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Abstract 22 

Surrogate mixtures are routinely used for understanding gasoline fuel combustion in engine 23 

simulations. The general trend in surrogate formulation has been to increase the number of fuel 24 

components in a mixture to better emulate real fuel properties. Recently, a new surrogate design 25 

strategy based on functional group analysis of real gasolines was proposed using a minimal number 26 

of species [minimalist functional group (MFG) approach]. MFG surrogates (having just one or two 27 

components) could experimentally capture the ignition delay time (IDT), threshold sooting index, 28 
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and smoke point of different gasoline fuels with hundreds of components. However, other 29 

combustion characteristics were not explored, and kinetic modeling of MFG surrogates was not 30 

reported. These aspects are addressed in this paper, where the combustion behavior of MFG 31 

surrogates for various gasolines was assessed by simulating IDT, jet-stirred reactor oxidation, and 32 

premixed laminar flame speeds using chemical kinetic modeling. MFG simulations were 33 

compared with experimental data of the real gasolines as well as with the more complex 34 

multicomponent (five to nine species) surrogates. This study reveals that binary MFG surrogate 35 

mixtures are capable of accurately simulating the combustion behavior of more complex gasoline 36 

fuels with hundreds of components. 37 

1. Introduction 38 

Energy is the driving force for the industrial, economic and social development of modern world 39 

1. Around 20% of the world’s energy is currently used by transport vehicles, which are mainly 40 

powered by spark ignited internal combustion (IC) engines running on gasoline 2. Electric vehicles 41 

are emerging as a promising alternative, however, the need for low emission and high efficiency 42 

fuels will keep increasing in the foreseeable future 3. Understanding fundamental combustion 43 

chemistry is the first step in designing future fuel candidates 3, wherein functional groups play a 44 

critical role in governing combustion performance 4.  45 

Designing novel high-performance gasoline fuels while reducing emissions and maximizing 46 

energy efficiency is the need of the hour in the present carbon conscious world. Chemical kinetic 47 

simulations can help reveal the impact of fuel chemical composition on its combustion 48 

characteristics and are therefore an important complement to experimental studies when designing 49 

such future fuels. Gasolines are composed of a variety of chemical classes like paraffins, iso-50 
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paraffins, olefins, naphthenes and aromatics (collectively referred to as PIONA) and together they 51 

contain hundreds of individual species, posing challenges when developing chemical kinetic 52 

mechanisms. Surrogate fuel mixtures, consisting of only a few hydrocarbon molecules, is a 53 

practical approach where a limited number of species are used to reproduce the properties and 54 

combustion behavior of the real fuel 3, 5-7. Surrogates should have similar physical and thermo-55 

chemical properties as the real fuels they intend to match. These include H/C ratio, density, average 56 

molecular weight, heat of combustion etc. and fuel specific properties like research octane number 57 

(RON) and motor octane number (MON) intended for gasolines 8, 9. Surrogates should also be able 58 

to predict gas-phase combustion behavior, such as ignition delay time (IDT) 10-12, laminar flame 59 

speed 13, speciation in flames 14 and oxidation in jet stirred reactors (JSR) 15-17. 60 

Gasolines are complex mixtures of hydrocarbons and simple surrogates capable to describe its 61 

autoignition characteristics are needed. A suitable class of surrogates are toluene and primary 62 

reference fuel (PRF) mixtures (n-heptane and iso-octane) named TPRFs, that have the same RON 63 

and sensitivity as their target gasoline 7, 18. These surrogates are commonly adopted for engine 64 

simulations and compehensive chemical kinetics mechanisms are available in the literature 6, 19, 20. 65 

Furthermore, oxygenated species represented by various ethers and alcohols were introduced to 66 

improve the octane number of crude oil 21. An important oxygenated surrogate component is 67 

ethanol due to its significant content in commercial gasolines. Ethanol combustion characteristics 68 

have been widely studied 22, 23,  leading to the formulation of comprehensive kinetic models 24, 25. 69 

Surrogates based on ethanol and TPRF named ETRFs were further formulated, showing benefits 70 

in both combustion experiments and engine knock simulations 26-28.  71 

To further facilitate gasoline combustion research, a series of standard fuels for advanced 72 

combustion engines (FACE) gasolines were designed in order to facilitate researchers to quantify 73 
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fuel effects by eliminating the difficulty arising from fuel variability. Several studies have been 74 

published so far, wherein the combustion properties of FACE gasolines were investigated. Ignition 75 

delay time 12, 29, species profiles in premixed flames 14, and JSR oxidation studies 16 were 76 

performed for FACE A and C. Ignition delay time 10, 11 and JSR oxidation 15 measurements were 77 

also performed for the high octane ( RON > 90) FACE F and G and low octane (RON ~ 70) FACE 78 

I and J gasolines. All six FACE gasoline fuels (A, C, F, G, I and J) were shown to have a similar 79 

combustion behavior in the high temperature region 10. However, this was not applicable in the 80 

low-temperature region, where fuel combustion varied depending on gasoline composition 16. 81 

Validation of multi-component gasoline surrogate kinetic models 30 against experimental data have 82 

shown reasonably good prediction across low and high temperature regimes 11, 12, 15, 16.  83 

Multicomponent FACE gasoline surrogates comprising up to nine different palette species were 84 

previously reported and validated by Ahmed et al. 8. Properties such as H/C ratio, density, average 85 

molecular weight, RON, and MON were selected as optimization targets. These properties were 86 

further used to formulate surrogates for FACE A and C 8, FACE F and G 11 and FACE I and J 10, 87 

which were able to accurately mimic the anti-knock index of their corresponding FACE gasolines. 88 

However, each surrogate consists of five to nine chemical species, resulting in a high level of 89 

complexity and imparting difficulties when attempting to develop new chemical kinetic models. 90 

Similarly, other multicomponent surrogates have been developed for FACE gasolines by Daly et 91 

al. 31 for all the ten FACE gasolines A to J using a palette of 14 species, Elwardany et al. 32 for 92 

FACE A, Li et al. 33 for FACE C, Yu et al. 34 for FACE A and F, Mannaa et al. 13 for FACE C, F 93 

and J and Elwardany et al. 35 for FACE I. 94 

Recently, Abdul Jameel et al. 4, 36  proposed a novel surrogate design strategy where the surrogate 95 

is chosen by matching only five key functional groups: paraffinic CH3, paraffinic CH2, paraffinic 96 
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CH, naphthenic CH-CH2 and aromatic C-CH groups. Branching index (BI), a parameter that 97 

defines the degree of branching of a molecule by including the position of the methyl groups was 98 

included as an additional matching criteria to emphasize the importance of functional groups 37. 99 

1H nuclear magnetic resonance (NMR) spectroscopy can be conveniently used to determine the 100 

functional groups and BI of real fuels.  Each surrogate was limited to a maximum of two species 101 

and designed to match the functional groups of their corresponding FACE gasolines. Their 102 

surrogate formulation strategy was termed the minimalist functional group (MFG) approach.  103 

Experiments performed in an ignition quality tester (IQT) and rapid compression machine (RCM) 104 

showed that MFG surrogates could emulate the IDT of FACE gasolines. However, the MFG 105 

approach has only been validated using global ignition delay experiments, while detailed kinetic 106 

modeling could help reveal more fundamental reasons of why MFG surrogates are suitable for 107 

simulating real fuel combustion behavior.  We hypothesize that MFG surrogates behave similar to 108 

their real fuel counterparts because the intermediate radical pool produced during combustion is 109 

similar in both.  The importance of the intermediate radical pool in governing combustion, and the 110 

role it plays in surrogate formulation, have been discussed previously by Dooley et al. 38, 39.In 111 

addition, the hybrid chemistry (HyChem) modeling approach introduced by Wang et al. 40, 41 has 112 

shown that fuels producing similar intermediate species pool have essentially similar global 113 

combustion properties. Fuel functional groups have also been successfully used to predict 114 

combustion properties like cetane number 37 RON and MON 42.  115 

To better understand how surrogates formulated by the functional group approach behave, 116 

chemical kinetic model simulations were conducted to compare ignition delay times, JSR 117 

oxidation intermediate species profiles, and laminar flame speeds of FACE fuels and their MFG 118 

surrogates. Simulations of multi-component surrogate models proposed by Ahmed et al. 8 were 119 
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also included and compared with those of MFG surrogates and real fuels. Sensitivity and reaction 120 

path analysis were performed to understand the kinetics governing the combustion of MFG 121 

surrogates.  This work enhances our understanding on the contribution of functional groups in 122 

governing combustion behavior of fuels and provides suggestions on future surrogate design 123 

principles. 124 

2. Computational methods 125 

2.1  Surrogates formulation 126 

FACE gasolines were designed by Coordinating Research Council (CRC) and prepared by 127 

ChevronPhillips Chemical Co. 43. The test fuels were developed to facilitate researchers in 128 

evaluating the combustion behavior of real gasolines. Furthermore, corresponding surrogates for 129 

each of the FACE gasoline have been developed in many studies 3. Fuel density, average molecular 130 

weight, H/C ratio and heat of combustion of FACE C, G, I and J gasolines, together with those of 131 

their corresponding surrogates formulated by Ahmed et al. 8, 10, 11 (termed FGX-KAUST) and 132 

Abdul Jameel et al. 4 (termed MFG-X) can be found in Table 1.  133 

 134 

Table 1. Fuel properties of FACE C, G, I and J together with their corresponding MFG-X and FGX-KAUST 135 

surrogates, where X = C, G, I and J 4,8, 10, 11. 136 

Fuel Density (g/mL) 
Avg. MW 

(g/mol) 
H/C ratio 

Heat of 

Combustion 

(MJ/Kg) 

FACE C 0.69 97.71 2.21 44.79 

FGC-KAUST 0.68 98.13 2.22 47.88 

MFG-C 0.67 101.28 2.28 47.97 

FACE G 0.76 98.97 1.84 43.26 

FGG-KAUST 0.74 94.15 1.82 46.14 

MFG-G 0.79 100.64 1.83 45.62 
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FACE I 0.69 95.44 2.26 44.71 

FGI-KAUST 0.68 99.72 2.12 47.77 

MFG-I 0.66 86 2.33 48.2 

FACE J 0.74 94.5 1.86 43.56 

FGJ-KAUST 0.73 103.27 1.88 46.47 

MFG-J 0.76 96.22 1.75 43.35 

 137 

A comprehensive surrogate design strategy was proposed by Ahmed et al. 8, using regression 138 

modeling combined with kinetic simulations. The formulated multicomponent surrogates contain 139 

up to nine species and their chemical compositions are presented in Table 2. 140 

Table 2. The chemical composition of FGX-KAUST surrogates expressed in mole %, where X = C, G, I and J 8, 10, 11. 141 

Chemical species FGC-KAUST FGG-KAUST FGI-KAUST FGJ-KAUST 

n-Butane 18.4 7.6 - 10.5 

2-Methylbutane 5 9.5 11 - 

2-Methylhexane 4.7 9.8 27 23 

1-Hexene - 8.1 6 - 

n-Heptane 12.5 - 12 24.5 

iso-Octane 54.6 18 34 12 

Cyclopentane - 15.3 6 - 

1,2,4 - 

Trimethylbenzene 

- 21.1 4 30 

Toluene 4.8 10.6 - - 

 142 

Based on the molecular composition from detailed hydrocarbon analysis (DHA) of gasolines, 2-143 

methylbutane, 2-methylhexane and 2,2,4-trimethylpentane were chosen to represent iso-alkanes; 144 
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n-butane and n-heptane represent n-alkanes; 1-hexene corresponds to alkenes; cyclopentane for 145 

cycloalkanes; and toluene together with 1,2,4-trimethylbenzene represents the aromatics 30, 44. 146 

Various compositions of the aforementioned species were chosen for each FGX-KAUST 147 

surrogates to match the real fuel octane numbers, physical-chemical properties, and combustion 148 

behavior of their corresponding FACE fuel. For example, the FGC-KAUST surrogate does not 149 

include cycloalkanes and alkenes due to their small concentrations in the FACE C fuel. The highly 150 

octane sensitive FACE G, with RON (96.8) and MON (85.8) has a wider species palette than 151 

FACE C, containing 38.3% iso-alkanes, 7.9% n-alkanes, 7.9% alkenes, 14.1% cycloalkanes and 152 

31.8% aromatics 11. The FGG-KAUST surrogate includes all the proposed components by Ahmed 153 

et al. 8, except for n-heptane, in order to match the reactivity of the fuel. FACE I and J have low 154 

octane sensitivities and high paraffinic content (84 mol% and 64 mol%, respectively). The two 155 

fuels have very similar anti-knock index ([RON+MON]/2) of ~ 70, similar densities (0.69 and 0.74 156 

g/ml), average molecular weights (95.44 and 94.5 g/mol) and heat of combustion (44.71 and 43.56 157 

MJ/Kg). However, their H/C ratio is different, due to the different aromatic content (5 mol% in 158 

FACE I compared to 30 mol% in FACE J). The FGI-KAUST surrogate includes all the nine 159 

species, except for n-butane and toluene, whilst the FGJ-KAUST surrogate does not have 2-160 

methylbutane, 1-hexene, toluene and cyclopentane in its composition, due to the low 161 

concentrations of cycloalkanes and alkenes found in FACE I. 162 

The novel MFG surrogates were proposed by Abdul Jameel et al. 4, as a less complex alternative 163 

compared to the ones proposed using the methodology by Ahmed et al. 8. The formulation of the 164 

MFG-X surrogates was done by considering only five key functional groups. The MFG surrogates 165 

were selected after performing 1H NMR analyses of the FACE gasolines and the chosen species 166 

closely emulated the functional group distribution of the real fuel. The number of species for each 167 
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surrogate was limited to a maximum of two to reduce surrogate complexity; two carefully selected 168 

species possess enough degrees of freedom to adequately match real fuel functional groups. A 169 

comparison of the functional group present in FGX-KAUST, MFG-X and their corresponding 170 

FACE fuels is reported in Table 3. 171 

 172 

Table 3. Comparison of functional group in wt% among MFG-X and FGX-KAUST (where X = C, G, I and J) and 173 

their corresponding FACE gasolines 4.  174 

Fuel 

Paraffinic 

CH3 

Paraffinic 

CH2 

Paraffinic 

CH 

Olefinic 

CH-CH2 

Naphthenic 

CH-CH2 

Aromatic 

C-CH 

FACE C 53.82 33.12 9.44 0 2.8 0.82 

FGC-

KAUST 

53.57 24.69 8.56 0 0 3.76 

MFG-C 49.19 30.60 14.21 0 2.54 3.45 

FACE G 37.11 18.01 7.01 1.65 12.70 23.51 

FGG-

KAUST 

38.09 14.33 5.25 2.32 11.37 25.47 

MFG-G 31.56 19.64 9.12 0 16.86 22.84 

FACE I 58.56 30.55 7.38 1.42 1.61 0.48 

FGI-

KAUST 

47.33 28.64 9.65 1.62 4.21 3.01 

MFG-I 52.4 32.5 15.1 0 0 0 

FACE J 25.38 34.05 7.25 0 0.81 32.51 
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FGJ-

KAUST 

41.39 30.43 4.62 0 0 21.78 

MFG-J 23.85 38.50 0 0 0 37.65 

 175 

The species palette of the MFG-X surrogates has only 4 components: 3-methylpentane, tetralin, n-176 

heptane and toluene. The chemical structures of the species, together with their abundance 177 

expressed in mole % is shown in Table 4.  178 

 179 

Table 4. Chemical components of MFG-X surrogates, (where X = C, G, I and J), together with their composition 180 

expressed in mole % 4. 181 

Surrogate Fuel Chemical components 

MFG-C 

 

96% 

 

4% 

MFG-G 
 

67.9% 

 

32.1% 

MFG-I 

 

100% 
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MFG-J 

 

 

52.9% 

          

                     47.1% 

 182 

FGX-KAUST surrogates (up to nine components) possess all the functional groups found in FACE 183 

gasolines, whereas the MFG-X surrogates (1-2 components) lack olefinic CH-CH2 groups from 184 

FACE C, G, I and J, naphthenic CH-CH2 groups from FACE I and J and aromatic C-CH groups 185 

from FACE I. These groups were not considered while designing the MFG-X surrogate species 186 

because their actual concentrations in the real fuels was in the order of 0-3 wt% 4. Nevertheless, 187 

simulations of the more simplistic MFG-X surrogates were able to mimic the combustion behavior 188 

of the FACE fuels in IDT, JSR and laminar flame speed experiments, and in simulations as later 189 

shown in this work. 190 

2.2 Ignition delay time simulation 191 

Shock tube ignition delay time simulations were performed for the MFG-X surrogates (where X = 192 

C, G, I and J) using Chemkin-Pro 45, assuming a zero-dimensional, constant volume adiabatic 193 

batch reactor. A temperature span of 600K-1250K was selected, and the simulations were 194 

performed for two pressures (20 atm and 40 atm) and two equivalence ratios of ϕ=0.5 and ϕ=1.0, 195 

respectively. MFG-X simulations were then compared against those of the FGX-KAUST 196 

surrogates, together with the experimental data of their corresponding FACE fuels. The results are 197 

shown in Figure 1. 198 
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2.3 Jet-stirred reactor (JSR) simulation 199 

Oxidation simulations were performed for the MFG-X surrogates (where X = C, I and J) in 200 

Chemkin-Pro 45, using a perfectly stirred reactor (PSR) module. The temperature window was set 201 

between 560K and 1100K, and the residence time was fixed to 0.7s. Simulations were performed 202 

for equivalence ratios of ϕ=0.5, 1.0 and 2.0, while keeping a constant pressure of 10atm. The end 203 

time was set beyond 40s to ensure a steady state output. The behavior of stable oxidation products 204 

such as hydrogen, water, carbon monoxide, carbon dioxide, formaldehyde, methanol, methane, 205 

ethylene and propylene were monitored. The evolution trend of the MFG-X oxidized products 206 

were plotted and compared against the ones resulting from the FGX-KAUST simulations, and their 207 

corresponding FACE fuels experimental data. Results for FACE C, I and J at ϕ=0.5 are shown in 208 

Figs. 2-4. The data corresponding to all three FACE gasolines and their surrogates when ϕ=1.0 209 

and ϕ=2.0 can be found in the Supplementary Material (Figures S1-S6). 210 

Furthermore, radical intermediate species such as H, OH, HO2, CH3, C2H3 and C2H5 were also 211 

brought into question and their oxidative profiles resulting from the simulations of FGX-KAUST 212 

and MFG-X were compared in Figures 6, 7 and 8, when ϕ=0.5. The data obtained for ϕ=1.0 and 213 

ϕ=2.0 can be found in the Supplementary Material (Figures S7-S12). 214 

2.4 Laminar flame speed simulation 215 

One-dimensional laminar flame speed simulations (Fig. 5) were conducted using the sparse, 216 

iterative solver methods described in Lapointe et al. 46. This approach enables the use of larger 217 

detailed models in routine laminar flame speed simulations. In this work, simulations were initiated 218 

using the unsteady solver and final solutions were achieved using the steady-state solver. 219 

Individual species mass diffusivity coefficients, Di, were calculated using constant non-unity 220 

Lewis numbers (Lei). Alternative methods of calculating diffusion coefficients, such as mixture-221 
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averaged or multi-component, were not considered in this work but their use is expected to lead to 222 

minor quantitative differences 46. A second order central difference convective scheme was used 223 

in all simulations which reduces the number of grid points required to minimize relative 224 

discretization errors 46. Final solutions contained approximately 200 grid points in a non-uniform 225 

distribution with grid refinements to regions of steep temperature and species gradients. 226 

Laminar flame speeds were simulated in series using a hybrid unsteady-steady approach with the 227 

fast-solvers described in Lapointe et al 46. All simulations were run on a single node of the LLNL 228 

cluster Quartz utilizing 32 processors. An unsteady (transient) solver was used to initialize each 229 

flame speed point prior to calling the steady solver for the final reported value. The total wall time 230 

for all 27 simulations was 126 minutes, or less than five minutes per point. 231 

3. Kinetic model development 232 

Two mechanisms (the multi-component FGX and MFG kinetic models) were built and assembled 233 

based on the LLNL surrogate mechanisms of Mehl et al. 47 and Issayev et al. 48, which in turn were 234 

built hierarchically on the AramcoMech 2.0 mechanism 49. The FGX multi-component surrogate 235 

mechanism from Mehl et al.47 has been assembled using literature kinetic mechanisms of C5H12 236 

isomers, cyclopentane, 1-hexene, nC6H14, C7H16 isomers (n-, 2-metylhexane), iso-octane and C7-237 

C9 methylated aromatics 50-58. The mechanism has been validated against speciation data, ignition 238 

delays, and laminar flame speed for pure component in earlier studies. In addition, the surrogate 239 

mechanism has also been validated against available binary/ternary/multicomponent mixtures to 240 

capture the blending characteristics.  241 

The mechanism used for MFG surrogate simulations includes detailed kinetic models for both 3-242 

MP (3-methyl pentane) and tetralin. The 3-MP sub-mechanism has been adopted from mechanism 243 

of Zhang et al. 58 while the tetralin sub-mechanism is from the recent paper of Issayev et al. 48.  244 
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The MFG mechanism consists of 1963 species 8451 reactions. The break down of the number of  245 

species and reactions from different sub-mechanisms in the mechanism are shown in the Table 5.   246 

The MFG mechanism has been validated against JSR speciation and ignition delay data of pure 3-247 

MP/oxidizer, tetralin/oxidizer mixtures 59-62. The MFG mechanism has also been validated against 248 

ignition delays of binary blends of 3-MP/tetralin. Such extensive validations of the FGX-KAUST 249 

and MFG mechanisms provides confidence in reactivity trends and kinetic inferences drawn from 250 

the simulations conducted herein. 251 

 252 

 253 

 254 

Table 5: Break down number of species and reactions from different sub-mechanisms of the MFG model 255 

Mechanism no of Species no of reactions Reference 

C0-C4 chemistry 412 2360 Li et al. 49 

C5-C6 species 1088 3463 Zhang et al. 58 

C7-C14 Aromatic chemistry 463 2718 

Issayev et al.48& 

Kukkadapu et 

al.55  

 256 

4. Results and discussions 257 

4.1 Model validation 258 

4.1.1 Ignition delay time (IDT) studies 259 

 260 

Figure 1 shows the IDT simulations of the MFG-X surrogates (where X = C, G, I and J) compared 261 

to the simulations done for the FGX-KAUST surrogates and the experimental data of their 262 

corresponding FACE gasolines. Black squares and red circles represent the experimental data 263 

corresponding to each FACE fuel at lean-fuel (ϕ=0.5) and stoichiometric conditions (ϕ=1.0), 264 
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measured at two pressures (p=20 atm and 40 atm, respectively) 10-12. Red and black solid lines 265 

represent MFG-X simulations performed using the LLNL kinetic model, while the red and black 266 

dashed lines represent the simulations done on the surrogates formulated by Ahmed et al. 8. It can 267 

be observed that MFG-X simulations (red and black solid lines) capture the experimental data of 268 

the FACE gasolines reasonably well when using fuel-lean mixtures (ϕ=0.5) and lower pressures 269 

(p=20 atm). The same is valid in the high temperature region (T>900 K), when using 270 

stoichiometric fuel/oxidizer ratios (ϕ=1.0) and higher pressures (p=40 atm). However, the model 271 

becomes less reactive at lower temperatures, below 900 K (1000/T > 1.1). At stoichiometric 272 

(ϕ=1.0) and high pressure (p=40 atm) conditions, the FGX-KAUST simulations can reproduce the 273 

experimental data more accurately than the MFG-X surrogates. This is due to their larger pallete 274 

of species, which can mimic the combustion behavior of the FACE fuels more accurately. 275 

However, the discrepancy between the simulations data of the MFG-X and FGX-KAUST 276 

surrogates is small, except for aromatic rich FACE G and J at high pressures and lower 277 

temperatures.  This suggests that the use of tetralin and toluene as simple aromatics for the more 278 

complex alkylated aromatics in the real fuels (e.g., trimethylbenzenes) may be a limiting factor in 279 

reproducing the low temperature combustion chemistry. Limitations in the kinetic model for 280 

toluene and tetralin could also be a cause for the shown discrepancies. Nevertheless, the two-281 

component mixtures can mimic well the ignition propensity of the targeted fuels across the 282 

majority of conditions. Further mechanistic improvements can be done by examining the behavior 283 

of the reactant species at higher pressures and lower temperatures. 284 

 285 

 286 
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 287 
 288 
Fig. 1. Influence of pressure on IDT of FACE C, G, I and J at 20 and 40 atm for lean(ϕ=0.5) and stoichiometric (ϕ=1.0) 289 

conditions. Black squares and red circles represent the experimental data corresponding for each FACE fuel. Red and 290 
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black solid lines represent MFG-X simulations, while the red and black dashed lines represent the simulations done 291 

on the FGX-KAUST surrogates formulated by Ahmed et al. 8. (data from 10-12) 292 

4.1.2 Jet stirred reactor (JSR) studies 293 

Figures 2, 3 and 4 reveal the stable species profiles from JSR simulations of MFG-X and FGX-294 

KAUST surrogates (where X = C, I and J), which are compared against the experimental data of 295 

their corresponding FACE gasolines. Black squares represent the experimental data for each FACE 296 

gasoline at lean-fuel conditions (ϕ=0.5). Further oxidation studies performed for stoichiometric 297 

(ϕ=1.0) and fuel rich mixtures (ϕ=2.0) are provided in the Supplementary Material (Figures S1-298 

S6). Red solid lines represent MFG-X simulations, while the black solid lines represent the 299 

simulations done with the FGX surrogates formulated by Ahmed et al.8.  300 

Mole fractions of the FACE gasoline fuels were calculated by summing all the hydrocarbon 301 

reactants detected in the experiments. The same method was employed to obtain the molar 302 

compositions for each corresponding surrogate, which were then normalized to 1000 ppm for a 303 

better comparison to the experimental data. Figures 2, 3 and 4 show that FACE fuels have similar 304 

fuel consumption profiles, in both low and high temperatures, for fuel-lean conditions (ϕ=0.5). As 305 

observed, all species exhibit similar behaviors in the high temperature window of 800 K–1100 K, 306 

where the oxidation rates increase dramatically. Additionally, formaldehyde (CH2O) and methanol 307 

(CH3OH) are produced in the low-to-intermediate temperature region of 500K–700K. This 308 

oxidation phenomenon is termed as the negative temperature coefficient behavior 63, 64, indicating 309 

two different reaction mechanisms at low and high temperatures, which are both 310 

thermodynamically and/or kinetically limited in the intermediate temperature window (700K- 311 

800K). 312 



18 
 

 313 

Fig. 2. JSR data for FACE C at 10 atm for lean (ϕ=0.5) conditions (FACE C data from 16) 314 
 315 

The combustion behavior of the targeted oxidized species was captured by the MFG simulations 316 

for all FACE fuels, at lean (ϕ=0.5) and stoichiometric (ϕ=1.0, shown in Supplementary Material) 317 

conditions, except for methanol and propylene. Good predictions were observed even at fuel-rich 318 

conditions (ϕ=2.0, shown in Supplementary Material), however, further improvements are 319 

required when improving methanol, methane, ethylene and propylene. When compared to the FGX 320 

surrogates, the MFG-X data shows a comparable or better performance across all conditions. 321 

However, the combustion trends of several oxidized species were not accurately captured by the 322 

MFG simulations, when performed at fuel rich conditions (ϕ=2.0, shown in Supplementary 323 

Material).  324 

FACE C 

=0.5 
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 325 

Fig. 3. JSR data for FACE I at 10 atm for lean (ϕ=0.5) conditions (FACE I data from 17) 326 
 327 

Figure S2 (Supplementary Material) reveals that the MFG model under-predicts the FACE C 328 

(ϕ=2.0) combustion behavior of H2O, CO, CH2O, CH4, C2H4 and C3H6 oxidized products. Similar 329 

patterns were observed for some of the oxidized species for FACE I (CH2O, CH3OH, CH4, C2H4 330 

and C3H6, ϕ=2.0, Figure S4) and FACE J (CH4, C2H4 and C3H6, ϕ=2.0 Figure S6). The model 331 

under-predicts the behavior of CH4, C2H4 and C3H6 in all FACE fuels, even more than the FGX 332 

simulations. These products are short-chained, C1-C3 species, which can form by C-C bond 333 

dissociation of long-chained paraffins. When analyzing the compositions of MFG-X and FGX 334 

surrogates, we can see a large discrepancy between the number of components and the chemistry 335 

of the selected species. 336 

FACE I 

=0.5 



20 
 

 337 
 338 

Fig. 4. JSR data for FACE J at 10 atm for lean (ϕ=0.5) conditions (FACE J data from 17) 339 

 340 

From Table 4, we can see that MFG-C and MFG-I surrogates are almost solely composed of 3-341 

methylpentane. As for the MFG-J surrogate, it contains 52.9% n-heptane (by mole), however, the 342 

rest is toluene which decreases the reactivity of the system by scavenging the reactive radical pool 343 

generated from low temperature chemistry of n-heptane. 3-methyl pentane is a sterically hindered 344 

molecule, where C-C bond breaking forms predominantly C2 products. Hence, this is a possible 345 

explanation for the under-predicted profiles of propylene, CH4, and CH3OH species. 346 

FGX surrogates have a rich selection of species, comprising iso-alkanes, n-alkanes, alkenes, 347 

cycloalkanes, and aromatics. This results in a wider selection of resulting oxidized products, giving 348 

closer behaviors to the experimental data. However, we should consider that the MFG-X 349 

FACE J 

=0.5 
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surrogates contain a maximum of 2 species and yet, they have a good match with the FACE fuels 350 

experimental data. Further improvements for the current MFG model could be achieved by 351 

increasing the number of species components to 3, so that they can cover the additional olefinic 352 

and naphthenic CH-CH2 functional groups. However, in the current form, the MFG surrogates 353 

provide for smaller sub-mechanisms and reasonable predictive capability. 354 

4.1.3 Laminar flame speed studies 355 

Figure 5 shows the comparison of the laminar flame speeds (LFS) of FACE C gasoline and the 356 

MFG-C surrogate from experiments 13, and simulations respecitvely. Laminar flame speeds have 357 

not been measured for the other FACE gasolines, and simulations using multi-component 358 

surrogates (FG-X) are not possible due to the absence of transport data in those models. As shown, 359 

the LFS of MFG-C surrogates, compare well with the experiments, with the predictions getting 360 

better with increasing pressure. The differences in experimental and predicted values show  361 

significant differences at fuel-rich mixtures ( >1.3) at pressures of 1 atm and 4 atm. This observed 362 

difference in LFS of fuel-rich mixtures is consistent with performance of AramcoMech 2.0 in 363 

capturing flames speed of C1-C4 hydrocarbons, and so the differences are expected not to stem 364 

from MFG surrogate formulation approach.    365 
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Fig. 5. Experimental Laminar flame speeds of FACE C gasoline and corresponding simulated MFG surrogate at 358 367 

K10. 368 

4.2. Radical pool analysis 369 

To better understand the role of the intermediate and small species pool on influencing combustion 370 

behavior, radical intermediate oxidation profiles of H, OH, HO2, CH3, C2H3 and C2H5 were 371 

simulated for MFG-X and FGX-KAUST surrogates for JSR. These comparisons can help expain 372 

why simpler MFG surrogates are able to reproduce the combustion characteristics of more 373 

complex multi-component surrogates. The profiles are plotted and compared in Figures 6, 7 and 8. 374 

Figure 9 shows simulations in a homogeneous batch reactor for mole fractions of radicals OH and 375 

HO2 evolving as a function of time eventually leading to ignition. This is simulated in a constant 376 

volume adiabatic reactor, at 20 atm pressure and stoichiometric conditions for MFG-X and FGX-377 

KAUST for the gasolines FACE C, G, I and J. 378 
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 379 

Fig. 6. JSR data for FACE C at 10 atm for lean (ϕ=0.5) conditions (FACE C data from 16) 380 
 381 
 382 

Figure 6 shows good agreements between the simulation data of FACE C surrogates. H, OH and 383 

HO2 species had similar concentrations at fuel-lean (=0.5) stoichiometric (=1.0, Figure S7) and 384 

fuel-rich (=2.0, Figure S8) conditions for both MFG and multi-component surrogates. This 385 

demonstrates that small radical pool is similar during the decomposition of the surrogate chemical 386 

species in both mixtures. However, the models show minor discrepancies for CH3, C2H3 and C2H5, 387 

which account for the difference in surrogate compositions. C2 species (C2H3 and C2H5) are more 388 

abundant for the MFG-C surrogate beyond 800 K, due to the chemical structure of 3-389 

methylpentane, which allows a faster C-C bond breaking next to the methyl group, forming a stable 390 

secondary carbocation. A less probable C-C bond scission would take place at the methyl site, 391 

which rationalizes the lower abundancy of the CH3 radical observed in Figure 6. 392 

FACE C 

=0.5 
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393 

Fig. 7. JSR data for FACE I at 10 atm for lean (ϕ=0.5) conditions (FACE I data from 17) 394 

The chemical composition of MFG-I closely resembles that of MFG-C, hence a similar radical 395 

pool abundancy was observed at fuel-lean (ϕ=0.5, Figure 7), stoichiometric (ϕ=1.0, Figure S9) and 396 

fuel-rich (ϕ=2.0, Figure S10). However, Figure 7 reveals that more C2H3 and C2H5, and less CH3 397 

radicals were formed by oxidation of MFG-I, when compared to the FGI surrogate. This is again 398 

due to the chemical composition of MFG-I, where the structure of 3-methyl pentane is the decisive 399 

factor. FACE J (Figure 8) shows almost perfect agreements between the radical pools (H, OH and 400 

HO2) of the two surrogates at fuel-lean (ϕ=0.5) and stoichiometric (ϕ=1.0, Figure S11) conditions. 401 

However, the radical pool increased at fuel-rich conditions (ϕ=2.0, Figure S12), especially for HO2 402 

radicals, due to the increased concentration of n-heptane. The C2 (C2H3 and C2H5) species 403 

concentrations had similar values at fuel-lean (ϕ=0.5) and stoichiometric (ϕ=1.0, Figure S11) 404 

conditions, however, more C2 products were observed at fuel-rich conditions (ϕ=2.0, Figure S12). 405 

This again is due to the greater presence of n-heptane. As for the CH3 radicals, they were observed 406 

to be significantly less in the MFG-J surrogate, when compared to FGJ at fuel-lean conditions 407 

FACE I 

=0.5 
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(ϕ=0.5, Figure 8). The MFG-J surrogate is composed of 52.9% n-heptane, which breaks down to 408 

form smaller alkyl radicals such as CH3. The other component, toluene (47,1%) is less reactive 409 

due to its chemical stability. The initiation of toluene decomposition is done by first abstracting 410 

hydrogen from the methyl group, which is followed by oxidation reactions to more aromatic 411 

oxygenates or bibenzene. However, results from Figures S11 and S12 under stoichiometric and 412 

rich conditions portray a better agreement for CH3 between the two surrogates because toluene 413 

may pyrolyze directly leading to CH3 production.  414 

415 

Fig. 8. JSR data for FACE J at 10 atm for lean (ϕ=0.5) conditions (FACE J data from 17) 416 

FACE J 

=0.5 
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417 

Fig. 9. Simulated pre-ignition OH and HO2 radical mole fractions as a function of time in a constant volume, 418 

adiabatic reactor for FACE C, G, I and J surrogates – MFG and FGX-KAUST models at initial pressure 20 atm, 419 

stoichiometric conditions and initial temperature 800K and 1200K 420 

 421 
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As can be seen from Figure 9, in general, the minimalist functional group surrogate model trend 422 

(MFG – red line) agrees reasonably well with the multicomponent surrogate model trend (FGX-423 

KAUST – gray line) for the transient pre-ignition mole fractions of important radicals OH and 424 

HO2. This explains why there is a good agreement between the MFG and FGX models with respect 425 

to IDT in Figure 1. The peaks in radical mole fractions for both the models occur at around similar 426 

times. At 800 K, 2-stage ignition is observed for most fuels, while a single stage ignition is 427 

observed at 1200 K. The radical mole fraction peaks occur early for the higher temperature 428 

simulation due to the higher reactivity of the system.  429 

In order to understand the finer differences between the radical trends of MFG model versus 430 

multicomponent model, the simulated OH mole fraction of FACE C at 0.1 ms for 800K and 1200K 431 

is studied in more detail in Figure 10 (this is the zoomed in graph of the first two plots of Figure 432 

9, with axes re-scaled). 433 

 434 

Fig. 10. Simulated pre-ignition OH radical mole fractions as a function of time in a constant volume, adiabatic 435 

reactor for FACE C – MFG and FG-KAUST models at initial pressure 20 atm, stoichiometric conditions and initial 436 

temperature 800K and 1200K, at 0.1 ms residence time 437 
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From Figure 10, the multicomponent surrogate model shows higher sensitivity toward temperature. 438 

The OH mole fraction at 0.1 ms for the multicomponent surrogate model is lower at 800K and 439 

higher at 1200K than the same for the MFG model. This could be due to the presence of a richer 440 

variety of surrogate molecules in the multicomponent surrogate model (n-butane, iso-pentane, 2-441 

methyl hexane, n-heptane, iso-octane, toluene) compared to the MFG surrogate model (3-methyl 442 

pentane, tetralin). In the multicomponent surrogate for FACE C, the mole fraction of iso-octane is 443 

the highest. It is around 3 to 12 times that of the other molecules in its feed, while in MFG feed, 444 

3-methyl pentane is 24 times (molar) more abundant compared to tetralin. Hence, the dominant 445 

kinetics for multicomponent surrogate model for FACE C are driven by iso-octane oxidation, and 446 

for MFG, it is 3-methyl pentane. At 800K, the relative rate of production (ROP) of OH radical via 447 

different routes for MFG model are shown in Figure 11. 448 

 449 

Fig. 11. Different routes for OH formation by MFG-C model at 800K at 20 atm, 0.1 milli.s constant volume 450 

adiabatic condition. 451 
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As can be seen in Figure 11, the OH is consumed (negative ROP) mainly via hydrogen abstraction 452 

of 3-methyl pentane (species name I3C6) by OH. The formation of radical site at the 2-position of 453 

3-methyl pentane is preferred (I3C6-2) owing to the degeneracy of 4 and the identity of the 454 

secondary carbon. This radical (I3C6-2) becomes the dominant source of OH radicals via reaction 455 

with O2 and formation of peroxy radicals. These are the top few reactions in Figure 11 (with 456 

positive ROP). Peroxy chemistry is also dominant for OH formation in multicomponent surrogate 457 

model at 800K, driven mainly by iso-octyl radical. At 800K, the most dominant routes for OH 458 

radical formation for each of the two models is pictorially shown in Figure 12. 459 

 460 

Fig. 12. Dominant pathways for the formation of OH radical by the MFG-C model and multicomponent surrogate 461 

model at 800K at the conditions of Figure 10. 462 
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It can be seen in Figure 12 that though the dominant pathways of OH formation by the two models 463 

are different, both proceed via formation of peroxy radical by reacting the main fuel radicals with 464 

O2. The iso-octane multicomponent surrogate model releases OH while forming cyclic ethers, 465 

while the MFG route proceeds through open chain species. The route/model having open chain 466 

species (MFG) shows faster formation of OH, as seen in the first graph of Figure 10 (as the red 467 

line shows higher OH mole fraction). 468 

At 1200K, the peroxy chemistry is no longer dominant for OH production. In the MFG model, the 469 

secondary radical of 3-methyl pentane, which is dominantly produced in the primary H-abstraction 470 

stage undergoes a C-C beta scission to give ethyl radical. This ethyl reacts with O2 to give ethylene 471 

and HO2 radical. The HO2 radical abstracts hydrogen from 3-methyl pentane to form H2O2. The 472 

hydrogen peroxide undergoes homolytic scission to give two radicals of OH. The route of 473 

hydrogen peroxide giving OH radicals is also the dominant path at 1200K for multicomponent 474 

surrogate model. However, the H2O2 is mainly produced by the reaction of two HO2 radicals while 475 

releasing O2. This is because of excess presence of HO2 in the radical pool of multicomponent 476 

surrogate model owing to the abstraction of H from the methyl branch of toluene by O2. Toluene 477 

is a part of the multicomponent surrogate, and when O2 abstracts H from the methyl branch of 478 

toluene, a resonantly stabilized radical is formed. Hence, this is a preferred route. Even though 479 

toluene content of feed is about 11 times lower than that of iso-octane in the multicomponent 480 

surrogate, the tendency of forming resonantly stabilized radical results in toluene leading to excess 481 

HO2 in its radical pool, and thereby leading to higher OH mole fraction observed in Figure 10. 482 

Moreover, there are various radicals in the multicomponent surrogate model, thereby providing 483 

more routes to OH production. Hence, the OH mole fraction in the radical pool of multicomponent 484 

surrogate is higher than that of MFG at 1200 K. 485 
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4.3 Species’ concentration profiles, flux, and sensitivity analysis 486 

In order to analyze and compare the chemistry of the proposed MFG model and multi-component 487 

surrogate model, the species’ concentration profiles, flux and sensitivity analyses were performed 488 

using both models systematically in batch reactor simulations. Figure 13 shows the sum of 489 

reactants’ concentration profiles predicted by the two models respectively, in the figures, lines in 490 

different colors and types stand for different fuels and different kinetic models respectively.  A 491 

clear two-stage ignition can be observed for all four FACE fuels in Figure 13, the concentration 492 

profiles predicted by the two models are in relatively good agreement, with MFG model being 493 

slightly faster that the multi-component surrogate model (about 0.1 – 3.6 ms). The high 494 

discrepancy between mechanisms observed in Figure 13 for FACE G is due to the choice of the 495 

aromatic component in the two models. The percentage of tetralin in the MFG-G surrogate was 496 

32.1% (Table 4), which is significantly higher compared to the aromatic component found in the 497 

FGG surrogate, 1,2,4 – trimethylbenzene, which had a lower concentration of 21.1% (Table 2). 498 

The increase of aromatic content resulted in a significant discrepancy in their concentration 499 

profiles (Figure 13). Better correlations can be observed for FACE I and FACE J, where the 500 

aromatic component was non-existent (MFG-I surrogate) or the aromatic component was changed 501 

to toluene (MFG-J surrogate). In summary, there is a good agreement between the two models 502 

demonstrating that even with much fewer species in the MFG model, the accuracy of prediction 503 

was retained successfully. 504 
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Figure 13. Species’ concentration profiles using the MFG model at  = 1.0, p = 40 atm and T = 830 K. 506 

 507 

To further investigate the critical chemistry of each model, sensitivity analysis was performed for 508 

the MFG model first, and FACE G and J were selected as the two representatives, since they have 509 

contained significant amount of 1) 3-methylpentane and tetralin; 2) n-heptane and toluene, which 510 

cover all reactants involved in the MFG model. Figures 14 and 15 show the sensitivity analysis 511 

results for FACE G and J at the corresponding condition of Figure 13:  = 1.0, p = 40 atm and T 512 

= 830 K. Sensitivity analysis in ChemKin determines the first-order normalized sensitivity 513 

coefficients of the gas temperature, species fractions, and, where appropriate, the bulk-phase 514 

properties, with respect to the reaction rate coefficients. In the specific case of Figures 14, 15, 18 515 

and 19, sensitivity analysis provides information on the direct as well as indirect contributions of 516 

individual reactions to Ignition Delay Time. For FACE G oxidation, 3-methylpentane chemistry 517 

seems to control the overall reactivity; and the most dominant reactions are second O2 addition to 518 
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the QOOH radical and tertiary H-atom abstraction by OH respectively in the 3-methylpentane sub-519 

mechanism, in addition, the RO2 ↔ QOOH isomerization and secondary allylic H-atom 520 

abstraction reactions are the only tetralin chemistry which promotes and inhibits the reactivity 521 

respectively. For FACE J oxidation, although almost equivalent amount of n-heptane and toluene 522 

were blended as reactants (1.0819% and 0.9633%), n-heptane chemistry shows the complete 523 

dominance over toluene: its nine reactions exist in the top ten sensitive reactions. The reactions of 524 

second O2 addition to QOOH radicals and HO2 concerted elimination from RO2 radicals were 525 

found to be the most reactivity promoting and inhibiting reactions, which were expected as usual. 526 

The only sensitive reaction in toluene chemistry was benzylic H-atom abstraction by molecular 527 

oxygen: C6H5CH3 + O2 ↔ C6H5CH2 + HO2, this reaction promotes the reactivity in the pure 528 

toluene oxidation, since this reaction initiates oxidation of toluene, and generates two radicals: 529 

benzyl and hydroperoxyl radicals. However, it inhibits the reactivity in this n-heptane and toluene 530 

mixture as this reaction was found to proceed in reverse direction scavenging the HO2 radicals 531 

produced from low temperature oxidation chemistry of n-heptane. 532 

-6 -4 -2 0 2 4 6

I3C6OOH2-5+O2<=>I3C6OOH2-5O2
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 533 
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Figure 14. Sensitivity analysis of FACE G at  = 1.0, p = 40 atm and T = 830 K, using the MFG model. 534 

 535 
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Figure 15. Sensitivity analysis of FACE J at  = 1.0, p = 40 atm and T = 830 K, using the MFG model. 537 

 538 

Figures 16 and 17 show the flux analysis performed using the MFG model for FACE G and J at  539 

= 1.0, p = 40 atm, T = 830 K, and the time points were chosen at 1.5 and 0.5 ms respectively, 540 

where the first stage ignitions occurred, as shown in Figure 13. In the figures, generalized reaction 541 

pathways were illustrated in black and red colors for 1) 3-methylpentane and tetralin in FACE G; 542 

2) n-heptane and toluene in FACE J. The glossary of the species is provided in the Supplementary 543 

Material. In FACE G, for 3-methylpentane oxidation, the fuel initial chemistry starts from the H-544 

atom abstraction from primary, secondary and tertiary site of the reactant by hydroxyl radical, then 545 

the formed alkyl radical undergoes first O2 addition form the RO2 radicals followed by (a) HO2 546 

concerted elimination which inhibits the reactivity; (b) isomerization plus second O2 addition 547 

which promotes the reactivity. For tetralin oxidation, the reactant also undergoes the H-atom 548 
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abstraction reaction from secondary site of the six-membered ring, this reaction results in two 549 

different types of radicals: (a) alkyl type TETRARS radical; (b) allylic type TETRARB radical. 550 

The second radical reacts with HO2 followed by the O-O bond fission, or via chemically activated 551 

channel to produce TETROXYB radical plus OH. The first radical undergoes typical alkyl radical 552 

low-temperature chemistry: first O2 addition followed by isomerization to give TETSQ-B2J 553 

radical, this TETSQ-B2J radical is an allylic radical which again reacts with HO2 followed by the 554 

O-O bond fission of two –OOH groups and C-C bond β-scission leading to the ring opening. In 555 

FACE J, the oxidation of n-heptane exhibits the same typical alkyl radical low temperature 556 

chemistry as the 3-methylpentane mentioned above, the competition between the HȮ2 radical 557 

concerted elimination from RO2 and RO2 isomerization to QOOH leads to the NTC behavior. 558 

While the oxidation pathway of toluene shows that the abstraction reaction (C6H5CH3 + O2 ↔ 559 

C6H5CH2 + HO2) actually occurs in the reverse direction, which well corresponds to its reactivity 560 

inhibiting the role showed by the sensitivity analysis in Fig. 15. 561 

 562 
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 564 

 (b) Tetralin 565 

Figure 16. Flux analysis of FACE G at  = 1.0, p = 40 atm, T = 830 K and t = 1.2 ms, using the MFG model. 566 
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 569 

(b) Toluene 570 

Figure 17. Flux analysis of FACE J at  = 1.0, p = 40 atm, T = 830 K and t = 0.3 ms, using the MFG model. 571 

Corresponding to the FACE G and J investigated using the MFG model, Figures 18 and 19 show 572 

the sensitivity analysis results for the two fuels using the multi-component surrogate model. For 573 

FACE G oxidation, with the absolute concentration of 0.3102%, cyclopentane shows its dominant 574 

chemistry (six out of ten top sensitive reactions) over the other two major species in the reactants: 575 

iso-octane (0.3722%) and 1,2,4-trimethylbenzene (0.4343%). On the other hand, for FACE J 576 

oxidation, n-heptane and 1,2,4-trimethylbenzene chemistry were at the dominant position, which 577 

promotes and inhibits the reactivity respectively. Moreover, similar as the toluene oxidation 578 

discussed above, the benzylic H-atom abstraction reaction from 1,2,4-trimethylbenzene by OH and 579 

O2  inhibits the reactivity in the surrogate blend. 580 
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 581 

Figure 18. Sensitivity analysis of FACE G at  = 1.0, p = 40 atm and T = 830 K, using the multi-component 582 
surrogate model. 583 
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 585 

Figure 19. Sensitivity analysis of FACE J at  = 1.0, p = 40 atm and T = 830 K, using the multi-component surrogate 586 
model. 587 

 588 



39 
 

5. Conclusions 589 

The MFG approach for surrogate formulation considers only five key functional groups: paraffinic 590 

CH3, paraffinic CH2, paraffinic CH, naphthenic CH -CH2 and aromatics, together with the 591 

branching index (BI) of each species. Using this approach, surrogates were designed to exhibit 592 

similar properties as real gasolines, such H/C ratio, density, average molecular weight, RON, and 593 

MON. In this article, IDT and oxidation species trends from kinetic models for MFG surrogates 594 

were explored, and it was shown that an excellent agreement is portrayed between all the 595 

simulations and experimental data, confirming the importance of functional groups when 596 

designing new surrogates. Moreover, the chemistry of the proposed MFG model and multi-597 

component surrogate models were assessed via flux and sensitivity analyses. 598 

This modeling study demonstrates that the matching of functional groups is critical for 599 

qualitatively and quantitatively predicting the pool of small radical intermediates that govern real 600 

fuel combustion phenomenon, as also recently shown by Zhang et al 65, 66. Sensitivity analysis 601 

results for FACE G suggested 3-methylpentane as the central component governing the overall 602 

reactivity, while for FACE J, n-heptane was found to dominate the chemistry. Altogether, the 603 

results suggest that functional groups can be the central design principle for future fuels, with 3-604 

methylpentane being considered as a good candidate for future surrogate design.  605 
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