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Understanding the combustion chemistry of acetaldehyde is crucial to developing robust and accurate com-
bustion chemistry models for practical fuels, especially for biofuels. This study aims to re-evaluate the important
rate and thermodynamic parameters for acetaldehyde combustion chemistry and determine the physical un-
certainties of these parameters. The rate parameters of 79 key reactions are reevaluated using > 100,000 direct
experiments and quantum chemistry computations from > 900 studies, and the thermochemistry (4Ah{298 K),
30(298 K) and c;) of 24 key species are reevaluated based on the ATCT database, the NIST Chemistry WebBook,
the TMTD database, and 35 published chemistry models. The updated parameters are incorporated into a recent
acetaldehyde chemistry model, which is further assessed against available fundamental experiments measure-
ments (10 RCM-IDT, 123 ST-IDT, 633 JSR-species concentrations, and 102 flow reactor-species concentrations)
and existing chemistry models, with clearly better performance obtained in the high-temperature regime.
Sensitivity and flux analyses further highlight the insufficiencies of previous models in representing the key
pathways, particularly the branching ratios of acetaldehyde- and formaldehyde-consuming pathways. Mean-
while, temperature-dependent and temperature-independent uncertainties are statistically evaluated for kinetic
and thermochemical parameters, respectively, where the large differences between the updated and the original
model parameters reveal the necessity of reassessment of kinetic and thermochemical parameters completely
based on direct experiments and theoretical calculations for rate and thermodynamic parameters. The applica-
tion of the determined uncertainty domains of the key kinetic and thermodynamic parameters is further
demonstrated through a case study, with the modelling uncertainty and its reliability highlighted. With the
configured uncertainty domain of the updated acetaldehyde chemistry model, further uncertainty quantification
and optimization can be conducted to improve the model performance, which is currently under progress in the
authors’ group.

1. Introduction earliest article on acetaldehyde combustion can be dated back to 1934,

where Rice and Herzfeld [4] first proposed and analyzed a reaction set

Acetaldehyde is an important intermediate and a pollutant species
during the combustion of fossil fuels and biofuels. In addition, acetal-
dehyde chemistry marks the final steps of combustion chemistry of Cy
and heavier hydrocarbons [1] (particularly alcohols [2,3]), and com-
bustion chemistry models for these hydrocarbons have been constructed
based on the acetaldehyde chemistry models. Therefore, understanding
the combustion chemistry of acetaldehyde is crucial to developing
robust and accurate combustion chemistry models for practical fuels,
especially for biofuels.

Acetaldehyde chemistry has been extensively studied in the past. The

for acetaldehyde decomposition. Following this, Beeley et al. [5] devised
a high-temperature reaction mechanism for acetaldehyde and compared
the modeling results with ignition delays obtained in a shock tube (ST)
at equivalence ratios 0.5-3.0 and temperatures from 1550 to 1850 K.
Later, Kaiser et al. [6] carried out acetaldehyde oxidation experiments
using a low-pressure static reactor over the low-temperature range of
553 - 713 K. A reaction mechanism of acetaldehyde was constructed
which was able to fairly predict experimental features and quantitative
product concentrations. Borisov et al. [7] developed another reaction
mechanism of acetaldehyde oxidation at intermediate and high
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temperatures, which was subsequently validated through a series of
experiments.

Apart from the early studies as mentioned above, more experimental
efforts have been addressed to understand acetaldehyde combustion
chemistry since 2000. Dagaut et al. [8] studied the oxidation of acetal-
dehyde in a jet-stirred reactor (JSR) at temperatures of 900 - 1300 K and
pressures of 1 - 10 atm. Ignition delay times in a shock tube were also
measured under a wide range of conditions (0.5 < ® < 2,1230- 2530 K,
2 - 5 atm). Won et al. [9] measured the ignition delay of acetaldehyde
behind a reflected shock wave at high temperatures, i.e., 1320 - 1897 K,
at 100 torr, and a mechanism consisting of 34 species and 110 reactions
was proposed. Yasunaga et al. [10] reported a shock tube and modeling
study of acetaldehyde pyrolysis and oxidation (1000 - 1700 K, 1.2 - 2.8
bar). They developed a detailed mechanism containing 50 species and
178 reactions. Mével et al. [11] also studied high-temperature pyrolysis
and oxidation of acetaldehyde in a shock tube at 1295 - 1580 K and 306 -
404 kPa. They excluded reactions related to low-temperature oxidation
and simulated the measured ignition delay times of acetaldehyde with
reasonable agreement achieved. Tao et al. [12] measured the chemical
structures of low-pressure laminar premixed acetaldehyde flames at
equivalence ratios of 1.7 and 1.0. They identified and quantified about
40 species in the post-flame zone, which provided more detailed infor-
mation on the high-temperature chemistry of acetaldehyde combustion.
Recently, Zhang et al. [13] focused on the chain-branching reactions
which affected the low-temperature oxidation rate of acetaldehyde and
developed a kinetic model of acetaldehyde. Low-temperature JSR
oxidation of acetaldehyde was also carried out at a range of thermody-
namic and fuel loading conditions (0.5 < ® < 4, 460 - 900 K, 710 - 720
Torr), and a variety of reactive species were identified and quantified.
They found that newly added reactions, such as H-atom abstraction from
acetaldehyde by methyl peroxyl radical, had great impact on modeling
results. Additionally, Tao et al. [14] also developed a new kinetic model
for the oxidation of acetaldehyde recently, based on their previous study
[15]. They reported the mole fraction profile of 31 species in a coun-
terflow flame at 600 Torr and ignition delay times at 10 atm and 700 -
1100 K in a rapid compression machine (RCM), and validated the new
kinetic model using these experiments. Hashemi et al. [16] developed a
detailed chemical kinetic model for the oxidation of acetaldehyde at
intermediate to high temperature and elevated pressure. They con-
ducted flow reactor experiments at 600 - 900 K and pressures of 25 and
100 bar. Wako et al. [17] also developed a detailed acetaldehyde
mechanism through an automated algorithm, which was validated
against the measured ignition delay times (® < 2,1250-1700K, 1.6 - 4
atm) and laminar burning velocity (0.6 < ® < 1.6, 1 atm).

Despite the studies as reviewed above, the relevant experimental
studies on acetaldehyde fundamental combustion behaviors are still
lacking, particularly those at high pressure conditions that are more
relevant to advanced propulsion systems. In fact, acetaldehyde chem-
istry has been somewhat overlooked and ill-conditioned in existing
models for large hydrocarbons, as critically pointed out by Cheng et al.
[18] in a recent study, where an ethanol chemistry model and a gasoline
surrogate chemistry model agreed well with the high-pressure ignition
delay times of ethanol and gasoline surrogates, respectively, while
showing great errors for acetaldehyde.

On the other hand, chemistry models can be improved in a system-
atic manner with a reasonable amount of effort using uncertainty
quantification (UQ) and optimization frameworks. Different approaches
have been developed for UQ and optimization of chemical kinetic
models. The underlying frameworks can be categorized as either prob-
abilistic or deterministic, depending on how the uncertainty is treated.
The most influential deterministic approach is the "bound-to-bound data
collaboration" (B2B-DC) pioneered by Frenklach and co-workers [19],
which prescribes fixed uncertainty bounds for involved parameters and
determines the overall model uncertainty using the maximum and
minimum of the simulation results. In contrast, probabilistic approaches
address the uncertainty of the parameters and the model with
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probability density functions, such as the polynomial chaos expansion
(MUM-PCE) method developed by Wang and co-workers [20], the
global parameter optimization algorithm (GPOA) developed by Turanyi
and co-workers [21], and the ANN-MCMC method developed by Yang
and co-workers [22]. Both the deterministic and probabilistic ap-
proaches can be used to optimize chemical kinetic models, known as the
reverse problems. For instance, the use of B2B-DC to optimize a recent
syngas model [23], MUM-PCE to optimize the USC Mech II [24], and
GPOA to optimize a methanol model [25,26]. These methods have been
proved very effective to improve the accuracy of chemistry models,
which unfortunately have not been applied to acetaldehyde yet, though
there is a large number of experimental and theoretical data (e.g., NIST
Chemical Kinetics Database) available for the rate coefficients of
elementary reactions involved in acetaldehyde chemistry.

Therefore, the objectives of this study are two-fold: (a) to reevaluate
the acetaldehyde chemistry purely based the available rate and ther-
modynamic data; and (b) to define a chemistry model and condition its
uncertainty purely based on direct physical information. To this end, all
the important kinetic and thermodynamic parameters are identified and
reevaluated based on > 100,000 direct experiments and quantum
chemistry computations from > 900 studies. Following this, the
reevaluated kinetic and thermodynamic parameters are incorporated
into an updated model, which is further validated against all available
experiments and compared among various models, and analyzed via
sensitivity and flux analyses. Finally, the uncertainties of the reeval-
uated parameters are physically characterized, which is followed by
statistical analyses of model uncertainty.

2. Experimental and computational methods
2.1. Chemical kinetic model of acetaldehyde

The last version of the acetaldehyde chemistry model developed by
Tao et al. [14] is adopted in this study for further analysis, while the
other models, including those proposed by Wako et al. [17], Hashemi
et al. [16], Mével et al. [11], and Zhang et al. [13], are used for com-
parisons (as discussed in the following sections). The mechanism from
[14] has been validated against a number of experimental and literature
data, demonstrating reasonably good performance under wide ranges of
temperatures (300 — 2300 K) and pressures (0.02 — 10 atm) [14]. It
should be noted that using a different acetaldehyde model will have
negligible influences as the present work will reevaluate all the impor-
tant reactions in acetaldehyde chemistry that are almost identical in
different acetaldehyde chemistry models. Additionally, our recent
studies [1,23] have found that the H-atom abstractions from acetalde-
hyde by CH30 and CH30, radicals are quite important. As such, the rate
coefficients and thermochemical parameters involved in the H-atom
abstraction reactions from formaldehyde and acetaldehyde by CH3O and
CH30,, radicals are updated following [1].

2.2. Sensitivity analysis

Brute force sensitivity analysis [27] is first conducted under the
selected experimental conditions to obtain the kinetic and thermody-
namic parameters that influence the model predictions. The conditions
for sensitivity analysis are shown in Fig. 1, which covers the typical
temperature and pressure conditions of interest to the combustion
community.

Sensitivity analyses of kinetic parameters are performed by changing
the pre-exponential factors of each reaction. The sensitivity coefficients
are defined as SC! = In(A7 /7)/In(Ak /k), where At is the simulated
result after multiplying the original rate constant by 2, i.e., Ak = 2k,
and 7 is the original result. Sensitivity analyses are not conducted at fuel-
rich conditions as the reactions from these conditions have already been
identified from the sensitivity analyses at the stoichiometric and fuel-
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Fig. 1. The conditions for sensitivity analysis for kinetic parameters on IDT
(red ball), kinetic parameters on JSR (red box), and thermodynamic parameters
on IDT (gray ball).

lean conditions. Three species are selected in the sensitivity analysis of
JSR experiments, namely CH3CHO, CH,0, and CO, which are key in-
termediates during the initial and later oxidation stages of acetaldehyde.
For sensitivity analysis of ignition delay times, the ignition delay times
in the simulations are defined as the time interval from the arrival of the
shock wave at the end-plate or start of compression for RCM data to the
maximum pressure rise (i.e., the onset of autoignition).

Sensitivity analyses of thermodynamic parameters are conducted
following the method proposed by Lehn et al. [28]. The normalized
sensitivity coefficients of ignition delay time on heat capacities are
calculated via Eq. (1)

dlnt;, T'i,'f”d - 1

P = = . 1
SCf ﬁlncp_i T")lgn SAFl -1 ( )

The heat capacity is modified by multiplying the polynomial co-
efficients with the sensitivity analysis factor, SAF;, so that

a*! = SAF; x aff, j=1,2,...,5 2)

where SAF; is the sensitivity analysis factor of species i. Since the
sensitivity is desired with respect to heat capacity only, the co-
efficients a;¢ and a;; have to be adapted as well to ensure that Ah’:md
i(298 K) = ARY(298 K) and s/™°%(298 K) = s{"(298 K). As such, the
sensitivity coefficients for enthalpies and standard entropies are
defined as

; )
st — dlnz; ! o R298K @
' al Ahy 4(298K) T 5Ahy;
n exp R-298K
g )
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where 5Ahy; and 5s) are the absolute value of Ahy;(298K) and s?(298K),
respectively, a;¢ and a;7 are increased in the brute-force method.

The 20 most sensitive reactions and species are selected from each
condition, from which a total of 79 reactions and 24 species are ob-
tained. Results of the sensitivity analyses are reported in the Supple-
mentary Material (SMM) 2 & 3.

2.3. Statistical treatment of parameters

For each sensitive reaction, direct measurements and theoretical
determinations of the rate coefficients in both reverse and forward
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directions are collected from the NIST Chemical Kinetics Database [29]
and review articles [30-35]. The reverse rates are then converted into
forward rates based on chemical equilibrium calculations using the
thermodynamic properties of the species involved. When re-evaluating
the rate coefficients, the data that were determined a long time ago
and showed a large difference from recent experiments and quantum
chemistry computations are excluded. While most data selected are from
studies after 1990, a few data before 1990 are still considered because
their overall trends are consistent with those of the more recent data.

For elementary reactions containing a third body, the low-pressure
limiting rate is reevaluated. The adopted direct experiments and quan-
tum chemistry computations, as well as the reevaluation process and the
reevaluated rate parameters are summarized in SMM 4. If the corre-
sponding data are utilized for the determination of the uncertainty
range, the NIST ID is set in bold. The fitting process during kinetic
parameter reevaluation is briefly described herein.

Three Arrhenius parameters (namely A, n and Ea) are reevaluated for
all selected reactions using least squares curve fitting over the temper-
ature range of 300 — 2500 K, assuming that the accuracy of all used data
is consistent. In one case (R83, HO,+HO,—H50,+05), six Arrhenius
parameters (i.e., duplicated reactions) are used. The temperature
dependence of rate coefficient k is described by the modified Arrhenius
equation k(T) = A{T}"exp(— Ea /RT), and the linearized form of which
is

k(T) =a+nln{T} —eT* =0"p (5)

where «(T) = In {k(T)} represents the logarithm of the rate coefficient,
a =1In{A}, e =Ea/R, 0 = (1, InT, — T’I)T, and p = (a,n,¢)" is the
set of transformed Arrhenius parameters. The equation for the least
squares fitting is defined as

F(T;X) =@ +nln{T} —eT"! (6)

where the vector x = (@, n, €) represents the Arrhenius parameters that
need to be reevaluated. The optimization objective function during the
fitting process is described as

o(x7) = zN: (k(Tw) — F(T;))* @

m=1

where x* is the optimal parameter set that minimizes the deviation be-
tween the fitted rate coefficient and the original data; N is the number of
temperature conditions used for re-fitting Arrhenius parameters; T, is
the actual temperature for experimental measurements and theoretical
calculations, Tp € [300, 2500]K; and «(T;,) is the logarithm of the
corresponding rate coefficient, as determined from Eq. (5).

For each sensitive species, the mean value of Ah{298 K) is deter-
mined from reported data that are available in the Active Thermo-
chemical Tables (ATCT) [36], the NIST Chemistry WebBook [29], and
the Third Millennium Thermodynamic Database (TMTD) [37]. For four
species (namely CH3COs3, HOCH,0, CH3CO3H, and O»CH;CHO), no
thermochemical information can be found in the above databases. On
the other hand, the literature data for $9(298 K) and cp are much more
lacking. Therefore, s°(298 K) and ¢p for all species, and the Ah(298 K)
for the four species are reevaluated based on 35 published chemical
kinetic models for Co—Cs hydrocarbons, following the method proposed
in [38]. Thereafter, the NASA polynomials for the 24 species are
modified based on the reevaluated Ah{298 K), s9(298 K), and cp. The
reevaluated thermochemical parameters and 35 published mechanisms
are summarized in SMM 3, while the modification of thermochemical
parameters via the NASA polynomials is briefly discussed herein.

For heat capacity, c,, the NASA coefficients a;-a; are revised via Eqgs.
(8)-(10):
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Fig. 2. The reevaluated rate coefficients for (a)R80, (b)R83, (c)R420, (d)R407, and (e)R212 (thick red line), along with the values adopted by Tao et al. [14] (thick
blue line), C3MechV3.3 [39] (thick purple line), and all data used for refitting (symbols).
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Ah{298 K), s°(298 K), and ¢p, respectively. a?, afg¥, ai? are the
revised NASA polynomial coefficients.

3. Results and discussion
3.1. Reevaluation of the rate parameters

Fig. 2 illustrates the reevaluated rate coefficients for R80:
HO;+0=0H+0,;, R83: HO3+HO,—H502+05, R420 CH3CO-
+0,—CH3CO;, R212: CH,0+CH30—HCO+CH3;0H, and R407:
CH3CHO+CH305—CH3CO+CH302H, along with the rate coefficients
adopted in Tao et al. [14] and C3MechV3.3 [39], as well as the direct
and theoretical data from literature. The results for all other reactions
are summarized in SMM 4. For R80, as shown in Fig. 2a, Tao et al. [14]
and C3MechV3.3 [39] suggested that the rate coefficient is constant over
300 - 2500 K. However, based on the experimental measurements from
Keyser [40] and Peeters [41], the rate coefficient exhibits moderate and
non-monotonic temperature dependence. This temperature dependence
is better captured by the reevaluated rate coefficient from this study. For
R83 (Fig. 2b), the single Arrhenius expression shows poor performance
in replicating the data points in the high-temperature region. As such,
the rate coefficients are refitted using double Arrhenius expression (i.e.,
six parameters), where much better agreement with the experimental
data is achieved. It can be seen from Fig. 2b that the reevaluated rate
coefficient differs slightly from those adopted in Tao et al. [14] and
C3MechV3.3 [39], with smaller curvature on the high temperature end.
For R420 (Fig. 2c), the reevaluated rate coefficient differs considerably
from the recommendation from Tao et al. [14] and C3MechV3.3 [39],
both quantitatively and qualitatively. The reevaluated rate coefficient
clearly achieves a better representation of the experimental data. In fact,
the trend observed with R420 has been found to be quite common
among the 79 reactions analyzed, showing that it is necessary to
reevaluate k for all important elementary reactions based on direct ex-
periments and theoretical values from quantum chemistry computa-
tions. Additionally, for R407 (Fig. 2d) and R212 (Fig. 2e), as well as
several other reactions, the rate data is very limited, and only the
theoretical data that were recently calculated by Tang et al. [1] can be
found. Nevertheless, obvious from Fig. 2d and e is the discrepancies

Table 1
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between the calculated rate by Tang et al. [1] and those recommended
by Tao et al. [14] and C3MechV3.3 [39]. A better agreement is achieved
by the refitted rate coefficients, particularly at high temperatures that
are more important to combustion modeling.

3.2. Reevaluation of the thermochemical parameters

Table 1 summarizes the thermochemical properties (c,(298 K),
Ah{(298 K), and $9(298 K)) of the 24 selected species computed from Tao
et al. [14] and reevaluated in this study. It can be seen in Table 1 that
there are significant differences in the heat capacity and entropy of
CH30, the enthalpy and heat capacity of CH3O,, the heat capacity of
CH30.H, and the enthalpy of CH,CHO, while the thermochemical
properties of other species show relatively small changes.

3.3. Model validation and comparison

The reevaluated kinetic and thermodynamic properties based on
direct experiments and theoretical calculations for the 79 reactions and
24 species, respectively, are incorporated into the original model (i.e.,
that proposed by Tao et al. [14]), which is further used to simulate the
available fundamental combustion experiments. The updated model is
included in SMM 5 & 6. To assess the predictive capability of the
reevaluated model, available fundamental experiments from the litera-
ture are adopted for model validation and other published acetaldehyde
chemistry models (Wako et al. [17], Hashemi et al. [16], Tao et al. [14],
Zhang et al. [13], Mevel et al. [11]) are also included for comparison. As
summarized in Tables 2, 3, the experiments cover 123 shock tube and 10
RCM ignition measurements over T = 800 - 1750 K, P = 2.03 - 9.87 atm
and ® = 0.5 - 2.5, 633 JSR species concentration data over T = 460 -
1230 K, P = 0.921 - 10 atm and ® = 0.43 - 4, and 102 flow reactor
species concentration data over T = 450 - 900 K, P = 25 bar, and ® =
0.49. The wide coverage of the thermodynamic and fuel loading con-
ditions should be sufficient to test the reevaluated model.

It is important to note that a major objective of this study is to
determine the uncertainty domain for acetaldehyde thermochemistry
for the optimization work that is currently in progress in the authors’
group. Due to the limited experimental and theoretical data on ther-
modynamic properties for the species identified in this study, it is

Species selected for optimization, the thermochemical properties parameters (c,(298 K), Ah{298 K), and $9(298 K)) in the initial mechanism and the reevaluated values

of the parameters.

Ah{298 K) / kcal/mol-K

¢,(298 K) / cal/mol-K

5°(298 K) / cal/mol-K

Species

P Tao et al. This study absolute change Tao et al. This study absolute change Tao et al. This study absolute change
CH3;0H —48.04 —48.02 0.02 10.26 10.33 0.07 57.52 57.41 0.11
H,0, —32.48 -32.36 0.12 10.14 10.21 0.07 56.06 55.94 0.12
CHj; 35.06 35.01 0.05 9.18 9.20 0.02 46.37 46.37 0
CH4 —17.83 -17.81 0.02 8.53 8.51 0.02 44.54 44.53 0.01
HOCHO —90.48 —90.46 0.02 9.87 10.14 0.27 59.07 59.17 0.1
HO, 2.94 2.94 0 8.34 8.34 0 54.76 54.76 0
CH3;CHO —39.72 —39.57 0.15 13.22 13.16 0.06 63.08 63.08 0
CH30 5.05 5.15 0.1 10.23 9.82 0.41 54.91 55.65 0.74
CH30, 2.74 3.12 0.38 11.62 12.42 0.8 64.36 64.43 0.07
CH3CO —2.46 —2.40 0.06 12.14 12.22 0.08 63.90 63.90 0
CH,CO —11.52 —11.57 0.05 12.19 12.18 0.01 57.66 57.79 0.13
CH30,H —30.39 —30.52 0.13 14.16 15.79 1.63 65.97 65.81 0.16
CH30CH;3 —43.84 —43.98 0.14 15.39 15.56 0.17 63.90 63.85 0.05
OH 8.92 8.91 0.01 7.14 7.09 0.05 43.91 43.91 0
CxHs 28.92 28.44 0.48 59.08 59.17 0.09 12.01 11.92 0.09
CH,CHO 3.05 3.88 0.83 12.99 12.97 0.02 63.14 62.82 0.32
HCO 10.11 10.11 0 8.29 8.30 0.01 53.60 53.62 0.02
(¢0) —26.42 —26.42 0 6.96 6.95 0.01 47.24 47.24 0
H 52.10 52.10 0 4.97 4.97 0 27.42 27.40 0.02
H,0 —57.79 —57.80 0.01 8.03 8.02 0.01 45.13 45.12 0.01
CH3CO3 —42.35 —42.36 0.01 19.91 19.85 0.06 77.73 77.49 0.24
HOCH,0 —42.16 —42.02 0.14 13.04 13.04 0 66.11 65.93 0.18
CH3CO3H —80.49 —80.49 0 20.48 20.48 0 77.24 77.20 0.04
0,CH,CHO —21.01 -21.01 0 17.28 17.28 0 79.98 79.98 0
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Table 2
Summary of shock tube and rapid compression machine data used for model
validation and comparison.

p Mole fraction No. of

T(K) [} data Refs.
(atm) CH3CHO (2} Ar .

points

3.45 1295-1538 0.5  0.005 0.025 0.97 6
3.45 1368-1487 1.0  0.0086 0.0214  0.97 7 [11]
3.45 1337-1579 1.5  0.0112 0.0188  0.97 10
2.03 1275-1619 0.5 0.01 0.05 0.94 17
2.06 1275-1619 1.0  0.02 0.05 0.93 17 [10]
2.32 1399-1704 2.5 0.02 0.02 0.96 9
10 734-1086 1.0 0.0278 0.0692  0.903 10 [14]
3.50 1315-1598 0.5  0.005 0.025 0.97 9
3.50 1365-1735 2.0 0.01 0.0125  0.9775 12
5.00 1272-1516 0.5 0.005 0.025 0.97 13 [8]
5.00 1275-1532 0.5 0.01 0.05 0.94 11
5.00 1250-1477 1.0 0.01 0.025 0.965 12

deemed appropriate to use the recently published mechanisms for this
purpose, though that the mechanisms published later might contain
better, revised thermodynamics data for the identified species in
Table 1. Simulations are first conducted to evaluate the impact of the
updated kinetic parameters, the updated thermodynamic parameters,
and both on the model performance, with the results summarized in
Figs. 3 and 4. It is clear from Figs. 3 and 4 that the change in model
performance is dictated by the updates to the kinetic parameters, while
the updates to the thermodynamic parameters exhibit minor impact.
Nevertheless, their influences can become quite significant in other
uncharted conditions, as can be inferred from the magnitude of the
sensitivity analysis results on thermodynamic properties in SMM 3.
Therefore, all possible sources of uncertainty in the acetaldehyde
chemistry are considered. This gives better model uncertainty

Table 3
Summary of jet-stirred reactor data used for model validation and comparison.
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presentation and provides better flexibility for the optimization of
acetaldehyde chemistry in our future studies. Specifically, updating the
kinetic parameters promotes the ignition and oxidation reactivity of the
acetaldehyde model, while further updating the thermodynamic pa-
rameters slightly promotes the ignition reactivity at the low temperature
end of the temperature range investigated in Fig. 3.

Figs. 5-10 show the simulated results and the experimental mea-
surements at several representative conditions, while the validation and
comparison results at other conditions are summarized in SMM 1. It can
be seen from Fig. 5 that, by incorporating the reevaluated rate and
thermodynamic parameters, the model becomes more reactive, leading
to smaller simulated ignition delay times at all conditions investigated.
The temperature dependence of autoignition reactivity seems to be
unaffected by the model updates. Similar trends are also seen in
Figs. S4-S6, where the updated model and other existing models are
compared against shock tube ignition measurements within the high-
temperature regime. Overall, the updates incorporated in the model
yield a satisfactory prediction and an improved agreement compared to
other chemistry models for the ignition delay times measured in shock
tubes at temperatures between 1250 and 1700 K.

Fig. 6 further demonstrates the comparison results of different
models for predicting the ignition delay times of acetaldehyde in the
low- to intermediate-temperature regimes (i.e., 734 — 1086 K, as shown
in Table 2) in an RCM [14]. As can be seen from Fig. 6, the qualitative
agreements between the models and the experiments differ greatly from
those observed within the high-temperature regimes (e.g., Fig. 5). The
models from Tao et al. [14] and Hashemi et al. [16] are in better
agreement with the experimental data, while the models from this study
and Wako et al. [17] are poor, which is the opposite to the trends
observed in Fig. 5. Specifically, the models from this study tend to
overpredict the ignition delay times at temperatures below 920 K, while
greatly underpredicting the ignition delay times at temperature above
1000 K. The reason for this is not immediately clear and are discussed

Mole fraction

Residence time (s) P(atm) T(K) [} Data points Refs.
CH3CHO Oy Ny Ar
0.8 10 929-1085 0.43 0.00129 0.0075 0.99121 - 35
0.08 1 1008-1227 0.82 0.00123 0.00375 0.99502 - 44 8]
0.8 10 959-1176 1 0.0015 0.00375 0.99475 - 45
0.08 1 1057-1167 1.61 0.00197 0.00186 0.99617 - 51
3-6 0.934 461-816 0.5 0.02 0.1 0.88 - 49
3-6 0.947 490-894 1 0.02 0.05 0.93 - 80 [13]
3-6 0.947 560-890 4 0.02 0.0125 0.9675 - 81
3 0.921 528-946 0.5 0.025 0.125 - 0.85 248 [15]
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Fig. 3. Comparison between measured (symbols) and simulated (lines) ignition delay times for CH3CHO/O5/N» mixtures in a shock tube. (a) P = 3.45 atm, ® = 0.5,
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from [10] and simulation results are obtained using the model from this study, Wako et al. [17], Hashemi et al. [16], Zhang et al. [13], Mevel et al. [11], and Tao

et al. [14].

further in Section 3.4.

The model from this study and other studies are further compared
against measured species profiles during the acetaldehyde oxidation in a
JSR at P = 0.947 atm, ® = 1 and 4, and low temperatures. The tem-
perature range covered by the JSR experiments in [13] (approximately
460 — 890 K, as summarized in Table 3) is even lower than those
investigated in [14] in the RCM (i.e., Fig. 6). As shown in Fig. 7, at
stoichiometric condition, the updated model shows modestly improved
prediction accuracy of the mole fractions of the major products (e.g.,
CH,0, CH30H and CO) at temperatures between 450 and 700 K than the
other models. At most conditions under 700 K, the update model per-
forms similar to the original model [14] except for CH30.H and CH>O,
where the original model overpredicts the production of CH3O2H and
CH50, while the updated model underpredicts their production. Above

this temperature, the simulated species profiles from the updated and
original model deviate greatly from each other where the oxidation
reactivity of acetaldehyde in the updated model is significantly lower
than the original model. These changes in model reactivity agree with
those observed in Fig. 6, where the ignition reactivity also becomes
smaller in the updated model. Also seen in Fig. 7 is the enhanced NTC
behavior of CO predicted by the updated model, which leads to some-
what better agreement with the experiments in comparison to the
original model. On the other hand, the predictions of acetaldehyde
consumption from the updated model in the NTC region do not exhibit
better agreement with the experiments than the original model.

At fuel-rich condition (i.e., ® = 4, Fig. 8), the updated model be-
comes more reactive than the original model at temperatures above 750
K. As can be seen from Fig. 8a, the updated model overestimates the
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acetaldehyde oxidation reactivity, showing significantly higher acetal-
dehyde consumption rate, hence an over predicted carbon monoxide
mole fraction (Fig. 8f), as compared to the experiments and the original
model.

Fig. 9 show the comparison between the measured and simulated
species profiles during acetaldehyde oxidation in a JSR at P = 700 Torr
and ® = 0.5. As can be seen from Fig. 9, the updated model under-
predicts CH3CHO consumption at temperatures above 600 K, as
compared to the original model, leading to a lower agreement with the
experiment measurements. However, the NTC behavior of CO; (Fig. 9g)
and CH,0 (Fig. 9d) predicted by the updated model in this study is
enhanced with better agreement with experiments achieved. Fig. 10
further demonstrates the comparison between measured (symbols) and
simulated (lines) species profiles during the oxidation of CH3CHO in a
flow reactor at P = 25 bar. As shown in Fig. 10, the updated model
predictions are in good agreement with experiments, except for COo,
CoHg, and CHj4. Specifically, the updated model overpredicts the pro-
duction of CO», and underpredicts the production rates of CoHg and CHy
at above 750 K. Overall, the updated model is comparable to the original
model.

The overall model performance is further evaluated with more
detailed and specific comparisons against all experimental measure-
ments with respect to different types of experiments and with respect to
different species for JSR experiments. Fig. 11 illustrates the relative
differences between the shock tube measurements and the model pre-
dictions from various models at different pressure conditions. The
experimental data are taken as the values of the original measurements.
At temperatures below 1500 K, the differences between all models are
more pronounced. It is clear from Fig. 11 that at all pressure conditions,
the updated model outperforms all other models in capturing the high-
temperature shock tube experiments, with the best improvement
observed at 2.03 — 2.32 atm (Fig. 11a). The improved model accuracy
slightly diminishes as pressure is increase to 5 atm.

Figs. 12 and 13, further illustrate the comparison of accuracy be-
tween different models against capturing the JSR measurements. The
peaks in the curves are a result of using lines to connect all data points
for relative differences (temperatures from low to high), without dis-
tinguishing between equivalence ratios and pressures. Overall, the
updated model demonstrates a comparable performance in comparison
to all other models. Although significant discrepancies are observed in
Figs. 7 and 8 for CH3CHO and CO at temperatures above 750 K (which is
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greater than those observed for the other models), the overall agreement
averaged over all JSR measurements become similar among all models
for these two species.

It is interesting to see that although the updated model is not
adjusted against these fundamental experiments (i.e., all the important
reactions and species are reevaluated based on direct experiments and
theoretical calculations for rate and thermodynamic parameters), it
yields a satisfactory performance in replicating all the fundamental ex-
periments (except for the RCM measurements as shown in Fig. 6), which
is overall equivalent to the other models. At some conditions, the model
even outperforms (e.g., Figs. 11-13) the other models that have already
been calibrated based on the reported experiments. This highlights the
validity of physics-based reevaluation of the model parameters using
direct experiments and high-level theoretical computations.

Nevertheless, the insufficient performance of the updated model in
capturing the RCM measurements is still concerning. This implies that
the kinetic parameters for some low- to intermediate-temperature re-
actions are not properly determined in the updated acetaldehyde model.
For instance, the refitted rate coefficient for R80 (HO»+0 = OH+05) in
Fig. 2a at the range of 1000 K/T = 1 - 2.5 exhibits a curvature that differs
from the that adopted in the original model. This is reasonable for
determining the representative uncertainty domain of this reaction (as
discussed in the following), while might cause significant changes in
model predictions. However, the results in Figs. 14-16 indicate that R80
is not among the most sensitive reactions at 750 — 1150 K for both
oxidation and ignition process, ruling out this reaction as the major
reason for the discrepancies observed between the updated and original
models. As shown in Fig. 2c, for R420 (CH3CO+03 = CH3CO3), the
reevaluated rate coefficient differs considerably from the recommen-
dation from Tao et al. [14] and C3MechV3.3 [39], which is re-evaluated
to be higher than the original value in the temperature range
300-2500K. To quantify the impact of the updated rate coefficient for
R420 on model performance, ignition delay time simulations are per-
formed at two experimental conditions using four different models: (1)
the updated model; (2) the updated model but with retaining the orig-
inal rate coefficient of R420; (3) the original model from Tao et al. [14];
and (4) the original model but with adopting the updated rate coefficient
of R420. The comparison results are summarized in Fig. S22. As shown
in Fig. S22, the change in rate coefficient for this reaction is not influ-
ential, and that the differences between the original and updated models
in predicting the RCM measurements are not caused by this reaction.

On the other hand, many changes are applied to reactions and
thermochemistry that are relevant to the high and low temperature
Co—Cy sub-chemistries in the updated model (as can be seen from SMM
4). These changes should also be validated against experimental mea-
surements directly for the Cy—C; species, to ensure that these kinetic and
thermodynamic parameters are not over-tuned. As such, validations of
the updated model against shock tube and JSR experiments have also
been performed. The comparison results, along with other models (i.e.,
Wako et al. [17], Hashemi et al. [16], Mevel et al. [11], Tao et al. [14],
and Zhang et al. [13]), are summarized in Figs. S15-S17 in SMM 1 for
methane [42] and hydrogen [43]. As can been seen from Figs. S15-S17,
the updated model performs either comparable or better than other
models in capturing the ignition characteristics of these smaller species
at some conditions. However, the updated model overpredicts ignition
delay times of hydrogen at P = 4 and 10 atm, ®=1, temperatures of 900
— 1000K. On the other hand, as can be seen from Fig. S17, at 900 — 1000
K, the updated model performs either comparable or better than the
other models in predicting the mole fractions of Oz, Hy, and H50. Closer
examination of the results in Fig. S15 and Fig S16 in SMM 1 indicates
that the original model is among the worst for predicting methane
autoignition while demonstrating reasonable agreement for predicting
hydrogen autoignition. These inconsistencies in the original model, as
well as the discrepancies of the updated model between the hydrogen
autoignition and JSR modelling results all highlight the poorly repre-
sented acetaldehyde chemistry in existing models. Also, as can be seen
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Fig. 7. Comparison between measured (symbols) and simulated (lines) species profiles during the oxidation of CH3CHO in a JSR at P = 0.947 atm and ® = 1.
Experimental data are taken from [13] and simulation results are obtained using the model from this study, Wako et al. [17], Hashemi et al. [16], Zhang et al. [13],

and Tao et al. [14].

from Figs. 12 and 13, the updated model shows overall comparable
agreement with the JSR measurements over 750 — 1100 K, whereas
performs poor in capturing the RCM measurements in the same tem-
perature range (c.f., Fig. 6). These inconsistent trends are likely caused
by more than one reaction, which can be non-trivial to address. This,
however, does not affect the major purpose of this study, which is to
determine the physical uncertainty domains of all key kinetic and
thermodynamic parameters. On the contrary, the results obtained from
this study enable further model uncertainty quantification and optimi-
zation (with a case demonstrated in the following) that have been
proved to be quite powerful to address the observed discrepancies. In
fact, a forthcoming study is currently in progress in the authors’ group,
where all experimental measurements used for model validation are
included for model optimization, where the poor agreements between
the updated model and the RCM measurements will be addressed.

3.4. Sensitivity and flux analyses

To explore the underlying kinetics that lead to the changes in model

performance, sensitivity analysis is performed at T =750 and 1150 K for
the ignition delay time of a stoichiometric acetaldehyde mixture at P =
10 bar, using both the original model from Tao et al. [14] and the
updated model. The sensitivity analysis results are shown in Fig. 14,
covering the top 20 most sensitive reactions. At T = 750 K, the sensi-
tivity coefficients computed by the original model and the updated
model are significantly different, with almost all the promoting and
inhibiting reactions exhibiting stronger contributions to autoignition
reactivity. The promoting effect from the top promoting reaction, i.e.,
CH3CO+03 = CH3COs, is enhanced by approximately 70 %. This is
expected as the rate coefficient of this reaction has been increased
considerably in the updated model, as shown in Fig. 2c. At T = 1150 K,
as shown in Fig. 14b, most reactions have similar sensitivities between
the updated and original models. However, the sensitivity of the most
inhibiting reaction in the original model, namely R99 (CH3+HO; =
CH4+05), is reduced by more than half, and the sensitivity of the most
promoting reaction (CH3CHO+HOy = CH3CO+H305) is increased by
around 100 %. These changes will lead to an increased model reactivity.
This, again, agrees well with the trends seen in Fig. 5 and Figs. S4-S6 in
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Fig. 8. Comparison between measured (symbols) and simulated (lines) species profiles during the oxidation of CH3CHO in a JSR at P = 0.947 atm and ® = 4.
Experimental data are taken from [13] and simulation results are obtained using the model from this study, Wako et al. [17], Hashemi et al. [16], Zhang et al. [13],

and Tao et al. [14].

SMM 1 where the updated model exhibits higher reactivity at 1150 K
and high temperatures.

To explore the kinetics for the discrepancies in predicting the RCM
measurements from Tao et al. [15] by the updated model in this study,
sensitivity analysis is further conducted at ® =1, P =10 bar and T = 850
K, for simulated ignition delay times. The top 20 most sensitive reactions
are shown in Fig. 15a. As can be seen from Fig. 15a, the sensitivity of the
most sensitive reactions changed significantly, of which the rate co-
efficients of 19 reactions are re-evaluated in this study. The influences of
these reactions on model predictions are first investigated by restoring
the rate parameters for these 19 reactions to the values adopted in the
original model, referred to as the “partially updated model”. Simulations
are then performed using the original, updated and the partially updated
models, with the results summarized in Fig. 15b. It can be seen from
Fig. 15b that the partially updated model become comparable with the
original model, indicating that the differences between the original and
the updated models in reproducing the RCM experiments are mainly
caused by these reactions.

Therefore, further analysis is conducted to examine the differences
between the original and refitted rate coefficients for these 19 reactions.
The rate coefficients before and after re-evaluation are illustrated in
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Fig. S18 in SMM 4. As can be seen from Fig. S18, the difference between
the original and refitted rate coefficients is large. Among the 19 re-
actions, 6 reactions are further identified and discussed due to their
large sensitivity (as observed in Fig. 15a) and large changes in rate co-
efficients (as shown in Fig. S18), which are R99: CH3-+HO>;—CH4+03,
R156: CH30,+CH;=CH30+CH50, R399: CH;CHO-
+OH=—CH3CO+H20, R400: CH3CHO+OH—CH;CHO+H0O, R404:
CH3CHO-+CH3=CH,CHO+CH,, and R440: CH,CHO=CH;4CO. For
R99, the sensitivity of this reaction is reduced by >5 times in the
updated model. As shown in Fig. 3a of SMM4, the rate coefficient in the
original model replicates those proposed by Hong et al. [44] and Ryu
et al. [45] while differing from those measured by Shaw [46] and
Skinner et al. [47] by approximately one order of magnitude. The
refitted rate coefficient from this study, on the other hand, is lowered by
considering the measurements from Shaw [46] and Skinner et al. [47].
For R156, the sensitivity is reversed in the updated model (from a pro-
moting reaction to an inhibiting reaction, as shown in Fig. 15a). As seen
in Fig. S27a of SMM4, the rate coefficient adopted in the original model
is based on the rate coefficients reported by Keiffer et al. [48] following a
linear trend. However, the rate coefficients at room temperature re-
ported in other studies Parkes [49] and Pilling et al. [50] are slightly
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Fig. 9. Comparison between measured (symbols) and simulated (lines) species profiles during the oxidation of CH3;CHO in a JSR at P = 700 Torr and ® = 0.5.
Experimental data are taken from [15] and simulation results are obtained using the model from this study, Wako et al. [17], Hashemi et al. [16], Zhang et al. [13],

and Tao et al. [14].

lower than that adopted in the original model. To better capture the rate
coefficient uncertainty at this temperature, the refitting shifted the rate
coefficient to slightly lower values. For R404, the influence of this re-
action on the model reactivity is insignificant, as can be seen in Fig. 15a,
while in the updated model, it becomes the 4th most promoting reaction
on ignition reactivity. The results in Fig. S30a in SMM4 indicates that the
refitted rate coefficient replicates excellently the values reported by
Yasunaga et al. [10], which is much better than that used in the original
model. As this is the only study that investigated this reaction, the
refitted values are considered more reliable than the original ones. For
R399, the inhibiting effect of this reaction is almost tripled after refitting
(c.f., Fig. 15a). The results in Fig. 10a of SMM4 indicate that the refitted
rate coefficient overlap that adopted by Dong et al. [39], which repre-
sent better the available experiments and computations [51-53] than
that adopted in the original model. It is also clear from Fig. 15a that the
promoting effect of R400 is enhanced by more than two times. The

refitting results in Fig. S29a of SMM4 indicate that the rate coefficient in
the original model follows a linear trend, while that refitted in this study
is slightly curved to better capture the temperature dependence of the
rate coefficients reported by Yasunaga et al. [10]. Finally, for R440,
which showed a significant change in rate coefficient after the refitting
(as can be seen in Fig. S18a), the refitted rate coefficient achieves a
considerably better representation of all available rate data than the
original rate coefficient, as shown in Fig. 18a of SMM4.

The poor performance of the updated model in reproducing the RCM
experiments and the large changes in rate coefficients after refitting
highlight the limitations of using unrefined fittings over literature rates
to assess acetaldehyde chemistry. Nevertheless, this does not affect the
major purpose of this study, which is to assess the physically represen-
tative uncertainty of important rate parameters for subsequent optimi-
zation. Additionally, each reaction has also been restored individually to
examine if the changes in model performance for RCM simulations are

11
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caused by a single reaction. This is quickly ruled out as restoring a single
reaction could not reproduce the modelling results from the original
model. In fact, the refitting results discussed above and illustrated in
SMM4 clearly demonstrate that a large portion of the identified re-
actions are not properly defined for their rate coefficients in the original
model, e.g., R400 where the original rate coefficient differs considerably
from that recently determined by Yasunaga et al. [10]. These discrep-
ancies might be able to be cleared with manual adjustments of indi-
vidual rate coefficients, but should be done in a holistic manner where
all rate coefficients are optimized concurrently. Such optimization
cannot be achieved or physically justified without a representative un-
certainty domain, as discussed with Fig. 18 in Section 4.

Concerning the difference between the original and updated models,
as well as between the updated model and the experiments in predicting
the JSR experiments, a sensitivity analysis of acetaldehyde mole fraction
using the original and updated model at T = 800 K and the same condition
as in Fig. 8 is conducted. The results are summarized in Fig. 16, covering
the top 20 most sensitive reactions. As can be seen from Fig. 16, the
updated model exhibits larger negative sensitivity coefficients for most of
the consumption reactions of acetaldehyde. Notably, the sensitivity of
R401 (CH3CHO+HO5 = CH3CO+H305), which is the most sensitive re-
action promoting the consumption of acetaldehyde, has been increased by
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>5 times in the updated model. Additionally, the sensitivity of R254
(CH3+CH3(+M) = CoHg(+M)), which is the top inhibiting reaction in the
original model for CH3CHO consumption, has been decreased by >8
times. These changes result in the higher oxidation reactivity of CHsCHO
with the updated model, as observed in Fig. 8a. The increased con-
sumption of CH3CHO leads to the increased production of CH;0 and CO,
as can be seen in Fig. 8e and f. Flux analysis is further conducted at the
same conditions as in Fig. 8, with the results shown in Fig. $23 of SMM 1.
As can be seen from Fig. $23, the flux through the CHsCHO-+HO; pathway
is increased, while the flux through the CHs3+CHs3(+M) pathway is
decreased in the updated model, resulting in an increased importance of
R401 (CH3CHO+HO,—CH3CO+H30,) and a decreased importance of
R254 (CHs+CHs(+M)=CyHe(+M)) during acetaldehyde consumption.
Observations of the refitting results in SMM4 (namely Fig. 7a for R401
and Fig. 4a for R254 in SMM 4) both indicate a better representation of the
literature data by the refitted rate parameters. This is most obvious with
R401 where the refitted rate coefficients agree excellently with the re-
ported values from Altarawneh et al. [54] and Colket et al. [55].

For the discrepancies in predicting hydrogen ignition delay times by
the updated model in this study (as shown in Fig. S16 of SMM 1),
sensitivity analysis is further conducted at ® =1, P = 4 atm, and T =
1000 K. The top 10 most sensitive reactions are shown in Fig. S21a, of
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which the rate coefficients of 9 reactions were re-evaluated in this study.
Restoring the rate coefficients for these 9 reactions to the values in the
original model shifted the prediction results to those predicted by the
original model. The rate coefficients before and after refitting are also
shown in Fig. S19. Based on the changes in sensitivities as shown in
Fig. S21a and the changes in rate coefficients as shown in Fig. S19, 3
reactions are further analysed, which are R56: O3+H = O+OH, R79:
HO2+H = Hy+0, and R85: H + O3(+M)=HO2(+M). For R56, the pro-
moting effect of this reaction on hydrogen ignition reactivity is lowered
in the updated model. The change in sensitivity for this reaction is the
greatest among all sensitive reactions at this condition. However, as can
be seen from Fig. S19 h and Fig. S15a in SMM 4, the refitting does not
lead to noticeable changes in the rate coefficient. There is only a slight
shift on the low-temperature end, where the updated rate coefficient
represents better all literature data. For R79, the inhibiting effect of this
reaction is enhanced in the updated model, as can be seen from
Fig. S21a. The rate coefficient of this reaction in the original model
differs significantly from the existing literature, particularly at the low
temperature end where large qualitative and quantitative disagreement
can be seen, as shown in Fig. Sla in SMM 4. This indicates that this
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reaction is not well represented in the original model. On the other hand,
the refitted rate coefficient represents better the qualitative trend and
quantitative values of all reported rate data. Particularly, the rate co-
efficients reported by the most recent study (i.e., those computed by
Mousavipour et al. in 2007 [56]) is well represented by the updated rate
parameters. For R85, which is the top inhibiting reaction at this condi-
tion, the refitting increases the original rate coefficient by approxi-
mately 0.2 order of magnitude at all temperatures. The rate coefficient
in the original model follows the measurements reported by Bates et al.
[57] and Michael et al. [58] with Ar as the third body. This however
deviates from the reported rate coefficients with Ny as the third body.
The updated rate coefficient, again, achieves a better representation of
all available data, based on which the uncertainty range can be more
accurately defined.

Flux analysis is further conducted at the same conditions as in Fig. 14
at the timing of 1 % CH3CHO consumption. The results at T = 750 and
1150 K are shown in Fig. 17 and Fig. S25 in SMM 1, respectively. As
shown in Fig. 17, significantly different branching ratios are observed at
750 K for the conversions from CH3CHO to CH3CO and CH,CHO, as well
as from CH0 to HCO. Specifically, with the updated rates, the
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contribution of H-atom abstraction by OH radicals to CH3HO con-
sumption increases considerably, while that by CH30, radicals is sup-
pressed. This is consistent with the SA results, where the sensitivity of
CH3CHO-+OH pathways is increased by >10 times. There is also a clear
shift toward the formation of CH,CHO with the updated model (i.e., <
2.5 % and 27 % CH3CHO is consumed to form CH2CHO in the original
and updated model, respectively). These CH,CHO producing pathways
promote reactivity, as can be seen in Fig. 14a. An increased flux via these
pathways will lead to enhanced reactivity, supporting the shifted model
reactivity as observed in Figs. S4-S13 in SMM 1. Additionally, a prom-
inent rise and decrease is seen in the CH;O consumption pathways by
OH and CH30,, respectively. Similar trends to those observed at 750 K
are found at 1150 K (Fig. S25), with relatively smaller differences seen
between the original and updated models.

4. Uncertainty analysis

As can been seen from Figs. 5-10, the disagreements between the

15

updated model and the experiments are still significant, though slightly
improved at high temperatures. These disagreements can be addressed
by further optimizing the model parameters within the model uncer-
tainty. Doing so, the model uncertainty needs to be defined with
addressing two important questions: (a) is the parameter uncertainty
rigorously defined based on known information? and (b) is the nominal
parameter value a statistical representation of its uncertainty domain?
Without properly addressing any of these information, the model un-
certainty will be falsely conditioned, and thus empty solution will be
returned when enough constraints have been applied during model
optimization (e.g., data inconsistency) [59]. Fortunately, these two
questions can now be addressed based on the updated chemistry model
developed in this study, as the model parameters are evaluated purely
based on direct experiments and quantum chemistry computations,
which is a statistical representation of the respective parameter uncer-
tainty domain. To this end, the uncertainties for the 79 reactions and the
24 species are evaluated in the following.

Firstly, the temperature-dependent uncertainty of the identified re-
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Fig. 16. Sensitivity analysis of CH3CHO model fraction during acetaldehyde
oxidation in a JSR at ® = 4, P = 0.947 atm, and T = 800 K.

actions is determined following the method proposed by Nagy and co-
workers [60], while basing on the reevaluated reaction rates rather
than the mean rate coefficients as adopted in [60]. The
temperature-dependent uncertainty factor f(T) are determined from the
uncertainty bands logio(x(T, x*)) £f(T), which are derived from the
limiting values of the acceptable rate coefficients based on direct ex-
periments, quantum chemistry computations, as well as the available

750K/10bar
Updated | Original

CH3CHO
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review studies. The uncertainty factor determined in this study corre-
sponds to 3¢ deviations from the recommended values on a logarithmic
scale, i.e., 0,(T) = f(T)-(In10)/3.

The relation between the variance of «(T) and the elements of the
covariance matrix of the Arrhenius parameters is further obtained via
the method proposed by Nagy et al. [60]:

0.(T)=1/0"%,0

=4/024+02I2T+062T 24 2ry,0,0,InT — 214,6,6, T~ — 210,06, T InT
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where I, is the covariance matrix of parameters (a,n,¢), (62, 62, 62) are
variances, and (ryn, e, Tne) are correlations. The covariance matrix X,
can be used to restore f(T), which also defines the prior uncertainty
domain of the Arrhenius parameters. The detailed derivation process for
computing o,(T) is summarized in SMM 1. To determine the elements of
the covariance matrix for the three-parameter Arrhenius expression, the
uncertainty of the rate coefficient has to be known at least at six different
temperatures [60]. This is achieved by determining the temperature
points at every 100 K between [300, 2500] K, as shown in the inset in
Fig. 18b.

For reactions involving third-bodies, additional treatment is needed
to reconcile the data sources reported for different third bodies. In
reevaluating the uncertainty for this type of reaction, the third-body
collision efficiencies are pre-determined from literatures (see SMM 4)
with that of Ny set at unity and others set at different values relative to
unity. An example is shown in Fig. 18 for R85: H + O3(+M) = HO2(+M).
It is clear from Fig. 18 that the reevaluated rate coefficient from this
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Fig. 17. Flux analysis at the timing of 1 % CH3CHO consumption during ignition at stoichiometric condition, 10.5 % O, ratio, 750 K and 10 bar using the updated

(red numbers) and original (blue numbers) model.
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study represents all the data better than the others, particularly in the
high-temperature regime. The temperature-dependent uncertainty fac-
tors determined based on the reevaluated rate coefficient for R85 are
shown in Fig. 18b, while the results for other reactions are shown in
SMM 4. Also seen in Fig. 18 is the necessity of rate coefficient reevalu-
ation for determining uncertainty factors. Defined based on the reeval-
uated rate coefficient, the uncertainty bands, as shown in Fig. 18b, are
able to enclose almost all reported experimental and theoretical values.
However, the rate coefficients from Tao et al. [14] and C3MechV3.3
[39] fall outside the physical uncertainty bands at high temperatures. If
uncertainty bands are determined based on the rate coefficients from
Tao et al. [14] and C3MechV3.3 [39], the uncertainty bands will
certainly shift away from the uncertainty domain, undermining the fi-
delity of subsequent model optimization. This process is repeated for all
79 reactions, with the results for other reactions summarized in SMM 4.

The temperature-dependent uncertainty factors for each reaction can
be obtained by calculating the covariance matrix of the Arrhenius pa-
rameters. This information is also beneficial for observing the uncer-
tainty factor f (T) of interested reaction at the specific temperature,
which can facilitate future efforts on model optimization. For some
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reactions (e.g., R407 and R441 in Fig. 19a), the rate data are very
limited, making it difficult to determine the covariance matrix elements
of the Arrhenius parameters. Therefore, an uncertainty factor of 2 is
defined over the entire temperature range studied. Fig. 19 shows the f
(T) calculated from the covariance matrix of the Arrhenius parameters
for the 15 most sensitive reactions, which are averaged from the sensi-
tivity analysis of kinetic parameters based on the IDT at T = [600, 900,
1500] K, P = 80 bar, ® = 1. It is obvious from Fig. 19 that most reactions
demonstrate higher uncertainties at low temperatures compared to high
temperatures, particularly for R171: CH30H+O;—CH30+HO, and
R401: CH3CHO+HO>—CH3CO+H20,. The differences in uncertainty
factors between different reactions are also significant. For instance, the
uncertainty factor f (T) of R171 changes between 5.5 and 1.0 in the
range of temperature 300 - 800 K, while that for R401 changes between
3.0 and 1.0 in the range of temperature 300 - 550 K. The relatively large
uncertainty ranges within the low-to intermediate temperature regimes
offer great potential to address the discrepancies as observed in Fig. 6.

Figs. 20a summarizes the overall deviation of the reevaluated rate
coefficients from the original rate coefficients at different temperatures.
The 79 reactions are evaluated at each temperature using the original
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19. Uncertainty f(T) curves for the investigated reactions. These lines were calculated from the covariance matrix of the Arrhenius parameters.

and reevaluated rate parameters, from which the difference is computed
and statistically treated with normal distribution. It can be seen from
Fig. 20a that the reevaluated rate coefficient can differ from the original
rate coefficient by 8 magnitude orders (i.e., at 300 K). Overall, greater
differences are seen at temperatures below 1100 K (i.e., the low- and
intermediate-temperature regimes). The large differences between the
reevaluated and original rate coefficients, again, highlight the necessity
of reevaluation based on experimental and theoretical calculation on
rate parameters. Fig. 20b shows the overall distribution of rate param-
eter uncertainties at different temperatures, which is computed from the
uncertainty factors of the 79 reactions at each temperature. Again, it is
obvious from Fig. 20b that the uncertainty space for model optimization
is large and that there is a high potential for the model to be optimized,
particularly within the low- to intermediate-temperature regimes.

Following the above, the temperature-independent uncertainty of
the thermodynamic parameters is also investigated, which represents 2o
deviations from the reevaluated values. Fig. 21 shows the uncertainty of
thermochemical properties of 24 key species where the computed values
are minus by the respective mean value. Several species (e.g., CH30,
CH30,, CH3CO, CH2CO, CH3COs3) clearly show greater uncertainties
than their peers. Again, it is obvious from Fig. 21 that there is a large
potential for the thermodynamic parameters to be optimized.

The application of the determined uncertainty domains of the key
kinetic and thermodynamic parameters is further demonstrated through
a case study, where the uncertainty domains are used for sampling to
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Fig. 21. Statistical distribution and uncertainty of thermochemical properties for the 24 species computed from databases and (or) 35 published chemistry models:
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determine a surrogate model that maps the variables (e.g., the kinetic
and thermodynamic parameters for the 79 reactions and 24 species) to
the modeling targets (e.g., the experimental measurements). The un-
certainty domain is further expanded in its dimension by including
reactor conditions as additional parameters. Specifically, the diluent
ratio, temperature, pressure and equivalence ratio are added to the ki-
netic and thermodynamic parameters, and are varied by [90 % - 97.5
%], [1200, 2000] K, [1, 400] bar and [0.5, 2.5], respectively, to repre-
sent the typical operation range for autoignition measurement condi-
tions. Coupling the uncertainty domain of the reactor condition
parameters with those of the kinetic and thermodynamic parameters
enables the training of a single, universal surrogate model for one type of
experiments (e.g., IDT measured in shock tubes). This surrogate model
can be used to achieve real-time optimization of chemistry models
whenever new experimental measurements from the specific reactor for
the specific fuel are available. This is not achievable with most existing
frameworks for model optimization, which require the training of
multiple surrogate models for individual datasets. More details of such
undertaking will be demonstrated in a forthcoming study from the au-
thors’ group. Thereafter, 200,000 samples are collected using Latin
Hypercube Sampling [59], with each sample corresponding to a physi-
cally feasible acetaldehyde model within the model uncertainty domain
(as previously determined according to Figs. 20 and 21) coupled with a
fixed thermodynamic and fuel loading condition (i.e., the reactor con-
dition). Autoignition modeling is then conducted at the 200,000 sam-
ples, from which the simulated ignition delay times are determined
(defined in the same way as that used in sensitivity analysis). The 200,
000 samples and the respective simulated autoignition delay times are
further used to train a surrogate model using the Residual Neural
Network [61] framework, similar to that adopted in [62]. An R%0f0.994
and mean absolute error of 0.735 are achieved over the training and test
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datasets, highlighting the high accuracy of the trained surrogate model.

To assess whether the surrogate model accurately captures the un-
certainty of the model in predicting ignition delay times measured in
shock tubes and whether the coupling between the reactor and model
parameters causes any complications (e.g., overfitting or underfitting at
certain reactor conditions), the surrogate model is further used quantify
the uncertainty domain of the model in predicting the ignition delay
time for a 0.5 % CH3CHO/ 2.5 % Os/ 97 % Ar mixture at P = 3.45 atm, ®
= 0.5, and temperatures from 1200 to 2000 K. This target is selected
based on the published shock tube measurements that have already been
shown in Fig. 3a. 5000 samples are collected where the model param-
eters are randomly sampled within their respective uncertainties while
the reactor condition parameters are fixed. This process is repeated from
1200 to 2000 K with a temperature interval of 100 K. These samples are
then fed to the surrogate model to predict the simulated ignition delay
times. The mean value and the uncertainty (20) from the calculated
results using the surrogate model are shown in Fig. 22, along with the
Zero-RK [18] predictions using the updated model. If the mean values
determined from the surrogate model with the samples overlap with
those predicted using Zero-RK, then the surrogate model and the
coupling between the reactor and model parameters are proved to be
adequate. These are confirmed in Fig. 22, where the Zero-RK predictions
using the updated model (the green line) nearly coincide with the mean
values determined from the surrogate model (red line).

5. Conclusion

This study aims to define a new chemical kinetic model of acetal-
dehyde and configure its underlying uncertainties based physical in-
formation that can be used for further model optimization. To this end,
79 elementary reactions and 24 species are identified via sensitivity
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Zero-RK, and the symbols are the experimental data from [11].

analyses over the temperature, pressure and fuel-loading conditions that
are of interest to the combustion community. The rate parameters of the
79 reactions are reevaluated using over 100,000 direct experiments and
quantum chemistry computations from > 900 studies, and the thermo-
chemistry (Ah{298 K), $9(298 K) and cp) are reevaluated based on the
ATCT database, the NIST Chemistry WebBook, the TMTD database, and
35 published chemistry models.

The updated rate parameters and thermochemistry are incorporated
into a recent acetaldehyde chemistry model, which is further assessed
against available fundamental experiments, including 10 ignition delay
times in RCM, 123 ignition delay times in shock tube, 633 species
concentrations in JSR, and 102 species concentrations in flow reactor.
Five published acetaldehyde models are also adopted for comparison.
Surprisingly, the updated model, though not calibrated against the
fundamental experiments, are equal to or better than the previous
models, despite the large differences in kinetic and thermochemical
parameters of the key reactions and species, respectively. The new
model clearly better reproduces the experiments in the high-
temperature regime, with significant discrepancies observed within
the low- to intermediate-temperature regimes that require further
attention. Sensitivity and flux analyses are further performed, with
considerably changed branching ratios in the updated model observed
for the consuming pathways of CH3CHO and CH3O. There is a clear shift
toward H-atom abstractions by OH radicals for CH3CHO and CH0
consumption, with greatly promoted CHoCHO formation.

The large differences between the updated rate coefficients and the
original values adopted in the existing chemistry models reveal the ne-
cessity of reassessment of key reactions in the core chemistry completely
based on direct experiments and theoretical calculations for rate pa-
rameters. Following this, based on these datasets, as well as recom-
mended values from review articles, the temperature-dependent and
temperature-independent uncertainties are statistically evaluated for
kinetic and thermochemical parameters, respectively. The application of
the determined uncertainty domains of the key kinetic and thermody-
namic parameters is further demonstrated through a case study, where
the surrogate model accurately captures the uncertainty of the updated
model in predicting ignition delay times in a shock tube.

Since the model uncertainty is representative of the uncertainties of
the rate and thermodynamic parameters and the nominal model can be
considered as a statistical representation of its uncertainty, a unified
framework for real-time UQ and optimization can be developed with
minimized probability of data inconsistency, which will be demon-
strated in a forthcoming study from the author’s group where the
observed discrepancies between the updated model and the
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fundamental experiments (particularly those in the low- to
intermediate-temperature regimes) will be minimized.
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