in good agreement with the model predictions, while the predictions
of methanol are underpredicted. This may indicate a previously under-
estimated reaction that produces methanol independently from methyl
formate.

Fig. 6 shows the measured and modeled mole fractions of OMEx,,
while the species profiles of the decomposition products are given in
Fig. 9. Our experimental data for OME, mole fractions are in good
agreement with the model predictions of Shrestha et al. [48] with
slightly increasing deviation as the temperature rises; some larger de-
viations are observed compared to the DLR Concise model [35] and even
more regarding the predictions by the model from Cai et al. [47].

Analogous to OME;, OME; may decompose via a primary channel
forming CH3 + CH3OCH;OCH-0, and via a secondary channel forming
CH30 + CH30CH,0CH; (see OME; discussion). Regarding the primary
channel, CH30CH,0CH>0 decomposes via formaldehyde elimination to
CH30CH30 (see OME; discussion) or reacts via H-cleavage to methox-
ymethyl formate (CH3OCH;OCHO); however, no methoxymethyl
formate was identified in our experiments, although this molecule was
recently traced as minor intermediate by De Ras et al. [91,98] in a
tubular quartz reactor under pyrolytic conditions using two-dimensional
gas chromatography (GC x GC) coupled with flame ionization detection
(FID) and mass spectroscopy (MS). Furthermore, due to the additional
methoxy group in the chemical structure of OME,, an additional channel
might exist via C-O bond fission of the central oxygen atom forming
CH30CH; + CH30CH>0. Analogous to OME;, the methanol forming
reaction OME; (+ M) < CH3OH + HCO + CH30CH> (+ M) is imple-
mented in our mechanism and in the mechanism of Shrestha et al. [48],
while Shrestha et al. [48] also included the reactions OME, (+ M) <
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OME; + formaldehyde (+ M), as well as OME; (+ M) < CH30CH,0OH +
HCO + CHj (+ M). However, once again, no CH3OCH;0H (methox-
ymethanol) was detected during our measurements, yet in small
amounts in the experiments by De Ras et al. [91,98].

H-abstraction reactions from OME; at the primary and secondary
carbon atom occur; these reactions are also implemented as H-cleavage
reactions in the mechanism of Cai et al. [47] and Shrestha et al. [48]
yielding CH30CH;0CH,0CH, via the primary channel and CH3O-
CH;OCHOCH3 via the secondary channel. The only reaction found in all
three mechanisms, which results in a decomposition of CH3OCH,0-
CH50OCH;, is the formaldehyde elimination forming CH3OCH;OCHj.
CH30CH;0CHOCHj3 may react to methyl formate releasing CH30CH, or
to methoxymethyl formate releasing CHs.

Due to the lack of literature studies investigating the reaction rates of
OME; experimentally, most of the reaction rate expressions of the
decomposition and H-abstraction reactions found in the three mecha-
nisms were obtained either from quantum chemical calculations [91] or
estimated by analogies with DME, OME;, diethoxymethane (DEM,
(C2Hs50)2CHy) [99], and diethyl ether (DEE, (CyHs)20) [100].

Regarding the obtained methane data, again some deviations with
respect to the model predictions are observed; however, the results of
Shrestha et al. [48] are in good agreement at temperatures lower than

1200 K. With higher temperatures, the experimental methane data are
underpredicted by the model of Shrestha et al. [48] and overpredicted
by the DLR Concise model [35] and the mechanism of Cai et al. [47].
Model predictions for ethane, ethene, and ethyne are slightly
underestimated, with most significant deviations observed at ethene
data for the DLR Concise model [35]. Moreover, the onset of ethane and
ethyne formation is slightly shifted to higher temperatures, despite the
fact that methane and ethane are both formed via CH3 radicals. CO and
Hy mole fractions are overpredicted by all the mechanisms considered,
with the smallest deviations observed for the model of Cai et al. [47].
The onset of formaldehyde formation agrees fairly well with the pre-
dictions of the DLR Concise model [35] and the one by of Shrestha et al.
[48] with respect to our experimental data. Both mechanisms favor the
secondary channel for OME; decomposition, OME, (+ M) < CH30 +
CH30CH,0CH; (+ M), in which CH30 is formed as a formaldehyde
precursor. However, both mechanisms overpredict the measured form-
aldehyde profiles at temperatures above 1100 K. Considering the pre-
dictions by using the model of Cai et al. [47], both the peak value as well
as the shape of the modeled formaldehyde data fit well with the ex-
periments, despite a temperature shift of about 60 K. Similar to the
pyrolysis of OME,, a large amount of methanol has been detected during
our experiments. Since the model of Cai et al. [47] does not consider the
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methanol forming reaction OME; (+ M) < CH3OH + HCO + CH30CH» the methyl formate profile is matched by using the model of Shrestha

(+ M), almost no increase in the methanol mole fraction is therefore

et al. [48].

calculated. Even in the DLR Concise model [35] and the model of
Shrestha et al. [48], which both include the corresponding reaction, the
measured methanol mole fractions are still underpredicted. In addition,
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Fig. 10. Normalized mole fractions of the oxidation (¢ = 1.0) of approximately 500 ppm fuel diluted in argon with 4950 ppm xenon at pressures around 16 bar.
Experiment (this work): Black squares (DME), blue circles (OME,), and orange triangles (OME,); calculation: Solid curves (DLRConcise2024v2.F [35]), dashed curves
(Cai et al. [47]), and dotted curves (Shrestha et al. [48]).
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5.3. Oxidation of DME, OME;, and OME>

Within this work, the oxidation of DME, OME;, and OME, was also
investigated using the same experimental method, by exploiting stoi-
chiometric conditions, fuel-lean, and fuel-rich mixtures with oxygen
diluted in argon with xenon. We focus on the discussion of the findings
on stoichiometric conditions (¢ = 1.0), with occasionally referring to all
fuel-oxygen mixtures. The measurements performed under fuel-rich (¢
= 2.0) and fuel-lean (¢ = 0.5) conditions are given in the Supplemental
Material (Fig. S13 - S20), together with the corresponding numerical
calculations.

Fig. 10 shows the experimental results and the model predictions for
DME, OME;, and OME; with 1500, 2000, and 2500 ppm O, respec-
tively, to obtain stoichiometric (¢ = 1.0) mixture conditions. Compared
to the results for the pyrolysis of the corresponding fuels displayed in
Fig. 6, both the experimental data as well as the modeling results are
slightly shifted towards lower temperatures. This increased reactivity of
the stoichiometric mixtures is due to the additional reactions with Oo
and the resulting larger radical pool encompassing O, OH, and HO,
radicals enhancing the decomposition of the corresponding fuel. Ac-
cording to the rate coefficients of Burke et al. [101], the production of
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radicals and consequently the fuel consumption as well as the con-
sumption of stable species and intermediates are determined by the
competition between the chain-branching reaction H + O, < O + OH
increasing the mixture’s reactivity and the recombination reaction H +
O; (+ M) < HO; (+ M) reducing the reactivity of the gas mixture by
firstly scavenging an H radical and secondly by forming HO5 which
reacts more slowly compared to OH. Considering the rate coefficients of
both reactions included in the three mechanisms considered in the
present work for the numerical calculation of the species profiles, as well
as the high pressure conditions in our experiments, the reaction pathway
in which OH is formed is favored for temperatures above 1250 K when
using the DLR Concise model [35], 1245 K when using the model of Cai
et al. [47], and 1235 K for Shrestha et al. [48]. It should be mentioned
that, due to the high dilution in argon, in addition those reactions
identified in the pyrolysis of the fuel (via unimolecular decomposition)
also significantly affect the fuel consumption under oxidative
conditions.

Looking at the species data for DME obtained under stoichiometric
conditions (¢ = 1.0) as shown in Fig. 11, the rise in the experimentally
determined methane concentration is steeper compared to those
observed under pyrolytic conditions; this finding is not seen in the
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Fig. 11. Normalized species profiles of the decomposition products for the oxidation (¢ = 1.0) of approximately 500 ppm DME diluted in argon with 4950 ppm
xenon at pressures around 16 bar. Experiment (this work): Black squares; calculation: Solid curves (DLRConcise2024v2.F [35]), dashed curves (Cai et al. [47]), and

dotted curves (Shrestha et al. [48]).
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modeling. On the one hand - due to the experimentally observed faster
DME decomposition (see Fig. 10) — also CH3 radicals are already avail-
able at lower temperatures and may form methane. On the other hand —
the presence of HO, functions as an additional H-donator to form
methane, although its effect via CHz + HO, < CHy4 + O3 should be weak
because the competing reaction CH3 + HO5 < CH30 + OH dominates
[102], and no increase in formaldehyde data is observed compared to
pyrolytic conditions. Furthermore, at temperatures above 1250 K, a
rapid decomposition of methane is seen; this is due to two reasons: (i) A
reduction in CHs supply as DME and formaldehyde are largely
consumed; and (ii) — even more important — a drastic increase of
methane consumption via the H-abstraction reactions CH4 + O < CHs
+ OH and CH4 + OH < CHj + H30 since the OH forming channel via H
+ Oz < O + OH begins to dominate. Regarding the measurements
under fuel-rich (¢ = 2.0) and fuel-lean (¢ = 0.5) mixture conditions (see
Fig. S14 and Fig. S18), the drop in the respective methane concentration
shifts slightly to higher temperatures for mixtures with lower oxygen
content (¢ = 2.0), and moves to lower temperatures for mixtures with
higher oxygen content (fuel-lean, ¢ = 0.5), since a higher concentration
of oxygen leads to the formation of more OH. Note that the dilution of
the mixture changes with increasing oxygen content, which slightly af-
fects the highly pressure-dependent reaction H + O3 (+ M) < HO, (+

Combustion and Flame 272 (2025) 113883

M) due to changing collision efficiencies, and thus, ultimately the tem-
perature at which H + Oy < OH becomes dominant. Since the domi-
nance of the OH forming channel occurs at slightly lower temperatures
in the model of Shrestha et al. [48] compared to the other two mecha-
nisms, the collapse in the methane concentration is consequently also
observed at somewhat lower temperatures and therefore fits better with
the experimental results.

The same effect can also be seen in the drop in concentrations for the
ethene and hydrogen data at the same temperatures. Except for DME
under fuel-rich (¢ = 2.0) conditions, no ethyne data or other higher
hydrocarbons were detectable under oxidative conditions. Compared to
pyrolysis, a higher amount of CO concentrations was measured, as CO is
also formed by the oxidation of the hydrocarbons in addition to the
reaction path via formaldehyde. However, above temperatures of 1255
K, CO begins to be consumed as well via reactions with O and OH rad-
icals to form COq, which is reflected by an enormous increase in the CO5.

In conclusion, all three mechanisms show good agreement compared
with the stoichiometric, fuel-rich, and fuel-lean DME speciation profiles,
but indicate a slightly slower DME decomposition. The predictions of
Shrestha et al. [48] are the closest to the experimental data, especially at
higher temperatures; however, they overpredict the formaldehyde spe-
cies profiles.
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Fig. 12. Normalized species profiles of the decomposition products for the oxidation (¢ = 1.0) of approximately 500 ppm OME; diluted in argon with 4950 ppm
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Regarding the OME; data measured under oxidative conditions (¢ =
1.0), Fig. 10 shows the mole fraction profiles of OME; itself, while the
corresponding decomposition products are shown in Fig. 12. The tem-
perature shift for OME; mole fractions between experimental results and
model predictions is still observable, since the influence of the addi-
tional radicals is low in our experiments due to the high dilution chosen;
OME; is consumed even under oxidative conditions largely via unim-
olecular decomposition. When comparing the species profiles of OME;
obtained at all three oxidative conditions investigated with those ob-
tained at pyrolytic conditions, a slightly faster decomposition of the fuel
is observed as the oxygen content is rising (see Fig. S13 and Fig. S17 for
fuel-rich (9 = 2.0) and fuel-lean (¢ = 0.5) mixtures, respectively).
Regarding the methane data, the best match in terms of shape and peak
is observed for the prediction of the in-house model DLR Concise [35];
however, Shrestha et al. [48] performs better again as methane starts to
be consumed oxidatively. Methane formation is slightly faster for the
DLR Concise [35] compared to the other two mechanisms, while the
onset in formation of ethane and ethene is being not significantly
different in the three model predictions, although they appear slightly
slower compared to the experimental data, with some large deviations
existing at fuel-rich (¢ = 2.0) conditions.

The CO,, CO, and H; data are reproduced fairly well, again with
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some larger deviations at fuel-rich (¢ = 2.0) conditions, especially for
CO and Hy, and with the predictions of Shrestha et al. [48] performing
well once CO and Hj are consumed oxidatively.

Our experimental results for formaldehyde and methyl formate
under stoichiometric conditions (¢ = 1.0) are well reproduced by all
three reaction mechanisms used, although the mechanism of Shrestha
et al. [48] overpredicts the results for formaldehyde. The experimental
and modeled results for methyl formate under fuel-lean (¢ = 0.5) con-
ditions are similar to those under stoichiometric conditions (¢ = 1.0),
while the results under fuel-rich (¢ = 2.0) conditions appear comparable
to those under pyrolytic conditions. Our experimental methanol data do
not align with this behavior; instead, the increase in methanol under
oxidative conditions is similar to that under pyrolytic conditions, but the
decomposition under oxidative conditions starts earlier with increasing
oxygen content and is steeper than under pyrolytic conditions.

To discuss the measured and calculated OME,, Fig. 10 shows the
mole fractions of OME; under stoichiometric conditions (¢ = 1.0) while
the corresponding decomposition products are given in Fig. 13. The
tendency for a slightly faster decomposition with increasing oxygen
content already observed for DME and OME; is also present for OME,.
Until complete decomposition of OME,, the temperature difference be-
tween the experimental concentration profile at pyrolytic conditions
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and dotted curves (Shrestha et al. [48]).
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and those under stoichiometric (¢ = 1.0) and fuel-lean (¢ = 0.5) con-
ditions is approximately 20~K. This observation is also reflected by the
reaction mechanisms, albeit to a slightly lesser extent for the model of
Shrestha et al. [48].

All three mechanisms perform fairly well considering our methane,
ethane and ethene data for all investigated oxidative mixture conditions,
but appear also with a slight temperature shift. The same applies to CO,
CO and Hy, but Shrestha et al. [48] performing best for both CO3 and CO;
however, the predictions of all three mechanisms are slightly over-
predicted considering the Hy data, with Shrestha et al. [48] again being
closest to our data.

The behavior of a faster decomposition of methanol with increasing
oxygen content already seen within the OME; data can also be observed
in the OME; results. The data for methyl formate is instead comparable
for all mixture conditions, while the data for formaldehyde is compa-
rable between fuel-lean (¢ = 0.5) conditions and stoichiometric condi-
tions (¢ = 1.0), as well as between fuel-rich (¢ = 2.0) and pyrolytic
conditions.

In conclusion, the temperature difference between the experimental
and modeled data of OME; compared to those of OME; has slightly
increased, although the mechanisms generally reproduce the concen-
tration profiles well. Similar to OME;, the increasing oxygen content has
only a minimal influence on the decomposition of OME; due to the high
dilution but significantly affects the decomposition products. Due to the
lack of literature data and the multitude of possible decomposition
possibilities, the pathways leading to a decomposition of OME; differ
markedly between the mechanisms (see ROP Fig. S12). Similar to OME;,
insufficient methanol production by the mechanisms is also observed for
the decomposition of OME,.

6. Summary and conclusions

In this study, we present and provide quantitative data on the
speciation of thirteen stable compounds. These were obtained from high
pressure single-pulse shock tube experiments involving DME, OME;, and
OME,. This data is valuable for validating and developing chemical-
kinetic reaction mechanisms of these new fuels. The experiments were
conducted at pressures of approximately 16 bar and temperatures
ranging from 975 K to 1400 K. To the best of our knowledge, no
speciation data is yet available for OME; and OME; in this pressure
range. The measurements were carried out behind reflected shock waves
for the pyrolysis as well as the oxidation at three different fuel-
equivalence ratios ¢ = 0.5 (fuel-lean), 1.0 (stoichiometric), and 2.0
(fuel-rich). In addition, to presenting speciation data of DME, OME,, and
OME_, a customized experimental setup for a single-pulse shock tube has
been used. The classical single-pulse mode involving a dump tank was
not employed. Instead, post-shock gas samples were collected using a
fast-acting solenoid valve that was mounted inside the end flange of the
driven section of the shock tube. The temperature behind the reflected
shock wave was validated using a chemical thermometry method that
measured the thermal decomposition of 1,1,1-trifluoroethane and
nitrous oxide, which were then compared with model predictions ob-
tained from literature.

The experimental data of DME, OME;, and OME; have been
compared to numerical data calculated by an updated version of the in-
house reaction model DLR Concise [35] and by the chemical-kinetic
reaction mechanisms by Cai et al. [47] and Shrestha et al. [48],
respectively. For DME and OME,, all three reaction models provide
satisfactory and comparable predictions for all the measured species
profiles. However, for OME;, model deviations regarding methanol
formation were revealed, that could be worked on in the future. For the
OME; decomposition, we observed a higher reactivity in the experi-
mental profiles, which we attributed to a slight temperature shift be-
tween the experimental and predicted data. This difference was slightly
higher in oxidation compared to pyrolysis and could be considered in
future model development.
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In summary, the presented results offer a collection of high-pressure
validation data. This data can enhance the ongoing improvement of
chemical-kinetic reaction models for new oxygenated fuels produced
from renewable resources. This promotes progress in combustor and
engine development for clean combustion by using CFD codes that
employ these reaction mechanisms.
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