Preprint, for published version see: R. Mevel, K. Chatelain, G. Blanquart, J. E. Shepherd
"An updated reaction model for the high-temperature pyrolysis and oxidation of
acetaldehyde" Fuel 217, 226-239, 2018. https://doi.org/10.1016/j.fuel.2017.12.060

An Updated Reaction Model for the High-Temperature
Pyrolysis and Oxidation of Acetaldehyde

R. Mével*»P K. Chatelain¢, G. Blanquartd, J.E. Shepherd®

*Center for Combustion Energy, Tsinghua University, Beijing 100084, China
b Department of Automotive Engineering, Tsinghua University, Beijing 100084, China
¢ENSTA-ParisTech, Paris-Saclay University, Palaiseau, France
4 Mechanical Engineering Department, California Institute of Technology, Pasadena, CA, USA
¢Graduate Aerospace Laboratories, California Institute of Technology, Pasadena, CA, USA

Abstract

Oxygenated biofuels such as fatty acid methyl esters or ethanol are incorporated in
larger and larger amounts into conventional hydrocarbon fuels for use in internal
combustion and jet engines. The use of these alternative fuels, along with new en-
gine technology, results in an increased production of toxic pollutants among which
aldehydes are the most abundant. The present study focuses on the kinetic modeling
of acetaldehyde pyrolysis and oxidation. Based on new ignition delay-time measure-
ments obtained in shock tube and the data from the literature, a comprehensive
validation database was assembled. Available kinetic parameters for the most im-
portant chemical reactions are reviewed and an updated reaction model is proposed.
The new reaction model enables reproducing most of the trends observed experi-
mentally and constitutes an overall improvement as compared to standard detailed
chemical models including Aramco 2.0, CaltechMech, and JetSurf.
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1. Introduction

To face future fossil fuel shortage and increasingly stringent regulations, the ad-
dition of bio-fuels to conventional fossil fuels [1-6] is increasingly prevalent due to
the reduction in CO4 emissions either from exhaust measurements in some condi-
tions [3, 4] or from indirect emissions with well-to-wheel analysis [7]. Contrary to
the beneficial impacts on CO4 emissions, biofuels impact on emissions presents high
variability depending on engine technologies, driving cycles or the blending levels
considered. In the case of unregulated pollutants, bio-gasoline and bio-diesel com-
bustion tends to induce an increase of a variety of carbonyl compounds, mainly
aldehydes [8-14], which are being considered for specific regulations in some regions
[15-17] due to their high toxicity [11, 18, 19]. Among aldehyde emissions from inter-
nal combustion engines, formaldehyde, acetaldehyde, and acrolein emissions are the
highest carbonyl emissions [8, 11, 12, 20]. Acetaldehyde has an important implica-
tion on urban atmospheric chemistry and air quality since it has been demonstrated
as the primary precursor of peroxy acetyl nitrate (PAN). PAN has an important
impact on tropospheric ozone and hydroxyl radical production [21, 22].
Acetaldehyde have been extensively studied within the last century and a compre-
hensive review on the development of acetaldehyde decomposition mechanism has
been recently made by Sivaramakrishnan et al. [23]. Nevertheless, most recent
detailed reaction models have employed limited data sets for the validation of ac-
etaldehyde kinetics. Aramco 2.0 [24] has been compared to flow reactor and shock
tube data, see supplemental material of [25]. CaltechMech [26] was validated against
flame speed data. As for JetSurf, no specific validation is known to the authors but it
was evaluated against flame structure data by Tao et al. [27]. Note that Aramco 1.3
was also employed by Tao et al. The most recent pyrolysis model for acetaldehyde
developed by Sivaramakrishnan et al. [23] employs only two sets of experimental
data from Vasiliou et al. [28, 29] and Kern et al. [30].

The present study aims at developing an updated and accurate detailed reaction
model to describe the kinetics of acetaldehyde pyrolysis and oxidation over a wide
range of conditions. Given the large number of experimental data available in the

literature, we focused only on the high-temperature conditions typically obtained in



shock-tube. Comparisons with other combustion relevant data (jet-stirred reactor,
flame speed and structure) are provided as supplemental material. A comprehensive
experimental data set, which covers wide ranges of compositions, conditions, and
kinetics targets, has been assembled, based on the literature and new experimen-
tal work presently performed, to evaluate the predictive capabilities of the updated

model and perform a comparison with selected state-of-the-art reaction models.

2. Experimental method and results

2.1. Experimental method

All gases were of research grade (Air Liquide). A mixture containing 2% by vol-
ume of acetaldehyde in argon was used to prepare the blends. Homogeneity of the
mixtures was obtained by active mixing for one hour in a 9.25 liter vessel. Mixture

compositions and experimental conditions are summarized in Table 1 (mixtures 1-3).

The shock-tube employed in the present study has been described in [31-33]. A
three-section shock tube was employed to study the ignition of the acetaldehyde-
oxygen-argon mixtures. The driver and driven sections have an inner diameter of
15.24 cm and respective lengths of 6.19 and 11.28 m. The test section is 2.44 m in
length and has an inner diameter of 7.62 cm. A cookie-cutter (2.03 m in length with
inner diameter of 7.62 cm) enables to transmit the shock wave from the driven to the
test section. Before each experiment, the test section was vacuumed to a pressure
equal or below 1 Pa. Nitrogen was used as the driver gas. The chemical dynamics
of the mixtures was characterized using three simultaneous emission diagnostics:
OH*, CH* and COy*. Recording the signals of these three species is interesting
for kinetic modeling because their precursors are different [31, 33]. The time to
emission peak, 71997, was used as a characteristic time of reaction for each species.
The 1D shock theory along with the incident shock velocity were used to calculate
the thermodynamic conditions behind the reflected shock wave. As in our previous
studies, the uncertainties on the temperature and pressure behind the reflected shock
are 1% whereas the uncertainty on 7oy is of 20%. Figure 1 a) shows a typical

example of emission profiles and pressure signals obtained during the present study.



Table 1: Compositions and conditions used during the experimental studies selected as a validation database. For mixture 12 and 13, the equivalence ratio
is defined using the Hy to O ratio. For all mixtures, the diluant used was argon except for mixtures 25 for which Neon was used, and mixtures 26 to 28

for which krypton was used.

Mix Xcmscoo X, Xo02 ) Ts (K)  Ps(kPa) Experimental target Ref
1 0.005 - 0.025 0.50 1295-1537 328-392 OH*, CH*, COs*  Present study
2 0.0086 - 0.0214 1.00 1370-1487 316-404 OH*, CH*, COy*  Present study
3 0.0112 - 0.0187 1.50 1338-1580 306-358 OH*, CH*, COy*  Present study
4 0.005 - 0.025 0.50 1313-1590 353 COy* [34]
5 0.01 - 0.0125 2.00 1362-1734 353 COy* [34]
6 0.01 - 0.025 1.00 1252-1475 505 COy* [34]
7 0.005 - 0.025 0.50 1274-1515 505 COy* [34]
8 0.01 - 0.05 0.50 1276-1530 505 COy* [34]
9 0.025 - 0.025 2.50 1485-1674  29-46 O, [35]
10 0.01 - 0.025 1.00 1404-1671  29-53 O, [35]
11 0.01 - 0.035 0.71 1396-1631  33-54 09 [35]
12 Xgo=0.01 0.01 0.50 1252-1731 202 OH [36]
13 0.001 Xyo=0.01 0.01 0.50 1280-1677 148-227 OH [36]
14 0.02 - 0.02 250 1400-1700 197-270 COs, Abs(216 nm)  [36]



Mix Xcpscoo X, Xoy @ Ts (K) Ps(kPa) Experimental target Ref
15 0.02 - 0.05 1.00 1280-1620 173-258 CO, [36]
16 0.01 - 0.05 0.50 1300-1570 169-229 COq [36]
17 0.04 - 0.03 3.33 1393-1560 224-272 Abs(3.39um), Em(4.68um) [36]
18 0.05 ; - oo 1013-1577 128-286 CHyCHO, CO, CHy, Collg, Colly, Colly,  [36]
19 0.04 ; ~ oo 1320-1589 200-272  Abs(3.39um), Abs(200 nm), Em(4.68pm)  [36]
20 0.01 - - oo  1278-1606 169-188 CH3CHO [37]
21 5.75E-06 . - o 1400 143 i 138]
22 6.39E-06 - - 00 1440 123 H [38]
23 1.32E-06 . S 1600 133 H 3]
24 2.62E-05 Xpopsr=2.86E-6 - 00 1190 142 H [38]
25 0.032 - - 00 1717 32 CH3CHO, CO, CHy, CyHy, CoH, [30]
2%  7.34E-07 . R 1601 25 H [39]
27 1.19E-05 . - 1314 50 H [39]
98 1.19E-04 Xcoms;=1.06E6 - oo 1085 35 i [39]
29 0.001 ; - o 1447 162 co [40]
30 5.00E-05 - - 00 1494 151 CcO [40]



2.2. Experimental results

The emission of OH*, CH* and CO,* has been used to characterize the auto-
ignition in acetaldehyde-based mixtures. Experiments were performed behind re-
flected shock wave with the parameter ranges: ®=0.5-1.5; T5=1295-1580 K; and
P5=306-392 kPa. The tabulated results are given as a supplemental material. As
seen in Figure 1 a), OH* and CH* peak at a similar time whereas COy* peaks a
few ps later. The delay-times obtained with the different species are on average
within 12% to each other, which is well below the estimated 20% uncertainty of the

experimental values.
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Figure 1: a) Typical experimental pressure and emission signals during the auto-ignition of a
rich CH3CHO-O2-Ar mixture. Conditions: ®=1.5; X 4,=0.97; T5=1434 K; P5=340 kPa. b)
Characteristic time of reaction for some CH3CHO-O2-Ar mixtures. Conditions: X 4,,=0.97; P5 ~350
kPa.

Figure 1 b) shows the time to OH* peak measured at three different equivalence
ratios. As previously observed for acrolein [33] and numerous other fuels [41-46],
the ignition delay-time decreases with decreasing equivalence ratio in this high-
temperature range. This decrease is generally attributed to the enhancement of the
chain branching process induced by the increase of oxygen concentration [33]. The
ratio of the delay-times for the rich and the lean mixtures is between 2 and 2.8 for
temperatures up to 1500 K.

Based on the time to OH* peak, the effective activation energy is 159 kJ/mol
(P=300-400 kPa) and is quantitatively consistent with the activation energy ex-



tracted from Dagaut’s data [34] for acetaldehyde, 154 kJ/mol (P=350-500 kPa). The
activation energy for CH3CHO-O,-Ar mixtures is significantly higher than the acti-
vation energy obtained for acrolein-oxygen-argon mixtures [33], 126 kJ/mol (P=170-
420 kPa). It agrees with the value reported by Zhang et al. [45], 166 kJ/mol for
butanal (P=120-1000 kPa), but is lower than the values of Davidson et al. [46], 180
kJ/mol also for butanal (P=130-180 kPa), and Yasunaga et al. [36], 177 kJ/mol for
acetaldehyde (P=170-270 kPa). In the present and previous studies [33, 34, 45, 46],
emission signals (OH* and COy*) were used to derive the activation energy, whereas
in Yasunaga et al. [36], it was obtained from CO, profiles-based delay-time. Even
though large discrepancies exist between the reported activation energies for var-
ious small and large n-alkanes [41, 43, 46, 47], the activation energy measured in
the present study and that reported by Dagaut et al. and Yasunaga et al. for

acetaldehyde are of the same order or slightly lower than that of n-alkanes.

3. Validation database

A large number of studies have been performed on acetaldehyde [30, 34-40, 48—
66]. In the present study, we have selected a subset of these studies to validate an
updated reaction model with respect to a large variety of kinetic targets, over wide
ranges of compositions and conditions.

The studies used for validations are the following, presented in chronological or-
der. Hidaka and Suga [35] employed the shock-tube/mass spectrometry technique to
measure the evolution of molecular oxygen in reflected shock heated CH3CHO-Oq-Ar
mixtures. Kern et al. [30] measured the concentrations of CHsCHO, CO, CHy, CoHy,
and CyH, as a function of time using the shock-tube/mass spectrometry technique.
Dagaut et al. [34] measured the ignition delay-time of CH3CHO-Oy-Ar mixtures
by monitoring the emission of COy* at 366 nm. Yasunaga et al. [36] employed a
large variety of diagnostics to study the pyrolysis and oxidation of CH3CHO: UV
absorption at 200, 216 and 307 nm; IR absorption at 3.39 um; IR emission at 4.24
pm and 4.68 pm; sampling-CG analysis of CH3CHO, CO, CHy, CyHg, CoHy, and
CoHy. Bentz et al. [38] and Sivaramakrishnan et al. [39] measured the concentra-

tion of H atoms during the pyrolysis of acetaldehyde using the atomic resonance



absorption spectroscopy technique. Wang et al. [37] measured the concentration
of acetaldehyde in CH3CHO-Ar mixtures using laser absorption. Wang et al. [40]
monitored CO profiles during the pyrolysis of acetaldehyde using IR laser absorption
spectroscopy.

Table 1 summarizes the compositions and conditions of the studies included in
the validation database which also include the results presently obtained. Note that
the studies of Beeley et al. [48] and of Won et al. [49] have not been included in the
validation database because of large discrepancies found between these sets of data

and the predictions of several reaction models as described in [67].

4. Preliminary kinetics modeling and analyses

To make a preliminary assessment of the predictive capability of reference re-
action models and determine important reactions for acetaldehyde pyrolysis and
oxidation, Aramco 2.0 has been employed. The choice of this reaction model is mo-
tivated by the specific validation performed for acetaldehyde in Metcalfe et al. [25].
Note that complementary modeling results and analyses performed with Aramco 2.0

are presented as a supplemental material.

4.1. Characteristic time of reaction

Figure 2 a) and b) present a comparison between the experimental results (present
data and data from [35]) and the predictions of Aramco 2.0. The reaction model
tends to over-estimates (90-100% error, see Table 2) the characteristic time of reac-
tion based on emission signals but quantitatively reproduce the characteristic time
based on O, with a 31% relative error.

Figure 2 ¢) and d) present sensitivity analyses performed under oxidative condi-
tions. The analyses performed on temperature, COy*, CO,, and O, are consistent
with each other and demonstrate the primary importance of acetaldehyde decom-
position, CH3CHO(+M)=CH3+HCO(+M), the branching reaction H+0O;=0H+O0,
and CH3CHO+H= CH3CO+H,. The later reaction acts as a sink of H atom which
would be otherwise formed by the rapid decomposition of HCO. The sensitivity

analyses also show the importance of methyl radicals chemistry.
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Figure 2: a) and b) Comparison between the experimental (present study and [35]) and the pre-
dicted (Aramco 2.0) ignition delay-time for CH3CHO-Og-Ar mixtures. In a): X 4,=0.97; P5 ~350
kPa. In b): P5 ~40 kPa. ¢) and d) Corresponding sensitivity analyses on temperature and Oy. In
c¢): mixture 1-3; T5=1450 K; P5=300 kPa. In d): mixture 9; T5=1500 and 1700 K; P5=40 kPa.

4.2. IR absorption and emission profiles

In Figure 3 a) and b), the absorption and emission profiles have been calculated
according to the procedure described in Yasunaga et al. [36]. Briefly, the absorp-
tion/emission profiles were calculated by including the contributions of the relevant
species in each case, considering the concentrations predicted by the reaction models
and the absorption/emission “cross-section” for each species provided by Yasunaga
et al.. The absorption profiles were obtained considering the Beer-Lambert law
while the emission profiles were obtained by simply summing up the contributions
of all the emitting species. Since Figure 2 presents data obtained under oxidative
conditions, only results obtained under pyrolytic conditions are provided.

In Figure 3 a), the experimental [36] and simulated absorption profiles at 3.39



pm are displayed. This parameter is representative of the C—H bond consumption
rate. Overall, the predictions of Aramco 2.0 qualitatively and quantitatively match
the experimental profiles.

In Figure 3 b), the experimental and predicted emission profiles at 4.68 pum are
shown. This wavelength corresponds to a strong absorption/emission band of carbon
monoxide [68]. However, Yasunaga et al. report that for the mixtures studied, the
emission due to ketene, CH,CO, plays a major role in reproducing the experimental
profiles. Whereas Aramco 2.0 captures the shape of the profiles, discrepancies are

observed in terms of amplitude.
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Figure 3: a) and b): Comparison between the experimental [36] and the predicted (Aramco 2.0)
IR absorption/emission profiles during the pyrolysis of CH3CHO. c) and d): Sensitivity analyses
during the pyrolysis of CH3CHO performed with Aramco 2.0. For all figures, mixture 19 (® = oo;

X 4,»=0.96) was considered.

Figure 3 ¢) and d) present sensitivity analyses performed for CH, and CH;O.

These species have been selected due to their primary contribution to the IR ab-
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sorption/emission signals obtained by Yasunaga et al. [36]. These analyses confirm
the important role of acetaldehyde decomposition and of the reactions of methyl
radical, especially its recombination to form ethane. In addition, the importance of
the H-abstraction reactions (by H and CHs) on the methyl group of acetaldehyde,
and their competition with the H-abstraction reactions on the aldehyde group of

CH3CHO, are to be underlined. The IR emission signals are also sensitive to the

decomposition of CH,CHO into CH,CO and H.

Figure 4: Summary of important reaction pathways during CH3CHO pyrolysis and oxidation. The
red arrows indicate important pathways for CH3CHO oxidation whereas the blue arrows indicate

important pathways for the formation of CO and CHyCO under pyrolytic conditions.

4.3. Summary of important reactions

The different analyses we performed enabled to identify six reactions which con-

trol the ignition and speciation during CH3CHO pyrolysis and oxidation:
e R;: CH3CHO=CH3+HCO
e Ry: CH3CHO+CH3=CH3CO+CHy
e R;: CH3CHO+CH;3 =CH,CHO+CH,4
e R,: CH3;CHO+H=CH3CO+H,
e R;: CH,HCO=CH,CO+H

e R¢: CH3CHO+H=CH,CHO+H,
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These important pathways are summarized in Figure 4. The importance of Ry
and Ry to the oxidation process and of Ry, R3, R5 and Rg to the pyrolysis process
(formation of CO and CH,CO, see previous subsection) are differentiated in Figure 4
with a color code.

Other important reactions such as H+-Oy=0H+0 and CH3+CH3(+M)=CyHg(+M)
have been reviewed elsewhere [69-72] and will not be further discussed. The present
results are consistent with a sensitivity analysis performed by Wang et al. [37]

who identified reactions Ry, Ry, and R4 as the most sensitive during acetaldehyde

pyrolysis.

5. Updated kinetic parameters

5.1. Decomposition of acetaldehyde

A number of elementary reaction rate studies [38, 40, 73] have been performed
over the past 10 years on the decomposition of CH3CHO. We chose to employ these
data obtained at pressure below 500 kPa, along with earlier data [65] obtained at
high pressure, to propose updated kinetics parameters for the reaction R;.

Ernst et al. [65] performed measurement behind reflected shock wave using
absorption at 290 nm by CH3CHO. The experiments were performed in the tem-
perature range 1350-1650 K and at pressure up to 25 MPa. Gupte et al. [73]
employed laser-schlieren measurement in incident shock heated mixtures over the
ranges To=1530-2465 K and P,=13-169 kPa. Bentz et al. [38] derived the rate
constant for R; using H atom resonant absorption spectroscopy in reflected shock
heated mixtures for T5=1270-1650 K and P5;=120-505 kPa. Wang et al. [40] used
cavity enhanced absorption spectroscopy of CO over the ranges T5=1273-1618 K
and P;=30-177 kPa. Because the measurements of Gupte have been performed in
krypton, whereas Ernst, Bentz and Wang used argon, a temperature-dependent cor-
rection has been applied based on the collision efficiency calculations reported by

Jasper et al. [74]. The correction is expressed as

kar(T) = krer(T)[Coler(T') (1)
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with
Coly,(T) = -0.000035294 x T' + 0.97059 (2)

assuming a linear variation of the collision efficiency with temperature. The maxi-
mum correction applied to the rate constant was 13%.

In order to combine the data of the four studies (165 data points), a Troe for-
malism has been adopted. The high-pressure limit was taken from Harding et al.
[75]. This approach which consists of combining experimental and theoretical rate
constant values was previously adopted by Troe [76]. The updated low-pressure rate

constant for Ar as the third body is expressed as

-53409

ki =9.56 x 1052 7181289, exp( )cm?’mol_ls‘1 (3)

with centering parameters: a=0.6; T***=1 K; T*=1 K; T**=3444.1 K.

To assess the improvement introduced by the new expression we derived for
R4, we performed a quantitative comparison of the rate constants used in the four
reaction models tested (the present model, Aramco 2.0 [24], CaltechMech [26], and
JetSurf [77]) with respect to the experimental data from Ernst et al. [65], Gupte et
al. [73], Bentz et al. [38], and Wang et al. [40].

The relative error, E;, of the it" data point was calculated using

ki _ kz‘
E; = 100%’“0‘1@5 (4)

expe
where k!, and k! .., are respectively the rate constants measured and calculated
for the i*" data point.

For the new model, Aramco, CaltechMech and JetSurf, the mean errors are -2.9,

26.3, 18.9, and 84.1%, respectively. The mean error, u, was calculated as follows:

1 N kéx e kl del
p=100— ) = mode (5)
N ; kéxpe

where N is the number of experimental data points.

The corrected sample standard deviation, o, was calculated using

1 )
U:\Im;(ﬂ'—#) (6)
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and is respectively 24.6, 17.6, 17.5, and 9.2% for the new model, Aramco, Caltech-
Mech and JetSurf.
In addition, the probability density of error has been calculated considering bins

of 5%. The probability density, PD;, for the j* bin is

pD; ="

=3 7)

where n; is the number of data points for which
Ei —V; < 2.5 (8)

with v; the central value of the j* bin.
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Figure 5: Probability density (PD) of error for the rate constants included in each model with

respect to experimental measurements of R; taken from [38, 40, 65, 73].

Figure 5 shows the results of this analysis. For the rate constants used in the new
model, Aramco and CaltechMech, the distributions of probability density of error are
normal (from y? test) whereas it is not the case for the rate constant used in JetSurf.
Only the present rate constant demonstrates a distributions of probability density
of error centered on 0. The other rate constants exhibit distributions centered much
above 0 which indicates an under-estimation of the experimental values.

The results presented in this section indicate that the updated rate constant

proposed in the present study enables to better reproduce the experimental mea-
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surements performed in four independent studies with four different experimental

techniques.

5.2. Hydrogen abstraction

The sensitivity and reaction pathway analyses performed in the previous section
have shown that the hydrogen abstraction reactions Ry: CH3CHO+CH3=CH3CO+CHy,,
R;: CH3CHO+CH;3= CH,CHO+CHy, Ry: CH3CHO+H=CH3CO~+H,, Rg: CH3CHO
+H=CH,;CHO+H; play an important role during the pyrolysis and oxidation of ac-
etaldehyde. In the theoretical study of Mendes et al. [78], the rate constants for the
H-abstraction reaction of aldehydes and acids by various radicals have been calcu-
lated. The reaction rates included in the updated model are those given by Mendes

et al. [78§]
-2295

T
-4453

cm®mol s, 9)

ER2 = 1.55 x T30 eXp(

kR =479 x 107 x T30 . exp ( ) CmSmOrlel, (10)

kR =6.90 x 10% x 7240 . exp ( _958) cm®mol s, (11)

-4043

kMo =1.05 x 10% x 7250 exp( )cmgmolls_l. (12)

These rate parameters have been shown to agree with previous experimental and
theoretical studies and are accurate within a factor of 2.5. Consistent with the
study of da Silva and Bozzelli [9], the H-abstraction on the aldehyde group strongly
dominates over the abstraction on the methyl group with branching ratios above

90% over the temperature range 1000-2000 K.

5.3. Reactions of ketene with hydrogen atoms

Yasunaga et al. [36] demonstrated the importance of ketene’s contribution to the
emission and absorption profiles obtained in the IR and UV. Ketene was also identi-
fied as a product of the thermal decomposition of acetaldehyde in the micro-tubular
reactor experiments of Vasiliou et al. [28]. In [67], sensitivity and rate of production
analyses on CHyCO have demonstrated the importance of the decomposition reac-
tion of formyl methyl radical to ketene and H atom: R;: CH,HCO=CH;CO+H.

Senosiain et al. [79] studied this reaction over a wide range of pressure using ab
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initio calculations. Note that Yasunaga et al. included in their reaction mechanism
the reaction rate proposed by Senoniain for a pressure of 101 kPa. To avoid using a
rate coefficient derived for a specific pressure and enable an easier comparison with

other reaction rates, we considered the rate coefficients for the reverse reaction R_5

CH,CO+H=CH,CHO.

10"

— Dagaut
12
10 —e—JetSurf |3
—— Konnov
—— Mevel
—=—RMG

10" /_— Senosiain |3

3
KCH2C0+H=CH2HCO (em*/mol.s)

10"

10,000/T (K™")

Figure 6: Available rate constants for the reaction CH,CO+H=CH,CHO [33, 67, 77, 79-82].

Figure 6 displays the high-pressure limit reaction rates available for this reac-
tion. Very large discrepancies, more than two orders of magnitude, can be observed
between the different reaction rates available in many reaction models [33, 67, 77, 80—
82] and the literature. Except for JetSurf, the reaction rates included in the reac-
tion models exhibit a weak temperature dependence over the temperature range
1000-1800 K. The theoretical study of Senoniain et al. indicates that this reaction
demonstrates a significant temperature dependence. Given the accuracy of quan-
tum calculation on the transition state energy level [83] and reaction rate at high
temperature [84], it is likely that the reaction rate of CHyCO+H=CH,HCO ex-
hibits a temperature dependence and consequently, we chose to include the value of

Senoniain et al.:

-3045

EB-5 = 1.99 x 1099 x 7143 -exp( )cm3mol_1s‘1. (13)

For consistency, we included the rate constants proposed by Senosiain et al. [79] for
the other possible pathways for the reaction between CH,CO and H, R;: CH,CO+H=
CHgCO and Rgi CHQCO+H:CH3+CO

-1322
T

K7 =230 x 10% x 761 -exp( )cm?’mol_ls‘l, (14)
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and
-1399

T

Efs = 7.77 x 10% x 7145 exp( )cmgmolls‘l. (15)

5.4. Vinyl alcohol formation

Vasiliou et al. [28, 29] studied the pyrolysis of acethaldehyde in a micro-tubular
flow reactor using matrix infrared spectroscopy and photo-ionization mass spectrom-
etry. Under these high-temperature (1200-1900 K), low-pressure (6.7-26.7 kPa),
short-residence-time (50-200 us) conditions, they found that the formation of vinyl
alcohol, through acetaldehyde isomerization: CH3CHO=CH,;CHOH, was a primary
consumption pathway after CH3CHO(4+M)=CH3+HCO(+M). For chemical consis-
tency, 15 reactions describing the formation of vinyl alcohol and subsequent path-
ways have been included in our updated model based on the theoretical study of

Sivaramakrishnan et al. [23].

5.5. Reactions of excited OH*, CH* and COy*

The reactions for OH* and CH* are the same as those included in our previous
study on acrolein [33]. The reactions for COy* have been updated according to the
recent study of Kopp et al. [85]. Reactions for OH*, CH* and COs* have been
included in the other reaction models tested in the present study to ensure that
differences in the modeling results do not come from a difference in the excited

species chemistry.

5.6. Ethyl iodide sub-mechanism

Since Bentz et al. [38] and Sivaramanakrishnam et al. [39] have employed ethyl
iodide as a H atom precursor to study its consumption by acetaldehyde, a sub-
mechanism, which includes 11 reactions and 12 species, was added to the models
presently tested to describe CoHsl high-temperature chemistry. The reaction rates
were taken from the studies of Kumaran et al. [86, 87|, Bentz et al. [88], Knox and

Musgrave [89], Lifshitz et al. [90], Pardini and Martin [91], and Baulch et al. [92].

6. Validation of the model

This section presents a comparison between the experimental data and the pre-

dictions of four detailed reaction models: (i) the present updated model, (ii) Aramco
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2.0 [24], (iii) CaltechMech [26], and (iv) JetSurf [77]. The compositions and condi-
tions are summarized in Table 1. In Figure 7 to Figure 11, the predictions of the
present model are shown as solid lines, the predictions of the Aramco 2.0 are shown
as dashed-dotted lines, the predictions of CaltechMech are shown as dotted lines,
and the predictions of JetSurf are shown as dashed lines. Such a comparison enables
benchmarking the performances of the present model with respect to state-of-the-
art reaction models. First, representative comparisons are shown for characteristic
time of reaction (referred to as delay-times) obtained from different chemical species.
Second, a number of representative time-resolved and temperature-resolved species
profiles are used to make the comparison. For the calculations shown in the present
and next sections, the modeling was performed using Cantera [93] with the con-

stant volume reactor model. Additional comparisons are shown as a supplemental

material.
Mix  Present model Aramco 2.0 CaltechMech JetSurf Diagnostics Ref
1-3 45 (42) 96 73 159 OH* Present study
1-3 49 (46) 102 79 168 CH* Present study
1-3 45 (42) 92 71 153 COy* Present study
4-8 58 (55) 119 91 186 COy* [34]
9-11 11 (13) 31 14 67 Oy [35]
12-13 18 (19) 24 24 25 OH [36]
14-16 22 (22) 42 25 60 CO, [36]

Table 2: Mean error (%) between the prediction of the reaction models used in the present study and
the experimental delay-times from the present study and [34-36]. The numbers indicated between
parenthesis correspond to the error for the present reaction model without the sub-mechanism for

vinyl alcohol chemistry.

6.1. Delay-times

The ability of the reaction models to predict the available delay-times has been

quantified by calculating the mean error for each set of experimental data. The
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Figure 7: Comparison between the experimental and calculated delay-time based on OH*, COy*,
OH and O4 for CH3CHO-Og-Ar mixtures. In a): X 4,=0.97; P5 #350 kPa. In b): P5 500 kPa. In
c): X4,=0.98; P5 »200 kPa. In d): P5 ~40 kPa. Solid lines: present model; Dashed-dotted lines:
Aramco 2.0; Dotted lines: CaltechMech; Dashed lines: JetSurf.

errors for quantity @) are calculated using the following expression

AQ
Qempe

where N is the number of data points, AQ = Qumoder = Qexpes @moder ANd Qegpe are

Q L
Emean = NZ

i

, (16)

the calculated and experimental characteristic quantities, respectively. The absolute
values are used to avoid positive and negative errors to cancel out. Errors in the
predictions of the four models are summarized in Table 2. Also reported are the
errors of the present model without the vinyl alcohol sub-mechanism. Note that the
experimental uncertainty for shock-tube data typically varies between 10 and 30 %
depending on the optical set-up and the chemical system [31, 94].

Figure 7 shows the predictions of the four models along with the experimental
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delay-times based on OH* (present study); CO9* ([34]); OH ([36]) and Oy ([35]).
The present model predicts the delay-time based on OH*, CH* and CO,* emission
within 45-60% on average whereas the other models over-estimate these data by at
least 70%. JetSurf demonstrates the highest disagreement with an average error on
the order of 160-190%. Better agreement is observed for delay-times based on OH,
CO4 and O, with predictions within 67% for the four models. The present model is
also better matching these latter data than the three other models with an average
error below 22%. Overall, the four models reproduce the activation energy observed

experimentally.

6.2. Species profiles

Figure 8 shows typical comparisons between the experimental and calculated
emission and species profiles from the present study and the literature [36, 40]. For
the OH* profiles (Figure 8 a)), the four models reproduce qualitatively the shape of
the experimental profiles. CaltechMech is somewhat superior in reproducing the am-
plitude of the signal during the decaying period following the peak whereas Aramco
overestimates this feature. The present model has an intermediate behavior. Con-
cerning CO profiles (Figure 8 b)), the present model, Aramco and CaltechMech
match quantitatively the profiles whereas JetSurf under-estimates the CO concen-
tration. Figure 8 ¢) and d) show OH UV absorption and CO, IR emission profiles
as well as the calculated profiles. The four models reproduce qualitatively both ex-
perimental targets. The rate of OH radical consumption in Hy-Os-Ar mixtures is
overestimated by all models since the experimental profiles exhibit a plateau which
is not captured. None of the models predict the UV absorption peak observed ex-
perimentally near time zero for mixture 14. This could be attributed to CH;CHO
since acetaldehyde exhibits a broad-band absorption feature between 230 and 340
nm [95]. This property was used by Wang et al. [37] who performed laser absorption
measurements of CH3CHO under pyrolytic conditions at 306.7 nm.

Figure 9 shows H atom profiles and the predictions of the models. Note that the
data presented in Figure 9 a) have been obtained in a krypton bath and consequently,

a collision efficiency of 0.93 has been included in all models based on Jasper et
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Figure 8: Comparison between the experimental and the predicted OH*, CO, OH and COs profiles
during the oxidation of CH3CHO. In a): mixture 1 ($=0.5; X 4,,=0.97); T5=1506 K; P5=339 kPa.
In ¢): mixture 12 (Ha-Os-Ar; ®=0.5; X 4,,=0.98) and mixture 13 (Hy-O2-Ar+1000 ppm CH3;CHO;
$=0.5; X4,=0.98). In d): mixture 14 (#=2.5; X 4,=0.96). Solid lines: present model; Dashed-
dotted lines: Aramco 2.0; Dotted lines: CaltechMech; Dashed lines: JetSurf.

al. study [74]. The present model, Aramco, and CaltechMech over-estimate the
concentration of H atom in mixture 27 whereas JetSurf under-estimates it. For
mixture 26, the present model, Aramco, and CaltechMech reproduce the H atom
profile while JetSurf still under-estimates the experimental values. In Figure 9 b),
the present model reproduces the shape and amplitude of the experimental profiles

whereas the three other models predict lower H atom concentration.
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Figure 9: Comparison between the experimental and the predicted H atom profiles [38, 39] during
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2.0; Dotted lines: CaltechMech; Dashed lines: JetSurf.

Figure 10 shows experimental and calculated temperature-resolved, Figure 10
a), and time-resolved, Figure 10 b), species profiles for a variety of species. Overall,
the present model and CaltechMech are superior in reproducing the experimental
profiles since they qualitatively and quantitatively match the data for all the species.
JetSurf tends to over-estimate the formation of CH, and to under-estimate that of
CsH4 and CsHjy in the high-temperature range whereas Aramco predicts a too low

reactivity for the data shown in Figure 10 a).
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Figure 10: Comparison between the experimental and the predicted species profiles during the py-
rolysis of CH3CHO-Ar mixtures. In a): mixture 18 (®=o00; X 4,=0.95; T5=1013-1577 K; P5=128-
286 kPa). In b): mixture 25 (®=o0; X 4,=0.968; T5=1717 K; P5=32 kPa). Solid lines: present
model; Dashed-dotted lines: Aramco 2.0; Dotted lines: CaltechMech; Dashed lines: JetSurf.
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Figure 11 shows typical comparisons between the experimental and calculated
UV and IR absorption/emission profiles from [36] obtained under pyrolytic and
oxidative conditions. All these profiles have been calculated according to the pro-

cedure mentioned in section 4. For the IR absorption data (3.39 pm) presented in
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Figure 11 a), JetSurf reproduces the profiles whereas the present model and Caltech-
Mech tend to over-estimate the rate of C—H bond removal in the high-temperature
range. Aramco shows intermediate quantitative performances. Concerning IR emis-
sion profiles (Figure 11 b)), the present model, CaltechMech and Aramco capture the
overall complex shape of the emission signals in the high-temperature range. JetSurf
fails at reproducing the overall shape and significantly under-estimates the ampli-
tude of the signals, by up to a factor of 3. The shape of the profiles was attributed to
the competition between CHyCO and CO emissions. The present model, Aramco,
and CaltechMech predict a rapid formation of ketene at early times but not in a
high enough quantity to reproduce the signals. JetSurf does not capture this feature.
Finally, Figure 11 ¢) shows the experimental and calculated UV absorption profiles
at 200 nm for pyrolytic conditions. The four reaction models fail in reproducing
both the shape and the amplitude of the absorption signal. The low concentrations
of ketene predicted by the models at early times explain the inconsistency in the

calculated shape.

7. Selected analyses

A number of sensitivity analyses have been performed. Under pyrolytic condi-
tions, mixture 18 has been used and a temperature of 1260 K has been selected
because it corresponds approximately to the temperature at which 50% of CH;CHO
is consumed in the experiments. Normalized sensitivity coefficients for CH3CHO,
CO and CHy, the three major species measured at the selected temperature, are
shown in Figure 12. Under oxidative conditions, mixture 14 has been employed to
investigate the effect of temperature, and mixtures 4 and 7 have been used to in-
vestigate the effect of pressure. Since ®=2.5 for mixture 14 and ®=0.5 for mixtures
4 and 7, the effect of equivalence ratio was also implicitly verified. Figure 13 and
Figure 14 present the normalized sensitivity coefficients respectively for CO, and
COy*. For each conditions, the 10 most sensitive reactions were extracted. For
clarity, only the reactions demonstrating the highest sensitivity are shown.

Under pyrolytic conditions, see Figure 12, the chemical dynamics of the major

species is dominated by the competition between reaction R;: CH3CHO(4+M)=CH;+
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Figure 12: Normalized sensitivity coefficients on CH3CHO, CO and CH4 during the pyrolysis of
acetaldehyde. In a), b) and c¢): mixture 18 (P=o00; X 4,=0.95); T=1260 K; P=202 kPa.

HCO(+M) and reaction Ry: CH3CHO+CH3=CH3CO+CH,. Reaction R3: CH3CHO
+CH3=CH;CHO-+CH, appears among the 10 most sensitive reactions but with
much lower coefficients than R; and Ry. The decomposition of ethane (or recom-
bination of methyl radical) CoHg(+M)=CH3+CHj3(+M) is the third most sensitive
reaction with coefficients of the opposite sign as compared to R; and Rj.

Under oxidative conditions, see Figure 13 and Figure 14, the chain branching
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Figure 13: Normalized sensitivity coefficients on CO2 during the oxidation of acetaldehyde. In a)

and b): &=2.5; X 4,,=0.96.

reaction H4+Oy=0OH~+O is in most cases as or more sensitive than R; for CO, (one
of the main combustion product) and CO5* (ignition marker). As the temperature
or the pressure increases, the sensitivity coefficient of the chain branching reaction
increases whereas the coefficient of R; is decreasing. For all the conditions used
to obtain Figure 13 and Figure 14, the reaction Ry: CH3CHO+4+H=CH3CO-+H,
exhibits the highest negative sensitivity coefficient. As seen for pyrolytic conditions,
the reaction CoHg(4+M)=CH3+CHj3(+M) is important for CH3CHO oxidation and
reduce the reactivity of the mixture. Overall, these results are consistent with the
preliminary analyses shown in section 4 and further justify the choice of the reactions

for which we performed a rate constant update.
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Figure 14: Normalized sensitivity coefficients on CO5* during the oxidation of acetaldehyde. In

a): ®=0.5; X4,=0.97. In b): &=0.5; X 4,=0.97.
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8. Summary and discussion on the models performance

From the comprehensive modeling study presently performed, a number of con-
clusions can be drawn concerning the performances of the reaction models. It can
be pointed out that all the reaction models predict better the characteristic times
of reaction based on OH, O,, and CO, than those based on electronically excited
species, OH*, CH*, and COy*. Under pyrolytic conditions, the models predict qual-
itatively and quantitatively most of the emission and species profiles. The largest
discrepancies are observed for the hydrogen atom profiles and the emission and ab-
sorption profiles which are influenced by a rapid production of ketene at early time.
Under oxidative conditions, the models reproduce the OH, CO,, and CO5* profiles.
The CH* profiles are systematically predicted much narrower than observed exper-
imentally. The IR and UV absorption profiles are reproduced well by some models
but not by others. Overall, the present model performs better than the three others
especially for the delay-times whatever species is used to obtained them. JetSurf
demonstrates the least satisfactory performances. This is reflected by the under-
estimation of the reactivity of the mixtures which results in too long delay-time and
species profiles often off.

Since the rate constants included in the four models for the branching reaction
H+0,=0H+O0 are equivalent (Aramco, CaltechMech and the present model employ
the rate constant from Hong et al. [69] whereas JetSurf employs the GRI-Mech
3.0 value, which is within 5% of Hong’s value over the temperature range 1000-
2000 K), the differences between the predictions of the four reaction models are
essentially explained by the difference in the rate constant used for R;. As shown
in subsection 5.1, the presently proposed rate constant demonstrates lower error
with respect to the experimental data from [38, 40, 65, 73] than the rate constants
included in the other reaction models. The inclusion of the new rate constant for
R, constitutes the main improvement brought to the present reaction model and
it was verified that it enables to significantly improve the predictive capability of
the three other models. The inclusion of the rate constant from Mendes [78] for
the reactions CH3CHO+H and CH3CHO-+CHj enabled to give a consistent picture

of these pathways. However, the accuracy for these rates is limited (factor of 2.5)
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which makes the branching ratios quite uncertain. More accurate measurements
or calculations would be needed to further improve the modeling of acetaldehyde

pyrolysis and oxidation.

9. Conclusion

In the present study, new shock-tube experiments for CH3CHO-Os-Ar mixtures
have been performed and an updated detailed reaction model for high-temperature
acetaldehyde pyrolysis and oxidation has been developed and validated against a
comprehensive shock-tube experimental database. The present model is compared
to three other well-known detailed chemical models: Aramco 2.0, CaltechMech,
and JetSurf. Overall, the present model demonstrates better performance than
the three other models especially in reproducing the characteristic time of reaction
based on OH*, CH* COy*, CO, emission, OH absorption and O, profiles. In
addition, the present model reproduces most of the trends observed experimentally
for numerous temperature or time resolved profiles, including OH*, CH*, COy*,
CO,, Oy, OH, H, CH3CHO, CO, CHy, CyHg, CoHy, CyH,y, IR emission and UV
absorption. Aramco and CaltechMech perform significantly better than JetSurf for
most of the conditions presently investigated. The difference between the reaction
models peformance is primarily due to the value of the rate constant used for the
decomposition of acetaldehyde. Using a large set of rate constant measurements
from the literature, an updated rate constant for this reaction has been obtained
and would enable improving the predictive capability of the three models from the
literature. Consistent with the results of Yasunaga et al. [36], the early formation
of ketene, CH,CO, was found to be important to reproduce the shape of some time-
resolved UV absorption and IR emission profiles. Specific measurements of ketene
during acetaldehyde oxidation, such as those from Tao et al. [27], would be useful
to improving detailed reaction models. The inclusion of the vinyl alcohol formation
pathways from Sivaramakrishnan et al. [23] does not significantly influence the
predictions of the present model in terms of ignition delay-time. This is because
the experiments of Vasiliou et al. [28, 29], which enabled the identification of vinyl

alcohol as one of the primary chemical species during acetaldehyde pyrolysis, were

28



performed under conditions which are essentially of little to no relevance to most
combustion applications. Despite the large database assembled, we note that, to
the best of our knowledge, the experimental investigation of acetaldehyde high-
temperature kinetics has been essentially limited to low pressures, below 500 kPa.
Improving acetaldehyde chemical kinetics under gas turbine and internal combustion

engine conditions requires experimental studies performed at much higher pressures.
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