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a b s t r a c t 

Laminar burning velocities of methylcyclohexane and toluene blended with ammonia have been deter- 

mined using the heat flux method at atmospheric pressure and initial temperature of 338 K, over equiva- 

lence ratios ranging from 0.7 to 1.3 and ammonia blending fractions in the binary fuel mixtures from 0 to 

90%. It was observed that the addition of ammonia to methylcyclohexane and toluene leads to a decrease 

in laminar burning velocity that is not proportional to the ammonia mole fraction. Such a burning ve- 

locity reduction is due to synergistic thermal and kinetic effects. In addition, ammonia has a slightly 

higher impact on the burning velocities of toluene due to fuel structure effects. The CRECK detailed 

kinetic model has been used to interpret the experimental measurements and minor modifications on 

methylcyclohexane, toluene, and methyl-phenoxy radical chemistry allowed even improved agreement. 

New experimental results have been compared with predictions of this refined kinetic mechanism. The 

model provided good predictions of the measurements capturing the effect of equivalence ratio and am- 

monia fraction ranges investigated. Finally, a mass fraction-based mixing rule was shown to be predictive 

for binary blends of NH 3 with methane and several hydrocarbons typically used to formulate surrogates 

for practical fuels. 

© 2021 The Author(s). 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/ ) 
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. Introduction 

Recently ammonia (NH 3 ) has received revitalized interest as a 

romising renewable and carbon-free energy carrier. This consider- 

tion has motivated numerous test studies focused on direct NH 3 

tilization in internal combustion engines, stationary gas turbines, 

nd industrial furnaces as recently summarized by Valera-Medina 

t al. [1] . Such investigations mainly focused on overcoming the 

itrogen-based pollutant emissions and the unfavorable combus- 

ion characteristics of NH 3 compared to conventional hydrocarbon 

uels such as its low flame temperature, low laminar burning ve- 

ocity, high auto-ignition temperature, narrow flammability range, 

igh heat of vaporization, low lower heating value (on a mass ba- 

is), high minimum ignition energy, high ignition delay time, low 

adiation intensity, and slow chemical conversion rate. 

In order to address these challenges, several investigators have 

onsidered enhancing the combustion by doping NH 3 with H 2 [2–
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6] , which could be produced in situ from NH 3 partial dissocia- 

ion, leading to better ignitability, increased laminar burning ve- 

ocity and extended flammability range. Another potential com- 

ustion promoter that has been tested is methane, the main fuel 

or gas turbines power generation [ 7 , 17-19 ]. Contemporary stud- 

es also extensively investigated the performances of dual fueled 

ombustion of NH 3 with diesel [ 3 , 20-23 ], biodiesel [20] , and

imethyl ether [ 24 , 25 ] in compression-ignition engines; gasoline 

 4 , 6 , 26-28 ] or gasoline/alcohols [29] in spark-ignition engines; 

nd kerosene in gas turbines [19] . These co-firing approaches are 

f practical interest either to reduce carbon-based emissions, or to 

nhance combustion when NH 3 is the primary fuel. 

Such studies have succeeded in demonstrating the potential of 

H 3 as a flexible fuel in conventional combustion systems without 

ajor design modifications and, for this purpose, the relevance of 

uxiliary fuels to be co-fired with NH 3 to counteract its unfavor- 

ble combustion properties has been underlined. However, despite 

he encouraging progress that has been reached in the implemen- 

ation of NH 3 in current combustion-based applications, the opti- 

al design and reliable operation of practical combustors over a 

ide range of conditions also require a thorough understanding of 
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he combustion chemistry of NH 3 -containing mixtures. While var- 

ous chemical kinetic models have been proposed and validated 

or hydrocarbons and NH 3 individually, it is not the case for their 

lends. Such a gap between kinetic studies of neat fuels and en- 

ine studies of fuel mixtures emphasizes the need for fundamental 

xperimental data of high fidelity on these blends to provide addi- 

ional useful validation targets for a comprehensive model valida- 

ion. 

One of the key fundamental properties to characterize the com- 

ustion behavior of any fuel or fuel blend is the laminar burning 

elocity (S L ). Its knowledge is invaluable for the design of combus- 

ion devices, for turbulent combustion modeling, and for the vali- 

ation of chemical reaction mechanisms. As a matter of fact, in an 

ffort to advance this understanding, recent works by several re- 

earch groups considerably extended the experimental S L database 

f NH 3 -based mixtures [ 16 , 30-47 ]. The availability of these tar-

et data boosted the development of new detailed kinetic mecha- 

isms that provided important insights into the underlying oxida- 

ion process of NH 3 and its blends with hydrogen, syngas, and nat- 

ral gas. Nevertheless, the information available in archival litera- 

ure is still insufficient considering that, to the best of our knowl- 

dge, dedicated studies focused on the interactions of NH 3 with 

ractical hydrocarbon fuels, such as gasoline, diesel, or kerosene, 

re only limited to our recent publication [48] , where S L for blends 

f n-heptane, isooctane, and methane with NH 3 were experimen- 

ally and numerically explored and the results interpreted on the 

asis of thermal, kinetic and transport effects. It was shown that 

he influence of NH 3 on the high-temperature combustion behav- 

or of high-molecular-weight fuels is quite general because the co- 

xidation of NH 3 and large-carbon-number hydrocarbons occurs 

ith little mutual interaction and the controlling role is held by 

he oxidation rates of small fragments in the main reaction zone of 

he flame, similar to NH 3 –CH 4 systems. However, it is not certain 

hether this is also true for flames of NH 3 in combination with 

ther reference fuel classes typically present in real transportation 

uels, such as aromatics and naphtenes, where the fuel-specific in- 

ermediate distribution plays a more important role compared to 

- and isoparaffins. Additional experiments and analyses can an- 

wer this question, which is the goal of the present work. There- 

ore, two essential components of any road or jet engine fuel sur- 

ogate [ 49 , 50 ], namely methylcyclohexane (MCH) and toluene, 

re selected in this study as the representatives of cycloparaffins 

nd aromatics. The specific objective is to measure the S L of their 

lends with NH 3 over a broad stoichiometry range using the heat 

ux method to comparatively examine the effect of NH 3 enrich- 

ent on flame propagation in the case of hydrocarbons with the 

ame carbon atom number (i.e., C7) but different molecular struc- 

ures. Furthermore, the results are interpreted in terms of a chemi- 

al kinetic model presented and minorly updated for the scopes of 

his work. 

. Experimental details 

Premixed laminar flames were stabilized at atmospheric pres- 

ure on a flat flame burner compliant with the heat flux method. 

he stationary flames generated through this method can essen- 

ially be considered adiabatic, one-dimensional, and stretchless. A 

etailed description of the method, experimental setup, operation, 

ata processing, and uncertainty analysis can be found elsewhere 

51] , thus only the key elements are outlined here. 

All heat flux burners employed so far in our laboratory are 

ade of brass and it is well known that NH 3 can be corrosive to-

ards such a material. Hence, the burner with the worst perfor- 

ances due to an old design, designated as burner “E2” by Alek- 

eev et al. [51] , was employed. This burner was already successfully 

sed for measuring S of NH -containing mixtures [ 47 , 48 ] where
L 3 

2 
he influence of NH 3 adsorption on the brass surface was consid- 

red to be negligible. However, its use leads to a higher uncer- 

ainty of the measured S L than commonly reported for measure- 

ents performed with the heat flux method (usually < 1 cm/s) 

48] . 

The burner plate and the plenum chamber were both heated 

sing circulating water throughout two separate jackets. During 

he experiments, the temperature of the plate edge was main- 

ained at 368 K, while the temperature of the plenum chamber 

t 338 K ( ± 1 K). The latter fixes the desired initial temperature of 

he fresh gas mixture (T g ). This temperature was chosen in order 

o cover a wide range of equivalence ratios, which is constrained 

y the vaporization limit of the mixtures. 

The positive temperature difference between the burner plate 

nd the inlet mixture allows compensating the heat loss neces- 

ary for stabilizing the flame and the heat gain of the unburned 

as from the plate. When the two terms are balanced, the net 

eat flux is zero and an adiabatic flame with respect to the burner 

s created. For this condition, the radial temperature distribution 

ver the burner plate is uniform and equal to the temperature 

f the burner plate. This is recorded by eight Chromel-Constantan 

hielded thermocouples, whose junctions (0.5 mm diameter) are 

nserted into different holes of the burner surface at specific radii 

rom the center. By changing the flow rate of the fresh gas mix- 

ure, an appropriate value can be found to achieve such a condi- 

ion, where the velocity of the unburned gas corresponds to S L . 

ermanns [52] found that the temperature difference between the 

urner plate and T g should be higher than 30 K to avoid flame 

nstabilities. However, as explained, this �T has been set to 30 K 

n the present experiments. Consequently, most of the investigated 

ames exhibited corrugation or cellularity around adiabatic condi- 

ions. In these cases, S L was determined by extrapolation from flat 

ub-adiabatic conditions. An example of evaluating S L from sub- 

diabatic flames and the associated uncertainties can be found in 

51] . 

A mixing panel provides controlled flow rates and compositions 

f the fresh mixtures. The liquid fuels feeding system consists of 

 stainless steel reservoir pressurized with nitrogen to feed the 

uel through a Coriolis liquid mass flow controller into a Controlled 

vaporator Mixer (CEM), both from Bronkhorst High-Tech. The to- 

al uncertainty of the liquid flow rate is a sum of 0.5 g/h plus 

he stated flow repeatability of the liquid flow controller, which 

s within 0.2% of the set-point. Neat MCH and toluene were used 

s delivered respectively by Alfa Aesar and Merck in sealed bot- 

les and their purity was ≥ 99%. The gasses, NH 3 (99.98%) and 

ynthetic air (21% O 2 , 1% relative uncertainty), were delivered by 

GA and their required flow rates were controlled through two 

ronkhorst High-Tech digital thermal mass flow controllers. The air 

ow was also used as a carrier gas to facilitate the vaporization 

rocess as a mixing component and to transport the vapor. The 

wo gas flow controllers were calibrated shortly before the mea- 

urements using a positive displacement calibrator (MesaLabs De- 

ner 220). The total uncertainty of the gas flow rates is a sum of 

% stated accuracy of the calibrator plus the stated flow repeatabil- 

ty of the mass flow controllers, which corresponds to 0.2% of the 

et operating conditions. To prevent fuel condensation throughout 

he fueling system, an electrically heated pipe was used to connect 

he evaporator to the plenum chamber and its temperature was set 

qual to T g . 

Detailed analysis and quantification of the experimental un- 

ertainties were reported earlier [51] and the relative combined 

tandard uncertainty of S L in the present measurements was esti- 

ated to be between 4.4 and 6.4%, depending on the experimental 

onditions. Measurements were conducted for single-component 

CH/air and toluene/air mixtures and binary blends of them with 

H 3 . For the blends, two volume contents of NH 3 were considered, 
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amely 0.25 and 0.50, with a maximum combined standard un- 

ertainty in the NH 3 mole fraction of 0.006. For these mixtures, 

he equivalence ratio ( �) was adjusted from 0.7 to 1.3 with uncer- 

ainty between 0.013 and 0.021. Then, in stoichiometric mixtures, 

he mole fraction of NH 3 was varied from 0 to 0.9 with a step of

.1. Due to the very low reactivity of NH 3 , it was not possible to

ncrease its mole fraction above 0.9 with the present installation. 

n particular, when the S L falls below about 10 cm/s, which is the 

ase of pure NH 3 , stabilization of the flame on a heat flux burner

s only possible by increasing the difference between the temper- 

ture of the burner plate and T g to values higher than 70 K, for

xample using oil instead of water as the heating fluid [41] . The 

xperimental values of the S L measured in the present study with 

he associated uncertainties are given in the Supplementary Mate- 

ial (Tables S1-S8). 

. Modeling details 

Numerical simulations were performed by solving the one- 

imensional, freely propagating, adiabatic flame problem with the 

remixed Laminar Flame-Speed module of the ANSYS Chemkin 17.0 

oftware. The steady-state mass, species, and energy conservation 

quations were solved with non-uniform mesh spacing, using a 

ixture-averaged transport formula, without radiative heat trans- 

er and including thermal diffusion. A grid-independent solution 

as ensured by setting the parameters GRAD and CURV to 0.03, 

esulting in a number of grid points around 50 0–70 0 over the do- 

ain of 3 cm. This numerical tool was used to compute S L and to

erform kinetic analyses to study the effect of NH 3 concentration 

n the propagation of MCH/NH 3 and toluene/NH 3 mixtures. 

To the best of our knowledge, the CRECK model is the only 

ne suitable for predicting S L in flames of NH 3 and hydrocarbons 

ith chain lengths above C 3 . Moreover, it has been shown that this 

odel accurately captures the S L of methane, n-heptane, isooctane, 

nd their blends with NH 3 [48] . Thus, it is meaningful to validate 

nd expand its application range to blends of MCH and toluene 

ith NH 3 , which has never been done before owing to the lack of 

alidation data. 

.1. Kinetic model 

The CRECK kinetic model (2003, March 2020) [53] developed 

t Politecnico di Milano accounts for the combustion chemistry 

f a variety of species relevant to gasoline, bio-fuels and bio-oils, 

iesel, bio-diesel and aviation fuels [54] . The modular structure of 

he CRECK model allows to seamlessly couple additional modules 

uch as NO x [55] and NH 3 chemistry [56] , as well as a discrete sec-

ional soot formation model, also developed at CRECK [57–59] . The 

odel thus obtained constitutes a suitable tool also for the analy- 

is of compositional effects on the formation of pollutants. 

At the core of the kinetic model is the Aramco C0–C2 mecha- 

ism from Metcalfe et al. [60] and the C3 subset from Burke et al.

61] . Updates from [62] have been recently reported for the C0–

1 chemistry. A discussion of the low- and high-temperature com- 

ustion mechanisms and of the general principles used to repre- 

ent heavier components can be found in Ranzi et al. [54] . Recent 

pdates to mono-aromatic and poly-aromatic hydrocarbons are re- 

orted in [63–66] . Specifically, the MCH and toluene subsets are 

espectively from Mairinger et al. [67] and from Pelucchi et al. 

68] . Some minor modifications to the MCH and toluene subsets 

ave been applied so as to better match the new experimental data 

resented in this work, as discussed in Section 3.2 . A wide range 

f validation of the updated model is reported in the Supplemen- 

ary Material (Figs. S1-S33) and includes speciation data in differ- 

nt ideal reactors as well as ignition delay times in shock tubes 
3 
nd rapid compression machines and other laminar burning ve- 

ocity measurements [69–93] . The objective of such effort is to al- 

ays guarantee the best compromise between performances over 

 wide range of experimental conditions (T, p, �, and fuels or fuel 

ixtures) and new theoretical findings, or experimental evidences 

94] . 

The kinetic model thus obtained is provided, with thermody- 

amic and transport properties, as Supplementary Material to this 

tudy. The high temperature mechanism that we suggest for flame 

imulations contains 396 species and 12,819 reactions, including 

H 3 /NO x subset [ 55 , 56 ]. The global high and low temperature

echanism, covering both the high and low temperature oxida- 

ion regimes for MCH, toluene and other reference fuels contains 

20 species and 15,924 reactions and is also attached for sake of 

ompleteness. 

.2. Modifications to the original CRECK kinetic model 

Table 1 shows reactions belonging to MCH and toluene subsets 

or which rate constants have been modified for the purposes of 

his study, with respect to the original CRECK mechanism (March 

020, version 2003) [ 64 , 67 , 68 ]. Figure 1 shows comparisons be-

ween rate constants from the previous CRECK mechanism and 

rom the literature. The full set of validation targets, covering both 

igh and low temperature oxidation conditions is reported in the 

upplementary Material. Table 1 also reports the references to the 

pecific studies from which the rate constants have been adopted, 

etailing the extent of the adjustments compared to the starting 

RECK kinetic model. Most of the modifications deal with the pro- 

uction or consumption of Ḣ. Indeed, as discussed by Ranzi et al. 

95] , reactions producing Ḣ such as radical decomposition reac- 

ions, initiation reactions breaking a C 

–H bond generally increase 

 L , as they provide Ḣ atoms to the branching reaction dominat- 

ng the chemistry of flames, i.e. Ḣ + O 2 = ̇OH + Ö. Conversely, reac-

ions consuming Ḣ such as H-abstraction and recombination re- 

ctions inhibit flame propagation. This can be clearly seen from 

ig. 2 , which reports the first order normalized sensitivity of S L for 

toichiometric MCH/air and toluene/air flames computed using the 

RECK original mechanism. 

Rate coefficients have been modified by a maximum factor of 2, 

hich is well within the uncertainties of theoretical studies, where 

vailable, and well below expected uncertainties for rate constants 

erived by analogy or less accurate estimates. H-abstraction re- 

ctions by Ḣ from MCH (denoted in the model as MCYC6) have 

een theoretically determined by Wang et al. [96] using CBS-QB3. 

ncertainties in single point energies calculations with CBS-QB3 

re in the order of ∼2.5 kcal/mol as reported by Simmie and 

omers [99] . This uncertainty in energy barriers already reflects 

nto a factor of ∼1.9–3.5 over the temperature range T = 10 0 0–

0 0 0 K, even neglecting uncertainties in frequencies, and therefore 

artition functions, determination. The rate constants proposed by 

ang et al. [96] were originally adopted as reported in Mairinger 

t al. [67] and increased by a factor of 2 in this study for (R1).

i et al. [97] theoretically investigated the H-abstraction reactions 

y Ḣ from toluene (denoted in the model as C 7 H 8 ) (R2 and R3)

sing the G4 method that provides a slightly improved accuracy 

 ∼1 kcal/mol) compared to CBS-QB3 [99] . For this reason, rate con- 

tants by Li et al. [97] were increased by a factor of 2 in the work

f Pelucchi et al. [68] on toluene pyrolysis and oxidation. In this 

tudy, we have chosen to adopt the original values by Li et al. 

97] to further improve the agreement with the new S L measure- 

ents presented in this study without significantly affecting other 

alidation targets. 

Methyl-phenol (CRESOL, CH3-Ph 

–OH where pH represents the 

romatic ring) and methyl-phenoxy radical (CH3-Ph- ̇O) play a 

ey role in toluene oxidation kinetics as deeply discussed pre- 
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Table 1 

Rate constants modified in the context of this work. Units are cm 

3 , mol, s, cal. 

Reaction A n Ea [cal/mol] Reference | Notes 

R1 Ḣ + MCYC6 ↔ H 2 + RMCYC6 6.74 10 6 2.46 5238.05 [96] | A x 2 a 

R2 Ḣ + C 7 H 8 ↔ C 7 H 7 + H 2 1.07 10 6 2.27 4392.37 [97] | A / 2 b 

R3 Ḣ + C 7 H 8 ↔ CH 3 C 6 H 4 + H 2 2.00 10 8 1.83 14,381.82 [97] | A / 2 b 

R4 RCRESOL ̇O → C 6 H 6 + ̇H + CO 9.00 10 13 0.00 52,000.00 [ 64 , 68 ] | A x 1.5 b , c 

R5 Ḣ + RCRESOL ̇O ↔ CRESOL 1.00 10 14 0.00 0.00 [ 64 , 68 ] | A / 1.5 b , c 

R5 rev 8.90 10 14 0.00 85,864.98 [ 64 , 68 ] | A / 1.5 b , c 

Notes: a modification since Mairinger et al. [67] 
b modification since Pelucchi et al. [68] 
c modification since Pelucchi et al. [64] .R4 and R5 are high pressure limit rate constants. 

Fig. 1. Comparisons between rate constants from the CRECK original mechanism [ 64 , 67 , 68 ] and rate constants in the modified mechanism here presented. Literature values 

of the same or analogous reactions (e.g. phenol/phenoxy) are also reported [ 66 , 98 ]. 
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iously [ 68 , 100 ]. Resonantly stabilized methyl-phenoxy radical 

RCRESOL ̇O) is formed by the addition of methyl-phenyl radical to 

 2 (O 2 + CH 3 C 6 H 4 ↔ RCRESOL ̇O + Ö) as discussed by da Silva et al.

100] . Successive reactivity of methyl-phenoxy radical in flames 

an lead to termination, when recombination with Ḣ occurs (R5), 

r branching through a decomposition reaction (R4), analogous to 

henoxy radical decomposition to cyclopentadienyl radical (C 5 H 5 ) 

nd CO recently investigated in [66] . R4 is implemented in a 

umped form so as to avoid the inclusion of α-hydrofulvenyl rad- 

cal. Based on the sensitivity analysis we decreased by a factor 

f 1.5 the termination channel (R5) and increased by the same 

mount the branching channel (R4). Our final values fall well 

ithin an average factor of ∼3 from the recent theoretical deter- 

ination of C 6 H 5 ̇O + H ↔ C 6 H 5 OH and C 6 H 5 ̇O ↔ C 5 H 5 + CO by Pratali

affei et al. [66] , and within a factor of ∼2–5 from the estimates

y Wagnon et al. [98] . Overall, it is our belief that such modifi-

ations to cresol chemistry are generally within expected uncer- 

o

4 
ainties of available rate constants from the literature. However, 

ystematic theoretical studies for such reaction classes (i.e. radi- 

al recombination reactions, unimolecular initiation reactions, ad- 

ition to O 2 of phenyl-like radicals, etc.) should be performed for 

romatic and oxygenated aromatic compounds such as benzene, 

oluene, phenol and phenolic species with multiple substitutions, 

long the same lines of recent theoretical investigations [ 65 , 66 ]. 

. Results 

.1. Validation of the experimental and modeling methodology 

First, to assess the accuracy of the present measurements, a 

omparison with benchmark S L data available in the literature for 

ure MCH and toluene is carried out and it is presented in Figs. 3

nd 4 at an initial temperature of 338 K and atmospheric pressure, 

ver a � range of 0.7–1.3. There have been several determinations 

f S for the aforementioned fuels, though only two studies have 
L 
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Fig. 2. S L sensitivity coefficients calculated for stoichiometric MCH-air (black bars) 

and toluene-air (red bars) mixtures at 1 atm and 338 K using the CRECK original 

mechanism. 

Fig. 3. Experimental (symbols) and simulated (lines) S L of MCH-air flames versus 

� at T g = 338 K and p = 1 atm. Black squares: present work. Red circles: Matveev 

et al. [101] . Dashed line: CRECK original. Solid line: CRECK modified. 

Fig. 4. Experimental (symbols) and simulated (lines) S L of toluene-air flames ver- 

sus � at T g = 338 K and p = 1 atm. Black squares: present work. Red circles: Si- 

leghem et al. [102] (corrected according to re-evaluation reported in [51] ). Dashed 

line: CRECK original. Solid line: CRECK modified. 
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5 
een conducted at the same initial conditions as the present work. 

n particular, the S L for MCH have been reported by Matveev et al. 

101] , while the S L for toluene have been provided by Sileghem 

t al. [102] . Similar to the data from this study, both the literature 

ata sets have been obtained using the heat flux method, but in 

ifferent laboratories. 

A classical evolution as a function of �, with the peak value 

f S L at �= 1.1 is obtained for both fuels. It can be seen from

igs. 3 and 4 that MCH-air mixtures exhibit higher S L than toluene- 

ir mixtures throughout the whole range of �, which is consistent 

ith earlier literature reports [ 103 , 104 ]. 

The experimental data measured in the current work are found 

n very good qualitative and quantitative agreement with those ob- 

ained before in other studies, especially for � < 1.1. This confirms 

he reproducibility of the heat flux experiments within the eval- 

ated uncertainties and gives confidence in the experimental set- 

p and the measurements performed herein for reliable validation 

f kinetic models. However, it should be noted that for both fu- 

ls the agreement deteriorates in the case of rich mixtures where 

he present S L are slightly lower compared to the previous mea- 

urements and, at �= 1.3, the experimental data do not overlap 

ithin the evaluated uncertainties. Before validating the kinetic 

odel using these data, one must examine the possible factors 

hich may cause these differences for rich flames. A similar sys- 

ematic shift on the fuel-rich side with the burner used in this 

ork was already observed in [48] in the case of pure n-heptane 

nd isooctane. It was suggested that instabilities manifested as cel- 

ular flames are the reason for the observed discrepancy under 

ich conditions. In particular, in the previous studies reported in 

igs. 3 and 4 [ 101 , 102 ], cell formation was observed at � > 1.3,

n contrast to our previous [48] and current measurements where 

uch instabilities were also observed at lower �. It can be inferred 

hat the burner used in the present work, due to the old design, 

roduces less accurate S L data in the fuel-rich region when liquid 

uels are tested, but a maximum discrepancy of about 3 cm/s at 

= 1.3 is anyhow considered acceptable to extract fundamental 

nformation from these data. 

In addition, the above data were adopted to evaluate the perfor- 

ance of the proposed model. Thus, the computed S L are shown in 

igs. 3 and 4 together with the corresponding experimental data. 

imulations for pure MCH and toluene were performed using the 

riginal CRECK and the model updated in the present work, named 

s CRECK modified. As shown in Figs. 3 and 4 , the chemical kinetic 

imulations with both the original and the modified CRECK models 

onfirm the general shape of the S L data and predict the peak at 

round �= 1.1, which is consistent with the experimental data. 

Regarding MCH ( Fig. 3 ), the comparison demonstrates that 

he S L are largely better predicted by the modified CRECK over 

he entire � range. In particular, the modifications illustrated in 

able 1 lead to a decrease in S L of 0.2 cm/s at �= 0.7, 2.5 cm/s at

= 1.1, and 3.6 cm/s at �= 1.3 respectively. 

Regarding toluene ( Fig. 4 ), it is seen that the modifications 

dopted in the kinetic mechanism yield an increase of the pre- 

icted S L under lean conditions (1.6 cm/s at �= 0.7) and a decrease 

nder rich conditions (1.8 cm/s at �= 1.3). The S L computed for 

he fuel-rich mixtures with the refined mechanism are somewhat 

ower than the data of [102] , but they agree quite well with the 

resent experimental data. Despite the improvement of the pre- 

ictions on the lean side, the S L are still underpredicted for � be- 

ow 1.1, but the discrepancy between the experimental data and 

he modified CRECK is smaller compared to the original version. 

oreover, the shape of the evolution of the S L with � seems to be 

etter captured by the modified model. 

Therefore, while noticeably good agreement between experi- 

ental and computed MCH data can be reached as shown in 

igs. 3 , 4 indicates that the toluene oxidation mechanism may need 
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Fig. 5. Experimental (symbols) and simulated (lines) S L of MCH/NH 3 -air flames 

versus � at T g = 338 K and p = 1 atm. Black squares and solid line: NH 3 mole 

fraction = 0. Red circles and solid line: NH 3 mole fraction = 0.25. Blue triangles and 

solid line: NH 3 mole fraction = 0.5. 
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Fig. 6. Experimental (symbols) and simulated (lines) S L of toluene/NH 3 -air flames 

versus � at T g = 338 K and p = 1 atm. Black squares and solid line: NH 3 mole 

fraction = 0. Red circles and solid line: NH 3 mole fraction = 0.25. Blue triangles and 

solid line: NH 3 mole fraction = 0.5. 

Fig. 7. Experimental (symbols) and simulated (lines) stoichiometric S L ( �= 1) ver- 

sus NH 3 mole fraction at T g = 338 K and p = 1 atm, normalized by S L of pure fuel/air 

mixtures (S L 
0 ). Black squares and solid line: MCH/NH 3 -air mixtures. Red circles and 

solid line: toluene/NH 3 -air mixtures. The value of S L for pure NH 3 is from [41] . 
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urther improvement. This requires additional systematic theoreti- 

al studies for reaction classes concerning oxygenated aromatic in- 

ermediates, as already discussed in Section 3.2 . However, the over- 

ll improvement observed on the basis of the comparative exper- 

mental and computed results, without deterioration of the pre- 

ictive performances against other targets (see Supplementary Ma- 

erial) also including other S L measurements [ 85 , 86 , 92 , 93 , 102 ,

03 ], proves that the modified CRECK model is applicable for the 

resent study. Thus, it was adopted for the following analysis. 

.2. Influence of NH 3 

In the present section, first, the S L results for pure MCH and 

oluene, as well as their binary blends with 25% ( ± 0.4%) and 50% 

 ± 0.6%) of NH 3 , are presented for the same � range (0.7–1.3). 

ext, effects of the addition of up to 90% ( ± 0.4%) of NH 3 on MCH

nd toluene are systematically investigated at �= 1. All the experi- 

ents were carried out at initial conditions of 338 K and 1 atm. 

S L measured for the blends are shown in Figs. 5 (MCH/NH 3 ) 

nd 6 (toluene/NH 3 ) for the same initial conditions. The results 

llustrate that NH 3 addition to the fuels causes a decrease of S L 
ver the entire range of � as expected and that the peak S L 
hifts towards the stoichiometric mixture for increasing amounts 

f NH 3 concentration in the blends. The peak S L for pure MCH and 

oluene is 46 and 43.1 cm/s respectively; at 25% NH 3 , it is 42.4 and

9.4 cm/s, while at 50% NH 3 it is 38.5 and 35.4 cm/s. This sug-

ests that the addition of NH 3 has a similar effect on MCH and 

oluene. Moreover, it can be seen from Figs. 5 and 6 that, with 

he increase of NH 3 vol fraction, the percentage decrease in S L is 

lightly higher under rich conditions. Similar observations were re- 

orted in [48] for NH 3 /n-heptane and NH 3 /isooctane mixtures. 

Along with the measured S L plotted against �, Figs. 5 and 

 also show the results of one-dimensional simulations using the 

resent updated CRECK mechanism. The calculated values reason- 

bly agree with the experimental data within the limits of exper- 

mental uncertainty, with a slight overprediction under rich con- 

itions for MCH/NH 3 blends and a slight underprediction under 

ean conditions for toluene/NH 3 blends, regardless of the value of 

he NH 3 mole fraction. It is clear that the discrepancy in the case 

f toluene/NH 3 blends originates from the underprediction of the 

 for neat toluene, as already discussed in the previous section. 
L 

6 
n the other hand, the small discrepancy in the case of MCH/NH 3 

lends is consistent with the analysis presented in Fig. 3 , where 

he present experimental values were shown to be lower than the 

eference literature data at � > 1.1. Despite this, the elucidation 

f NH 3 enrichment effects, which is the primary purpose of this 

tudy, is not affected by these differences and it can be concluded 

hat the current mechanism accurately captures the S L variation 

ith NH 3 addition. 

In order to more clearly examine the effect of NH 3 addition on 

 L of MCH and toluene, the NH 3 mole fraction in the binary blends 

as increased up to 0.9 with a step of 0.1 considering the stoi- 

hiometric mixture as a reference. Measured and predicted values 

f the S L of stoichiometric mixtures were normalized with respect 

o the S L of pure hydrocarbons (S L 
0 ) and the results are plotted in

ig. 7 as a function of the NH 3 quantity in the binary fuel mixtures. 

t was not possible to cover higher NH 3 ratios experimentally, as 

xplained in Section 2 . Therefore, S obtained by Han et al. [41] for
L 
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Fig. 8. Simulated stoichiometric S L normalized by S L of pure fuel/air mixtures (S L 
0 ) 

at T g = 338 K and p = 1 atm versus T ad 
0 -T ad when blending the fuels with NH 3 

(solid lines) and H 3 N (dashed lines). Black lines: MCH mixtures. Red lines: toluene 

mixtures. 
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ure NH 3 is also plotted for comparison and is found to be consis- 

ent with the trend of the present results. Results show that from 

ure MCH or toluene to pure NH 3 , S L decreases nonlinearly with 

he increase of NH 3 mole fraction in the fuel blend over the entire 

omposition range. Therefore, any mixing rule to be developed or 

dentified would not be a simple mole fraction-based weighted av- 

rage of the neat constituents S L . For example, with the addition 

f 50% NH 3 , the S L is reduced by only 15% from pure MCH and

8% from the pure toluene case. While at 90% of NH 3 , the S L is

ecreased by nearly 48 and 51% from the two baseline conditions. 

Although in Fig. 6 the kinetic mechanism was shown to slightly 

nderpredict the stoichiometric S L of toluene/air mixtures, the 

omputed normalized profiles capture very well the monotonically 

ecreasing trend and the nonlinear evolution of S L as a function 

f NH 3 percentage for both fuels. This means that the underlying 

echanism responsible for the observed effect of NH 3 on the S L of 

CH and toluene is accounted for in the kinetic model and it is 

nraveled in the next section. 

Moreover, any decisive information about fuel structure effects 

annot be inferred from the experiments as the relative difference 

etween the two data sets is within the experimental uncertainty. 

owever, relying on the computations, the effect of NH 3 in de- 

reasing S L seems to be slightly more pronounced for toluene than 

or MCH under the tested conditions. This aspect is also discussed 

n the next section. 

. Discussion 

.1. Numerical analysis 

For the challenge of implementing NH 3 in current combustion- 

ased applications, the variability and dependence of key charac- 

eristics such as the S L on NH 3 concentration in the fuel blends 

ust be understood. In [48] , it was found that the propagation 

rocess of NH 3 -hydrocarbons laminar flames appears to be gov- 

rned by two dominant synergistic factors dependent on the NH 3 

oncentration in the fuel blend: 1) the decrease of the adiabatic 

ame temperature (T ad ) as a result of the low energy content of 

H 3 (thermal effect) and 2) the chemical inhibition of the overall 

eactivity caused by the radical scavenging of NH 3 (chemical ef- 

ect). Therefore, before making any detailed analysis on the molec- 

lar structure effects, these two general features of the systems in- 

olved shall be verified. To do so, further numerical simulations 

ave been carried out to separate these contributions. In particular, 

 fictitious species (H 3 N) with identical molecular structure, trans- 

ort, and thermodynamic properties to NH 3 has been defined. This 

irtual species however does not appear in the elementary reac- 

ions of the kinetic mechanism, and thus, it acts as a diluent. Then, 

imulations have been performed by numerically making the T ad 

f H 3 N/hydrocarbons mixtures equal to that of NH 3 /hydrocarbons 

ixtures in the range explored experimentally for the various fu- 

ls at �= 1, by modifying the H 3 N dilution, without altering the 

ransport properties of the reacting mixtures. The sensitivity of 

 L to the decrease of T ad has been evaluated case by case with 

espect to the pure fuels as a reference by comparing the com- 

uted data. The results are reported in Fig. 8 , where the ordinate 

xis indicates the predicted values of the S L of stoichiometric mix- 

ures normalized with respect to the S L of pure hydrocarbons (S L 
0 ) 

imilar to Fig. 7 and the abscissa axis indicates the decrease of 

 ad (T ad 
0 -T ad ). The solid lines represent the variations of S L that 

ave been obtained for hydrocarbon/NH 3 mixtures, and the dashed 

ines represent the variations of S L that have been obtained for 

ydrocarbon/H 3 N mixtures. In other words, the difference between 

ashed lines and the pure hydrocarbons primarily reflects the ther- 

al effects, while the difference between solid and dashed lines 

solates purely kinetic effects. 
7 
These computational tests show that the thermal and chemical 

ffects caused by NH 3 addition both contribute to the reduction of 

 L . In detail, for a T ad decrease lower than 20 K, which corresponds 

o low NH 3 addition ratios ( < 10%), there is no global effect of NH 3 

n S L (solid lines) but the thermal effect (dashed lines) diminishes 

 L by about 3%. It means that the negative thermal effect is coun- 

erbalanced by a positive kinetic effect, that instead increases S L . 

t was observed in [48] that the promoting effect of NH 3 addition 

n S L of heavy hydrocarbons is due to an increase in the hydrogen 

oncentration in the flame zone. This was considered as a com- 

ined kinetic and transport effect because of the high reactivity 

nd diffusivity of hydrogen. Then, for a constant T ad decrease of 

bout 20 K, which corresponds to an NH 3 addition ratio of ∼10%, 

he thermal effect plays the dominant role as the solid and dashed 

ines cross. The chemical effect increases with rising NH 3 blending 

atios. For a T ad decrease between 35 and 40 K, which corresponds 

o NH 3 concentrations of about 40–50%, the chemical and thermal 

ffects become comparable. For higher NH 3 ratios, the chemical ef- 

ect is the main reason for the S L reduction and, for a T ad reduction

igher than 60 K, which corresponds to NH 3 fractions higher than 

0%, the ratio chemical/thermal effect is slightly more pronounced 

or the MCH/NH 3 mixtures. It is interesting to note that the high 

onlinearity of the S L decrease with the increase of NH 3 fraction in 

he fuel blend observed in Fig. 7 mainly occurs when the chemical 

ffect becomes dominant. 

To gain more insight into these effects, Fig. 9 shows the im- 

act of NH 3 fraction in fuel blends on the calculated T ad (left axis) 

nd peak mole fraction of Ḣ radicals in the reaction zone (X H , 

ight axis) for the stoichiometric case using the present model. 

 ad represents the thermal effect on S L , while X H reflects the ef- 

ect of chemical kinetics. The analysis in Fig. 9 has been limited 

nly to the Ḣ radical because, as discussed in Section 3.2 , its gen-

ration and consumption reactions play a key role in accelerat- 

ng and suppressing flame propagation. However, a similar result 

ould have been obtained by showing the peak mole fraction of 
˙ H radicals. As expected, both T ad and X H significantly decrease as 

he NH 3 content in fuel blends increases and the profiles for both 

uels have similar tendencies, which closely follow the variation of 

 L as a function of the composition of the fuel blends shown in 

ig. 7 . Figure 9 further shows that the T ad of the MCH/air flame 

s somewhat lower than that of the toluene/air flame by approx- 
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Fig. 9. Simulated stoichiometric T ad (solid lines) and peak X H (dashed lines) versus 

NH 3 mole fraction at T g = 338 K and p = 1 atm. Black lines: MCH/NH 3 -air mixtures. 

Red lines: toluene/NH 3 -air mixtures. 
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Fig. 10. Simulated stoichiometric peak X O versus NH 3 mole fraction at T g = 338 K 

and p = 1 atm. Black line: MCH/NH 3 -air mixtures. Red line: toluene/NH 3 -air mix- 

tures. 
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mately 55 K due to the different C/H ratio, which is opposite to 

heir S L order. On the other hand, it can be seen that the X H of

he MCH/air is higher than that of the toluene/air flame by about 

600 ppm, which is consistent with their S L order. In fact, the S L 
f toluene is known [95] to be lower due to the Ḣ radical scav-

nging effect of the resonantly stabilized benzyl and phenoxyl rad- 

cals. This negative chemical effect overwhelms the positive ther- 

al effect. However, these differences are negligible if compared 

o the T ad and X H of NH 3 , which are respectively more than 200 K

nd more than 50 0 0 ppm lower than that of the other two fu-

ls. This confirms that both the thermal and chemical inhibition 

y NH 3 addition play a critical role in the decrease of the S L of

H 3 /hydrocarbons mixtures. 

Not yet explained is the fact that S L of toluene is slightly more 

ensitive to NH 3 addition compared to MCH, as shown from the 

omputations reported in Fig. 7 . The cause must imply secondary 

inetic effects since the analysis reported in Fig. 9 shows that the 

atios T ad 
NH3-Toluene /T ad 

NH3-MCH and X H 
NH3-MCH /X H 

NH3-Toluene keeps 

onstant over a broad range of NH 3 mole fraction. First, it is note- 

orthy that, despite the present kinetic mechanism includes the 

inetic interactions among nitrogenous and C 1 –C 2 species, these 

re found to be irrelevant with respect to the prediction of S L , as

o cross-reactions involving nitrogen and carbon radicals show up 

n the sensitivity analysis, indicating that they do not play a signif- 

cant role under the conditions of the present flames, in agreement 

ith [48] . It should be noted that co-oxidation reactions between 

arge radical species of toluene and amine radicals leading to sub- 

tituted NH 2 -aromatics are overlooked in the present model. In 

his regard, Altarawneh et al. [105] , who explored the NO x forma- 

ion from co-combustion of NH 3 and benzene, have shown that the 

nclusion of the aniline sub-mechanism might be required to im- 

rove the predictions of NO x formation in NH 3 -containing flames. 

owever, because the present mechanism well predicts the effect 

f NH 3 on S L of toluene, it is unlikely that the interaction between 

romatics and amine radicals can be relevant with respect to the 

rediction of S L . 

Therefore, any disparity in flame structure and kinetic behavior 

etween the MCH and toluene mixtures with NH 3 shall be indirect. 

o further explore this, Fig. 10 plots the impact of NH 3 content on 

he simulated peak mole fraction of Ö radicals in the reaction zone 

X O ) for the stoichiometric case. From Fig. 10 , two considerations 

ust be done. The first is that for pure toluene X O is higher than

hat for pure MCH, contrary to Ḣ ( Fig. 9 ) and ȮH radicals. In par-

icular, for pure toluene flames, X is comparable to X . Second, 
O H 

8 
t is seen that the X O profiles deviate from those of T ad and X H 

lotted in Fig. 9 . In particular, the X O trend of NH 3 /toluene mix-

ures is steeper than that of NH 3 /MCH mixtures, corresponding to 

 stronger Ö radical scavenging effect, which impacts the S L . This 

eserves further consideration and it is shown in the following dis- 

ussion to be mostly responsible for the difference in the effect of 

H 3 on S L observed numerically. 

To further investigate the effect of NH 3 on the observed dis- 

arity, sensitivity and rate of production analyses were carried out 

ith the proposed mechanism and the simulation results were an- 

lyzed focusing attention on the reactions involving the Ö radical. 

s already seen from Fig. 2 , the sensitivity analysis shows that the 

hain branching reaction Ḣ + O 2 = ̇OH + Ö plays a dominant role in

ll the three fuels flame propagation and it is the main source of 

. However, the importance of this reaction does not strongly de- 

end on the NH 3 content. The radicals generated by this reaction 

irectly contribute to the oxidation of the fuels and small fuel frag- 

ents. In fact, it was seen from Fig. 2 that the S L of both MCH

nd toluene flames are largely sensitive to the reactions associated 

ith the C 0 –C 2 fuel fragments, whose oxidation kinetics mainly 

ontrols the heat release and the overall burning rate. This is in- 

eed a quite general behavior in premixed flames of hydrocarbon 

uels, for which the rapid fuel breakdown and the oxidation of fuel 

ragments can be decoupled [95] . However, unlike the MCH flame, 

he fuel-specific reactions in the sub-mechanism of toluene also 

ave notable enhancement and inhibition role in the flame prop- 

gation kinetics, as identified through the sensitivity analysis. This 

s mainly related to the stability of the aromatic ring and related 

roducts. Among the sensitivity coefficients for various reactions, it 

s seen that while the NH 3 addition has a similar effect on the re- 

ctions involving the interaction of Ö with the H 2 /C 1 –C 2 systems 

or both fuels, the major difference in the kinetic behavior be- 

ween NH 3 /MCH and NH 3 /toluene blends lies in the reactions in- 

olving the toluene immediate oxidation intermediates, which ex- 

ibit a strong influence on S L . This can be seen in Fig. 11 , which

epicts the S L sensitivity coefficients for the reactions populating 

he top portion of the sensitivity spectrum, calculated as a function 

f NH 3 mole fraction for binary NH 3 /toluene mixtures, at �= 1 and 

 g = 338 K. 

For MCH, even though the ring opening and subsequent crack- 

ng are rather complicated, the influence of fuel-related reactions 

s certainly much smaller due to the relatively large production of 
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Fig. 11. S L sensitivity coefficients of important reactions involving the Ö radical vs. 

NH 3 mole fraction calculated at �= 1, T g = 338 K and p = 1 atm for toluene/NH 3 -air 

mixtures. Solid lines: reactions with positive S L sensitivity. Dashed lines: reactions 

with negative S L sensitivity. 
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Fig. 12. S L sensitivity coefficients of the reaction H + CH 3 ( + M ) = CH 4 ( + M ) vs. NH 3 

mole fraction calculated at T g = 338 K and p = 1 atm. Black lines: MCH/NH 3 -air mix- 

tures. Red line: toluene/NH 3 -air mixtures. Solid line: �= 1. Dashed lines: �= 1.3. 
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thylene and vinyl radical, which enhance the overall reactivity of 

CH compared to toluene. 

As already discussed in Section 3.2 , during the oxidation of 

oluene, the benzyl (C 7 H 7 in Fig. 11 ) and methyl-phenyl (CH 3 C 6 H 4 

n Fig. 11 ) radical isomers are the primary products from H- 

bstraction. The benzyl radical is resonantly stabilized, and the 

enzylic C 

–H bond is weaker than the phenylic C 

–H bonds [106] .

or these reasons, the reactions of benzyl radical are usually slow 

nd strongly influential in reducing the concentration levels of 

hain carriers ( Fig. 2 ). As a matter of fact, the isomerization re-

ction CH 3 C 6 H 4 = C 7 H 7 (black dashed line in Fig. 11 ) exhibits a sig-

ificant negative influence on S L . As an example, the negative sen- 

itivity of such a reaction is even larger compared to the chain ter- 

ination reaction Ḣ + O 2 ( + M ) = HO 2 + (M). On the other hand, the

ddition of the methyl-phenyl radical to O 2 leads to the forma- 

ion of Ö and methyl-phenoxy radicals and the subsequent reac- 

ivity of the latter can lead to branching through a decomposition 

eaction, which constitutes an important contribution to the for- 

ation of active Ḣ radicals. This sequence indeed has a very high 

ositive sensitivity and it was reported in Fig. 11 as a single line 

black solid) to show that the full sequence is specular with respect 

o CH 3 C 6 H 4 = C 7 H 7 . Though the sensitivity coefficients of these two

ndividual reactions are not as large as those of the most important 

eaction Ḣ + O 2 = ̇OH + Ö, they are higher compared to H 2 + Ö= ̇H + ̇OH.

As expected, the NH 3 blending modifies the sensitivity coeffi- 

ients in a nonlinear way. Moreover, it can be seen that for the 

ure toluene flame the absolute value of the sensitivity of the 

ethyl-phenyl branching sequence is higher than that of the par- 

llel isomerization that forms stable benzyl radicals. However, with 

ncreasing NH 3 , the relative weight of the isomerization chan- 

el increases, showing that the competition between these pro- 

oting and inhibiting paths is emphasized. In fact, for an NH 3 

ole fraction of 0.8, the absolute sensitivity coefficients of the 

somerization reaction become higher than that of the branch- 

ng sequence. This further promotes the depletion of the radicals 

ool. Additionally, the results of the sensitivity analysis also reveal 

hat another reaction critical to chain termination is the recom- 

ination of Ḣ atom with the resonantly stabilized phenoxy radi- 

al, Ḣ + C 6 H 5 O = > CO + C 5 H 6 (red dashed line). It can be seen from

ig. 11 that such a reaction strongly competes with the oxidation 

f phenoxy by Ö (red solid line), which exhibits specular posi- 

ive sensitivity coefficients. Phenoxy and Ö radicals are formed via 
9 
he important oxidation path of phenyl by O 2 (blue line). The ox- 

dation of the phenyl radical becomes less important as the NH 3 

ole fraction increases. This suggests that as soon as Ö atoms be- 

ome scarce, the competition discussed above becomes more in- 

ense and, for NH 3 mole fraction equal to 0.4, C 6 H 5 O + ̇H prevails

ver C 6 H 5 O + Ö, thereby further reducing S L . The results of this

nalysis clearly indicate that the different impact of NH 3 chem- 

stry on the S L of toluene flames compared to that observed for 

CH flames should be correlated to the Ö radical scavenging ef- 

ect of NH 3 , which further slows down the overall reaction rate by 

romoting the chain-terminating reactions of the stable benzyl and 

henoxyl radicals. 

In addition, it was seen from Figs. 5 and 6 that, with the in-

rease of NH 3 vol fraction, the percentage decrease in the S L of 

oth MCH and toluene is slightly higher under rich conditions. 

herefore, further sensitivity analyses were carried out and the 

imulation results were analyzed focusing on the reactions for 

hich the impact of NH 3 addition is higher under rich conditions. 

t was observed that, with increasing �, the scavenging effect of 

H 3 , together with the decrease of T ad , further promote the in- 

ibiting effect of chain-terminating reactions in the same way for 

oth MCH and toluene. This can be clearly seen in the case of 

he methyl recombination reaction H + CH 3 ( + M ) = CH 4 ( + M ). Thus,

ig. 12 depicts the S L sensitivity coefficients for this reaction calcu- 

ated as a function of NH 3 mole fraction for binary NH 3 /MCH and 

H 3 /toluene mixtures, at �= 1 and 1.3. Note that the case of �= 1

s not reported for NH 3 /toluene mixtures because such a reaction 

oes not show up in the sensitivity analysis. This channel, which 

s highly sensitive at �> 1, slows down the system reactivity be- 

ause it competes with the methyl oxidation routes. For pure MCH 

nd toluene at �= 1.3, or for NH 3 /MCH and NH 3 /toluene blends at 

= 1, this competition is less stressed. 

.2. Implications for practical applications 

As S L is a key, but usually unknown, parameter in practical 

ombustion devices, there is also interest to explore if simple mix- 

ng rules to estimate S L can be developed so that the relative pro- 

ortion of NH 3 and hydrocarbons that ensure the successful engine 

peration can be readily determined. To propose a generalized re- 

ationship in order to estimate the S L of NH 3 /hydrocarbons mix- 

ures on the basis of those of the individual components, the mea- 
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Fig. 13. Experimental (symbols) and calculated (lines) S L versus NH 3 mole fraction 

at T g = 338 K, p = 1 atm, and (a) �= 1, (b) �= 0.8, (c) �= 1.3. Black squares and 

line: MCH/NH 3 -air mixtures. Red circles and line: toluene/NH 3 -air mixtures. Green 

up triangles and line: CH 4 /NH 3 -air mixtures [48] . Blue down triangles and line: n- 

heptane/NH 3 -air mixtures [48] . Purple diamonds and line: isooctane/NH 3 -air mix- 

tures [48] . The values of S L for pure NH 3 are from [41] . 
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ured lean ( �= 0.8), stoichiometric, and rich ( �= 1.3) S L are plotted

n Figs. 13 a-c versus the quantity of NH 3 in mole fraction replacing 

CH and toluene in the binary fuel/air mixtures. Also shown in the 

gure are results from [48] for blends of NH 3 with CH 4 , n-heptane, 

nd isooctane, obtained under equivalent experimental conditions 

T g = 338 K and p = 1 atm). 

As already observed in Fig. 7 , the evolution is nonlinear and 

ntagonist with the mole fraction of NH 3 . However, our previous 

tudy [48] suggested that the S L for flames of NH 3 in combina- 

ion with methane, n-heptane, and isooctane has a quasi-linear 
10 
orrelation with the NH 3 mass fraction in the fuel blend, instead 

f mole fraction. Thus, it is interesting to test if the relation- 

hip between the S L of any hydrocarbon class, including napht- 

nes and aromatics, and the NH 3 ratio can be expressed as (1- 

 NH3 )(S L 
0 ) + (Y NH3 )(S L 

NH3 ), where S L 
0 is the value at zero NH 3 addi-

ion and Y NH3 is the NH 3 mass fraction. The lines in Fig. 13 show

he relationship approximated by this equation. A similar plot as 

 function of the NH 3 mass fraction is reported in Fig. S34 of the 

upplementary Material. It can be observed that the S L values cal- 

ulated in this simple way are within the uncertainty of the mea- 

ured ones for most of the examined mixtures. Thus, it can be 

oncluded that the addition of NH 3 similarly affects the S L of hy- 

rocarbons, independent of the carbon number (C 1 –C 8 ) and fuel 

lass (linear, branched, and cyclic alkanes, aromatics). The reason 

or this similarity is that, as explained above, the influence of NH 3 

n S L of hydrocarbons is mostly dominated by flame temperature 

nd activation energy, with little kinetic coupling. This finding can 

lso help to develop reduced mechanisms for surrogate fuels to 

mplement in CFD modeling. However, it must be noted that the 

roposed mixing rule is less valid under rich conditions, or when 

pplied to the S L of binary mixtures of NH 3 with CH 4 or toluene, 

ndependent on �. The reason is that for these mixtures the addi- 

ion of NH 3 implies secondary kinetic effects as explained in the 

revious section. Regarding NH 3 /CH 4 blends, it was observed in 

48] that the higher impact of NH 3 addition on S L of CH 4 com- 

ared to heavy hydrocarbons is due to a decrease in the hydrogen 

oncentration in the flame zone, which induces an inhibiting ef- 

ect only in the case of CH 4 . This was considered as a combined

hemical and transport effect because of the high reactivity and 

iffusivity of hydrogen. 

Therefore, it is clear that this correlation, despite more conve- 

ient, is only approximate and such deviations do need to be kept 

n mind when quantitative information concerning fuel similarities 

r dissimilarities at specific operating points is needed. In these 

ases, predictions from detailed kinetic models are more valuable. 

otwithstanding, the fact that this predictive relationship can be 

pplied equally well to the S L computed for all the mixtures fur- 

her points out that the mutual interference between the compo- 

ents of a binary blend of NH 3 with hydrocarbons, when present, 

as only a minor effect with respect to the whole NH 3 contribution 

o S L , at least under the conditions explored in the present and 

revious work [48] . Further confirmations at higher temperatures 

nd pressures would be worthwhile in order to deduce whether 

he above correlation can be used to provide support for practical 

ngines and gas turbines design and operation. 

. Conclusions 

This work focuses on a combined experimental and modeling 

nvestigation on the influence of NH 3 on the propagation of MCH 

nd toluene laminar flames. These hydrocarbons are typical of the 

omponent classes found in actual internal combustion engines 

nd aviation fuels. The overall objective was to provide experi- 

ental data and a chemical kinetic model for blends of NH 3 with 

arge hydrocarbons, which would be relevant to examine the op- 

imal operation in realistic applications such as internal combus- 

ion engines. Specifically, an extensive experimental database on S L 
or NH 3 /MCH/air and NH 3 /toluene/air was acquired at atmospheric 

ressure and 338 K, for equivalence ratios ranging from 0.7 to 1.3, 

nd NH 3 blending levels in the fuel from 0% to 90%, using the heat 

ux method. About 60 new data points are presented, that signifi- 

antly enrich the literature data. A comprehensive chemical kinetic 

odel has been developed based on the existing CRECK chemical 

inetic mechanism where the high temperature combustion chem- 

stry was improved with minor adjustments, paying attention to 

he proper description of the consumption of methylcyclohexane, 
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oluene, and methyl-phenoxy radical. The main findings are sum- 

arized as follows: 

1 The present results on pure MCH/air and pure toluene/air 

flames are in reasonably close agreement with previous mea- 

surements from the literature obtained with the same method, 

although small discrepancies are observed under rich condi- 

tions. 

2 A monotonic decrease in S L with increasing NH 3 content is 

observed. The results show that both the equivalence ratio 

and the NH 3 fraction have an important impact on the S L of 

NH 3 /hydrocarbon fuel blends. In particular, when the equiva- 

lence ratio is held constant, the S L decreases nonlinearly with 

increasing the NH 3 mole fraction, but this influence becomes 

quasi-linear when the NH 3 concentration is considered on a 

mass basis. This behavior is qualitatively consistent with previ- 

ous investigations for blends of NH 3 with alkanes. In addition, 

NH 3 has a slightly higher effect on the S L of toluene compared 

to MCH. 

3 A comparison of the present measurements with detailed 

chemical kinetic simulations using the current refined reac- 

tion mechanism showed an overall good agreement over the 

whole range of investigation. On the other hand, the results 

presented herein showed that additional systematic theoreti- 

cal studies for reaction classes concerning aromatic compounds 

and oxygenated aromatic intermediates are still required to im- 

prove the prediction of S L in the case of toluene/air flames. 

4 With the refined model, detailed analyses have also been con- 

ducted to provide fundamental insights into the physical and 

chemical blending effects of NH 3 with different classes of com- 

pounds that cause the S L variation in binary mixtures. It was 

found that, similar to alkanes, the synergistic thermal and 

chemical effects of NH 3 play a predominant role in the de- 

crease of the S L for both NH 3 /MCH and NH 3 /toluene mixtures. 

The thermal effect is due to the decrease of the adiabatic flame 

temperature with increasing the NH 3 fraction, while the flame 

structure analyses revealed that the decrease in chemical re- 

activity is mainly caused by the reduction of Ḣ, Ö, and ȮH 

concentrations in the flame. The observed higher inhibition of 

NH 3 on toluene flames compared to MCH is most likely refer- 

able to their different molecular structures. In particular, the Ö

radical scavenging effect of NH 3 further slows down the over- 

all reaction rate by exerting a promoting effect on the chain- 

terminating reactions of the stable benzyl and phenoxyl radi- 

cals. The elucidation of fuel structure effects was the primary 

reason for the selection of MCH and toluene in this work. 

5 A mass fraction-based mixing rule was also proposed and 

tested against the data collected in the present study and from 

the literature. This mixing rule, although simple, was shown 

to be predictive for binary blends of NH 3 with methane and 

several hydrocarbons typically used to formulate surrogates for 

practical fuels, suggesting that the kinetic coupling between 

NH 3 and toluene, despite present, is limited. 
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