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a b s t r a c t 

Understanding the low- and intermediate-temperature oxidation chemistry of oxygenated fuels like 

dimethyl ether (DME) at high pressure is paramount to the development of advanced engines with low 

carbon emissions. The supercritical pressure jet-stirred reactor (SP-JSR) recently developed at Princeton 

provides a new platform for conducting kinetic studies at low and intermediate temperatures at ex- 

tremely high pressures with a uniform temperature distribution and a short flow residence time. This 

paper uses the SP-JSR to investigate DME oxidation at equivalence ratios of 0.175, 1.0, and 1.72, for pres- 

sures of 10 and 100 atm, and temperatures ranging from 400 to 900 K. The results demonstrate weakened 

NTC behavior at 100 atm relative to 10 atm due to increased flux through QOOH + O 2 = O 2 QOOH rela- 

tive to QOOH = 2 CH 2 O + OH at 100 atm. Furthermore, the intermediate-temperature oxidation window 

is shifted to lower temperatures at 100 atm. The experimental data are compared with several chem- 

ical kinetic models from the literature. The existing models are seen to agree quite well with the ex- 

perimental data at 10 atm. However, the models fail to properly capture the NTC behavior at 100 atm. 

Reaction pathway analyses indicate that both the low- and intermediate-temperature chemistries are con- 

trolled by RO 2 consumption pathways. The reaction rates for several of the important reactions, such as 

DME + OH = CH 3 OCH 2 + H 2 O, H 2 O 2 ( + M) = 2 OH ( + M), and 2 HO 2 = 2 OH + O 2 are updated in this 

work. The updated model improves the predictability for all key species compared to the original model. 

© 2022 The Combustion Institute. Published by Elsevier Inc. All rights reserved. 
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. Introduction 

High-pressure and supercritical combustion applications have 

normous potential for gas turbines and advanced engines, with 

he supercritical CO 2 cycle providing both higher efficiency and 

ower CO 2 and soot formation [1–4] . Under extremely high- 

ressure conditions, multiple-body collisions begin to cause signif- 

cant deviations in the rate constants from those derived in the 

solated binary collisions model that underlies most gas phase ki- 

etics modeling. As a result, the reaction rates may have unusual 

ressure dependencies for the transition from gas-phase to super- 

ritical conditions. Reaction rates, even for some well-calculated or 

easured reactions like CO + OH = CO 2 + H, H + O 2 ( + M) = HO 2 

 + M), and H + O 2 = OH + O, might have significant discrepancies

etween supercritical and gas-phase conditions. Furthermore, ther- 

odynamic properties, such as entropy and enthalpy, may deviate 
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ignificantly from the ideal gas law at high pressures. As such, ki- 

etics experiments and theoretical calculations at ultra-high pres- 

ures (above 100 atm) are necessary for understanding supercriti- 

al combustion chemistry 

To explore high-pressure combustion kinetics, Shao et al [5] . 

ecently studied the effect of supercritical CO 2 on fuel ignition 

hrough measurements of the ignition delay times of methane and 

ydrogen highly diluted in CO 2 at 300 bar. Kogekar et al [6] . stud-

ed the impact of real-gas considerations on the ignition delay time 

f n -dodecane in a high-pressure shock tube. Liang et al [3] . eval-

ated the effects of thermodynamic and transport properties on 

ydrogen and methane flame speed measurements at supercritical 

onditions. They found that laminar flame speeds at high pressures 

ncrease due to the non-ideal equation of state. Hashemi et al [7–

] . used a high-pressure laminar flow reactor to study the super- 

ritical oxidation chemistries of methane, ethane, and propane at 

00 bar. Fernandes et al [10] . used a high-pressure flow reactor to 

erform elementary reaction rate measurements up to 10 0 0 bar. 

Unfortunately, only a few research apparatuses in the field 

f combustion, such as the shock tube [5 , 6] and high-pressure 
. 

rmediate-temperature oxidation of dimethyl ether up to 100 atm 
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Fig. 1. (a) The quartz part of the reactor; (b) Schematic of the SP-JSR setup. 

Fig. 2. Temperature evolutions of DME oxidation: (a) lean condition, (b) stoichiometric condition, (c) rich condition; with residence times of 0.12–0.07 s at a pressure of 10 

atm. 
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aminar flow reactor [7–10] , can be used to study supercritical 

eaction chemistry. While modern shock tubes can achieve post- 

eflected-shock pressures of 250 atm or higher [11] , their relatively 

hort test times (typically 10–20 ms) usually constrain them to 

oderate or high temperatures, where the chemistry is rapid 

nough. Furthermore, wide-ranging speciation measurements are 

ften challenging. Thus, shock tubes are generally not suited 

or studying low-temperature ( < 800 K) chemistry. Meanwhile, 

igh-pressure laminar flow reactors facilitate numerous speciation 

easurements, but for the current setups [7–9] the residence 

ime is so long (above 10 s) that the fuel concentration has to 

e very low in order to slow down the reactivity. This limitation 

nhibits the observation of negative temperature coefficient (NTC) 

ehavior. While the flow reactor has a lengthy uniform ( + / −5 K) 
2 
emperature regime, it also includes a ramping up and down of 

he temperature by about 300 K, which can complicate the kinetic 

odeling. Interestingly, although the flow is laminar, it can be well 

odeled in the plug flow approximation [12] . An alternative high- 

ressure jet-stirred apparatus for supercritical kinetics study could 

rovide a valuable complement to shock tubes and flow reactors. 

Jet-stirred reactors (JSRs) have been widely used as chemical 

eactors for the development and validation of detailed chemi- 

al mechanisms of fuels [13–15] . Recently, we developed a novel 

upercritical-pressure jet-stirred reactor (SP-JSR) with operating 

ressure between 10 and 200 atm and temperature between 300 

nd 1200 K. It allows for the study of supercritical combustion 

hemistry [16] over a broad range of temperatures and pressures. 

he SP-JSR possesses a uniform temperature distribution and a 
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Fig. 3. Temperature evolutions of DME oxidation: (a) lean condition, (b) stoichiometric condition, (c) rich condition; with residence times of 0.44–0.20 s at a pressure of 100 

atm. 

Table 1 

Recent experimental studies performed in jet-stirred reactors and flow reactors. 

Equipment type Temperature (K) Pressure (atm) ϕ τ (s) References 

JSR 800–1300 1–10 0.2–2 0.1 [26] 

JSR 550–1100 1 0.2–1 0.1 [27] 

JSR 800–1300 1–10 0.2–2.5 [28] 

JSR 540 10 0.35 5 [29] 

JSR 550–1100 1 0.25–2 2 [30] 

Flow Reactor 490–750 1 0.6 107 [17] 

Flow Reactor 500–1150 1 0.2–1.6 0.19–2 [18] 

Flow Reactor 1080–1086 1 0.5 0.1 [25] 

Flow Reactor 500–1150 1 1 1.5 [31] 

Flow Reactor 450–900 50, 100 0.06–20 [32] 

Fig. 4. Reaction pathways for DME at 675 K (a) and 800 K (b) at 100 atm for the 

rich mixture using the updated HP-Mech model. The thickness of arrows here rep- 

resents the relative importance of different reaction pathways based on the rate of 

species production. 
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ell-defined flow residence time ranging from 0.1 to 1 s. We 

ave recently used this SP-JSR to study low and intermediate tem- 

erature n -butane chemistry at 100 atm [16] . The results clearly 

howed that there is an NTC effect for n -butane at high pressure, 

lthough the increase of pressure does weaken the NTC effect. 

Dimethyl ether (DME) has been widely investigated as an al- 

ernative fuel in diesel and HCCI engines, gas turbines, and fuel 

ells. As the simplest fuel exhibiting two-stage oxidation behavior, 

t has been widely used as a model fuel to study the mechanism 

or low-temperature oxidation [17 , 18] and cool flames [19 , 20] . Sev-

ral models describing the oxidation of DME have been developed 

ased on experimental studies of ignition delays [22–24] , species 

rofiles in JSRs [26–30] and flow reactors [17 , 18 , 21 , 25 , 31 , 32] , and
3 
ame measurements [33–35] Table 1 . lists the recent experimen- 

al studies of DME oxidation performed in JSRs and flow reactors. 

otably, recent flow reactor [18] and JSR [29] experiments have 

hown that all these mechanisms could possibly over-predict DME 

onsumption and HO 2 and H 2 O 2 formation at low temperatures 

17] . 

High-pressure (above 40 bar) experimental data remain lacking 

or DME model validation. Therefore, in this study, we observed 

ME oxidation at 10 and 100 atm in the SP-JSR and compared 

ur experimental data with several existing kinetic models. In ad- 

ition to varying the experimental pressure, the equivalence ratio 

s also varied, with values of 0.175, 1, and 1.72. The temperature 

s varied between 400 and 900 K. The mole fractions of DME, O 2 ,

O, CO 2 , CH 2 O, H 2 O, and CH 3 OCHO are quantified with a micro-

as chromatograph (μ-GC). The oxidation chemistry of DME is an- 

lyzed with an update of several key elementary reactions for rad- 

cal branching and termination, and important reaction pathways 

t high pressure are identified. 

. Experimental methods and kinetic models 

The SP-JSR is a sphere with an internal volume of 0.4 cm 

3 . 

he novelty of the SP-JSR lies in its eight perpendicular nozzles 

ith 0.2 mm inner diameter on four jet fingers at the center of 

he sphere, which generate intense turbulence and homogenous 

ixing [36] . Figure 1 (a) shows the quartz part of the reactor. The 

uartz reactor is placed inside a stainless-steel, pressure-resistant 

acket. By balancing the pressure inside and outside the reactor, 

igh-pressure working conditions are possible. The gases issuing 

rom the JSR exit are sampled by a quartz sonic nozzle and then 

quilibrate their pressure with vacuum generated by a dry pump. 

he experimental system was designed for experiments over the 

0–200 atm and 295–1200 K temperature range. The schematic 
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Fig. 5. DME sensitivity coefficients (top panels) and predicted mole fractions (bottom panels) versus temperature for (a) lean, (b) stoichiometric, and (c) rich conditions at 

the 10-atm conditions of the present study. Simulations were performed in 5-K increments using the updated HP-Mech model. For mixture information, see Table 2 . The 12 

reactions with the largest magnitudes of S i for each equivalence ratio between 500 and 900 K are plotted. 

Table 2 

Experimental conditions. 

Case Equivalence ratio Pressure (atm) DME (%) O 2 (%) N 2 (%) Residence time (s) Temperature (K) 

1 0.175 10 0.644 11.090 88.266 0.12–0.07 500–900 

2 1 10 1.203 3.609 95.188 0.12–0.07 500–900 

3 1.72 10 1.303 2.270 96.427 0.12–0.07 500–900 

4 0.175 100 0.644 11.090 88.266 0.44–0.20 400–900 

5 1 100 1.203 3.609 95.188 0.44–0.20 400–900 

6 1.72 100 1.303 2.270 96.427 0.44–0.20 400–900 
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f the setup is shown in Fig. 1 (b), and the detailed description is

n [16] . The gas flow rates were controlled by high-pressure mass 

ow controllers (Brooks, SLA5800) and gas samples were quanti- 

ed by using a micro gas chromatography (μ-GC) [37] . Two seg- 

ents of electric heating wires were installed inside the high- 

ressure shell and three were installed outside. Over a three me- 

ers long heating zone, all reactant mixture was completely pre- 

eated before injection into the JSR bulb. The axial temperature 

rofiles under the experimental flow conditions were measured in 

-mm steps along the JSR bulb, where the temperature variation 

as within ± 3 K between 400 and 10 0 0 K. The details of the

emperature profile measurement are provided elsewhere in [16] . 

he velocity distribution profile of the reactor cross view is shown 

n Fig. S1 in Supplemental Information (SI). 

The oxidation experiment is conducted under the conditions in 

able 2 at 10 and 100 atm between 400 and 900 K. The flow res-

dence time is defined as the ratio of the volume of the reactor 

o the volume flow rate at the specific temperature and pressure 

ondition. It should be noted that instead of keeping the flow res- 

dence time constant, in this experiment the flow residence time 

f the experiment changes with the temperature to keep a fixed 

nlet volume flow rate at 1.2 L/min (Cases 1–3) and 4 L/min (Cases 

–6) at 295 K and 1 atm to reduce the error in flow control and

erturbation. Moreover, the residence time is chosen to correspond 

ith the oxidation reaction timescale (near unity Damköhler num- 

er). We performed the perfect stirred reactor simulation using 

HEMKIN software for different residence times. The fuel oxida- 
4 
ion profile is very sensitive to the residence time when it is close 

o the oxidation reaction timscale which we selected in our ex- 

eriments. Every measurement is repeated at least two times at 

he same temperature condition Table 2 . lists the experimental op- 

rating conditions. We used the following eight models to com- 

are to the experimental measurements obtained in the SP-JSR: 

hao et al [21] ., Kurimoto et al [18] ., Reuter et al. (HP-Mech) [34] ,

ashemi et al [32] ., AramcoMech 2.0 [22] , Wang et al [31] ., and

ames et al [24] .. The updated reaction rates in Reuter et al. (up- 

ated HP-Mech) model are listed in Table 3 . The real gas effect for 

ME oxidation at 100 bar is small and can be neglected. Figure S2 

n Supplemental Information (SI) shows the comparison of real gas 

esults and ideal gas results. All simulations were performed using 

he perfect stirred reactor module (fix gas temperature) using the 

HEMKIN software, except for the sensitivity analysis, which was 

erformed in the Cantera software [38] . 

. Results and discussion 

Figure 2 depicts the DME mole fraction evolution against tem- 

erature for fuel-lean (Case 1), stoichiometric (Case 2), and fuel- 

ich (Case 3) conditions with residence times of 0.12–0.07 s at 

0 atm. The experimental data exhibit a typical window of NTC 

ehavior from 650 to 775 K. By comparing to the 1-atm experi- 

ental data of Wang et al [31] ., one can note that the NTC be-

avior is slightly suppressed at 10 atm compared to that at 1 

tm. NTC at normal pressure is due to a competition between 
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Fig. 6. DME sensitivity coefficients (top panels) and predicted mole fractions (bottom panels) versus temperature for (a) lean, (b) stoichiometric, and (c) rich conditions at 

the 100-atm conditions of the present study. Simulations were performed in 5-K increments using the updated HP-Mech model. For mixture information, see Table 2 . The 

12 reactions with the largest values of S i for each equivalence ratio between 500 and 900 K are plotted. With the exception of the reaction H 2 O 2 + OH = H 2 O + HO 2 , the 

reactions in the legend are the same as those in the 10-atm case ( Fig. 5 ). 

Table 3 

Updated reaction rates in Reuter (HP-Mech) model. 

Reactions A ( c m 

3 /mol.s ) n Ea ( cal/mol ) Ref. 

CH 3 OCH 3 + OH < = > CH 3 OCH 2 + H 2 O 2.32E + 05 2.467 −1040 [39] 

H + O 2 < = > O + OH 7.26E + 14 −0.235 15,928.7 [40] 

OH + OH < = > O + H 2 O 9.32E + 03 2.564 −2603.7 [40] 

H + H + H 2 < = > H 2 + H 2 1.02E + 17 −0.6 0 [40] 

H + OH( + M) < = > H 2 O( + M) 

LOW 

TROE 

2.51E + 13 

4.50E + 25 

0.72 

0.234 

−3.064 

1.0E-30 

−114 

1581.4 

1.0E + 30 

[40] 

H + O 2 ( + M) < = > HO 2 ( + M) 

LOW 

TROE 

1.03E + 12 

1.74E + 19 

0.495 

0.604 

−1.23 

1.0E-30 

−241.1 

0 

1.0E + 30 

[40] 

HO 2 + OH < = > O 2 + H 2 O 

DUP 

7.44E + 12 

1.17E + 23 

0.055 

−2.156 

−915.2 

23,681 

[40] 

HO 2 + HO 2 < = > H 2 O 2 + O 2 1.93E-02 4.12 −4960 [41] 

HO 2 + HO 2 < = > OH + OH + O 2 6.41E + 17 −1.54 8540 [41] 

H 2 O 2 + H < = > H 2 + HO 2 4.40E + 01 3.45 712 [40] 

H 2 O 2 + H < = > H 2 O + OH 3.35E + 07 1.91 3654 [40] 

H 2 O 2 ( + M) < = > 2OH( + M) 

LOW 

TROE 

2.00E + 12 

2.49E + 24 

0.43 

0.9 

−2.3 

1.0E-30 

48,749 

48,749 

1.0E + 30 

[40] 

HO 2 CH 2 OCHO < = > OCH 2 OCHO + OH 

1.00E-02 

1.00E-01 

1.00E + 00 

1.00E + 01 

1.00E + 02 

1.95E + 89 

2.39E + 77 

1.65E + 60 

1.82E + 42 

2.44E + 29 

−23.59 

−19.55 

−13.95 

−8.20 

−4.12 

63,890.0 

61,350.0 

56,580.0 

51,040.0 

46,860.0 

[42] 
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wo channels (QOOH + O 2 and QOOH decomposition). However, at 

igh pressure, not only the low-temperature chemistry is propor- 

ional to [O 2 ] 
n ( n = 1–2) [43] , but also the radical production

ia H 2 O 2 + (M) = 2OH + (M) and 2HO 2 = 2OH + O 2 reactions is dramat-

cally increased and shifted to lower temperature Therefore, with 

n increase in pressure, both the low-temperature oxidation rate 

ncreases nonlinearly and the HO 2 chemistry, which suppresses the 

TC effect via QOOH and O 2 QOOH decomposition. Moreover, it can 

e noted that the initiation temperature of low-temperature ox- 

dation is around 550 K, which is unusual for such a small fuel 
5 
olecule (e.g., n -alkanes). This can be explained by the presence 

f an O-atom that weakens the neighboring C 

–H bond, favoring 

he H-abstractions compared with similar n -alkanes [30] . As to the 

odel simulation at 10 atm, all models slightly over-predict the 

ME oxidation at the very beginning. The updated HP-Mech model 

black dash lines) yields very good agreement with the experimen- 

al data for temperatures of 60 0–90 0 K at these conditions. Ad- 

itionally, the Zhao et al., Reuter et al., and Wang et al. models 

ll predict the experimental data reasonably well. The Hashemi 

t al. and Aramco models over-predict DME oxidation in the 
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Fig. 7. Temperature evolutions of the mole fraction of CO (a), CO 2 (b), CH 2 O (c), O 2 (d), H 2 O (e), and CH 3 OCHO (f) for the fuel lean condition (Case 1) from 500 to 900 K at 

10 atm. 
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ow-temperature region, while the Kurimoto et al. and Dames et al. 

odels under-predict DME oxidation in the NTC region. The good 

greement between experimental data and simulation results at 10 

tm reveals that the SP-JSR can reproduce the results at 10 atm 

ressure for kinetic model validation and could provide more use- 

ul experimental results for model validation under extreme pres- 

ures. 

Figure 3 depicts the DME mole fraction evolution against tem- 

erature for fuel-lean (Case 4), stoichiometric (Case 5), and fuel- 

ich (Case 6) conditions with flow residence times of 0.44–0.20 s at 

00 atm. It should be mentioned that the flow residence times of 

00 atm are slightly longer than 10 atm and the difference would 

esult in slightly more reactivity at 100 atm condition. This small 

ifference will only slightly affect the starting point of fuel oxida- 

ion; however, it doesn’t affect other phenomenon (e.g., NTC be- 

avior). It is seen that this high-pressure experimental data also 

xhibits a typical window of NTC behavior from 650 to 725 K. 

owever, compared to the results at 10 atm, the NTC behav- 

or is greatly suppressed at 100 atm. In addition, the low-and 

ntermediate-temperature oxidation onset temperature increases 

lightly with pressure. This is because of the nonlinear increase 

f the low temperature reactivity with the oxygen concentration 

r pressure ω LTC ∼ [O 2 ] 
n ∼ [p] n ( n = 1–2) [43] . In comparing the

odel predictions with the experimental data at 100 atm, the up- 

ated HP-Mech, Zhao et al., Reuter et al., and Wang et al. mod- 

ls predict the experimental data at these three conditions reason- 

bly well, especially with regard to the NTC behavior. The Hashemi 

t al. and Aramco models over-predict the DME oxidation both at 

ow and intermediate temperatures, while the Kurimoto et al. and 

ames et al. models under-predict the DME oxidation in the NTC 

egion. It is interesting to note that some existing models over- 
6 
redict the DME oxidation even at atmospheric pressures [17 , 18] . 

owever, overall, their performance becomes better at the higher 

ressures of the present study. In our previous study of n -butane 

16] and propane oxidations [44] at 100 atm and lower pressures 

16] , model predictions captured the NTC behavior of n -butane 

nd propane accurately at low pressures while under-predicting 

heir oxidation at 100 atm. The contrasting predictions of the low- 

emperature oxidation of DME, n -butane, and propane imply that 

here exist large discrepancies in pressure-dependent fuel oxida- 

ion in their low-temperature chemistry. More information pro- 

ided in SI (Figure S3) shows the temperature evolution of the fuel 

ole fraction of n -butane as an example. 

Based on the model performance at 10 and 100 atm, the up- 

ated HP-Mech model was selected to investigate the detailed ki- 

etics of DME oxidation. To this end, a reaction pathway analy- 

is was performed at 675 and 800 K and 100 atm for the rich 

ixture of the present study; the respective results are shown in 

ig. 4 (a) and (b). The reaction pathway analysis of 10 atm is shown 

n SI Fig. S4. Figure 4 illustrates that the low-temperature chem- 

stry of DME follows the well-known chain-branching mechanisms 

or hydrocarbons. The fuel radical CH 3 OCH 2 (R) is formed via H ab- 

traction reactions from DME (RH) mainly by OH and HO 2 radicals. 

he first O 2 addition produces CH 3 OCH 2 O 2 (RO 2 ), which can iso- 

erize to form a carbon-centered radical, CH 2 OCH 2 O 2 H (QOOH). 

he fate of QOOH is in large part controlled by the competition 

etween the second O 2 addition, QOOH + O 2 = O 2 CH 2 OCH 2 O 2 H

O 2 QOOH) (R1), and thermal dissociation, QOOH = 2CH 2 O + OH 

R2). This competition for QOOH largely mediates the NTC behavior 

f DME (another aspect of the NTC region is the competition be- 

ween DME and CH 2 O to consume OH radicals; see the discussion 

n the sensitivity plots below). The O 2 QOOH can then isomerize 
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Fig. 8. Temperature evolutions of the mole fraction of CO (a), CO 2 (b), CH 2 O (c), O 2 (d), H 2 O (e), and CH 3 OCHO (f) for the fuel lean condition (Case 4) from 400 to 900 K at 

100 atm. 
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nd rapidly decompose to form an OH radical and a ketohydroper- 

xide, HO 2 CH 2 OCHO (KHP). The KHP can decompose to produce 

nother OH and a keto-alkoxy radical, OCH 2 OCHO (OQ’O), thereby 

ompleting the chain-branching process. 

In addition to the main chain-branching pathway described 

bove, other pathways compete for RO 2 radicals. The self-reaction 

f RO 2 , 2 RO 2 = 2 CH 3 OCH 2 O (RO) + O 2 (R4), yields two sets of

H 2 O and CH 3 O [see Fig. 4 (a)]. Additionally, the pathway through 

he reaction RO 2 + CH 2 O = CH 3 OCH 2 O 2 H + HCO (R5) has a net

ield of HCO, OH, CH 2 O, and CH 3 O [see Fig. 4 (a)]. The competi-

ion of the chain-inhibiting R4 with RO 2 = QOOH (R3) is impor- 

ant to DME oxidation at low temperatures. At 800 K in Fig. 4 (b),

he direct dissociation of R begins to compete with the O 2 addition 

athway, reducing the production of RO 2 . 

Although not illustrated in Fig. 4 , the H-abstraction reaction 

rom DME by HO 2 has a significant impact on the oxidation at 

igh pressures and high temperatures (above ∼800 K), while its 

mportance is minor compared to DME + OH at low pressures and 

ow temperatures (below ∼800 K). This change in importance is 

ecause HO 2 production at high pressure increases dramatically, 

nd reactions involving HO 2 then have a higher impact on the fuel 

xidation. We believe that one of the major uncertainties in the 

ariation in the model simulations with pressures comes from the 

ME + HO 2 reaction, which could benefit from a high-level ab ini- 

io kinetics analysis. A varying role for non-thermal reactions, as 

iscussed in our recent study of diethyl ether oxidation [42] , may 

lso play a key role in interpreting the dependence on pressure. 

To further investigate the low-temperature oxidation chemistry 

f DME, a sensitivity analysis was performed for DME concentra- 

ions at both 10 and 100 atm. In contrast to typical sensitivity anal- 

ses, the calculations were performed over a fine grid of tempera- 
7 
ures, as reported in our recent work [42] , to provide a smoothly 

arying picture of the sensitivity coefficients versus temperature. 

he normalized, first-order DME sensitivity coefficient for the i -th 

eaction, S i , is defined as S i = ( A i / X DME )( ∂ X DME /∂ A i ) , where A i is 

he pre-exponential factor for the i -th rate constant and X DME is 

he DME mole fraction. 

The 10-atm sensitivity analysis is presented in the top pan- 

ls of Fig. 5 for the three mixtures investigated herein (the bot- 

om panels of Fig. 5 display the predicted DME mole fractions 

or visual reference). The observations that can be drawn from 

hese plots are many, and only a few will be summarized here. 

he oxidation onset region (550–600 K) is primarily sensitive to 

he competition for RO 2 radicals between R3 and R4 (R4 is in 

ompetition with R3 in all three panels of Fig. 5 but appears 

nly in Fig. 5 (a) due to the plotting truncation to 12 reactions). 

s the temperature increases into the NTC region, the opposing 

ensitivities to R1 and R2 become large as these reactions com- 

ete for QOOH. With the temperature increasing further beyond 

he NTC region, thermal dissociation of R becomes increasingly 

apid and the reverse reaction RO 2 = R + O 2 increases in im- 

ortance; both of these effects inhibit the low-temperature chain- 

ranching mechanism. Concurrently, the importance of the HO 2 

adical grows, with the sensitivity to DME + HO 2 growing near 

he peak of the NTC region ( ∼775 K in all three panels of Fig. 5 )

long with sensitivity to H 2 O 2 = 2 OH (H 2 O 2 is mainly formed via

O 2 + HO 2 = H 2 O 2 + O 2 ). 

The reaction 2 HO 2 = O 2 + 2 OH shows up in the fuel-lean

anels of Fig. 5 (it is not shown in the stoichiometric and fuel-rich 

anels due to the plotting truncation). This reaction occurs via sin- 

let HO 2 and was recently explored for the first time [41] ; this rate

onstant was part of the updates to the updated HP-Mech (see the 
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Fig. 9. Comparison of experimental and simulated (updated HP-Mech and Wang et al. models) results for (a) laminar flame speeds of DME/air mixtures with different 

equivalence ratios at pressures of 1, 5, and 10 atm [45] and (b) ignition delay times of DME/air mixtures with different equivalence ratios at 25 atm, except for the fuel-rich 

data, which were obtained at 15 atm [22] . 
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upporting Information). Not surprisingly, this chain-propagating 

or chain-branching) reaction has an opposite sign from the chain- 

erminating reaction 2 HO 2 = H 2 O 2 + O 2 . 

In all three panels of Fig. 5 , the chain-propagating reaction 

ME + OH = R + H 2 O has one of the largest sensitivity coeffi-

ients. The significant dip in sensitivity to this reaction across the 

TC region occurs partly due to the increased formation of CH 2 O 

ia QOOH decomposition; the CH 2 O competes with DME for con- 

umption of OH radicals. 

The changes in the DME sensitivity coefficients with equiva- 

ence ratio are somewhat subtle. With increasing equivalence ratio, 

he sensitivities to QOOH + O 2 = O 2 QOOH (R1) and QOOH = 2

H 2 O + OH (R2) become ∼0 at lower temperatures [e.g., they are 

oth ∼0 by ∼875 K in Fig. 5 (b), while they are both ∼0 by ∼850 K

n Fig. 5 (c)]. Lower [O 2 ] inhibits both the first and second O 2 ad-

itions. Another subtle change due to equivalence ratio is the im- 

ortance of R decomposition, R = CH 2 O + CH 3 . In Fig. 5 (a–c), the

eak sensitivity to this reaction shifts to lower temperatures as the 

quivalence ratio is increased. This increased sensitivity to R de- 

omposition occurs due to less consumption of R via R + O 2 = RO 2 

ith decreasing [O 2 ]. 

DME sensitivity coefficients at 100 atm are shown in Fig. 6 . 

s was observed in the experimental data, the difference be- 

ween the 10- and 100-atm cases is quite significant. This differ- 

nce is perhaps most marked by the shape of the sensitivity to 

ME + OH, which almost completely lacks the dip in the NTC re- 

ion that was observed in the 10-atm case [cf Fig. 5 (a)]. The ex- 

lanation for this difference is as follows. The bimolecular nature 

f QOOH + O 2 = O 2 QOOH (R1) greatly promotes the flux through 

his pathway at higher pressures, whereas the competing reaction 

OOH = 2 CH 2 O + OH (R2) is unimolecular and assumed to be

ressure independent in the updated HP-mech. Therefore, increas- 

ng pressure greatly favors O 2 QOOH formation over QOOH decom- 

osition. A reaction pathway analysis on the rich mixture at 10 atm 

nd 675 K indicated that 67% of the QOOH proceeds through the 

eta-scission pathway (R2), while 29% proceeds through the sec- 

nd O 2 addition (R1). However, at 100 atm (and 675 K), the sit- 

ation is nearly inverted: only 35% of the QOOH flux is via R2, 

ith 63% going through R1. It is because of the suppression of 
8 
2 in favor of R1 that inhibits the NTC behavior at 100 atm rel- 

tive to 10 atm. It is noted in Fig. 6 that at 100 atm OH produc-

ion from H 2 O 2 + (M) = 2 OH + (M) and 2HO 2 = 2 OH + O 2 is

ramatically increased and shifted to lower temperature. The en- 

anced HO 2 branching channel suppresses the NTC effect with the 

ncrease of temperature. Although the flux through R2 is greatly 

educed at 100 atm relative to 10 atm, the R2 sensitivity coeffi- 

ient at 100 atm in Fig. 6 (c) is still comparable to that of R1; the

dded insight from the pathway analysis highlights the benefit of 

mploying both sensitivity and reaction pathway analyses. The re- 

uced flux through decomposition of QOOH concomitantly reduces 

he formation of CH 2 O. Since, as mentioned previously, CH 2 O com- 

etes with DME to consume OH radicals, the suppressed NTC be- 

avior leads to less of a dip in the DME + OH sensitivity. Another 

actor that slightly reduces CH 2 O formation is the increased con- 

umption of R to form RO 2 at higher pressure, which impedes R 

rom decomposing to form CH 2 O + CH 3 . For this reason, R decom- 

osition does not appear in the top 12 reactions of Fig. 6 , while it

id appear at all three equivalence ratios in Fig. 5 . 

A notable absence from the sensitivity analyses ( Figs. 5 and 6 ) 

s KHP decomposition, KHP = OQ’O + OH. Presumably, this ab- 

ence is because KHP decomposition is rapid enough to not be 

 "bottleneck" in the chain-branching process. However, there is 

ne detail worth mentioning. Some of us have recently applied 

ariable reaction coordinate transition state theory to calculate 

he analogous rate constant in the diethyl ether system [42] . The 

ate constant obtained from these calculations was 1–2 orders of 

agnitude slower than values in the literature. Indeed, the KHP 

ecomposition rate constant employed in the HP-Mech is over 10 

imes larger than the analogous rate constant calculated in the di- 

thyl ether system in [42] . Therefore, the KHP decomposition rate 

onstant has been modified in the updated HP-Mech model. It 

lightly modifies the onset temperature of the oxidation; however, 

he difference is very small. 

Figure 7 (a)–(f) shows the mole fractions of other important 

pecies at 10 atm, such as CO, CO 2 , CH 2 O, O 2 , H 2 O, and CH 3 OCHO,

espectively. It can be noted that the updated HP-Mech model im- 

roves the predictions for all key species compared to the original 

odel. The modeling slightly underpredicts CO and H O forma- 
2 2 
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ion and overpredicts CH 2 O and CH 3 OCHO formations. The species 

rofiles in Fig. 7 demonstrate NTC behavior in the same region as 

he DME mole fraction profile. Therefore, the agreement between 

xperimental and modeling data is satisfactory and they are cross 

alidated for the 10-atm conditions. 

Figure 8 (a)–(f) shows the mole fractions of other important 

pecies at 100 atm, such as CO, CO 2 , CH 2 O, O 2 , H 2 O, and CH 3 OCHO,

espectively. The NTC behavior for the species in Fig. 8 is much 

eaker compared to that in Fig. 7 , which is consistent with the 

emperature evolution of DME mole fractions. The modeling results 

nderpredict CO 2 formation and overpredict CO and CH 3 OCHO for- 

ations. It can also be noted that the discrepancy between exper- 

mental and numerical simulation results for CO and CO 2 produc- 

ion are still noticeable at temperatures higher than 700 K. There- 

ore, the reaction rates of HOCO = CO + OH, HOCO = CO 2 + H ,

O 2 + OH = CO + HO 2 , and CO 2 + H = CO + OH need careful

valuation at supercritical conditions. 

. Comparison with literature data 

In this section, we further validate the updated HP-Mech model 

gainst two sets of experimental data from the literature: lami- 

ar flame speeds [45] and ignition delay times [22] of DME/air 

ixtures. Comparisons are also made with the previous HP-Mech 

34] and Wang et al. models [31] Figure 9 (a) shows experimental 

aminar flame speed data for different equivalence ratios at dif- 

erent pressures [46]. Simulations were performed for an initial 

as temperature of 298 K and at initial pressures of 1, 5, and 10

tm. In general, the agreement between experimental and model- 

ng data is satisfactory at different equivalence ratios, although the 

odel slightly overpredicts the laminar flame speed at a pressure 

f 1 atm and underpredicts the laminar flame speed at pressures 

f 5 and 10 atm Figure 9 (b) shows the ignition delay time data

ith different equivalence ratios of 0.5–2.0 and 25 atm [22] . The 

omparison covers both the low- and intermediate-temperature re- 

ions. Although the model slightly overestimates the ignition de- 

ay time in the low-temperature region, the NTC behavior is well 

eproduced. Ignition delay times calculated using the updated HP- 

ech model in general show good agreement with the experimen- 

al data for all equivalence ratios. The comparison of the updated 

P-Mech model and jet-stirred reactor data in literature is shown 

n Fig. S5. 

. Conclusions 

The novel supercritical pressure jet stirred reactor (SP-JSR) pro- 

ides a valuable platform for conducting kinetic studies at low and 

ntermediate temperatures at extreme pressures under a uniform 

emperature distribution and a short flow residence time. The low 

nd intermediate temperatures of DME oxidation have been inves- 

igated using the SP-JSR at equivalences ratios of 0.175, 1.0, and 

.72, pressures of 10 and 100 atm, and temperatures from 400 to 

00 K. The experiments show that a weaker NTC behavior is ob- 

erved at 100 atm compared to 10 atm. 

Seven existing models and one updated model were compared 

o the experimental measurements made by the SP-JSR. The up- 

ated model has the best agreement with the new SP-JSR experi- 

ental data among these models. The Zhao et al., Reuter et al., and 

ang et al. models predict the experimental data at these three 

onditions reasonably well, especially in capturing the NTC behav- 

or. The Hashemi et al. and Aramco models over-predict DME ox- 

dation both at low and intermediate temperatures, while the Ku- 

imoto et al. model and Dames et al. model under-predict DME 

xidation in the NTC region at 100 atm. 

Reaction pathways and sensitivity analyses show that both 

ow- and intermediate-temperature chemistries are dominated by 
9 
he typical chain-branching mechanism for hydrocarbons at both 

0 and 100 atm. At normal pressure, the competing reactions 

f QOOH + O 2 = O 2 QOOH (R1) and QOOH = 2CH 2 O + OH

R2) control the NTC behavior. However, the NTC behavior is 

argely suppressed at 100 atm due to the favoring of R1 over 

2 with increasing pressure and the increased radical production 

ate at lower temperature via H 2 O 2 + (M) = 2 OH + (M) and

 HO 2 = 2 OH + O 2 reactions. The discrepancy between exper- 

mental and modeling data of minor species at 100 atm implies 

hat the reaction rates of HOCO = CO + OH, HOCO = CO 2 + H ,

O 2 + OH = CO + HO 2 , and CO 2 + H = CO + OH need to be fur-

her considered at supercritical conditions. 
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