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Abstract

The combustion chambers of direct-fired supercritical CO2 power plants oper-

ate at pressures of approximately 300 bar and CO2 dilutions of up to 96%. The

rate coefficients used in existing chemical kinetic mechanisms are validated for

much lower pressures and much smaller concentrations of CO2. Recently, the

UoS sCO2 1.0 and UoS sCO2 2.0 mechanisms have been developed to better pre-

dict ignition delay time (IDT) data from shock tube studies at pressures from 1

to 260 bar in various CO2-containing bath gas compositions. The chemistry of

the methyldioxy radical (CH3O2) has been identified as an essential combustion

intermediate formethane combustion above 100 bar, wheremechanismsmissing

this species begin to vastly overpredict the IDT. The current literature available

on CH3O2 is very limited and often concerned with atmospheric chemistry and

low-pressure, low-temperature combustion. Thismeans that the rate coefficients

used in UoS sCO2 2.0 are commonly determined at sub-atmospheric pressures

and temperatures below 1000 K with some rate coefficients being over 30 years

old. In thiswork, the rate coefficients of newpotential CH3O2 reactions are added

to the current mechanism to create UoS sCO2 2.1 It is shown that the influence

of CH3O2 on the IDT is greatest at high pressures and low temperatures. It has

also been demonstrated that CO2 has very little effect on the chemistry of CH3O2

at 300 bar meaning that CH3O2 rate coefficients can be determined in other

bath gases, reducing the impact of non-ideal effects such as bifurcation when

studying in a CO2 bath gas. The updated UoS sCO2 2.1 mechanism is then com-

pared to high-pressure IDT data and themost important reactions which require

reinvestigation have been identified as the essential next steps in understanding

high-pressure methane combustion.
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2 HARMAN-THOMAS et al.

1 INTRODUCTION

In recent years, the energy trilemma has become increas-

ingly challenging on all three fronts. On the fuel security

and equity fronts, the recent war in Ukraine has inter-

rupted the supply of Russian gas to European countries

and inflated oil and gas prices, forcing major European

countries to find alternate suppliers, namely the United

States and the Middle East.1,2 Additionally, on the envi-

ronmental security front, the 2019 “The Truth Behind

the Climate Pledges” report found that 75% of the 184

report countries that signed up to the Paris Agreement

had taken insufficient action to curb global tempera-

ture rises, with some still increasing their emissions.3

Bringing together all these challenges identifies a need

for energy technologies that provide for emissions-

free energy generation from the combustion of fossil

fuels.

Direct-fired supercritical CO2 (sCO2) power cycles such

as the Allam-Fetvedt cycle4 and the Supercritical Trans-

formational Electric Power (STEP) project5 have been

proposed as methods of emissions-free power generation

from fossil fuels. The Allam-Fetvedt cycle, the most devel-

oped of the two, burns a mixture of methane and oxygen

in a 96% CO2 dilution at pressures up to 300 bar.
4 Due to

the combustion taking place in pure oxygen and CO2, the

only major products are CO2 and water (H2O), which can

be easily separated to create a high-purity stream of sCO2,

ideal for transportation and subsequent storage or utiliza-

tion. This means that Allam-Fetvedt cycle power plants

have 100% carbon capture, at a price competitive with

existing fossil-fueled power plants without carbon capture

and storage. This is due to the greater power density of

sCO2 compared to traditional working fluids, and the high

pressure reduces the overall plant footprint.4 The deploy-

ment of theAllam-Fetvedt cycleworldwide has begunwith

the recent announcement of two new power plants in

development in the United States.6 and one in the United

Kingdom.7

Most chemical kinetic combustion mechanisms have

been developed using experimental data recorded at pres-

sures and CO2 dilutions much smaller than those of the

Allam-Fetvedt cycle.8 Recently, Harman-Thomas et al.9

studied the performance of four existing chemical kinetic

mechanisms for modeling ignition delay time (IDT) of 52

datasets of methane, hydrogen, and syngas combustion

at a range of equivalence ratios, pressures, temperatures,

and fuel ratios in various concentrations of CO2. From

this work and Harman-Thomas et al.,10,11 the University

of Sheffield (UoS) sCO2 2.0 mechanism was created and

verified for methane, hydrogen, and syngas IDTs. Karimi

et al.12 first noted the importance of CH3O2 chemistry in

CO2 at 100 bar and 200 bar and this chemistry was subse-

quently found to the essential to the creation of UoS sCO2

1.0. The rate coefficients for the reactions of CH3O2 are

often poorly understood with rate coefficients from out-

dated literature sources that have large uncertainty values,

often not having been measured directly, and are based on

estimations of similar reactions.

2 METHYLDIOXY RADICAL
CHEMISTRY

A literature review of CH3O2 chemistry will bring up

research focusing on its relevance to the oxidation of atmo-

spheric hydrocarbons.13 In atmospheric chemistry, CH3O2

is an important intermediate in the low-pressure, low-

temperature oxidation of hydrocarbons, predominantly

reacting with NO, HO2, and OH.14 Similarly, CH3O2

chemistry has also been discussed in its relevance to low-

temperature combustion where the third-body reaction to

form CH3O2 via Reaction 1 is favored, due to the com-

plexes increased stability at low temperatures.15,16 This

means that most rate coefficients available for CH3O2

chemistry currently used in chemical kinetic mechanisms

are based on experimental data or theoretical calcula-

tions for temperatures and pressures well below that of

the Allam-Fetvedt cycle. The importance of CH3O2 chem-

istry to the combustion of the Allam-Fetvedt cycle has

been discussed by Karimi et al.12 and Harman-Thomas

et al.9 and the role of CH3O2 in the high-pressure oxida-

tion of methane in Hashemi et al.17 where it was noted

that CH3O2 was pivotal for simulating CO2 formation. It

was observed that the USC II18 and GRI 3.019 chemical

kinetic mechanisms overpredicted IDTs above 100 bar due

to their lack of CH3O2 chemistry. The subsequent addi-

tion of the CH3O2 and CH3O2H species and 14 of their

reactions significantly improve these mechanisms’ abil-

ity to model high-pressure methane IDTs.9 Similarly, Shao

et al.20 found that FFCM-1,21 amechanismwhich also does

not containCH3O2 chemistry, also showedpoor agreement

with the high-pressure methane IDTs. The present study

seeks to improve uponUoS sCO2 2.0 by updating themech-

anism with the most accurate rate coefficients from more

recent theoretical, experimental, and mechanistic studies

as listed in Table 1.

In the present study, the CH3O2 chemistry in UoS sCO2

2.0 was expanded through the addition of new reactions

CH3O2, updating rate coefficients, and the addition of

CH2O2H. The importance of the addition of each of these

reactions is then discussed and the mechanism created

from the rate coefficients listed in Table 1 is denoted as UoS

sCO2 2.1.
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HARMAN-THOMAS et al. 3

TABLE 1 Rate coefficients of CH3O2 reactions in the UoS sCO2 2.1 mechanism.

Reaction A (cm3 mol s) n Ea (cal/mol) Ref.

Reaction 1 (DUP)

CH3 + O2 (+M)⇌ CH3O2 (+M)
a

5.0 × 1022 −3.85 2000 17

5.0 × 1022 –3.85 2000

Reaction 2

CH4 + CH3O2 ⇌ CH3 + CH3O2H

1.81 × 1011 0.00 18,480 22

Reaction 3

CH3O2 + O⇌ CH3O + O2

2.9 × 1010 1.00 –724 17

Reaction 4

CH3O2 + H⇌ CH3O + OH

9.6 × 1013 0.00 0 23

Reaction 5

CH3O2 + OH⇌ CH3OH + O2

1.7 × 1014 0.00 0 24

Reaction 6

CH3O2 + HO2 ⇌ CH3O2H + O2

2.47 × 1011 0.00 –1570 25

Reaction 7

CH3O2H + HO2 ⇌ CH3O2 + H2O2

4.01 × 104 2.50 10,206 26

Reaction 8

CH3O2 + CH3 ⇌ CH3O + CH3O

5.08 × 1012 0.00 –1411 27

Reaction 9

CH3O2 + CH3O2 ⇌ CH2O + CH3OH + O2

2.0 × 1011 –0.55 –1600 28

Reaction 10 (DUP)

CH3O2 + CH3O2 ⇌ O2 + CH3O + CH3O

1.1 × 1018 –2.4 1800 28

7.0 × 1010 0 8000

Reaction 11

H2 + CH3O2 ⇌ H + CH3O2H

1.5 × 1015 0.00 26,030 29

Reaction 12

CH3OH + CH3O2 ⇌ CH2OH + CH3O2H

2.06 × 10−9 6.20 7128 22

Reaction 13

CH2O + CH3O2 ⇌ HCO + CH3O2H

1.981 × 109 1.111 12,499.5 30

Reaction 14

CH3O2H (+M)⇌ CH3O + OH (+M)a
4.1 × 1019 –1.153 44,226 31

Reaction 15

C2H6 + CH3O2 ⇌ C2H5 + CH3O2 H

4.04 × 101 3.55 16,900 32

Reaction 16

C2H4 + CH3O2 ⇌ C2H3 + CH3O2H

3.83 × 103 3.06 20,799 33,34

Reaction 17

CO + CH3O2 ⇌ CH3O + CO2

4.22 × 106 0.00 0 35

Reaction 18

CH3O2 + H⇌ CH4 + O2

7.05 × 1012 1.02 16,599 36

Reaction 19

CH3O2 + OH⇌ CH3O + HO2

4.54 × 1013 –0.22 –363 37

Reaction 20

CH3O2 + HO2 ⇌ CH2O + H2O + O2

9.64 × 108 0.00 3437 38

Reaction 21

CH3OH + CH3O2 ⇌ CH3O + CH3O2H

7.937 × 108 4.71 13,560 39

Reaction 22

CH3O2H + H⇌ CH2O2H + H2

5.4 × 1010 0 1860 40

Reaction 23

CH3O2H + H⇌ CH3O + H2O

1.2 × 1010 0 1860 40

Reaction 24

CH3O2H + O⇌ CH2O2H + OH

1.6 × 1013 0 4750 28

Reaction 25

CH3O2H + O⇌ CH3O2 + OH

8.7 × 1012 0 4750 28

(Continues)
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4 HARMAN-THOMAS et al.

TABLE 1 (Continued)

Reaction A (cm3 mol s) n Ea (cal/mol) Ref.

Reaction 26

CH3O2H + OH⇌ CH3O2 + H2O

1.1 × 1012 0 –437 28

Reaction 27

CH3O2H + OH⇌ CH2O2H + H2O

7.2 × 1011 0 –258 28

Reaction 28

CH2O2H (+M)⇌ CH2O + OH (+M)a
2.4 × 1012 –0.925 1567 41

aPressure dependence.

Preliminary reaction pathway analysis (RPA) revealed

ethane (C2H6) formation via the recombination of methyl

radicals (CH3) in Reaction 29. Similarly, ethane (C2H4)

and acetaldehyde (CH3CHO) are stable intermediates in

methane combustion, so these reactions may be influen-

tial in the CH3O2 chemistry. Reaction 17 was added as

Harman-Thomas et al.11 showed that CO formation via

the reverse of Reaction 30 was appreciable when using

a CO2 bath gas, due to the large concentration of CO2

making this reaction more favorable. This coupled with

CO being a stable intermediate of methane combustion

means that even though this rate coefficient is small, at

large concentrations of CO it may be important, especially

at the highest values of uncertainty. Bogdanchikov et al.36

showed that the reverse of Reaction 18 was negligible com-

pared to the accepted Reaction 31 at normal combustion

conditions due to the large activation energy. The reaction

was included because it may become more important at

higher pressures due to the larger mole fraction of CH3O2

at 300 bar relative to typical combustion pressures. Zhao

et al.39 studied the two competing reactions Reaction 12

and Reaction 21 at 1 atm from 300–1500 K and found that

Reaction 21 became increasingly important as the tem-

perature increased, becoming the dominant pathway at

1500 K.

CH3 + CH3 (+M) = C2H6 (+M) (Reaction 29)

CO + OH = CO2 +H (Reaction 30)

CH4 + O2 = CH3 +HO2 (Reaction 31)

3 MODELLING PROCEDURE

The modeling work in this work was performed using

ANSYS Chemkin-Pro 2019 R3. To focus on the chemical

kinetics a closed homogeneous batch reactor was used

with the “constrain the volume and solve energy equation”

problem type. The base conditions were set to resemble

those of the Allam-Fetvedt cycle to focus on the role of

CH3O2 at large pressures. A pressure of 300 bar and a

CO2 dilution of 96% was used, while the temperature was

assumed to be 1100 K.42 As the exact fuel-air concentra-

tions have not been published, a stoichiometric (ϕ = 1.0)

methane/oxygen mixture was used in a 96% dilution of

CO2. The UoS sCO2 2.1 mechanism was used to evaluate

the need for the updated rate coefficients as well as includ-

ing the important base Chemistry of UoS sCO2 2.0, which

was shown to better model high-pressure IDTs of methane

in a CO2 bath gas.
12,20

The chemistry of CH3O2 was investigated using sensi-

tivity analysis, reaction pathway analysis and rate of pro-

duction (ROP) analysis. Combining these analyses shows

the contribution of CH3O2 chemistry to the combustion

of methane. The newly created UoS sCO2 2.1 mechanism

was then compared to existing high-pressure literature

IDT data to see how the changes made in the mechanism

affected the simulations. Furthermore, the role of CO2 as

a bath gas was investigated in CH3O2 chemistry, by repeat-

ing the experimental run with a 96% N2 and Ar bath gas.

The IDTwas determined as the time of maximum gradient

in the temperature profile of the reaction.

4 ROLE OF CH3O2 CHEMISTRY AT 300
BAR

Following the modelling procedure outlined, the chem-

istry of CH3O2 was modeled at conditions relevant to the

Allam-Fetvedt cycle. Figure 1A shows the mole fraction of

nine selected radical species over the first 5 ms of the reac-

tion including CH3O2 and CH3O2Hwith Figure 1B focuses

in on the three species of smallest concentration. Themole

fraction of CH3O2 in Figure 1 is comparable to CH3 under

these conditions, 100% of methane will form CH3, and as

themole fraction of CH3O2 exceeds this. This suggests that

the species has a reactivity smaller than CH3, allowing an

appreciable concentration to build up. Furthermore, the

CH3O2 mole fraction is greatest at the start of the reac-

tion, before the ignition, suggesting that it plays a key

role in the onset of ignition, explaining its importance to
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HARMAN-THOMAS et al. 5

(A) (B)

F IGURE 1 Mole fraction of selected radical and combustion intermediates at 1100 K and 300 bar (CH4:O2:CO2 = 1.333:2.667:96)

simulated by UoS sCO2 2.1.

 

CH3

CH3O2

CH3O2HCH3OCH3OH

12.1%

53.4%

30.9%
15.7%

R1

100%50.3%

R5
R6   - 12.8%

R13 - 16.7%R8

R34 R14

F IGURE 2 CH3O2 reaction pathway at the point of ignition at

1100 K and 300 bar (CH4:O2:CO2 = 1.333:2.667:96) simulated by UoS

sCO2 2.1.

high-pressure methane IDTs. However, the mole fraction

of CH3O2H is much smaller and more closely resembles

that of OH at the point of ignition despite Figure 2 showing

that 30.9% of CH3O2 goes on to form CH3O2H. This sug-

gests that CH3O2H dissociates almost instantaneously via

Reaction 14 to form CH3O and OH under these conditions.

Interestingly, Figure 1 shows that the OH concentration

continues to increase after the ignition event due to the

slower dissociation of H2O2. CH3O an important product

from the reactions of CH3O2 is omitted fromFigure 1 as the

species reactedmeaning ameaningful concentration is not

achieved.

Figure 2 shows the key reactions and intermediates in

the CH3O2 reaction pathway. The formation of CH3O2 via

Reaction 1 competes with Reaction 32 and Reaction 33. At

300 bar, Reaction 1 and Reaction 33 are the major reaction

pathways of the CH3 + O2 reaction. These two reactions

collectively account for almost 25.5% of CH3 consumption.

At 30 bar, Reaction 1 is not a viable reaction path and there-

fore the CH3O2 reaction pathway is negligible as almost

all CH3 + O2 proceeds via Reaction 33. It must also be

noted that Karimi et al.12 highlighted the greater impor-

tance of Reaction 2 in their datasets, most likely due to the

greater fuel concentrations and thus increased methane

concentration.

CH3 + O2 ⇌ O+ CH3O (Reaction 32)

CH3 + O2 ⇌ OH+ CH2O (Reaction 33)

As seen in Figure 2, 84.3% of CH3O2 formed reacts

to form CH3O, either directly through Reaction 8 or via

CH3O2H. The remaining CH3O2 reacts with OH in Reac-

tion 5 to form CH3OH, and approximately half of CH3OH

subsequently reacts to form CH3O under these conditions.

As shown in Figure 3 the majority of CH3O reacts to form

CH2O either via dissociation in Reaction 35 or by reacting

with O2 in Reaction 35. Furthermore, despite Figure 3

showing that the majority of CH3O is formed through

Reaction 36, the next three biggest producers of CH3O are

via the CH3O2 reaction pathway and cumulatively account

for approximately one-third of the total production.

CH3O (+M) ⇌ CH2O +H(+M) (Reaction 34)

CH3O + O2 ⇌ CH2O +HO2 (Reaction 35)

CH3 +HO2 = CH3O + OH (Reaction 36)

Figure 4 shows the percentage of CH3O production

(dashed) and loss (solid) from 1000–1500 K across the

completion reaction. Across the full temperature range,

Reactions 34 and 35 remain similar in terms of CH3O loss

 1
0
9
7
4
6
0
1
, 0

, D
o
w

n
lo

ad
ed

 fro
m

 h
ttp

s://o
n
lin

elib
rary

.w
iley

.co
m

/d
o
i/1

0
.1

0
0
2
/k

in
.2

1
6
7
2
 b

y
 T

est, W
iley

 O
n
lin

e L
ib

rary
 o

n
 [1

6
/0

6
/2

0
2

3
]. S

ee th
e T

erm
s an

d
 C

o
n

d
itio

n
s (h

ttp
s://o

n
lin

elib
rary

.w
iley

.co
m

/term
s-an

d
-co

n
d

itio
n

s) o
n

 W
iley

 O
n
lin

e L
ib

rary
 fo

r ru
les o

f u
se; O

A
 articles are g

o
v
ern

ed
 b

y
 th

e ap
p
licab

le C
reativ

e C
o
m

m
o
n
s L

icen
se



6 HARMAN-THOMAS et al.

F IGURE 3 Rate of CH3O production at 1100 K and 300 bar

simulated by UoS sCO2 2.1.

F IGURE 4 Percentage of CH3O production (dashed) and loss

(solid) simulated by UoS sCO2 2.1.

at approximately 85% and 15% respectively. Reaction 36

is the prominent route of CH3O formation at 1000 K

and becomes increasingly important as the temperature

increases. The CH3O2 reaction pathway contributes to

approximately 50% CH3O formation at 1000 K via Reac-

tions 8 and 14 but this contribution is negligible at 1500

K, indicating a strong influence of temperature on CH3O2

formation.

Figure 5 shows the percentage consumption of CH3O2

at 300 bar between 1000 and 1500 K to see the influence

of temperature on the reactivity since many of the rate

coefficients listed in Table 1 have large temperature coef-

ficients. Of the four most important reactions, Reaction

8 contributes to almost 45% of CH3O2 consumption dur-

ing the reaction. Reactions 6 and 13 become decreasingly

important with temperature whilst Reaction 5 increases

F IGURE 5 Effect of temperature on the consumption of

CH3O2 and the maximum net production rate of CH3O2 simulated

by UoS sCO2 2.1.

F IGURE 6 CH3OH rate of production at 1100 K and 300 bar

simulated by UoS sCO2 2.1.

to compensate for this change. All other reactions listed

in Table 1 are negligible under these conditions but could

becomemore important at different pressure and different

fuel/oxidizer combinations.

The other reactant, CH3OH, must be considered as

Figure 2 shows that 15.7% of CH3O2 goes on to form

CH3OH via Reaction 5. Figure 6 shows the rate of CH3OH

production/loss at 1100 K and 300 bar. CH3OH is formed

primarily through Reaction 5 with Reactions 37 and 38

playing a much smaller role. CH3OH is then consumed

by reactions with OH via Reactions 39 and 40. Therefore,

under these conditions, it can be considered that CH3O2

formation dominates CH3OH formation which subse-

quently reacts withOH to formH2OandCH3Oor CH2OH.
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HARMAN-THOMAS et al. 7

However, it is important to note that there an alternate

rate coefficient for Reaction 5 from Zhang and Huang37

would significantly deemphasize the role of CH3O2 on

CH3OH formation. Both the rate coefficients of Bossolasco

et al.24 and Zhang and Huang37 are validated for atmo-

spheric chemistry and thus extrapolated well-beyond the

conditions they were determined for when simulating the

Allam-Fetvedt cycle. Bossolasco et al.24 was selected in

this work due to it being determined using experimentally

as well as being previously validated for a high-pressure

methane combustion mechanism17 and the negative effect

Zhang and Huang37 had on simulating the experimental

data of Karimi et al.12 However, given the large differ-

ence in the importance of CH3O2 in CH3OH formation at

high-pressures, it is essential that this rate coefficient is

investigated under these conditions as a matter of research

priority.

CH3 + OH (+M) ⇌ CH3OH (+M) (Reaction 37)

CH3OH + CH3 ⇌ CH3O + CH4 (Reaction 38)

CH3OH + OH = CH2OH +H2O (Reaction 39)

CH3OH + OH = CH3O +H2O (Reaction 40)

4.1 Branching of CH3 + O2 reactions

The formation of CH3O2 is completely due to the reaction

of CH3 and O2 which makes the branching ratio of these

reactions extremely important to the overall chemistry. As

discussed, the rate of Reaction 32 is negligible at 300 bar.

Therefore, only the rates of Reaction 1 and Reaction 33

need to be considered. Figure 7 shows the ratio of the net

reaction rates Reaction 33/Reaction 1 at pressures ranging

from 1 to 300 bar across the first 5000 ms of the reaction.

As the pressure increases, the ratio decreases significantly

from Reaction 1 which is negligible at 1 bar but becomes

much more important at 100 bar and even the dominant

reaction after ignition at 300 bar.

5 EFFECT OF TEMPERATURE AND
PRESSURE ON IGNITION DELAY TIME

It was first noted by Karimi et al.12 that CH3O2 had an

important influence on the IDT at pressures above 100 bar.

It is alsowell-established that CH3O2 is an important inter-

mediate in low-temperature combustion.43 The influence

of CH3O2 on the IDT was investigated over a pressure

F IGURE 7 The ratio of the Net Reaction Rate of

Reaction 33/Reaction 1 at pressures from 1 to 300 bar.
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F IGURE 8 Contour plot of the difference in ignition delay

time at pressures from 1–300 bar and 1000–2000 K with CH3O2

chemistry included in the UoS sCO2 2.1 mechanism.

and temperature range of 1–300 bar and 1000–2000 K,

respectively. The IDT was determined as the time of the

maximum gradient on the dT/dt curve. The IDT differ-

ence (%) was determined by finding the IDT using the

UoS sCO2 2.1 mechanism and a modified version of the

UoS sCO2 2.1 mechanism which had all CH3O2 chemistry

removed. The percentage difference was then determined

which is shown in a contour plot in Figure 8. The impor-

tance of CH3O2 to the IDT is greatest at 300 bar and 1000

K, which is to be expected based on previous research. The

difference between the simulated IDTs here exceeds 140%,

with the mechanism not containing CH3O2 predicting the

slower IDT. Furthermore, at only 50 bar and 1000K remov-

ing the CH3O2 chemistry leads to an increase in IDT by
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8 HARMAN-THOMAS et al.

F IGURE 9 CH3O2 mole fraction for stoichiometric CH4

combustion in 96% carbon dioxide, nitrogen, and argon diluent at

1100 K and 300 bar.

approximately 50%. This shows a significant role of CH3O2

at even lower pressures than discussed inHarman-Thomas

et al.,9 highlights the importance of using a mechanism

which contains CH3O2 chemistry to model methane com-

bustion inCO2 at pressures above 50 bar.Mechanisms such

as FFCM-1,21 USC II18 andGRI 3.019 should be restricted to

pressures below 50 bar when studying combustion at less

than 1200 K. It should also be noted the deep blue may still

indicate a pressure difference of almost 20%. Considering

the experimental error in shock tubes typically varies from

15% to 25%,10,11 this could still lead to large errors in chem-

ical kinetic models. Furthermore, there is also a need to

populate the current gap inmethane IDT data which exists

between 40 and 80 bar, to compare the effect of CH3O2 on

the IDT across this range where it is predicted to become

an important factor. Utilizing rapid compressionmachines

(RCMs) would allow the study of high-pressure combus-

tion of CO2 atmuch lower temperatures in shock tubes due

to the longer achievable test times.

6 EFFECT OF CO2 ON CH3O2

CHEMISTRY

As autoignition is rarely studied at pressures greater than

100 bar, the importance of CH3O2 in the combustion

of methane in Argon, N2 and CO2 has only been dis-

cussed briefly in existing literature.12,17,44,45 Figure 9 shows

the mole fraction of CH3O2 for stoichiometric methane

combustion at 1100 K and 300 bar in 96% CO2, N2, and

Argon. Despite the different temperatures achieved, which

affect the time of maximum CH3O2 mole fraction, the

actual maximum mole fraction is consistent between the

F IGURE 10 Percentage of CH3O2 consumption for the five

critical removal reactions for three different bath gas (carbon

dioxide, nitrogen, and argon) at 1100 K and 300 bar.

three gases. As CO2 is a more efficient absorber of heat

than nitrogen, and by extension argon, it absorbs more

heat from the reaction and the maximum temperature

achieved is less, meaning that slightly more CH3O2 is

formed as recombination reactions are favored at lower

temperatures.

To investigate the influence of CO2 on the actual chem-

istry of CH3O2 the ROP of CH3O2 was explored for the

three different gases. As all CH3O2 is formed throughReac-

tion 1, and the CH3O2 mole fractions are similar, the rate

of production is similar for all three bath gases. Figure 10

shows the percentage of CH3O2 consumption for the five

key reactions. As shown, the chemistry of CH3O2 con-

sumption is largely unvaried between CO2 and N2. For

Ar, the chemistry is slightly different, the most significant

change being the greater importance of Reactions 4 and 5

due to the greater temperature achieved due to Ar absorb-

ing the heat of combustion less efficiently. The similarity

of the CH3O2 chemistry in the different bath gases is an

essential observation for two reasons. First, the importance

of CH3O2 to high-pressure combustion expands beyond

the application of direct-fired supercritical CO2 power

cycles. Other applications such as the Space-X Raptor

engine which operates using a methane fuel in air at over

300 bar,46 will also be heavily reliant on CH3O2 chemistry

and need to have accurate rate coefficients for these reac-

tions to ensure accurate modelling of their combustion.

Second, experimental techniques for the high-pressure

investigation of CO2, such as shock tubes, are often sus-

ceptible to non-ideal effects such as bifurcation10,47 which

reduces the available test time, increases the uncertainty,

and complicates the analysis. Therefore, by understand-

ing that CH3O2 chemistry is independent of bath gas, any

future experimental work can be performed using argon,

simplifying the analysis, and reducing the experimental

error, if CO2 would not have a chemical effect on any of
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HARMAN-THOMAS et al. 9

the reactions, except for Reaction 1. It is important to con-

sider however that the rate coefficient used for Reaction 1

has no third-body efficiencies for different gases as the rate

coefficient uses a PLOG system to determine the effect of

pressure on the reaction.

7 COMPARISON TO EXPERIMENTAL
DATA

The original UoS sCO2 2.1 mechanism was developed

based on three IDT datasets recorded at pressures over

200 bar from Karimi et al.12 and Shao et al.20 The mech-

anism originally showed a good agreement with the

data over this pressure range. Figure 11 of NUIGMech1.1,

DTU,48 UoS sCO2 1.0 and UoS sCO2 2.1. Interestingly, the

updating of the CH3O2 rate coefficients in UoS sCO2 2.1

to those most recently published has slightly worsened

the mechanism performance, although b) and Figure 11C)

both fall within experimental error. One further improve-

ment required is that Reactions 6 and 8 which were

identified as important in Figure 2 are from outdated lit-

erature sources and have not been studied more recently

to allow these rate coefficients to be updated. Especially

givenReaction 8 is responsible for 50% of CH3O2 consump-

tion this should be reinvestigated as a research priority. The

slight discrepancy from the experimental data could be due

to the difference in the chemical kinetic mechanisms used

outside of the CH3O2 chemistry. However, the significant

difference in UoS sCO2 1.0 and 2.1 shows that these rate

coefficients do have a large influence on IDT under these

conditions.

8 RECOMMENDATIONS FOR FUTURE
RESEARCH

This present study expands upon the work done by

Harman-Thomas et al.9 andKarimi et al.12 further divulges

the importance of the chemistry of CH3O2 to high-pressure

combustion in CO2. New investigations into the impor-

tant rate coefficients are required for the most important

reactions introduced in this work using experimental and

theoretical investigations.

8.1 Important rate coefficients

Previous research into the rate coefficients of the reactions

of CH3O2 has been performed using high-pressure flow

reactors and a pump, probe technique to monitor CH3O2

radicals at 210, 224,49 and 240 nm.50 The most important

reactions of the CH3O2 reaction pathway have been dis-

(A)

(B)

(C)

F IGURE 11 Comparison of four chemical kinetic

mechanisms to IDT data from Shao et al.20 and Karimi et al.12

cussed in this work and some should be revisited using

modern experimental techniques as many rate coefficients

currently utilized are based on limited experimental data

and are almost 40 years old. As combustion at high pres-

sures is so pertinent to modern applications, assuming full

trust in these outdated rate coefficients at conditions well
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10 HARMAN-THOMAS et al.

beyond those for which they were validated is no longer

adequate.

Additionally, the development of new rate coefficients

which deviate from that which is currently accepted must

be carefully considered, regarding their validity and effect

on the overall chemistry of combustion. For example, Xu

et al.51 recently determined a rate coefficient of hydrogen

abstraction of methane by CH3O2 (Reaction 2) which is

over 100 times faster than that currently used in UoS sCO2

2.033,34 above 1000 K. This would significantly increase

the impact of Reaction 2 on CH3O2 formation from the

2.3% shown in Figure 2. However, as UoS sCO2 2.0 is

looking at modeling combustion a specific environment

of large CO2 dilutions and high-pressures, each new rate

coefficient must be carefully evaluated based on its influ-

ence on themechanisms ability to simulate experimentally

determined combustion characteristics such as IDT.

The two most important rate coefficients for reinves-

tigation are Reactions 6 and 8 as identified by the RPA.

Reaction 8 is responsible for 50% of CH3O2 consump-

tion and over 30% of CH3O formation at 1000 K (see

Figure 4). The rate coefficient used in all of the mecha-

nisms investigated in Section 7 is from a 1988 publication

by Keiffer et al.27 This work utilized a laser photolysis

technique to study CH3 decay curves which were subse-

quently fitted using a global technique to determine the

rate coefficient of Reaction 1 and Reaction 8 at 1 atm

over a narrow temperature range (293-530 K). Due to the

importance of this reaction, it should be investigated as

a priority for future research into the development of a

mechanism for modelling high-pressure methane mecha-

nism. Similarly, Reaction 6 was last studied by Lightfoot

et al.23 in 1991 between 600 and 719 K at atmospheric in

flash photolysis study and RRKM calculations. Studying

these two reactions under high-pressure conditions using

modern experimental and theoretical techniques over a

much broader temperature range is the next research hur-

dle to properly understanding the high-pressure reaction

pathway of CH3O2.

8.2 Ignition delay time studies

Furthermore, more experimental IDT data is required for

the combustion of methane at pressures between 50 and

300 bar in CO2, N2, and Ar to ratify the currently accepted

CH3O2 chemistry in terms of mechanism performance in

these conditions. This would add important data for fur-

ther mechanism refinement of the CH3O2 chemistry and

is essential to justifying some of the rate coefficients used

in current mechanisms which are based on estimates or

limited experimental and theoretical data. This is essential

to allow accurate modeling of combustion in the Allam-

F IGURE 1 2 CH3O2 mole fraction for DME mixture (6.4%

DME/19.2% O2/74.4% CO2) at 34.9 bar from Djordjevic et al.55 and

methane mixture (7.5% CH4/15% O2/77.5% CO2) at 260 bar from

Shao et al.20 simulated by NUIGMech1.1.

Fetvedt cycle and therefore used to increase performance

and efficiency. Most shock tube facilities can only oper-

ate at pressures below 100 bar due to safety constraints

in having sufficient design pressure to withstand deto-

nation. This limits the potential to attain more methane

IDT datasets under conditions where the chemistry of

CH3O2 is relevant, as the temperature must also be below

1200 K, which means longer test times are required. This

can be achieved by studying methane ignition in rapid

compression machines.

It is possible to validate the rate coefficients of CH3O2

using different fuels with form CH3O2 at lower pressures

and with short ignitions at lower temperatures. The two

obvious candidates are dimethyl ether (DME) and diethyl

ether (DEE). Chemkin simulations (see Figure 12) using

the NUIGMech1.152–54 chemical kinetic mechanism shows

that the maximum mole fraction of CH3O2 from a 38.4

atm (6.4% DME/19.2% O2/74.4% CO2) mixture at 900 K

from Djordjevic et al.55 is the same as that produced from

methane ignition at 260 atm (75% CH4/15% O2/77.5% CO2)

from Shao et al.20 at 1050 K. NUIGMech1.1 was used as

UoS sCO2 2.1 does not contain any DME chemistry. Fur-

thermore, Issayev et al.56 found that CH3O2 played an

important role in the ignition of DEE and DEE/ethanol

blends over temperature and pressure ranges of 500–1000

K and 20–40 bar, respectively. Thus, the rate coefficients

of the key reactions discussed in this work can be further

validated using the DME and DEE experimental data.

9 CONCLUSION

This work takes this further by investigating the impor-

tance of CH3O2 chemistry to high-pressure combustion
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HARMAN-THOMAS et al. 11

in CO2. Identifying its importance to methane combus-

tion above 50 bar at temperatures below 1200 K, where

the absence of CH3O2 chemistry can lead to an increase

in the IDT by up to 140%. As CH3O2 is formed in its

entirety through the recombination of CH3 and O2, the

branching ratio compared to Reaction 33 is essential. It

has been demonstrated that at 1 bar, CH3O2 formation is

negligible, but becomes the dominant CH3O2 branching

pathway at points during the reaction at 300 bar. Fur-

thermore, the UoS sCO2 2.1 mechanism was created by

updating the reactions of CH3O2 to the most up-to-date

rate coefficients as shown in Table 1. It was identified that

Reaction 6 (CH3O2 + CH3 =CH3O+CH3O) and Reaction

8 (CH3O2 + HO2 = CH3O2H + OH) are essential to high-

pressure methane combustion and are a priority to restudy

using experimental and theoretical techniques. Further-

more, it was noted that the selection of rate coefficient for

Reaction 5 had a large impact on the importance of the

methanol reaction pathway and thus this reaction should

be studied at pressures relevant to the Allam-Fetvedt

cycle. It was identified that DME and DEE produced

similar maximum mole fractions of CH3O2 at lower pres-

sures and temperatures than methane, which are more

achievable in experimental studies. Therefore, the chem-

istry of DME and DEE should be added to UoS sCO2

2.1 and validated using existing IDT data to further val-

idate the mechanism. Furthermore, rapid compression

machines should be used to generate methane ignition

data at lower temperatures due to the longer test times

achievable.
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