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Abstract

The low and intermediate temperature oxidation of propane has been investigated by using a novel su-
percritical pressure jet stirred reactor (SP-JSR) with and without 20% CO, additions at fuel lean and rich
conditions at 10 and 100 atm and 500-1000 K. The mole fractions of C3Hg, O,, CO, CO,, CH,0, C,H,,
CH;CHO, and C3H¢ were quantified by using a micro-gas chromatograph (u-GC). The experiment showed
that different from that of 10 atm, at 100 atm only a weak negative temperature coefficient (NTC) behav-
ior was observed because of the significant shift of the intermediate temperature HO, chemistry to lower
temperature. In addition, at 100 atm, existing models in literatures could successfully capture the onset tem-
peratures of the low and intermediate chemistry, while under-predict the fuel oxidation quantitatively and fail
to capture the NTC behavior between 650 and 780 K at both fuel lean and rich conditions. Similar discrep-
ancy was observed in studies of n-butane and dimethyl ether (DME) oxidations in literatures, implying that
there existed large uncertainties in hierarchy model development of fuels with low temperature chemistries at
extremely high pressures. Reaction pathways and sensitivity analyses showed that RO, competing reactions
through (P1) RO, = QOOH, (P2) RO, = C;H¢ + HO,, (P3) RO, + CH,O/HO, = RO,H + HCO / O, domi-
nated the low and intermediate temperature chemistries, followed by HO, / H,O, chemistry at 100 atm, which
differed from the dominant pathway through QOOH consumption reactions at lower pressures. Especially,
P3 is a new pathway of RO, consumption at high pressures, which was not observed in importance at low
pressures. Special attention should be paid to the accurate computations of n-C;H,0, / i-C;H;0, + CH,O
and n-C;H;0, /i-C;H;0, + in the P3 pathway and n-C3;H,0, / i-C;H;0, decomposition reactions in the P2
pathway at high pressures.
© 2022 The Combustion Institute. Published by Elsevier Inc. All rights reserved.
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1. Introduction

Supercritical combustion has been paid increas-
ing attentions to applications in advanced gas tur-
bines and engines due to its higher thermodynamic
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efficiency, leaner fuel flammability, and lower emis-
sions at high pressures [1-4]. However, under su-
perecritical conditions (100-300 atm), intermolecu-
lar attractions cannot be ignored, while non-ideal
fluid behavior may result in significant deviations
of reaction kinetics and thermodynamic and trans-
port properties from the ideal-gas consideration.
For example, under ultra-high pressures, multiple-
body collisions begin to play an important role in
rate constant computations from typical isolated
binary collisions in most gas-phase kinetic mod-
eling [5,6], and result in unusual pressure depen-
dencies. Collisional cross-section area may depart
in the real-fluid potential of interactions. Ther-
modynamic properties, such as heat capacity, of
CO, and H,O can be 50% different from ideal-
gas values above 200 atm [7]. Therefore, kinetic
experiments and theoretical computations at high
pressures above 100 atm are highly needed for in-
vestigating the supercritical combustion chemistry
in practical high-pressure engine systems.

In theoretical study, Kogekar et al. [8] simulated
real-fluid oxidation of n-dodecane / O, / N, mix-
tures using Redlich-Kwong (RK) equation of state
(EoS) and provided the computation methods of
thermodynamic properties and chemical potentials
in the simulation. Liet al. [9] incorporated real-fluid
behaviors into hydrogen oxidation simulations in
supercritical H, / H,O / CO, mixtures using Peng-
Robinson (PR) EoS. However, empirical methods
in [8,9] are lack of physical insights of molecular
interactions at high pressures. Bai et al. [7] con-
structed the supercritical computation code by us-
ing the theoretical Virial EoS and real-fluid parti-
tion functions and studied the real-fluid impact on
properties of substance and molecules. In experi-
ments, unfortunately, only a few research appara-
tuses, such as shock tube [8,10], high pressure lami-
nar flow reactor [11-14], and supercritical-pressure
jet-stirred reactor (SP-JSR) [5,6,15] in the combus-
tion filed can be used to study the supercritical reac-
tion chemistry. Typically, the high-pressure laminar
flow reactor is difficult to maintain a uniform tem-
perature distribution and requires a long residence
time (above 10 s) at high pressures, where the nega-
tive temperature coefficient (NTC) behavior is very
difficult to be observed [11]. Shock tube has chal-
lenges in flow residence time (10-20 ms) of practi-
cal engines and is mainly used for high temperature
ignition study, while the low temperature fuel chem-
istry is difficult to cover. Instead, the supercritical-
pressure jet-stirred reactor recently developed by
Zhao et al. [5] provides a new experimental plat-
form for studying supercritical fuel chemistry and
overcomes the challenges above. The SP-JSR cov-
ers a wide range of temperatures (295-1200 K) and
pressures (10-200 atm) with a well-defined flow res-
idence time (0.1-1.0 s) close to practical engines
and a uniform temperature distribution (+/—3 K).
We recently studied the low and intermediate tem-

perature chemistries of n-butane [5], dimethyl ether
(DME) [6] and methanol [15] at 100 atm using the
SP-JSR, and observed week NTC behaviors of n-
butane and DME and a novel NTC pathway of
methanol.

Propane is the simplest alkane exhibiting the
two-stage oxidation behavior. Its kinetic study is
very crucial for hierarchy model development of
larger alkanes with low temperature chemistries.
The study of propane oxidation chemistry has
been performed in flow reactor [13,16], JSR [17,18],
shock tube [19-21], and rapid compression ma-
chine (RCM) [22,23]. Several models, such as
AramcoMech 3.0 [24], USC Mech [25], Hashemi
Mech [13], Polimi Mech [26], describing the oxida-
tion of propane have been developed based on the
experimental data above. However, high-pressure
(above 40 bar) experimental data is lacking for
the low temperature chemistry of propane, and
its supercritical combustion/oxidation kinetics re-
mains unknown. Therefore, in this study, we per-
form the propane oxidation at 10 atm in the SP-JSR
and use the four propane models [13,24-26] above
to compare with the experimental measurements
made by the SP-JSR. To study the oxidation chem-
istry of propane at supercritical conditions and ex-
tend the available data toward engine conditions,
this paper presents the experimental and model-
ing results of propane oxidation at fuel lean and
rich conditions with and without 20% CO, addi-
tions at 100 atm and 500-1000 K by using SP-JSR.
The mole fractions of C3Hg, O,, CO, CO,, CH,O,
C,H,, CH;CHO, and C;Hg¢ are quantified by us-
ing a micro-gas chromatograph (u-GC). Moreover,
the effect of supercritical CO, on the propane oxi-
dation is also investigated by adding 20% CO; to
the reactant mixture at 100 atm. Then, the high-
pressure, low and high temperature reaction path-
ways of propane are analyzed with identification of
key reactions.

2. Experimental methods and kinetic models

Experiments of the propane oxidation are per-
formed in the SP-JSR system, as is shown in Fig. 1.
The SP-JSR is a spherical bulb with an internal
volume of 0.5 cm?. It owns 4 fingers with 2 jets
(0.2 mm I. D.) on each finger at the center of
the bulb, which enables optimized spray directions
for intense turbulence and homogenous mixing.
The quartz reactor is placed inside a stainless-steel
pressure-resistant jacket. The inside and outside
pressures of the reactor are balanced by the bath
gas flow to reach the high-pressure conditions. The
gasses issuing from the SP-JSR exit are sampled
by a quartz sonic nozzle, and then equilibrate their
pressure with vacuum generated by a dry pump.
The experimental system is designed for experi-
ments over 10-200 atm and 298-1200 K tempera-
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Fig. 1. Schematic of the SP-JSR setup.
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ture range. The descriptions of the SP-JSR and its
jet and heating arrangements are in details in the
literature [5]. Propane is fed to the system through
a pressurized gas cylinder. The gas flow rates are
controlled by high-pressure mass flow controllers
(Brooks, SLA5800) and gas samples are quanti-
fied by using GC-TCD (Inficon 3000) within 5%
measurement uncertainty [27-29]. The axial tem-
perature profiles under the experimental flow con-
ditions are measured by using reactive mixtures in
the present experiments in 1 mm steps along the
JSR bulb and are plotted in Fig. S1 of the Sup-
plementary Material, where the temperature vari-
ation is within £ 3 K between 500 and 1000 K. The
details of the temperature profile measurement are
elsewhere in [5].

The experiment is performed at fuel lean and
rich conditions with and without CO, additions
at 10 and 100 atm between 500 and 1000 K, as is
shown in Table 1. The residence time of the experi-
ment changes with the temperature to keep a fixed
inlet volume flow rate at 0.6 and 6 L/min respec-
tively at 10 and 100 atm at 293 K. Moreover, the
residence time is picked with corresponding to the
reaction time scale of the oxidation from the com-
putation by using the CHEMKIN software [30].

same temperature condition. Four propane models,
AramcoMech 3.0 [24], USC Mech [25], Hashemi
Mech [13], Polimi Mech [26], are utilized to com-
pare with the experimental measurements made by
the SP-JSR. The real gas effect for propane oxi-
dation at 100 atm is small and can be neglected.
Figure S2 in the Supplementary Material exhibits
the simulation comparison of real-gas and ideal-
gas propane oxidations by using Virial EoS [7] at
100 atm. All simulations are performed using the
perfect stirred reactor module in the CHEMKIN
software [30].

3. Results and discussion

The experimental and modeling results of
propane oxidation at 10 atm are plotted in Fig. 2.
It is noted that NTC behavior is not observed in
the propane oxidation at 10 atm in this experi-
ment due to a relatively short residence time. The
model predictions of C3Hg, CO, CO,, CH,O, and
C,Hy4 by using Aramco Mech and Polimi Mech
agree with experimental data reasonably well, while
Hashemi Mech and USC Mech exhibit larger dis-
crepancies for predicting most species. Especially,
USC Mech is commonly used for high temperature
chemistry predictions while is less effective for low
and intermediate temperature kinetic study. More-
over, there exists significant errors in predicting the
CH,0 mole fraction in these 4 models, implying
non-negligible uncertainties in low and intermedi-
ate temperature chemistries of propane in existing
models. The validation of the fuel evolution against
temperature in Fig. 2(a) by using Aramco Mech,
Polimi Mech, and Hashemi Mech indicates that the
SP-JSR in this study can successfully capture the
low-pressure oxidation characteristics against liter-
ature models.

Fig. 3 depicts the propane evolution against
temperature with and without 20% CO, additions
at fuel lean conditions (a) and at fuel rich con-
ditions (b), respectively, at 100 atm. Experimental
data in Fig 3(a) and (b) shows a clear low temper-
ature chemistry of propane oxidation from 625 K
with and without CO, additions at both fuel lean
and rich conditions at 100 atm. It also exhibits
a typical window of NTC behavior from 700 to
780 K. Moreover, it is seen that supercritical CO,

Table 1
Experimental conditions.
Case  Equivalence Pressure C;Hg (o)) N, CO, Residence time Temperature
ratio (atm) (%) (%) (%) (%) (s) (K)
1 0.20 10 0.324 8.05 91.636 0 0.234-0.13 500-1000
2 0.20 100 0.324 8.05 91.636 0 0.234-0.13 500-1000
3 0.20 100 0.324 8.05 72.383  19.24 0.234-0.13 500-1000
4 1.75 100 0.490 1.40 98.11 0 0.234-0.13 500-1000
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Fig. 2. Mole fractions of C3Hg, CO, CO,, CH;0, and C,Hy in the oxidation of propane (case 1) at 10 atm.
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Fig. 3. Temperature evolutions of C3Hg in the propane oxidation without CO; at fuel lean conditions (case 2), with 20%
CO; at fuel lean conditions (case 3), and without CO, at fuel rich conditions (case 4) at 100 atm.

has limited effect on the low temperature oxida-
tion of propane at 100 atm. As is seen in Fig. 2,
the low temperature chemistry is not observed at
10 atm in experiment, while it is dramatically en-
hanced between 700 and 800 K at 100 atm with
a fixed residence time. The intermediate tempera-
ture oxidation is shifted from 825 K at 10 atm to
around 775 K at 100 atm. It indicates that both the
low and intermediate temperature oxidations are
accelerated with increasing pressures. We think it is
probably due to the enhancement of the third-body
collisional reactions, such as 1st and 2nd O, addi-
tion reactions of the low temperature chemistry at
higher pressures.

In comparing the model predictions with exper-
imental data at 100 atm, USC Mech fails to pre-
dict the low temperature oxidation of propane at
both lean and rich conditions and is not considered
as a validation model in the discussion. Aramco
Mech, Polimi Mech, and Hashemi Mech success-
fully capture the onset temperatures of the low and
intermediate chemistry, while under-predict the ox-
idation and fail to capture the NTC behavior be-
tween 650 and 780 K at both fuel lean and rich
conditions. The NTC behavior is even negligibly
observed in Hashemi Mech. Such a large uncer-
tainty in the NTC behavior corresponds with our
discussion on the poor predictability of CH,O
mole fraction in Fig. 2(c). Overall, all these mod-
els under-predict the oxidation at the NTC region.
Similar under-predictions of fuel reactivities have

also been observed in our previous study of n-
butane [5] and DME [6] oxidations at 100 atm
and lower pressures. The under-predictions of the
low-temperature oxidation of DME, n-butane, and
propane imply that there exist large discrepancies
in a series of pressure-dependent reactions in their
low-temperature chemistries, especially at the NTC
region at high pressures, such as 1st, 2nd, and 3rd
O, addition reactions. Therefore, the theoretical
computation such pressure-dependent reactions at
high pressures with including non-ideal collisions
and potentials by using non-Boltzmann transition
state theory may need to be highly emphasized for
further investigations. Overall, Aramco Mech ex-
hibits the best prediction performance against the
experimental data at 10 atm and 100 atm in this
study.

To explain the impact of pressure on the
propane oxidation and the discrepancy in pre-
dicting the NTC behavior, pathway analyses of
propane are performed at the fuel lean condition at
10 atm and 880 K (a), the fuel lean condition at 100
atm and 720 K (b), and the fuel rich condition at
100 atm and 720 K (c) by using Aramco Mech, re-
spectively. The schematic of reaction pathways with
20% CO, additions (case 3) is similar to Fig. 4 (b)
and is not plotted here. If one follows the predic-
tions by the model, the result at 10 atm in Fig. 4 (a)
shows that two important fuel radicals, n-CsH; and
i-C3Hj5, are formed from H abstraction reactions
of propane by OH and HO, radicals, and further
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Fig. 4. Reaction pathways for propane at the fuel lean
condition at 10 atm and 880 K (case 1) (a), the fuel lean
condition at 100 atm and 720 K (case 2) (b), and the fuel
rich condition at 100 atm and 720 K (case 4) (c) by using
Aramco Mech.

form RO, (n-C3H;0, and i-C3H;0,) through the
Ist O, addition reaction or produce C;Hg through
another H abstraction reaction. Then, most RO,
decomposes to C;Hg (above 87%) instead of form-
ing QOOH (C;H¢OOH) through isomerization re-
actions at low pressures in case 1. Overall, more
than 90% of C;Hg forms C3;Hg and then CO
and CO; through the high temperature chemistry,
while the low temperature pathway through QOOH
competing reactions is insignificant in Fig. 4 (a),
which explains the non-observation of the low
temperature chemistry in experiment at 10 atm in
case 1.

At 100 atm in Fig. 4 (b) and (c), n-C3H; and i-
C;Hj; are also formed from propane in the model
simulations. However, different from the pathway
at 10 atm in Fig. 4 (a), all these two fuel radicals
further form RO, through O, addition reactions
instead of producing C;Hg through H abstraction
reactions. That is due to the collisional enhance-

ment for pressure-dependent reactions at higher
pressures. Then, there are three competing path-
ways for RO, consumptions: (P1) RO, = QOOH,
(P2) RO, = C;Hg¢ + HO,, (P3) RO, + CH,O /
HO, = RO,H + HCO / O,. P1 is the typical path-
way of the low temperature chemistry, followed
by QOOH competing reactions. P2 is the typical
pathway of the intermediate temperature chem-
istry, followed by HO, /H,0, intermediate temper-
ature chemistry. P3 is a new pathway of RO, con-
sumption at high pressures, and is not observed in
importance at low pressures. At high pressures to
100 atm, the intermediate temperature HO, chem-
istry is shifted to lower temperatures at the NTC
region. P2 becomes dominant at lower tempera-
tures. The boundary between low and intermediate
temperature chemistries becomes indistinct at high
pressures. Similar results have been observed in our
previous study on n-butane and DME oxidations
[5,6]. Meanwhile, the new reaction pathway P3 ap-
pears due to the dramatic increase of HO, and
CH,O concentrations at higher pressures and their
intense collisions with RO,. Both reaction channels
above suppress the typical low temperature path-
way through P1, which only accounts for less than
3% consumption rate of RO,. The NTC behavior
of alkane is commonly explained by QOOH com-
peting reactions at low pressures. However, at high
pressures, RO, competing reactions through P1-P3
are more dominant. It exactly corresponds with the
pathway analysis of n-butane in our previous study
[5]. We think the large prediction discrepancy of the
NTC behavior in the existing models against exper-
iments may be due to the uncertainty of reaction
pathway P3, which has not been paid sufficient at-
tentions at low pressures.

Furthermore, to investigate the discrepancy be-
tween experiments and model simulations in the
NTC and the intermediate temperature region at
100 atm, the sensitivity analyses for propane at
the fuel lean (case 2) and rich (case 4) condi-
tions at 100 atm and 720 K by using Aramco
Mech are plotted in Fig. 5(a) and (b), respec-
tively. The normalized, first-order propane sensi-
tivity coefficient for the i-th reaction, S;, is de-
fined as Si = (Al'/XCj;Hg)(aXcg,Hg/aA,'), where A,'
is the pre-exponential factor for the i-th rate
constant and Xcsyg is the propane mole frac-
tion. It is seen in Fig. 5(a) and (b) that the
propane oxidation is largely controlled by the H-
abstraction from propane by OH (C;Hg + OH =n-
C;H; i-CsH; + H,0), RO, competing reac-
tions through P1 (n-C;H,0, = C;H¢OOHI-
3, C3H(OOH1-30, = C;KETI3 + OH, C;Hi
OOH1*302 = H02 + AC3H5OOH), P2 (H-C3H7
0, =HO, + C;Hg, i-C3H;0, = C;H¢ + HO,, HO,
+ HO,; = H,0,+ O,, H,O0, + (M) = 20H + M),
and P3 (i-C3H702 + CH20= i-C3H702H + HCO,
i-C;H;0, + HO, = i-C;H,O,H + 02), and the
CH,O/HCO chemistry. The appearance of sensi-
tive reactions in P1-P3 pathways confirms the state-
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Fig. 6. Temperature evolutions of the mole fraction of CO (a), CO, (b), CH,O (¢), CH4 (d), C3Hg (e), and CH3CHO (f)
in the propane oxidation without (case 2) and with (case 3) 20% CO, additions at the fuel lean condition at 100 atm.

ment of the low temperature oxidation of propane weak low temperature reactivity at low pressures.
through P1-P3 at 100 atm in the pathway analysis Furthermore, the sensitivity analyses of propane at
above. Especially, reactions in the H,0,/HO, chem- case 2 at 740 K and 100 atm by using Polimi Mech
istry, which are generally important in the interme- and Hashemi Mech have been plotted respectively
diate temperature region [31], are also sensitive at in Fig. S4 and Fig. S5 of the Supplementary Ma-
720 K in the NTC region. Therefore, it confirms the terial and are compared with the sensitivity analy-
statement in the pathway analysis that the interme- sis by using Aramco Mech in Fig. 5(a). The sensi-
diate temperature HO, chemistry is shifted to lower tivity analysis by using USC Mech is not included
temperature in the NTC region at 100 atm. Special as there is no reactivity at the low temperature
attention should be paid to the accurate computa- window in USC Mech. P1-P3 pathways associated

tions of i-C3H,0, + CH,0 =i-C3H,0,H + HCO with RO, consumption are exhibited importance
and i-C3;H;0, + HO, =1-C3H;0,H + O, in the P3 in Aramco Mech, while in Polimi Mech, reactions

pathway and n-C;H,0, /i-C;H;0, = HO, + C3Hg in P3 are insensitive but O, addition reactions to
in the P2 pathway at high pressures. A further sensi- QOOH become very sensitive. In Hashemi Mech,
tivity analysis of propane at case 1 at 880 K and 10 reactions associated with P1, P3, and QOOH con-
atm by using Aramco Mech has been plotted in Fig. sumptions are all insensitive, corresponding with a
S3 of the Supplementary Material. It shows that, very week low temperature reactivity in this model
different from the sensitivity analysis at 100 atm, simulation.

reactions associated with O, additions to QOOH The mole fractions of other important prod-
are not sensitive at 10 atm, corresponding with the ucts and intermediates, such as CO, CO,, CH,O,

Please cite this article as: H. Zhao, C. Yan, G. Song et al., Studies of Low and Intermediate Temperature Oxidation
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Fig. 7. Temperature evolutions of the mole fraction of CO (a), CO, (b), CH,O (c), C;H4 (d), C3Hg (e), and CH3CHO (f)
in the propane oxidation without CO; additions at the fuel rich condition at 100 atm (case 4).

C,Hy4, C3Hg, and CH3CHO at fuel lean and rich
conditions are plotted in Fig. 6(a)-(f) and Fig. 7(a)-
(), respectively. At both lean and rich conditions,
the low and intermediate temperature oxidation
peaks against temperature begin to “merge” to a
single peak as the NTC behavior is suppressed
due to the shift of the intermediate temperature
HO, chemistry to lower temperatures at 100 atm.
As is seen in Fig. 6, supercritical CO, has limited
impact on the speciation both in experiment and
simulations. Aramco Mech and Polimi Mech gen-
erally capture the oxidation characteristics of ma-
jor products and intermediates in experiments cor-
rectly, while over-predict their concentrations in
the NTC region significantly, which corresponds
with the under-prediction of the propane oxida-
tion at both fuel rich and lean conditions in Fig. 3.
Hashemi Mech and USC Mech remain larger dis-
crepancies with experimental data due to missing
pathways. For example, the new reaction pathway
through P3 does not exist in these two models, mak-
ing it difficult to capture and analyze the low tem-
perature characteristics of the propane oxidation.
It should be noted that the discrepancy between ex-
periment and model simulation for CO and CO,
productions is still large above 800 K. Therefore,
the reactions of CO, + H = CO 4+ OH and
CO, + OH = CO + HO, need careful evaluations
at supercritical conditions. Such obvious inconsis-
tencies exist in previous n-butane study [5] as well.
Overall, Aramco Mech performs the best in these
four models, while Polimi Mech exhibits larger un-
certainty in predicting C,H4 and CH;CHO mole
fractions above 750 K. Kinetic studies of reac-
tions in P2 and P3 relevant to C,H4, CH3;CHO,
and C;Hg may help improve the model perfor-

mance at the NTC and intermediate temperature
regions.

4. Conclusion

Supercritical pressure jet stirred reactor pro-
vides a valuable platform for performing kinetic
studies at low and intermediate temperatures at ex-
treme pressures with a uniform temperature distri-
bution and a short flow residence time. The low and
intermediate temperature oxidation of propane has
been investigated using SP-JSR with and without
20% CO, additions at fuel lean and rich condi-
tions at 10 and 100 atm and 500-1000 K. The
mole fractions of C3;Hg, O,, CO, CO,, CH,O,
C,Hy4, CH3CHO, and C;Hg are quantified by us-
ing a n-GC. The experiment shows that at 100
atm, a much weaker NTC behavior is observed
because the HO, intermediate temperature chem-
istry is substantially shifted to lower tempera-
tures. Supercritical CO; has little effect on the low
temperature oxidation at 100 atm. Four existing
models in literatures are compared to the exper-
imental measurements made by SP-JSR. Aramco
Mech, Polimi Mech, and Hashemi Mech success-
fully capture the onset temperatures of the low and
intermediate temperature chemistry, while under-
predict the oxidation and fail to capture the NTC
behavior between 650 and 780 K at both fuel lean
and rich conditions at 100 atm. Similar discrep-
ancy has been observed in our previous study on
n-butane and DME oxidation, implying larger un-
certainties in hierarchy model development of fuels
with low temperature chemistry at extremely high
pressures.

https://doi.org/10.1016/j.proci.2022.07.086
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Reaction pathways and sensitivity analyses
show that RO, competing reactions through (P1)
RO, = QOOH, (P2) RO, = C;Hs + HO,, (P3)
RO; + CH,0O/HO, = RO,H + HCO/O, dominate
the low and intermediate temperature chemistries,
followed by HO,/H,0, chemistry, at 100 atm,
which differ from the dominant pathway through
QOOH consumption reactions at lower pressures.
Especially, P3 is a new pathway of RO, consump-
tion at high pressures, which is not observed in im-
portance at low pressures. There still exists large
uncertainty in predicting major products and in-
termediates in the NTC region. Special attention
should be paid to the accurate computations of
n-C3H,0,/i-C3;H,0, + CH,0 = i-C;H,O,H +
HCO and H-C3H702/i-C3H702 =+ H02 = i-
C3H;0,H + O, in the P3 pathway and n-C;H;O,/i-
C;H;0, = HO; + C;Hg in the P2 pathway at high
pressures.
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