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a b s t r a c t 

Methanol is a widely used engine fuel, blend component, and additive. However, no systematic auto- 

ignition data or laminar flame speed measurements are available for kinetic studies of the effect of 

methanol as a blending or additive component. In this work, both ignition delay times and laminar 

flame speeds of pure methanol, n -heptane and their blends at various blending ratios were measured 

at engine-relevant conditions. Results show that increasing methanol in a blend promotes reactivity at 

high temperatures and inhibits it at low temperatures, with the crossover temperature occurring at ap- 

proximately 970–980 K with it being almost independent of pressure. The experimental data measured 

in this work, together with those in the literature are used to validate NUIGMech1.1, which predicts well 

the experimental ignition delay times and laminar flame speeds of the pure fuels and their blends over a 

wide range of conditions. Furthermore, kinetic analyses were conducted to reveal the effects of methanol 

addition on the oxidation pathways of n- heptane and the dominant reactions determining the fuel reac- 

tivities. It is found that competition for ȮH radicals between methanol and n- heptane plays an important 

role in the auto-ignition of the fuel blends at low temperatures. At high temperatures, methanol produces 

higher concentrations of H ̇O 2 radicals which produce two ȮH radicals either through the production of 

H 2 O 2 and its subsequent decomposition or through direct reaction with Ḣ atoms. This promotes the high 

temperature reactivity of methanol/ n -heptane mixtures for ignition delay times and laminar flame speeds, 

respectively. 

© 2020 The Authors. Published by Elsevier Inc. on behalf of The Combustion Institute. 

This is an open access article under the CC BY license ( http://creativecommons.org/licenses/by/4.0/ ) 

1. Introduction 

Fossil fuels are the primary energy source for the ever-growing 

transportation sector, and their consumption has led to an increas- 

ing demand on energy supplies and has raised concerns about 

harmful CO 2 emissions. As a clean-burning renewable fuel [1] , 

methanol has been widely used in internal combustion engines 

both as a neat fuel, in blends, and as an additive because of its 

tendency to lower soot and NO x emissions [2] . Engine studies 

[3 –5] have explored the effect of methanol addition on exhaust 

emissions and the auto-ignition characteristics of fuels. How- 
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ever, fundamental combustion research on methanol blended with 

petroleum fuels is limited and chemical mechanisms of its oxida- 

tion process are not well understood. 

Since the cetane number of n- heptane is similar to that of 

diesel fuel (56) and its chemistry has been well studied, n- 

heptane is widely used as a single-component diesel surrogate 

[6 –8] . Therefore, many studies have used methanol/ n- heptane to 

represent methanol/diesel fuel blends. Research of laminar, pre- 

mixed methanol/ n- heptane flames [9 –11] mainly focused on the 

effect of methanol addition on soot precursor formation in the high 

temperature oxidation of n- heptane. Xingcai et al. [3] investigated 

the effect of methanol addition on the auto-ignition and combus- 

tion rate of n- heptane in a homogeneous charge compression ig- 

nition (HCCI) engine. A brief chemical analysis was performed by 

simulating the evolution histories of radical species as a function 
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of crank angle degree using an n- heptane mechanism [12] coupled 

with a methanol model [13] . This showed that the inhibiting ef- 

fect of methanol addition was attributed to the decrease in the 

maximum values of n C 7 -ketohydroperoxide and ȮH concentrations. 

Xu et al. [14] and Ling et al. [15] generated skeletal models for 

the oxidation of methanol/ n- heptane blends based on a detailed 

n- heptane mechanism [16] . However, both the reduced and de- 

tailed models were not validated against experimental methanol/ n- 

heptane blend data, and only comparisons of the detailed and re- 

duced model predictions were presented. Furthermore, some com- 

putational fluid dynamics studies [17 , 18] which attempted to ex- 

plore the combustion of methanol/ n- heptane under engine rele- 

vant conditions also demonstrated the need for an accurate kinetic 

model to simulate the chemistry process coupled with turbulence. 

Extensive auto-ignition studies of pure methanol and pure n- 

heptane have been conducted in shock tubes [19 –24] and rapid 

compression machines (RCM) [25 –30] . Laminar flame speeds, S L , of 

pure methanol and pure n -heptane were measured using different 

experimental methods and devices including the heat flux method 

[31–33] , the counterflow configuration [34] , and closed combus- 

tion vessels [8 , 35–37] , with then existing chemistry models usu- 

ally under-predicting fuel-lean and over-predicting fuel-rich flame 

speed mixtures for alcohols. In a work on larger alkanes by Kel- 

ley et al. [37] , it was observed that the chemistry models tended 

to over-predict flame speeds at low pressure and fuel-lean con- 

ditions, while other studies, such as that from Comandini et al. 

[8] showed an over-prediction by existing models over the entire 

range of equivalence ratios. However, to the authors’ knowledge, 

there are no experimental data for methanol/ n- heptane blends for 

either ignition delay time (IDT) or S L to verify the predictions of 

kinetic models. 

For the present work, IDTs of pure methanol, pure n- heptane, 

and methanol/ n- heptane blends at liquid volume blending ratios 

of 75/25, 67/33, 50/50 and 25/75 were measured in an RCM under 

engine-relevant conditions (air diluted, equivalence ratios ϕ = 0.5, 

1.0, 2.0, pressures p = 10–30 bar). Laminar flame speeds of pure 

methanol and pure n- heptane were measured in a constant vol- 

ume spherical chamber at equivalence ratios ranging from 0.8 to 

1.3 at an initial temperature of 423 K and at pressures of 1 atm 

and 2.5 and 5.0 bar. Methanol/ n- heptane mixtures at liquid volume 

blending ratios of 90/10, 80/20, and 50/50 were also investigated 

in the spherical chamber at ϕ = 1.2, at an unburned temperature 

of 423 K, and at 1 atm and 2.5 bar. The data were further used 

to validate NUIGMech1.1, including species in the range C 1 –C 7 . In 

the following sections, the experimental apparatuses are briefly de- 

scribed and the experimental results together with NUIGMech1.1 

model predictions are presented and discussed. Moreover, sensitiv- 

ity and reaction pathway analyses of the blends were conducted 

to determine the effects of methanol addition on the oxidation of 

n- heptane and the important reactions controlling the reactivities 

of their mixtures. 

2. Experimental setup 

2.1. NUIG RCM 

The IDTs of pure methanol and methanol/ n- heptane blends at 

low temperatures (approximately 640 980 K) were measured in a 

twin-piston RCM at NUI Galway. Details of this facility were pre- 

sented previously [38 , 39] . Non-reactive measurements in which O 2 

was replaced by N 2 were also recorded so that facility effects could 

be simulated, with all pressure/time histories converted into vol- 

ume/time histories for use in our simulations [40 , 41] . One of the 

major uncertainties in the RCM data stems from the uncertainty 

of calculated temperatures at the end of compression ( T C ), which 

is estimated to be less than 10 K in this study based on the in- 

dependent parameter method published by Weber et al. [42] . The 

detailed calculations of T C along with one example of the python 

scripts are provided as Supplementary material. An overall uncer- 

tainty of ± 20% for IDTs has been assigned based on a previous 

study [2] conducted using the same facilities. All of the mixtures 

were prepared in heated stainless-steel tanks, and the partial pres- 

sures of methanol and n- heptane were maintained below one-third 

their saturation vapor pressures. Methanol and n- heptane were ob- 

tained from Sigma-Aldrich at 99.5 + % purity and O 2 , N 2 and Ar 

were supplied by BOC Ireland (purity > 99.5%). 

2.2. Shock tube 

IDTs for pure methanol, n- heptane, and 50/50 methanol/ n- 

heptane fuel blends were measured in the NUIG high-pressure 

shock tube (HPST) [43] at high temperatures, where IDTs are less 

than 3 ms. Details of this shock tube and the methodology used 

to measure the IDTs were presented previously [43] . IDTs of a stoi- 

chiometric n- heptane/air mixture at 10 bar and 10 0 0–1350 K were 

measured in the high-pressure shock tube at North University of 

China (NUC), which shows good agreement with literature data 

[44] . Details of the NUC shock tube along with the measured IDTs 

are provided as Supplementary material. 

Typical pressure traces and definitions of IDTs measured in the 

HPST and RCM are shown in Fig. 1 (more examples of pressure 

traces covering the domain of IDTs are provide as Supplementary 

material, Fig. S1). Noting that two-stage ignition behavior was also 

observed for the HPST experiments near the NTC temperature re- 

gion similar to that described by Ciezki and Adomeit [45] , and the 

first stage (1st) and total IDT are defined, respectively, as the time 

interval between 0 ms (the end of compression for RCM and the 

arrive of shock wave for the HPST) and the maximum rate of pres- 

sure rise due to heat release in the first stage and total ignition. 

The maximum pressure rise ( dp/dt max ) behind the reflected shock 

prior to ignition was found to be less than 2%/ms, therefore, the 

system could be treated to be at constant pressure. This also con- 

firms the limited non-ideal effects of the HPST facility on the IDT 

measurements. For all of the IDT measurements an uncertainty of 

± 20% is assigned according to a previous study [46] using the 

same facilities. 

2.3. RWTH combustion vessel 

Laminar flame speed experiments of methanol, n- heptane, and 

methanol/ n- heptane blends were performed in the RWTH high- 

pressure spherical combustion vessel [35] over a wide range of 

equivalence ratios (0.8 –1.3) at 1 atm and 2.5 and 5.0 bar and 

423 K. A schematic of the experimental set-up is shown in 

Fig. 2 (a). The chamber has an inner diameter of 100 mm with 

two quartz windows of 25 mm radius positioned on opposite sides. 

The outward location of the propagating flame was imaged using 

a dual-field-lens Schlieren arrangement with a high-speed CMOS 

camera (LaVision High-SpeedStar 6). The acquisition rate was set 

to 25 kHz with a field of view of 448 × 448 pixel 2 , resulting in a 

magnification ratio of 11.41 px/mm. The Schlieren system consists 

of a pulsed-high-power LED emitting green light, an aspheric con- 

denser lens, three spherical lenses, and two pinholes. A sequence 

of typical Schlieren images is provided in Fig. 2 (b). All fuel/air mix- 

tures were prepared in a separate premixing vessel using the par- 

tial pressure method. Two pressure transducers of type Keller Se- 

ries 35 X HTC were used during mixture preparation with different 

ranges to accurately measure and control the filling process. A high 

voltage ignition system was used to ignite the mixture at the cen- 

ter of the chamber using a pair of 1 mm diameter electrodes. A 

third pressure transducer (Kistler) captured the pressure rise dur- 

ing flame propagation. 
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Fig. 1. Pressure traces and definitions of IDTs measured in (a) HPST and (b) RCM. 

Fig. 2. (a) Schematic of RWTH experimental set-up. (b) Sequence of typical Schlieren images of methanol/air at ϕ = 1.0, 423 K and 1 atm. (r 1 ), (r 2 ) and (r 3 ) correspond to a 

flame radius of 0.8 cm, 1.4 cm, and 1.8 cm, respectively. 

Laminar flame speed determination involves tracking the flame 

radius, R f , using Schlieren images at quasi-constant pressure. The 

burned flame speed can be calculated as S b = dR f /dt based on 

the assumption that the burned gas is stationary. The flame stretch 

rate is defined as K = (2/R f )(dR f /dt). After extrapolating S b to zero 

stretch using the non-linear method (S b 
0 ) [37] , the laminar flame 

speed S L is obtained through the density correction as S L = σ S b 
0 , 

where σ is the density ratio between the burned and unburned 

gases obtained using an equilibrium calculation. 

Figure 3 represents an exemplary evolution of flame speed with 

respect to burnt gas as a function of flame stretch for methanol/air 

flames at 423 K and 1 atm at three different equivalence ratios 

(0.8, 1.0, and 1.3). Only images corresponding to a flame front ra- 

dius greater than at least 9 mm were used to avoid ignition effects. 

A limit criterion for post-processing of a total pressure rise of 1% 

was imposed to determine the last image that should be used to 

derive the flame speed. Therefore, the domain of extrapolation was 

between 0.9 and 1.8 cm. An approach similar to that of Xiouris 

et al. [47] was applied to the current new dataset to estimate the 

uncertainty in the measured laminar flame speeds. The combined 

uncertainty in S L , resulting from mixture preparation, initial tem- 

peratures, and pressures altogether with data post-processing, was 

Fig. 3. Evolution of burned flame speed with respect to the burnt gas as a function 

of flame stretch. Nonlinear extrapolations of experimental data for methanol/air 

flames at 423 K and 1 atm at different equivalence ratios. The symbols at K = 0 

represent the unstretched burned-gas flame speeds denoted as S 0 b . 
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Table 1 

Mixture compositions studied. 

Liquid volume ratio Mole ratio Equivalence 

ratio ( ϕ) 

% mole fraction 

CH 3 OH/ n -C 7 H 16 CH 3 OH/ n -C 7 H 16 CH 3 OH n- C 7 H 16 O 2 N 2 /Ar 

100/0 100/0 1.0 12.3 0.0 18.4 69.3 

75/25 91.6/8.4 1.0 7.6 0.7 19.3 72.4 

67/33 89.6/10.4 1.0 6.9 0.8 19.4 72.9 

50/50 78.9/21.1 0.5 2.3 0.6 20.4 76.7 

50/50 78.9/21.1 1.0 4.5 1.2 19.8 74.5 

50/50 78.9/21.1 2.0 8.4 2.3 18.8 70.5 

25/75 55.6/44.4 1.0 2.0 1.6 20.2 76.2 

20/80 48.5/52.5 1.2 1.8 2.0 20.2 76.0 

10/90 28.7/71.3 1.2 0.8 2.1 20.4 76.7 

0/100 0/100 1.0 0.0 1.9 20.6 77.5 

Table 2 

Laminar flame speed experimental conditions. 

Liquid volume ratio CH 3 OH/ n -C 7 H 16 Equivalence ratio ( ϕ) Pressure T (K) 

100/0 0.8–1.3 1.0 atm, 2.5 bar 423 K 

100/0 1.0 5.0 bar 423 K 

0/100 0.8–1.3 1.0 atm, 2.5 bar 423 K 

0/100 1.0 5.0 bar 423 K 

10/90 1.2 1.0 atm, 2.5 bar 423 K 

20/80 1.2 1.0 atm, 2.5 bar 423 K 

50/50 1.2 1.0 atm, 2.5 bar 423 K 

calculated using the residual sum of squares method. Note that at 

least three measurements for each condition were performed to 

ensure the repeatability of experiments. An uncertainty between ±
2 – 5% was obtained based on a 95% confidence interval. Radiation 

effects were evaluated using the correlation proposed by Yu et al. 

[48] . A relative error of less than 1.5% was obtained for all the con- 

ditions investigated in the present study (Fig. S2, Supplementary 

material). Therefore, radiative heat losses were neglected. 

2.4. Mixture composition 

For the IDT and S L experiments, the blending ratios of 

methanol/ n- heptane in the form of liquid volume and the corre- 

sponding mole fractions are provided in Table 1 . The mole fractions 

of the mixture components were calculated based on the measured 

partial pressure of each component. If not specified, liquid volume 

ratios are used in the following discussion to define the blends. N 2 

and/or Ar were used as the diluent gas in the RCM experiments to 

achieve a wide range of studied temperatures (640–980 K), while 

N 2 was used as the diluent gas in all of the shock tube experi- 

ments. Details of mixture compositions together with volume pro- 

files are included in the input files provided as Supplementary ma- 

terial. The detailed conditions for the S L experiments are shown in 

Table 2 . 

3. Numerical model 

The detailed chemical kinetic mechanism, NUIGMech1.1, uti- 

lized here is hierarchically derived for very many major hydrocar- 

bon and oxygenated fuels from hydrogen to C 7 combustion species 

encompassing an extensive work from the author’s group recently 

[49 –56] . The base chemistry employed in the detailed mechanism 

is based on several prior mechanisms developed at NUIG. The re- 

action rate constants and thermochemical properties of C 0 –C 7 sub- 

mechanisms have been updated based on a critical evaluation of 

newly published experimental and theoretical studies. The kinet- 

ics for the methanol sub-mechanism used in this work is derived 

from Burke et al. [57] . The n- heptane sub-mechanism is taken from 

Zhang et al. [21] and has been further updated based on the rate 

rules published recently by Zhang et al. [58] . NUIGMech1.1 con- 

tains 2845 chemical species and 11,260 elementary reactions. Mod- 

ifications made to the important reactions relevant to methanol 

and n- heptane chemistries are discussed in Section 4.3 based on 

kinetic analyses, and the detailed kinetic mechanism and thermo- 

dynamic files used for model predictions are provided as Supple- 

mentary material. 

4. Result and discussion 

4.1. Ignition delay times 

IDTs for stoichiometric methanol/ n- heptane mixtures were 

measured at 10, 20 and 30 bar, Fig. 4 . 

IDT data of pure n- heptane (0% CH 3 OH) and methanol (100% 

CH 3 OH) were partly taken from the literature [8 , 21 , 24 , 26 , 44 , 57 , 59] 

and are also presented in Fig. 4 . 

The IDTs measured in this study are in good agreement with 

those at the same conditions presented in the literature, which 

verifies the reliability of the current experimental data (Figs. S3 

and S4 of the Supplementary material). With an increasing frac- 

tion of n- heptane, the reactivities of the mixtures increase signifi- 

cantly, especially at lower temperatures in the range 640 – 900 K. 

At temperatures above this, the reactivities of the different blends 

are very similar, and at temperatures of 970 – 980 K the reac- 

tivities of all blends become the same. The relative reactivities of 

methanol and n- heptane are then reversed at higher temperatures 

( > 980 K). Since differences in methanol and n- heptane IDTs are 

small at high temperatures, IDTs for only the 50/50 blends were 

measured in this temperature range and they fall between those 

of pure methanol and n- heptane. 

At 10 bar, as shown in Fig. 4 (a), at temperatures above 880 K 

the reactivity of the 67/33 CH 3 OH/ n- heptane mixture is very sim- 

ilar to that of pure CH 3 OH. At lower temperatures, the 67/33 

mixture shows very limited low-temperature reactivity within the 

available measurement range. The 50/50 and 25/75 CH 3 OH/ n- 

heptane mixtures show progressively more low-temperature reac- 

tivity and stronger negative temperature coefficient (NTC) behav- 

ior. At 10 bar and at T C = 880 K, the IDT is lower by approxi- 

mately a factor of four ( × 4) for the 50/50 and eight ( × 8) for 

the 25/75 CH 3 OH/ n- heptane mixtures. At the higher pressures of 
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Fig. 4. IDT measurements of stoichiometric methanol/ n- heptane blends at 10, 20, and 30 bar; solid lines are simulations using NUIGMech1.1. Some 100% CH 3 OH data are 

from Fieweger et al. [59] , Pinzón et al. [24] , and Burke et al. [57] ; some n- C 7 H 16 data are from Comandini et al. [8] , Silke et al. [26] , Heufer et al. [44] , and Zhang et al. [21] . 

(For interpretation of the references to color in the legend, the reader is referred to the web version). 

20 and 30 bar, the promoting effect of n- heptane addition on the 

reactivity becomes more pronounced. The presence of only 25% n- 

heptane in the mixture at 30 bar leads to a decrease in IDT of al- 

most a factor of four at 880 K. Moreover, for the 75/25 CH 3 OH/ n- 

heptane mixture the reactivity is greatly enhanced, and this lowers 

the temperature limit at which IDTs can be measured from 850 K 

at 10 bar, to 710 K at 20 bar, and to 690 K at 30 bar. 

As shown in Fig. 4 , the IDTs of pure methanol and n- heptane 

are well captured by NUIGMech1.1 over the entire temperature 

range, and the auto-ignition of the 50/50 blend in the high temper- 

ature range is also well predicted. In the low temperature range, 

NUIGMech1.1 predicts well the promoting effect of n- heptane and 

the non-Arrhenius ignition behavior of the blends. It may be an- 

ticipated that, with an increase in n- heptane in a fuel blend, the 

mixture would show stronger NTC behavior. However, the 50/50 

and 25/75 blends exhibit an equal, if not more noticeable NTC be- 

havior compared to that observed for pure n- heptane, Fig. 4 (a). 

Apart from the increasing importance of n- heptane chemistry in 

the 50/50 and 25/75 fuel blends, heat loss in the RCM experiments 

should also be considered. The IDTs of pure n- heptane in the NTC 

region are mainly measured in the shock tube, while the IDTs of 

these blend mixtures were measured using the RCM. The longer 

IDTs measured in the RCM tend to be more influenced by heat loss 

effects, and become even more pronounced near the high tempera- 

ture limit of the NTC region where higher levels of Ar gas are used 

in the diluent. Comparisons of adiabatic, constant-volume simula- 

tions (Fig. S5) for various mixture compositions confirms that the 

NTC behavior becomes more pronounced with an increase of n - 

heptane in its mixtures with methanol. 

It should also be noted that the transition temperature between 

the NTC and the high temperature domains shifts to higher tem- 

peratures with increasing amounts of n -C 7 H 16 in the fuel mix- 

tures, Fig. 4 . Mixtures with higher methanol concentrations ex- 

hibit an enhanced production of H ̇O 2 radicals from methanol 

via ĊH 2 OH + O 2 ↔ CH 2 O + H ̇O 2 leading to higher concen- 

trations of H 2 O 2 via H-atom abstraction from stable molecules. 

The subsequent dissociation of H 2 O 2 molecules produces two re- 

active ȮH radicals thus ending the NTC domain at relatively 

lower temperatures for high methanol/low n -heptane mixtures. 

This also contributes to the faster reactivity of methanol com- 

pared to n -heptane observed at temperatures in the range of ~960–

1250 K. A detailed discussion on this is provided in Section 4.3.1 

below. 

IDTs of 50/50 methanol/ n- heptane blends at different equiva- 

lence ratios and at pressures from 10 to 30 bar using the RCM are 

shown in Fig. 5 . The reactivities of the blends are enhanced with 

increasing equivalence ratio, especially in the NTC region, because 

the reactions controlling reactivity are mostly fuel relevant ones, 

and thus an increase in fuel concentration leads to shorter IDTs. 

However, at temperatures below ~710 K (the lower limit of the NTC 

region), the reactivities of the ϕ = 1.0 and 2.0 mixtures are very 

similar, and differences with equivalence ratio tend to decrease at 

higher pressures. At 20 bar, Fig. 5 (b), the IDTs of the ϕ = 1.0 and 

2.0 mixtures are consistent and within the uncertainty of the ex- 
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Fig. 5. IDT measurements of methanol/ n -heptane blends at different equivalence ratios, 10–30 bar using RCM. Solid lines are simulations using NUIGMech1.1. (For interpre- 

tation of the references to color in the legend, the reader is referred to the web version). 

Fig. 6. 1st IDT measurements of different methanol/ n- heptane blends at ϕ = 1.0, p = 10 and 30 bar. 

periments. At 30 bar, Fig. 5 (c), the IDTs of the ϕ = 0.5 and 1.0 

mixtures are also very similar. The model shows generally good 

predictions for all mixtures at various pressures and equivalence 

ratios. 

The methanol/ n -heptane blends exhibit two-stage ignition be- 

havior and this is also simulated using the current model, as 

shown in Fig. 6 (more validations are provided in Fig. S6). At 

10 bar, the 1st-stage IDTs of the 25% CH 3 OH blend show a mild 

NTC behavior similar to that for pure n -heptane [60] , and this 

trend is also well captured by the model predictions, although 

not always quantitatively. As the fraction of n -heptane increases 

in the blends, faster 1st −stage ignition times are observed due to 

the enhanced low temperature reactivity of n -heptane relative to 

methanol. The current model generally shows good predictions of 

the 1st IDTs at higher pressures, while at low pressures the 1st- 

staged ignition times are over-predicted by a factor of 2–3. Con- 

sidering the short time scales of the 1st IDTs at this condition, the 

kinetic model is in fair agreement with the experiments. 
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Fig. 7. Measured (symbols) and calculated (lines) laminar flame speeds of methanol/air as a function of equivalence ratio. (a) effect of pressure ( p = 1 atm, 2.5 bar, 5 bar), 

T = 423 K; (b) effect of preheat temperature ( T = 298–423 K), p = 1 atm. 

Fig. 8. Measured (symbols) and calculated (lines) laminar flame speeds of n -heptane/air at different pressures. (a) p = 1 atm, 2.5–5 bar (present work), T u = 423 K; and at 

different preheat temperatures (b) T u = 298–398 K, p = 1 atm [33] . 

4.2. Laminar flame speeds 

Further validations of NUIGMech1.1 were performed using the 

laminar flame speed targets, which serves as a key parameter used 

to characterize combustible mixtures. New measurements were 

taken in the RWTH combustion vessel for methanol/air mixtures at 

an initial temperature of 423 K and at pressures of 1.0 atm and 2.5 

and 5.0 bar, Fig. 7 (a). Note that the corresponding calculations of 

S L were performed using the PREMIX module of Chemkin-Pro 19.0. 

The current model predicts the S L s accurately at all equivalence 

ratios except at ϕ = 1.3 where it slightly over-predicts the exper- 

imental measurement, but it is still within the uncertainty limits. 

Figure 7 (b) shows flame speed measurements reported in the liter- 

ature [31 , 32 , 34] at various pre-heat temperatures ( T u = 298–423 K) 

and the predictions by the model are in good agreement with the 

experiments. 

For n -heptane/air mixtures, Fig. 8 (a) shows the current model 

flame speed predictions compared with measurements taken in 

the present study at pressures of 1 atm and 2.5 and 5.0 bar. 

The model simulates the measured data satisfactorily over the en- 

tire range of equivalence ratios, except at ϕ = 0.8 and 2.5 bar. 

Figure 8 (b) shows the comparison of model predictions against ex- 

perimental measurements reported by Dirrenberger et al. [33] per- 

formed at pre-heat temperatures varying from 298 to 398 K. 

The flame speed simulations are in excellent agreement with 

the reported data except for the very rich mixtures ( ϕ = 1.4–1.6) 

at 353 K, as shown in Fig. 8 (b). Additional validations against 

flame speed data reported at different pressures [37] and different 

pre-heat conditions [61 , 62] are provided in the Supplementary 

material (Fig. S7). Overall, the laminar flame speed simulations 

accurately capture the experimental trends for both the fuels 

across a wide range of equivalence ratios, temperatures, and pres- 

sures. It is worth noting that the maximum methanol/air flame 

speeds occur at a slightly richer mixture ( ϕ = 1.2) compared to 

n- heptane mixtures for which a maximum is typically found at 

ϕ = 1.1. 

In order to investigate the effect of addition of methanol to n - 

heptane on laminar flame speed, measurements for methanol/ n- 

heptane mixtures were also carried out for different blend ratios 

at ϕ = 1.2, because the differences in laminar flame speed be- 

tween neat methanol and neat n- heptane are particularly large at 

that value. The effect of blending n- heptane to methanol is shown 

in Fig. 9 . As expected, laminar flame speeds of the selected blends 

lie between those of the pure fuels. It is observed that the flame 

speed increases as the percentage of methanol is increased. The 

present model replicates this trend successfully and matches the 

experimental data at 1 atm and 2.5 bar very well. This effective 

increase in reactivity of the mixture with higher methanol concen- 
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Fig. 9. Measured (symbols) laminar flame speeds of methanol/ n- heptane blends to- 

gether with the predictions of the present model (lines) at ϕ = 1.2, T u = 423 K and 

p = 1 atm and 2.5 bar. 

trations is similar to the trend observed for IDTs at the high tem- 

perature conditions presented in Fig. 3 . 

4.3. Kinetic analyses and discussion 

4.3.1. Kinetic analyses of the autoignition of methanol/ n- heptane 

blends 

To understand the effect on the oxidation process of methanol 

addition to n- heptane, reaction flux analyses were conducted us- 

ing NUIGMech1.1 for pure n- heptane and a 50/50 CH 3 OH/ n- C 7 H 16 

mixture at T = 800 and 1250 K, p = 20 bar, at 20% n- heptane 

consumption ( Fig. 10 ). At low temperatures, n- heptane oxidation 

is mainly initiated by H-atom abstraction reactions by ȮH lead- 

ing to different fuel-derived radicals that later add to O 2 form- 

ing alkylperoxy radicals, ultimately leading to chain-branching. At 

higher temperatures, alkyl radicals tend to undergo β-scission 

rather than addition to O 2 , Fig. 10 (b). At relatively low tempera- 

tures (650–800 K), alkylperoxy radicals undergo internal H-atom 

transfer reactions forming hydroperoxyl-alkyl radicals. 

Depending on the temperature, the concerted elimination of 

olefins and H ̇O 2 radicals from alkyl-peroxy radicals becomes im- 

portant, reducing reactivity. In this temperature regime (650–

800 K), the addition of hydroperoxyl-alkyl radicals to O 2 takes 

place producing hydroperoxyl-alkyl-peroxy radical. Thereafter, the 

rapid production of ȮH radicals from hydroperoxyl-alkyl-peroxy 

radical dissociation to carbonylhydroperoxide species, which fur- 

ther dissociates to produce ȮH and carbonyl-alkoxy radicals is the 

major chain branching channel at low temperatures. The other 

consumption pathways for hydroperoxyl-alkyl radicals at 800 K 

are dissociation to cyclic ethers and other β-scission products as 

shown in Fig. 10 (a). 

Compared to pure n- heptane, in the blend mixtures H-atom ab- 

stractions by ȮH radicals from n - heptane decrease which is mainly 

attributed to the competition between methanol and n -heptane 

for ȮH radicals. Moreover, CH 3 OH oxidation produces a large frac- 

tion of the H ̇O 2 radicals through the reaction ĊH 2 OH + O 2 ↔ 

CH 2 O + H ̇O 2 . Therefore, adding methanol to a mixture leads to 

an increase in n -heptane consumption by H ̇O 2 radicals at inter- 

mediate temperatures (970–1250 K). The most important reaction 

producing H ̇O 2 radical in the methanol system is ĊH 2 OH + O 2 ↔ 

CH 2 O + H ̇O 2 . For this reaction, the model published by Burke et al. 

[57] utilized the rate constant measured by Grotheer et al. [63] in 

the temperature range 298 – 682 K. At high temperatures, the rate 

constant used by Burke et al. [57] is significantly higher than the 

measurements by Vandooren et al. [64] and Tsuboi and Hashimoto 

[65] in the temperature range 10 0 0 – 20 0 0 K. The current model 

applies a fit recommended by Baulch et al. [66] as shown in Fig. 11 . 

At high temperatures, fuel-derived radicals from n -heptane can 

easily decompose into small molecules via β-scission, which de- 

termines the reactivity of the fuel mixture. For methanol blended 

mixtures, H-atom abstractions by ĊH 3 radicals decrease while 

those via ȮH and H ̇O 2 radicals slightly increase compared to pure 

n- heptane. This is because the increased concentration of H ̇O 2 rad- 

icals consume ĊH 3 radicals via ĊH 3 + H ̇O 2 ↔ CH 3 ̇O + ȮH. Cross- 

reactions, such as H-atom abstraction from n- C 7 H 16 by CH 3 ̇O, ĊH 3 , 

and ĊH 2 OH radicals contribute little to n -heptane consumption. 

The major interaction between these two fuel systems is through 

free radicals, among which ȮH and H ̇O 2 are by far the most im- 

portant. 

As previously discussed in Section 4.1 , at temperatures below 

970 K, an increase in methanol in the blends significantly increases 

IDTs, whereas at temperatures above this the opposite is true. To 

reveal the driving forces in deciding the reactivity of methanol/ n- 

heptane mixtures at different temperatures, sensitivity analyses 

were conducted for pure n -heptane and the 50/50 methanol/ n- 

heptane mixture at 20 bar, 800 and 1250 K. The sensitivity coef- 

ficient (S) for each reaction was calculated using: 

S = log( τ2 / τ0 . 5 ) / log ( 2 / 0 . 5 ) 

where, τ 2 and τ 0.5 are respectively the IDTs computed with the 

rate constant increased or decreased by a factor of two. 

A positive sensitivity coefficient indicates that this specific re- 

action increases the IDT, and thus decreases the system reactiv- 

ity, and vice versa. According to Fig. 12 (a), H-atom abstraction by 

ȮH from CH 3 OH producing ĊH 2 OH and H 2 O is the most sensi- 

tive reaction inhibiting reactivity at low temperatures, while H- 

atom abstractions from n- heptane by ȮH are the most important 

in promoting mixture reactivity. At these relatively low tempera- 

tures of 800 K, n- heptane specific reactions such as the addition of 

hydroperoxyl-alkyl ( ̇ Q OOH) radicals to O 2 also show negative sensi- 

tivity, since they lead to the subsequent chain branching pathways. 

For the methanol blended mixtures, the reaction CH 3 OH + ȮH ↔ 

ĊH 2 OH + H 2 O is responsible for a significant fraction of ȮH radi- 

cal consumption (Fig. S8) and hinders the n -heptane oxidation re- 

actions initiating through H-atom abstraction by ȮH radicals and 

thus slows down the overall reactivity. The rate constant adopted 

for CH 3 OH + ȮH ↔ ĊH 2 OH + H 2 O is illustrated in Fig. S9. Fur- 

thermore, ĊH 2 OH radicals react with O 2 producing CH 2 O and H ̇O 2 

radicals via ĊH 2 OH + O 2 ↔ CH 2 O + H ̇O 2 . The resultant H ̇O 2 radical 

undergoes a self-recombination reaction to produce H 2 O 2 through 

H ̇O 2 + H ̇O 2 ↔ H 2 O 2 + O 2 , which inhibits reactivity at low temper- 

atures. 

As temperatures increase, H 2 O 2 is also formed from H-atom ab- 

stractions from both fuels by H ̇O 2 radicals as indicated by the in- 

crease in their sensitivity coefficients in Fig. 12 (b). In the case of 

n -heptane, H-atom abstraction by H ̇O 2 leads to the formation of 

heptyl radicals that readily decompose into smaller hydrocarbon 

radicals and olefins through β-scission reactions ( Fig. 10 (b)). How- 

ever, H-atom abstraction by H ̇O 2 radicals from methanol produces 

ĊH 2 OH, which further generate H ̇O 2 radicals via reaction with O 2 , 

thus sustaining the H-atom abstraction channel by H ̇O 2 as well as 

producing H 2 O 2 and ultimately two ȮH radicals which significantly 

promotes the ȮH production rate, Fig. 12 (b). Therefore, methanol 

blended mixtures exhibit higher reactivity at temperature above 

970 K. At high temperatures competition for H ̇O 2 radicals domi- 

nates the blend’s reactivity and these H ̇O 2 relevant reactions gen- 

erally have large sensitivity coefficients. Unimolecular decomposi- 

tion reactions of n -C 7 H 16 which are important in pure n -heptane 

oxidation are not sensitive in the blended mixtures. 
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Fig. 10. Reaction flux analysis of pure n -heptane (black) and 50/50 CH 3 OH/ n -heptane mixture (red) at 20 bar, (a) 800 K and (b) 1250 K, where the fuel consumption rates 

of n -heptane is 20%. (For interpretation of the references to color in the legend, the reader is referred to the web version). (For interpretation of the references to color in 

this figure legend, the reader is referred to the web version of this article.) 

4.3.2. Kinetic analyses for effect of methanol addition on n -heptane 

laminar flame speeds 

The increase in flame speed observed for mixtures with higher 

methanol concentrations can be attributed to thermal and/or 

chemical effects. The former represents changes in the thermal 

properties such as C p , the calorific value of the fuel or the thermal 

diffusivity of the mixture which lead to a rise in the peak flame 

temperature thereby leading to an increase in reactivity. The lat- 

ter represents changes in the chemical reaction pathways leading 

to an increase in key radical concentrations in the reaction zone 

and thus, an increase in reactivity. Figure 13 shows that increas- 

ing CH 3 OH composition in the fuel from 30% to 90% leads to an 

increase in flame speed by about 12%, while the peak flame tem- 

perature drops by ~30 K (1.3%). This comparison clarifies that the 

increase in flame speed caused by methanol addition is primarily 

due to the chemical kinetics rather than its effect on the thermal 

properties of the mixtures. Comparisons of the peak concentrations 

of key radical concentrations significantly increases (by a factor of 

five) as the amount of CH 3 OH is varied from 30% to 90% in the 

blended mixtures. 

Figure 14 compares the concentration profiles of CO, ȮH, Ḣ, Ö

and H ̇O 2 for the 90/10 and 20/80 CH 3 OH/ n -C 7 H 16 mixture cases at 

ϕ = 1.2. It is observed that the peak concentrations of ȮH and H ̇O 2 

radicals are higher for the higher methanol case. A rate of produc- 

tion analysis to ȮH radicals shows that the reaction H ̇O 2 + Ḣ ↔ 

ȮH + ȮH contributes to increased ȮH radical production, which is 

attributed to the rise in H ̇O 2 concentrations for the higher CH 3 OH 

case. A comparison of the heat release rate profiles also shows 

that the former case exhibits a ~25% higher heat release rate com- 

pared to the latter. The comparison further confirms the domi- 
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Fig. 11. Comparison of rate constant for ĊH 2 OH + O 2 ↔ CH 2 O + H ̇O 2 . 

nance of chemical kinetics over thermal effects on the enhance- 

ment of flame speed. 

A sensitivity analysis comparison was carried out for differ- 

ent n -heptane/methanol mixtures to identify the key reactions 

influencing laminar flame speeds, as shown in Fig. 15 . Four 

mixtures containing 100% n -C 7 H 16 , 50/50 n- C 7 H 16 /CH 3 OH, 20/80 

n -C 7 H 16 /CH 3 OH and 100% CH 3 OH were considered in this study. 

As expected, small molecule reactions such as Ḣ + O 2 ↔ Ö + ȮH, 

H ̇CO ( + M) ↔ Ḣ + CO ( + M) and CO + ȮH ↔ CO 2 + Ḣ are impor- 

tant reactions that enhance flame reactivity, while the reactions 

Ḣ + ȮH ( + M) ↔ H 2 O ( + M) and H ̇CO + Ḣ ↔ CO + H 2 reduce 

flame speed predictions for all mixtures. As shown in Fig. 15 , 

the thermal reaction between H ̇CO and Ḣ is the most sensitive 

reaction inhibiting flame reactivity for all conditions. Previous NUI 

Galway models [21 , 57] implemented a temperature independent 

rate constant based on the experimental study by Timonen et al. 

[67] , in which the overall rate for H ̇CO + Ḣ was obtained over the 

limited temperature of 296–418 K. However, the rate adopted in 

the previous models was about a factor of three lower than the 

measured data by Hidaka et al. [68] and Cribb et al. [69] in the 

temperature range of 120 0–270 0 K. In the present work, the rate 

Fig. 12. Sensitivity analyses for 50/50 CH 3 OH/ n- heptane mixture at 20 bar. 
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Fig. 13. Comparison of laminar flame speed and adiabatic flame temperature as a 

function of methanol addition to n -heptane/air mixtures ϕ= 1.2, T = 423 K and 

p = 1 atm. 

coefficients for this reaction have been derived from the theoreti- 

cal work of Harding and Wagner [70] , which is in good agreement 

with the experimentally measured rates at higher temperatures by 

Hidaka et al. and Cribb et al. [68 , 69] . 

Figure 15 shows that the recombination reaction of Ḣ atoms 

and ȮH radicals producing water is also important for laminar 

flame speed predictions of all n- C 7 H 16 /CH 3 OH mixtures. In our pre- 

vious models [21 , 57] , a pressure independent Arrhenius expression 

was included for this reaction based on the recommendation by Li 

et al. [71] . In this work, the temperature and pressure-dependent 

expression of rate coefficients for the Ḣ + ȮH ( + M) ↔ H 2 O ( + M) 

reaction have been adopted from the high-level theoretical study 

of Sellevåg et al. [72] , who conducted a high-level quantum chem- 

istry study at the CASPT2/aug-cc-pVTZ level of theory. 

Fig. 14. Comparison of CO, ȮH, Ḣ, Ö and H ̇O 2 concentration profiles along with 

heat release rate profiles between 90/10 CH 3 OH/n-C 7 H 16 and 20/80 CH 3 OH/n-C 7 H 16 

freely propagating flames. ϕ = 1.2, p = 1.0 atm, T u = 423 K. 

Fig. 15. Flame speed sensitivity analyses comparison for 100% n -C 7 H 16 , 50/50 n- C 7 H 16 /CH 3 OH, 20/80 n- C 7 H 16 /CH 3 OH and 100% CH 3 OH mixtures at ϕ = 1.2, T = 423 K and 

p = 1 atm. 
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Fig. 16. Reaction flux diagram showing (a) H-atom consumption channels for 30:70, (b) H-atom consumption, H ̇O 2 production channel from CH 3 OH for 90:10 CH 3 OH/ n -C 7 H 16 

mixture. 

For mixtures with high concentrations of CH 3 OH (80% and 

100%), unimolecular decomposition of hydroxy–methylene radical, 

ĊH 2 OH ( + M) ↔ CH 2 O + Ḣ ( + M), and its formation through the 

reaction ĊH 3 + ȮH ↔ ĊH 2 OH + Ḣ become increasingly impor- 

tant. The present model utilizes a rate constant that is 30% higher 

than the rate determined by Jasper et al. [73] , which is within 

the uncertainty of the stated theoretical calculation. In the pre- 

vious model by Burke et al. [57] , the rate constant for the for- 

mation of ĊH 2 OH and Ḣ channel was increased by a factor of 

two to attain better agreement with CH 3 OH flame speed measure- 

ments. Additionally, H ̇O 2 + Ḣ reactions also show large sensitiv- 

ity coefficients for these mixtures. The reaction producing two ȮH 

radicals leads to an increase in highly reactive ȮH concentrations 

and therefore, shows a positive sensitivity towards flame speed. 

Whereas the competing chain terminating channel producing H 2 

and O 2 shows negative sensitivity. In order to understand the dif- 

ferences in the key sensitive reactions observed for these mixtures, 

a reaction pathway analysis was conducted. 

A flux diagram comparing the consumption channels of Ḣ 

atoms for 30/70 and 90/10 CH 3 OH/ n -C 7 H 16 mixture is shown in 

Fig. 16 (a) and (b), respectively. In the case of the 30/70 mixture, 

~35% of Ḣ atoms are consumed through abstraction from n- C 7 H 16 

producing heptyl radicals and H 2 . This is followed by Ḣ atom ad- 

dition to O 2 (6.1%) and C 2 H 4 (4.3%) producing H ̇O 2 and Ċ 2 H 5 radi- 

cals, respectively. Only 2.5% of Ḣ atoms are consumed via Ḣ + H ̇O 2 

↔ ȮH + ȮH which produces two highly reactive radicals in this 

mixture. Contrary to this, in the case of the 90/10 mixture, a large 

increase in Ḣ atom consumption through this channel is observed 

with approximately 13% of the Ḣ atoms reacting with H ̇O 2 radi- 

cals to produce two ȮH radicals. This increased contribution may 

be attributed to the rise in H ̇O 2 radical concentrations as discussed 

earlier. 

Figure 16 (b) also shows that ĊH 2 OH which is produced by H- 

atom abstraction from CH 3 OH, undergoes subsequent H-atom ab- 

straction by O 2 producing CH 2 O (formaldehyde) and H ̇O 2 radicals. 

The additional H ̇O 2 generated leads to a rise in the rate of H ̇O 2 + Ḣ 

↔ ȮH + ȮH. This is in agreement with the increase in sensitivity 

coefficients observed in Fig. 15 for mixtures containing large con- 

centrations of CH 3 OH. 

5. Conclusions 

In this study, IDTs and laminar flame speeds of pure methanol, 

pure n- heptane, and their mixtures at various blending ratios were 

measured over a wide range of conditions covering engine relevant 

regimes. We provide a newly developed mechanism, NUIGMech1.1, 

which is validated against the experimental data measured in this 

work together with other available literature data, showing good 

agreement. The investigation also focuses on understanding the 

effect on the reactivity of n -heptane by adding methanol, which 

shows opposing effects at low ( < 970 K) and high temperatures 

( > 970 K). By adding methanol, the low temperature reactivities of 

the blend mixtures decrease and the NTC behavior becomes less 

pronounced. However, at high temperatures blends with larger per- 

centages of methanol show shorter IDTs and faster laminar flame 

speeds. 

Kinetic analyses reveal that adding methanol to n- heptane leads 

to its competition with n- heptane for ȮH radicals and thus, in- 

hibits low- and intermediate temperature n -heptane oxidation ki- 

netics. Increasing the percentage of methanol in blends promotes 

the formation of H ̇O 2 radicals due to the reaction ĊH 2 OH + O 2 ↔ 

CH 2 O + H ̇O 2 . At lower temperatures, while H ̇O 2 self-recombines 

to produce stable H 2 O 2 molecule, with increasing temperature a 

larger percentage of H ̇O 2 radicals tend to produce H 2 O 2 by H-atom 

abstractions from the fuel molecules, which easily decompose pro- 

ducing two reactive ȮH radicals. Since, the H-atom abstraction 

channel is sustained by the regeneration of H ̇O 2 via the reac- 

tion ĊH 2 OH + O 2 ↔ CH 2 O + H ̇O 2 , mixture blends with methanol 

show shorter IDTs compared to n -heptane at high temperatures ( > 

970 K). For laminar flame speeds, the increase in H ̇O 2 concentra- 

tion in the reaction zone due to methanol addition, and the subse- 

quent reaction with Ḣ atoms producing two ȮH radicals also lead 

to an increase in flame speed measurements. 
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