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 A B S T R A C T

Understanding the combustion chemistry of acetaldehyde, a carcinogenic by-product formed during the low-
temperature oxidation of various hydrocarbons, is essential for reducing harmful emissions in engines. Previous 
acetaldehyde experimental works have largely focused on low-pressure conditions, with a few exceptions. Some 
studies report a clear negative temperature coefficient (NTC) behavior for acetaldehyde and highlight the need 
for further low-temperature, high-pressure experiments to fully characterize it. In this context, acetaldehyde 
ignition delay times were measured using a rapid compression machine and a shock tube over a wide range 
of conditions (580–1410 K, 10–40 bar, and equivalence ratios of 0.5–1.5), significantly extending the very 
limited IDT data available in the literature at 10 bar. At low temperatures, the most comprehensive kinetic 
models of acetaldehyde greatly underestimate its reactivity, even those that show reasonable performance for 
flow reactor species measurements from the literature in the same temperature regime. At high temperatures, 
model predictions were generally in better agreement with the measured data. To improve prediction accuracy, 
refinements were made within GalwayMech1.0 model, incorporating recently calculated thermochemistry from 
the literature and modified reaction rate parameters based on direct analogies and literature information. The 
resulting chemistry revealed that the acetyl peroxy radical is the primary driver of low-temperature reactivity at 
high pressures through a closed-loop fuel consumption pathway. Further adjustments in the peroxyl radicals 
chemistry, which is less relevant under low-pressure conditions, successfully separate first-stage and main 
ignition in the NTC region. At high temperatures, revised H-atom abstraction by 𝐻̇ and O2 rates improved 
high-temperature predictions. Overall, the proposed model outperforms existing mechanisms over a wide range 
of conditions, but retains uncertainties in the formation of a few minor intermediates. This work highlights 
the importance of using high-pressure validation targets for comprehensive kinetic modeling and provides a 
solid foundation for future studies on acetaldehyde oxidation.
1. Introduction

Acetaldehyde is a carcinogenic compound with significant health 
risks. It is formed during the low-temperature oxidation of various 
hydrocarbons [1–5]. A comprehensive understanding of acetaldehyde 
oxidation and pyrolysis is critical to the development of effective emis-
sion control strategies for internal combustion engines. Over the years, 
acetaldehyde combustion has been examined using various experimen-
tal techniques, including ignition delay time (IDT) measurements in 
rapid compression machines (RCM) [6,7] and shock tubes (ST) [8–13], 
species concentration analysis in static [14], jet-stirred (JS) [9,15,16] 
and plug flow reactors (PFR) [17,18], pyrolysis investigations [19,20], 
molecular beam mass spectrometry in low-pressure laminar premixed 
flames [21,22], and laminar flame speed measurements [23]. Some 
of these works [7,13,16,18] also developed comprehensive kinetic 
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models for acetaldehyde oxidation at a wide range of conditions. The 
findings of most of these studies are explicitly summarized in the recent 
study from Ren et al. [24]. They refined a detailed kinetic model 
from the literature [7] using least squares methods on key kinetic 
parameters in acetaldehyde combustion and highlighted the need for 
further optimization using experimental data.

Most of the experimental data available in the literature pertain to 
low-pressure conditions, with the exception of the studies by Hashemi 
et al. [18], Tao et al. [7], Griffiths et al. [6] and Dagaut et al. [9]. 
Hashemi et al. [18] explored the oxidation of acetaldehyde at high 
pressures ranging from 25 to 100 bar at 600–900 K, using a PFR at lean, 
highly diluted conditions. Their results showed a negative temperature 
coefficient (NTC) behavior in the investigated regime. This behavior 
was previously observed in low-pressure JSR studies [15,16], where it 
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was attributed to the competition between acetyl radical decomposition 
and its addition to O2. Hashemi et al. [18] further supported this 
interpretation by proposing that the NTC behavior at high pressures 
is strongly affected by the chemistry of peroxyl species.

The early work of Griffiths et al. [6] first conducted IDT experiments 
at pressures up to 10 bar for acetaldehyde/air mixtures (0.2 ≤ 𝜙 ≤ 1) 
in an RCM. They observed a clear two-stage ignition at 610–775 K. 
More recently, Tao et al. [7] measured IDTs in an RCM under sto-
ichiometric conditions at similar pressures but higher temperatures 
(730–1100 K) and a greater dilution. Unlike Griffiths et al. [6], they 
observed first-stage (FS) heat release before the end of compression 
below 800 K, leading the authors to exclude this data from their 
kinetic analysis. Tao et al. [7] attributed the NTC behavior in the RCM 
regime to the fate of ethane formed by methyl radical recombination. 
They also emphasized the need for further experimental studies in the 
low-temperature, high-pressure regime to fully understand the NTC 
behavior of acetaldehyde.

In the early 1990s, Dagaut et al. [9] investigated the high-tempera
ture oxidation of acetaldehyde in a JSR at 900–1300 K and pressures 
up to 10 atm. They also measured IDTs in a ST across a wide range 
of fuel/O2 ratios (0.5 ≤ 𝜑 ≤ 2) and temperatures (1230–2530 K), at 
pressures from 2 to 5 bar. To the authors’ knowledge, no other IDT mea-
surements in STs have been reported at higher pressures to date. Given 
the incomplete understanding of NTC behavior and the scarcity of high-
pressure experimental data across the full temperature range, this study 
extends IDT measurements using a ST and an RCM at 10, 20, and 40 bar 
(with 40 bar data exclusive to the RCM) over temperatures from 580 
to 1413 K for lean, stoichiometric, and rich mixtures (𝜑 = 0.5, 1.0 and 
1.5). The performance of the most comprehensive acetaldehyde kinetic 
models from the literature was evaluated using the new experimental 
data. A kinetic model incorporating a well-validated base chemistry, 
GalwayMech1.0, was updated based on a wide set of validation targets 
using reaction rate analogies and literature information. Key reaction 
pathways were analyzed to gain a deeper insight into the combus-
tion behavior of acetaldehyde at high pressures. The proposed model 
was comprehensively validated against the present measurements and 
literature data.

2. Facilities description

For the investigation of IDTs, two facilities at RWTH Aachen Uni-
versity were utilized: a diaphragmless ST and a single-piston RCM. 
Detailed descriptions of both facilities are available in [25,26] and only 
a brief overview is provided here.

2.1. Shock tube

The ST consists of a 4.5 L barrel-shaped driver section and a 6.0 m 
driven section with an inner diameter of 45 mm. The diaphragmless 
operation is facilitated by a two-piston valve, based on the design by 
Oguchi et al. [27]. A helium/air mixture was used as the driver gas, 
with the ratio of gases optimized to achieve the desired shock velocities 
while minimizing shock contact surface interaction effects. Incident 
shock velocities were measured over the last 3.6 m of the driven section 
using five silicon-coated KISTLER pressure transducers (603B, 6005) 
and a PCB 113B22 sensor. IDTs were defined as the time between the 
arrival of the reflected shock at the closest sidewall pressure sensor 
(PCB), located 12 mm from the end wall, and the steepest pressure 
rise induced by autoignition. Gas conditions behind the reflected shock 
were determined using an in-house code based on the ‘‘Shock and Deto-
nation Toolbox’’ [28] for Cantera [29]. All experiments were conducted 
without external heating. However, four type-T thermocouples were 
used to verify the uniformity of the initial temperature distribution 
across the ST. Experimental uncertainties were determined using the 
procedure described in [30], yielding ±0.7% for temperature and ±1.5%
for pressure.
2 
Table 1
Overview of the investigated conditions.
 𝜑 [−] Dilution [dil./O2] p [bar] T [K]  
 0.5 8.875 10, 20, 40 580–1390 
 1.0 13 10, 20 580–1415 
 1.5 13 20 575–1380 

2.2. Rapid compression machine

The RCM operates as a single-piston system with a creviced design 
to suppress roll-up vortex formation. It features a reactor chamber with 
an adjustable end wall, allowing modulation of the compression ratio 
and precise control of the compression temperature at constant initial 
temperature (30 ◦C). Different bath gas compositions are used to extend 
the accessible test temperature range. A Kistler 6125C11U20 pressure 
sensor was used to monitor pressure variations within the reactor. 
In the RCM, IDTs are determined as the interval between the end 
of compression (EOC) and the maximum pressure rise rate associated 
with the main autoignition event and, if present, the FS ignition. 
The EOC temperature is derived from isentropic compression relations 
using the measured pressure under the adiabatic core assumption. The 
uncertainties in the EOC pressure and temperature are estimated to be 
±0.5% and ±1% respectively, corresponding to an uncertainty of about 
25% in IDTs, as reported by Büttgen et al. [31].

2.3. Simulation methods

IDT simulations were performed with custom scripts using Can-
tera [29]. For IDT experiments not exceeding 2 ms, simulations were 
performed under a constant-volume assumption. For longer IDTs, non-
reactive experiments were conducted to account for facility effects. 
These include small pressure perturbations due to shock contact surface 
interaction in the ST, and compression and heat loss phases in the RCM. 
In these experiments, oxygen (O2) was replaced by nitrogen (N2) and 
the resulting pressure trace was used to derive an effective volume 
profile which was then prescribed in the quasi-0D simulation [32]. 
The non-reactive volume profiles are provided in the Supplementary 
Material (SM).

2.4. Mixture preparation

For both facilities, acetaldehyde (99.5%) and high purity grade 
gases (99.999%) of O2, N2, argon (Ar) and carbon dioxide (CO2) were 
used for mixture preparation in separate stainless-steel vessels, with 
composition control achieved by monitoring the partial pressures of 
all components. Given acetaldehyde’s propensity to polymerize [6], 
higher dilution levels were required in the studied mixtures to ensure 
their stability during the experiments. The mixtures were periodically 
analyzed in a gas chromatography/mass spectrometry system [5], con-
firming negligible acetaldehyde loss and no formation of other species 
after 3 h for partial pressures below 130 mbar. Despite the need for 
dilution, the initial fuel concentrations in the investigated mixtures 
remained higher (up to 4.1%) than those used in recent high-pressure 
acetaldehyde oxidation studies (up to 2.7%) [7,18]. A summary of 
the investigated conditions is presented in Table  1. These conditions 
were adjusted to match the experimental limits of the facilities. For 
example, in the 20 bar, 𝜑 = 1.5 dataset, no measurements are provided 
between 670 and 770 K. In the ST, shock contact wave interactions 
effects compromised data quality below 770 K, while in the RCM, 
the high reactivity above 670 K led to ignition delays shorter than 
3 ms, preventing a clear definition of the end of compression. Despite 
these limitations, the combined RCM and ST datasets form a reliable 
foundation for investigating the NTC behavior of acetaldehyde. The 
measured data is provided in the SM.
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Fig. 1. Comparison of different literature models against measured IDTs at 
10 bar and 𝜑 = 1. Shadow areas indicate the uncertainty in the measurements.

3. Model comparison

The five most comprehensive kinetic models from the literature 
for acetaldehyde combustion—developed by Zhang et al. [16], Tao 
et al. [7], Hashemi et al. [18], Shrestha et al. [13] and Ren et al. [24]
—were evaluated against the present data. An additional model, Gal-
wayMech1.0 (GM1.0) [33,34], was added as benchmark due to its 
extensive validation for smaller species relevant in the oxidation of 
acetaldehyde (like methanol, methane or hydrogen). Fig.  1 compares 
model predictions with measured data at 10 bar and 𝜑 = 1. Variations 
in bath gas composition induce a discontinuous change in the compres-
sion ratio, leading to the observed jump in measured IDTs in the RCM. 
Additional comparisons for the conditions listed in Table  1 are provided 
in the SM.

In the high-temperature range (1100–1400 K), the experimental 
data show an Arrhenius trend. With the exception of Ren’s model, 
which significantly overpredicts reactivity, all models show reasonable 
agreement in this regime where literature data already exist at low 
pressures. Below 1100 K, the temperature-IDT curve exhibits a wide 
S-shaped plateau, characteristic of NTC behavior. Below 870 K, a two-
stage ignition is observed. Between 740 K and 870 K, FS heat release 
occurs before EOC, in agreement with observations by Tao et al. at 
comparable conditions [7]. To improve the readability of the IDT plots, 
the effect of this early heat release on the test temperature is ruled out 
by plotting both measured and simulated data against the temperature 
determined from the non-reactive pressure trace obtained for each 
condition. In the temperature range of 740–1100 K, GM1.0 is the 
only model that reasonably captures reactivity, whereas most models 
predict shorter IDTs at high temperatures and longer ones in the NTC 
region compared to experimental observations. Tao’s model accurately 
predicts IDTs only within its original validation range (800–1100 K), 
but deviates elsewhere.

As temperature decreases below the NTC minimum (< 740 K), the 
FS shifts towards the main ignition, which is consistent with previous 
RCM experiments [6]. In this temperature regime, where the Zhang and 
Hashemi models showed reasonable performance against flow reactor 
low-pressure or low-reactant-concentration species measurements [16,
18], all models significantly underpredict reactivity at the investigated 
conditions. Notably, no ignition was observed in the simulated pressure 
traces by most models for 𝑇 < 660 K, except for Zhang’s. Besides, 
all models predict FS ignition much closer to the main ignition than 
observed experimentally. These findings suggest a fundamental gap in 
the understanding of acetaldehyde NTC behavior at high pressures, 
highlighting the need for improved kinetic modeling.
3 
4. Kinetic modeling

4.1. Model description

In this study, updates to the combustion chemistry of acetaldehyde 
were implemented into GalwayMech1.0 (GM1.0) [33,34]. The develop-
ment of this model follows a hierarchical structure from hydrogen/O2
to n-heptane chemistry. A reduced version of GM1.0, limited to C3
species, serves as the base mechanism in this work.

The acetaldehyde combustion chemistry in this model, originally 
developed by Pelucchi et al. [35], has been refined by Curran’s group 
over the years, incorporating recently calculated kinetic parameters. 
However, previous studies have shown that such parameters often need 
to be optimized by experimental validation, as highlighted in Section 3. 
In this context, the rate constants of 21 reactions within the acetalde-
hyde submechanism were updated using literature values and analogies 
with similar molecules. In addition, the alkane-like low-temperature 
chemistry pathway proposed by Zhang et al. [16] was incorporated into 
the model. It involves five-membered ring isomerization of the acetyl 
peroxy radical, followed by a second addition to O2, ketohydroperoxide 
formation, and subsequent decomposition (CH3CȮ3 ⇔ ĊH2CO3H ⇔
Ȯ2CH2CO3H ⇔ KHO2COCHO + ȮH ⇔ CO2 + HĊO + ȮH). Besides, the 
thermochemistry of key species within the acetaldehyde submechanism 
relevant to its NTC region has been updated using the recent ab initio 
calculations from Shrestha et al. [13]. This includes formyl methyl rad-
ical (ĊH2CHO), its peroxy radical (Ȯ2CH2CHO) and the corresponding 
isomerization product (HO2CH2ĊO). The species dictionary and the 
proposed kinetic model are available in the SM.

Table  2 provides a comprehensive list of the modified reactions and 
their corresponding rate sources. The reasoning behind every change 
will be detailed in the following sections. All proposed modifications 
remain within the expected uncertainty ranges of the previously as-
signed parameters and are smaller than the standard uncertainties 
associated with ab initio methods. A comparison of the modified kinetic 
parameters with literature values is available in the SM.

4.2. Kinetic analysis

In this section, the main reaction pathways involved in the oxidation 
of acetaldehyde are discussed. Pathway analyses were performed at 
𝜑 = 1 and 10 bar across the full temperature range studied. Four 
representative temperatures were chosen: 600 and 800 K (Fig.  2), and 
1200 and 1400 K (Fig.  4). For a deeper understanding of reaction rate 
influences, detailed sensitivity analyses are provided in the SM.

4.2.1. Low-temperature regime
At temperatures below the NTC minimum, acetaldehyde primarily 

undergoes H-atom abstraction (HAA) at the carbonyl site (𝛼-position) 
forming acetyl radicals (CH3ĊO), mainly by acetyl peroxy radicals 
(CH3CȮ3) and, to a lower extent, by methoxy (CH3Ȯ) and hydroxyl 
(ȮH) radicals. Note that HAA at the methyl site (𝛽-position) is less 
favored in this temperature range due to the higher C-H bond dis-
sociation energy (BDE ≈ 100 kcal/mol) compared to the 𝛼-position 
(BDE ≈ 89 kcal/mol). CH3ĊO then adds to O2, forming CH3CȮ3, while 
its decomposition to methyl radical (ĊH3) and carbon monoxide (CO) 
plays only a minor role at the low-temperature, high-O2-concentration 
conditions investigated in this work. The major consumption pathways 
of CH3CȮ3 at 600 K (see Fig.  2) are: (1) HAA at the 𝛼-position 
of the fuel, forming peracetic acid (CH3CO3H), which decomposes 
rapidly to ȮH and an alkoxy radical (CH3CȮ2) and (2) RȮ2 + RȮ2
type reactions [43], direcly forming CH3CȮ2, CH3Ȯ and O2. CH3CȮ2
further decomposes into CO2 and ĊH3. Overall, CH3ĊO decomposition 
and pathways (1) and (2) ultimately lead to ĊH3 formation. The key 
difference among these pathways is that (1) involves fuel consump-
tion and ȮH production, whereas (2) and CH3ĊO decomposition do 
not generate additional reactive radicals. Therefore, (1) is the most 
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Table 2
Modified reactions in this work.
 N◦ Reaction Source  
 1 CH3CHO + O2 ⇔ CH3CO + HO2 [36]  
 2 CH3CHO + OH ⇔ CH3CO + H2O [37]/2  
 3 CH3CHO + OH ⇔ CH2CHO + H2O [38]  
 4 CH3CHO + HO2 ⇔ CH3CO + H2O2 [39]/1.5  
 5 CH3CHO + CH3O2 ⇔ [16] × 2.5 
 CH3CO + CH3O2H  
 6 CH3CHO + CH3CO3 ⇔ [16] × 2.5 
 CH3CO + CH3CO3H  
 7 CH3CHO + CH3O ⇔ [16]/2  
 CH3CO + CH3OH  
 8 CH3CO + O2 ⇔ CH2CO + HO2 [40]  
 9 CH3CO + O2 ⇔ CH3CO3 a  
 10 CH3CO ⇔ CH3 + CO [41] × 1.3 
 11 CH3CO3 + HO2 ⇒ [42]  
 CH3CO2 + OH + O2  
 12 CH3CO3 + HO2 ⇔ CH3CO3H + O2 [42]  
 13 CH3CO3 + CH3O2 ⇒ b  
 CH3CO2 + CH3O + O2  
 14 CH3CO3 + CH3O2 ⇒ [43]  
 CH3COOH + CH2O + O2  
 15 CH3CO3 + CH4 ⇔ [13]  
 CH3CO3H + CH3  
 16 CH3CO3 + CH3CO3 ⇒ b  
 2 CH3CO2 + O2  
 17 CH3CO3H ⇔ CH3CO2 + OH [36]  
 18 CH3CHO + H ⇔ CH3CO + H2 c  
 19 CH3CHO ⇔ CH3 + HCO [12]  
 20 CH2CHO ⇔ CH3 + CO [41]  
 21 CH2CHO + HO2 ⇒ [13]  
 HCO + CH2O + OH tablenotes  
a: Pressure dependence [44], high-pressure limit [24].
b: Alkanes analogy. c: Refitted rate.

reactivity-enhancing pathway, whereas (2) and especially CH3ĊO de-
composition are the most important reactivity-inhibiting pathways at 
low temperatures (see Fig. S6 from SM). In contrast, the conventional 
low-temperature chain branching pathway adopted from Zhang [16] 
(KHP) shows smaller impact on reactivity due to the low flux into this 
channel at the investigated conditions.

The low-temperature oxidation chemistry of acetaldehyde differs 
substantially from that of alkanes. In propane, HAA by ȮH, rather 
than by its corresponding RȮ2 species, is the dominant consumption 
pathway at comparable conditions [45]. While RȮ2 species formation 
is significant in both cases, C–H bond strengths differ substantially 
between the two molecules. Propane shows relatively strong C-H bonds 
(BDE ≈ 97–100 kcal/mol), making HAA less favorable and facilitating 
alternative RȮ2 species consumption routes, such as internal H-atom 
isomerization followed by chain-branching reactions and concerted 
eliminations [45]. In contrast, acetaldehyde exhibits a notably weaker 
C–H bond at the 𝛼-position (BDE ≈ 89 kcal/mol), thereby favoring HAA 
as the primary RȮ2 consumption pathway. Overall, the high production 
of CH3CȮ3 at these conditions, combined with the weak C–H bond 
dissociation energy at the carbonyl site, result in HAA by CH3CȮ3
being the most significant pathway for fuel consumption, despite the 
HAA by ȮH rate constant being four orders of magnitude higher (see 
Fig. S8 in the SM). However, as pressure and/or initial fuel molar 
fraction decrease, the resulting lower O2 concentration limits CH3CȮ3
formation via CH3ĊO addition to O2, favoring CH3ĊO decomposition 
instead. Therefore, acetaldehyde consumption at JSR conditions is 
rather dominated by HAA by ȮH, as illustrated in Fig.  3.

Given the tendency of GM1.0 to underpredict reactivity at low 
temperatures, pathway (1) was enhanced (see Fig.  2) by increasing 
HAA by CH3CȮ3 and CH3CO3H decomposition, and decreasing RȮ2
+ RȮ2 reaction rates, the latter by about an order of magnitude. 
The original RȮ2 + RȮ2 rates were extrapolated from atmospheric 
measurements, whereas in this work a direct analogy to the methyl 
peroxy radical self-reaction (CH Ȯ  + CH Ȯ ) rate proposed in [46] 
3 2 3 2

4 
Fig. 2. Reaction pathway analysis when 10% of the fuel is consumed using 
proposed (bold) and original (normal) models at 10 bar, 𝜑 = 1, 600 K (orange) 
and 800 K (blue). Names below the structures follow the mechanism naming 
scheme.

Fig. 3. Percentage contributions of the most relevant HAA reactions to ac-
etaldehyde consumption at 600 K and 𝜑 = 1, for RCM (10 bar, 2.8% CH3CHO) 
and JSR (1 bar, 2% CH3CHO [16]) conditions, using the present model.

was adopted. This rate was calculated between 600 and 719 K—closer 
to the temperature range investigated in the present study—and has 
been consistently adopted in the original mechanism for analogous 
C2 and C3 reactions [47]. These modifications significantly decreased 
the IDTs at low temperatures, but also undesirably increased fuel 
consumption and the formation of key intermediates such as H2O and 
CO2 at low-pressure JSR conditions. To mitigate this, HAA by ȮH and 
CH3Ȯ at the 𝛼-position was reduced, as they have minimal impact on 
reactivity at high pressures. In addition, CH3ĊO consumption pathways 
were adjusted by slighly increasing the decomposition reaction rate and 
updating the pressure dependence of addition to O2 to reduce its effect 
at low pressures.

4.2.2. NTC regime
With increasing temperature, HAA at the 𝛽-position forming Ċ

H2CHO becomes relevant due to its higher C-H bond strength, while 
the contribution of HAA by CH3CȮ3 diminishes as CH3CȮ preferen-
tially undergoes decomposition, leading to ĊH3 and CO, rather than 
addition to O2 (see Fig.  2, 800 K). Meanwhile, the formation of smaller 
peroxyl radicals is promoted via: (1) The increased build-up of ĊH3, 
which facilitates CH3Ȯ2 formation via addition to O2. (2) The higher 
production of ĊH2CHO, which further produces formaldehyde (CH2O). 
CH2O chemistry is the primary source of hydroperoxyl radicals (HȮ2) 
at these temperatures via formyl radical (HĊO) reaction with O2. The 
increased production of these peroxyl radicals (i.e. CH3Ȯ2 and HȮ2) 
enhances reactivity by facilitating the formation of hydrogen perox-
ide and methyl hydroperoxide via fuel HAA reactions. These species 
further decompose into reactive radicals, i.e. CH3Ȯ and ȮH, at high 
temperatures. Notably, HAA by CH Ȯ  and HȮ  are the two most 
3 2 2
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Fig. 4. Reaction pathway analysis when 10% of the fuel is consumed using 
the present model at 10 bar, 𝜑 = 1, 1200 K (green) and 1400 K (purple). 
Names below the structures follow the mechanism naming scheme.

reactivity-enhancing reactions at 800 K (see Fig. S7 in the SM). Overall, 
peroxyl radicals chemistry plays a key role in the NTC behavior at 
the studied conditions, whereas its influence is less pronounced under 
JSR conditions, where O2 reactions are limited due to lower reactant 
concentrations.

In Section 3, it was noted that state-of-the-art kinetic models predict 
acetaldehyde FS ignitions much closer to main ignitions than ob-
served experimentally. The low-temperature modifications introduced 
above affected both FS and main ignition similarly. However, they 
resulted in excessively short IDTs. During the transition from FS to 
total IDT, reactions involving HȮ2 become a major source of ȮH. 
As a result, optimizing these reactions can have a significant effect 
on total IDTs, while minimally affecting FS ignitions. Therefore, the 
following changes in fuel-specific HȮ2 chemistry are proposed: (1) 
Increase of CH3CȮ3 + HȮ2 reaction rates, and (2) decrease of fuel 
HAA by HȮ2 at the 𝛼-position and ĊH2CHO + HȮ2 reaction rates. 
The updated thermochemistry of Shrestha et al. [13] also contributes 
to this effect by shifting the ĊH2CHO ⇒ Ȯ2CH2CHO ⇒ HO2CH2ĊO 
pathway towards reactants, thereby limiting CH2O formation and con-
sequently HȮ2 production. Modification (1) mainly affects the NTC 
minimum, where CH3CȮ3 is still formed, while (2) and the thermo-
chemical updates influence the entire NTC region plateau, causing 
undesired reactivity inhibition at the NTC maximum. To counteract 
this, fuel HAA at the 𝛼-position by CH3Ȯ2 forming CH3O2H was in-
creased. This change had less effect on the NTC minimum, because 
at lower temperatures CH3O2H consumption shifts from unimolecular 
chain-branching decomposition to chain-propagating HAA by CH3Ȯ.

4.2.3. High-temperature regime
The high-temperature oxidation of acetaldehyde has already been 

extensively studied [12]. At temperatures above the NTC maximum, 
HAA by ĊH3 becomes a major consumption pathway, while the contri-
bution of CH3Ȯ decreases (see Fig.  4, 1200 K). This can be explained 
by the reduced propensity for low-temperature methane chemistry (R 
5 
+ O2, RȮ2 + RȮ2) that results in reduced CH3Ȯ formation, allowing 
more ĊH3 to participate in the fuel HAA. Besides, HAA by hydrogen 
radicals (Ḣ) becomes significant at higher temperatures due to the 
increased relevance of the ĊH2CHO 𝛽-scission, which produces ketene 
and Ḣ. Under these conditions, the most inhibiting reaction is HAA 
by Ḣ, as it sequesters these radicals from branching pathways (e.g., Ḣ
+ O2 ⇔ Ȯ + ȮH). In contrast, the most reactivity-enhancing reaction 
is HAA by O2 leading to HȮ2, thereby promoting high-temperature 
chain branching. At even higher temperatures (see Fig.  4, 1400 K), 
unimolecular acetaldehyde decomposition to ĊH3 and HĊO becomes a 
major consumption route, promoting reactivity through HȮ2 formation 
(HĊO + O2 ⇔ CO + HȮ2).

The overly steep slope of the IDT-temperature curve predicted by 
GM1.0 was slightly corrected by: (1) Increasing the rate of HAA by Ḣ
to inhibit reactivity at temperatures above 1250 K, (2) increasing HAA 
by O2 to shorten IDTs at temperatures below 1250 K. Modification (1) is 
supported by the improved model performance against literature flame 
speed measurements [23] (see SM). Besides, the pressure dependence 
of both fuel and ĊH2CHO decompositions was revised to improve 
the IDT prediction accuracy of the model at low pressures and high 
temperatures.

5. Model validation

The present model has been validated across a wide range of condi-
tions, including species measurements in JSR, PFR and flat premixed 
flames, as well as IDTs and laminar flame velocities. This section 
evaluates its performance against representative IDTs measured in this 
study and species data from the literature. Additional validation is 
provided in the SM.

Fig.  5 shows IDT data over a wide range of pressures and 𝜑, 
measured in the ST and in the RCM. At high temperatures, the proposed 
model predicts a slightly less steep IDT-temperature dependence and 
generally agrees better with the experimental data than the original 
model. At lower temperatures, present model predictions are within 
experimental uncertainties for most conditions, except for a slight 
overprediction of reactivity at the NTC minimum for 𝜑 = 0.5 and 10 bar 
(red) and a slight underprediction at low temperatures for 𝜑 = 1.5 and 
20 bar (green). The original model is excluded from this comparison 
due to its poor performance in the low-temperature regime, as shown 
in Section 3.

Fig.  6 shows species data for key intermediates measured by Zhang 
et al. [16] at 1 atm and Hashemi et al. [18] at 100 atm, both at 
𝜑 = 0.5. The proposed model exhibits generally good agreement with 
experimental data, although slight discrepancies remain in predicting 
Fig. 5. Comparison of present model predictions with IDT measurements from this study. Shadow areas indicate the uncertainty in the measurements. Closed 
symbols denote main ignition; open symbols indicate first-stage ignition.
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Fig. 6. Left column: JSR data from Zhang et al. [16] at 𝜑 = 0.5 and 1 atm. 
Right column: PFR data from Hashemi [18] at 𝜑 = 0.5 and 100 atm.

the formation of a few minor intermediates, such as methanol at 
high pressures. Despite of that, it achieves better performance than 
the original model, which systematically predicts the onset of fuel 
consumption and intermediate formation at higher temperatures than 
experimentally observed. Overall, the proposed model reasonably cap-
tures intermediate species formation and autoignition behavior over a 
wide range of conditions, demonstrating significant improvements over 
existing models from the literature, particularly in the high-pressure 
NTC regime relevant to modern engine applications.

6. Conclusions

In this work, acetaldehyde ignition delay times were measured over 
a wide range of conditions (p = 10–40 bar, 𝜑 = 0.5–1.5, T = 580–1413 K
using a shock tube and a rapid compression machine, providing critical 
high-pressure validation targets previously scarce in the literature. At 
low temperatures, existing kinetic models significantly underpredict 
reactivity at the studied conditions, despite showing reasonable agree-
ment with previous low-pressure or dilute-reactant measurements. In 
contrast, better agreement was observed at high temperatures.

A comprehensive revision of the acetaldehyde submechanism within 
GalwayMech1.0 was conducted, including: (1) Rate coefficient mod-
ifications to enhance the closed-loop fuel consumption pathway of 
the acetyl peroxy radical, increasing reactivity at low temperatures, 
(2) updates to peroxyl species chemistry to better capture the sep-
aration between first-stage and main ignition times, and (3) revised 
fuel HAA rates to improve high-temperature predictions. Overall, the 
proposed model demonstrates improved accuracy across a wide range 
of conditions, outperforming existing literature models. Remaining un-
certainties include model limitations in predicting the formation of a 
few minor intermediates and a lack of species data at high pressures. 
This study provides a solid foundation for future research on aldehyde 
oxidation at engine-relevant conditions.

Novelty and significance statement

The novelty of this research lies in the comprehensive analysis of 
acetaldehyde oxidation chemistry under enginerelevant conditions, a 
major intermediate in the combustion of several hydrocarbons. Novel 
ignition delay time data measured in a rapid compression machine 
and a shock tube under previously unexplored high-pressure conditions 
are presented. In addition, updates to the kinetic parameters within 
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the acetaldehyde sub-mechanism of GalwayMech1.0 are proposed, ad-
dressing the limitations of existing kinetic models in reproducing the 
NTC behavior of this compound. This is significant because it allows 
the investigation of acetaldehyde oxidation pathways that have been 
previously underemphasized due to the low pressure or low initial fuel 
concentration conditions studied in the literature.
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