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Abstract 

Investigating combustion characteristics of oxygenated gasoline and 
gasoline blended ethanol is a subject of recent interest. The non-
linearity in the interaction of fuel components in the oxygenated 
gasoline can be studied by developing chemical kinetics of relevant 
surrogate of fewer components. This work proposes a new reduced 
four-component (isooctane, heptane, toluene, and ethanol) 
oxygenated gasoline surrogate mechanism consisting of 67 species 
and 325 reactions, applicable for dynamic CFD applications in engine 
combustion and sprays. The model introduces the addition of eight 
C1-C3 species into the previous model (Li et al; 2019) followed by 
extensive tuning of reaction rate constants of C7 – C8 chemistry. The 
current mechanism delivers excellent prediction capabilities in 
comprehensive combustion applications with an improved 
performance in lean conditions. The mechanism has been applied to 
validate the measured data across a wide range of temperature, 
pressure, equivalence ratio (φ), and RON ranges. In addition to 
Ignition delay times (IDT) and Flame speed (FS), the model is used 
to validate species concentration analysis in the premixed flames and 
flow reactor as well as on coupling with CFD. The model is also used 
to validate HCCI combustion of PRF and TPRF mixtures in CFR 
engine and the reactive spray simulations for n-heptane and PRF’s in 
constant volume chamber Spray A simulations according to ECN 
recommendations. 

Introduction 

The practical gasoline fuels in the engine consist of thousands of 
compounds, including various proportions of paraffins, iso-paraffins, 
aromatics, and olefins. Nowadays blending oxygenate compounds 
such as biofuels, antiknock quality improving compounds have 
become quite common [1-2]. Hence it has become quite challenging 
to develop models to represent their performance in real engines. To 
resolve this issue, significant progress has been made in the past two 
decades, formulating surrogates consisting of few components that 
emulate the kinetic characteristics of real gasoline in engines. The 
simplest of the surrogates include PRF (Primary reference fuel: 
binary mixtures of heptane and isooctane), and TPRF (ternary 
mixtures of n-heptane, isooctane, and toluene).  Among the gasoline 
surrogate formulation techniques, the notable ones are a) A 
computational method to formulate surrogates consisting multi-
components that imitates the H/C ratio, RON, MON, distillation 
characteristics, density, carbon number etc. by Ahmed et al.[3]. b) A 
novel gasoline surrogate formulation approach that builds only fewer 

components to emulate the functional group distribution in the real 
gasoline by Abdul Jameel et al.[4].  

Sarathy et al.[5] developed a TPRF model consisting of 76 species 
and 401 reactions using direct relation graph (DRG-X) model 
reduction techniques and isomer lumping method. The mechanism 
validates well with IDT and flame speed at various conditions. The 
mechanism included a detailed H2/CO/C1 chemistry and reduced C2-
C3 reactions. The decoupling approach followed was based on the 
assumption that flame speed, heat release, emissions of unburnt 
hydrocarbons, CO and NOx largely depends on H2/CO/C1 base 
chemistry. The model exhibited stiffness issues due to fast chemical 
time scales, which could eventually lead to expensive CFD 
simulations. Also, the stability issues in OH boundary were observed 
with the model for spray constant volume chamber simulations 
(CVCC). The OH boundary is defined at the location where 2% of 
the maximum OH fraction occurs according to ECN 
recommendations (Engine combustion network) [6]. More details are 
included in the spray simulation section. OH boundary was found to 
fluctuate, causing instabilities in the consumption of fuel. Recently, 
Li et al.[7] developed a four-component TPRF-E  (TPRF blended 
with ethanol) gasoline surrogate model consisting of 59 species and 
270 reactions by further selective reduction of species of the previous 
model using DRG-X and modification of the rate constants. Three 
additional species from ethanol sub mechanism, C2H5OH, 
SC2H4OH, and CH3CHO, and its relevant high temperature H-
abstraction and radical beta scission reactions are included newly in 
the previous model. The issues with the previous model [5] were 
resolved by Li [7] and were able to effectively utilize in 
multidimensional CFD engine applications. Using computational 
singular perturbation (CSP) technique, stiffness issues with the model 
were reduced by adjusting Arrhenius coefficients.  Overall, the 
gasoline surrogate model performed well with the predictions of 
ignition delay times (IDT), flame speeds (FS), CFD applications in 
compression ignition engines for PRF, TPRF mixtures, and also for 
oxygenated certification gasoline such as Haltermann and Coryton 
[8]. However, the performance of the model in lean mixture 
conditions, particularly ignition delay of pure components and 
mixtures, homogenous charge compression ignition conditions 
(HCCI) of fuel mixtures were found delayed compared to measured 
data. Hence, the model might not be desirable for modern combustion 
engine applications such as pre-chamber modeling, which falls under 
the lean combustion category [9]. Also, a delay in the prediction of 
total ignition delay time for PRF surrogates was observed in constant 
volume spray CFD simulations.  
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The present model aims to develop a TPRF-E surrogate (toluene, 
isooctane, n-heptane, ethanol) chemical kinetic model that delivers a 
better prediction of fuel properties at broad ranges of equivalence 
ratios and for utilization in computationally demanding CFD 
applications in multi-engine concepts. The model has been tuned 
against ignition delay time (IDT) and Flame speed (FS) 
measurements at a wide range of conditions found in the literature. 
Then, the model has been applied to validate species measurements 
of pure components in premixed flames and flow reactor. In addition 
to that, the model is tuned to validate the combustion behavior of 
PRF, TPRF mixtures in cooperative fuel research engine (CFR) under 
HCCI conditions, and also reactive spray CVCC experimental data 
(constant volume chamber combustion) available, recommended by 
ECN guidelines. Table A1 (see Appendix) describes previous 
reduced gasoline surrogate models since 2010. Among those, models 
highlighted in bold are mentioned in the present work. All current 
simulation results are compared with TPRF-E model by Li et al. [7] 
and also with the other two well-accepted reduced models by Liu et 
al. [10] and Wang et al. [11], respectively. 

Model Development  

The current model was developed by selectively adding eight 
additional C1 species to the 59 species TPRF-E model [7] from the 
previous 76 species mechanism [5]. This is done by comparing 
sensitivity analysis results of both previous models at broad ranges of 
equivalence ratios for pure components (heptane, isooctane, toluene), 
PRF, and TPRF mixtures. The eight C1-C3 species present in the first 
model were found indispensable for good prediction capability in 
lean combustion regimes. The species included are CH3O2H, 
CH2CHO, C2H6, C2H3CHO, IC3H7O, C3H6OOH1-2, C3H6O1-2, 
C3H5O. The added species and reactions are highlighted in 
supplementary1. The fuel chemistry is retained from the previous 
model by Li et al. [7]. The addition of species was followed by 
extensive tuning of the reaction constants in the C7-C8 chemistry. The 
current mechanism also retains the ethanol sub chemistry consisting 
of 3 additional species and 26 reactions from the previous model [5]. 
The tuning process is performed by verification of simulated IDT and 
FS of both pure components and mixtures against experimental data. 
The process was done in five steps. a) The chronological order of the 
most sensitive reactions is identified at different temperature regimes 
(unburnt gas temperature for FS), at different equivalence ratios. b) 
The tuning process is performed systematically after a methodical 
selection of the most sensitive reactions. c) The Arrhenius rate 
constants were not increased abruptly and not beyond the order of 
1015, thus ensuring a low stiffness maintained in the previous model 
by Li et al. [7]. d) Tuned rate constants of bimolecular reactions are 
screened to check if they are collision limit compliant, as per the 
model developed by Yalamanchi et al. [41]. The thermodynamic and 
transport parameters of the newly added species are also screened to 
determine the source of errors that converts the kinetic reactions to 
exceed the collision limit. Furthermore, the tuned kinetic reactions 
are screened to check the presence of unphysical ultrafast timescales 
using computational singular perturbation technique [7][42]. e) 
Periodical verification of stability of OH boundary in the spray 
simulations. The resulting model consists of 67 species and 325 
reactions. Also, the model shows excellent capabilities in the 
validations of species profiles in flames and flow reactor and CFD 
applications in HCCI engine combustion and spray CVCC 
simulations. To summarize, the current model successfully addresses 
the identified drawbacks of the previous models, and hence 
essentially can be applied in comprehensive combustion applications. 

Model Validation 

Ignition Delay times (IDTs) Validations  

The proposed mechanism has been tuned against the measured 
ignition delay times (IDT) at a wide range of equivalence ratios, 
pressures, and temperatures. The experimental data includes pure 
component fuels, PRF, TPRF, GCI blend, Haltermann straight run 
naphtha (HSRN), TPRF-E, Haltermann, and Coryton gasoline. 
Among these, IDTs validation of TPRF-E, Haltermann, and Coryton 
gasoline using TPRF-E surrogates are included in Figure 1. The 
compositions of TPRF-E surrogate to simulate Haltermann and 
Coryton gasoline is adopted from [8], calculated via the 
computational method of surrogate development by Ahmed et al. [3]. 
IDT simulation results have been compared with our previous model 
[7]. Notably, the present model matches well with the previous model 
with improved predictions at lean conditions (φ =0.45) and high 
pressure scenarios of TPRF-E IDTs simulation. Overall, good 
agreement is observed between the measured and simulated results; 
the proposed model can capture well the low temperature, negative 
temperature coefficient (NTC) regimes. For Coryton and Haltermann 
gasoline oxidation, the measured data at high equivalence ratio (φ 
=1.8) seems to converge with φ =0.9 at T >1000K. Looking into the 
experimental data, at high temperatures (T>1000K), the fuel richness 
(increase in φ) fails to decrease ignition delay. Whereas, the models 
follow an equal distance of separation between the curves.  The 
indistinct trend in the IDT curves is failed to capture by both models. 
To analyse better, the models are compared with detailed gasoline 
surrogate mechanism by Mehl et al.[43]. Ethanol submechanism is 
added to the detailed model, Figures 1C, 1E indicates that the 
detailed model appears closer to the measured data than reduced 
models. However, the gap still persists at high temperatures. 
Nevertheless, all the models seemingly capture well the low 
temperature ignition delay times. The reason for the deviation at high 
temperatures is unclear at present, and essentially, the modeling 
requires better tuning of rate constants at these conditions. 

Flame speed (FS) Validations 

The current model is also checked against flame speed measurements 
(FS) derived from a comprehensive literature review. The 
experimental data covers a broad range of equivalence ratios, low and 
high pressures, low to high unburnt temperatures. The simulations are 
performed for mixtures such as PRF, isooctane-ethanol, heptane–
ethanol, PRF-ethanol. Overall a good agreement is observed between 
experimental and simulation results, as shown in Figure 2. Similar to 
the previous model [7], the current model also performs good FS 
predictions by adopting the decoupling approach retaining detailed 
H2/CO/C1 chemistry, reduced C2-C3, and higher carbon component 
reactions. In comparison, Liu et al [10] model predict slow FS at low 
φ and high FS at high φ. 

Species Profile Validations 

Species profiles in premixed flames and flow reactor were used to 
validate the proposed mechanism. Simulations used CHEMKIN 
premixed flame as a software package [47] to determine the species 
concentration profiles for pure components such as n-heptane, 
isooctane, and perfectly stirred reactor in transient mode for toluene, 
as shown in Figures 3. The initial conditions for the flame and flow 
reactor simulations are included in the figure caption. The current 
mechanism predicts reasonably well the major species 
concentrations, including C2H4, C3H6, CO, CO2, and O2.  
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Homogenous Charge Compression Ignition (HCCI) 
Simulations in Cooperative Fuel Research Engine 
(CFR) Model 

In this section, validations in 3D CFD simulations are tested to 
examine the performance of the current skeletal model in HCCI 
engines. Yoo et al. [50] performed experiments on the combustion of 
various surrogate fuels in the CFR engine of the University of 
Michigan under HCCI conditions. The CFR engine specifications, 
fuels considered, and operating conditions have been summarized in 
Tables 1 and 2.  CONVERGE V2.4 [51], a numerical 3D CFD code 
was used to perform numerical CFD simulations for the modeling 
study. The modeling attributes of HCCI CFR engine simulation are 
summarized in Table 3. Open cycle CFD simulation was run initially 
for multiple cycles with PRF 92 and TPRF 92 (S=4) fuel at two 
different compression ratios, CR13.5 and 15. The in-cylinder 
temperature and trapped mass at intake valve closure (IVC) are 
averaged over three consequent cycles. The species fraction at IVC is 
calculated systematically, comprising fuel composition, air 
composition (O2, N2, Ar), combustion products (CO2, H2O, and 
trace amounts of CO). The wall temperature boundary condition was 
obtained from experimental data. Closed cycle simulations run from 
IVC to exhaust valve opening (EVO) is then executed for all the fuels 
based on the averaged IVC boundary conditions obtained from open 
cycle simulations.  

Figure 4 provides the comparison results between simulated and 
measured in-cylinder pressure and apparent heat release traces. 
Overall a good agreement is observed between experimental and 
predicted results. As shown in Figure 4A,4B, the previous model by 
Li et al. [7] provides incomplete combustion owing to its 
incompetency in predicting combustion under lean conditions. Both 
Wang et al. [11] and the current model predictions slightly deviate 
from experimental data for TPRF mixtures of different sensitivities. 
The CONVERGE V2.4 based simulation model [51] assumes 
homogeneous mixing in every Cartesian grid, while the experiments 
can produce some inhomogeneity and hence explains the slight over 
prediction in the peak of simulated results. HCCI combustion is 
ideally regarded as flameless combustion due to homogeneity [52]. 
However, the introduction of thermal and spatial stratification of 
charge parcels inside the cylinder during experiments induces 
inhomogeneity and leads to sequential auto-ignition. Also, some 
uncertainties in the input conditions could be introduced in the 
simulations, including the estimation of IVC boundary conditions and 
accurate depiction of in-cylinder geometry. The difference in 
predictions of the current model and Wang model [11] can be 
attributed to the presence of different low-temperature heat releases 
(LTHR) observed in the combustion behavior of the two models, 
establishing the significance of chemical kinetics in simulating the 
auto-ignition tendencies of fuel under HCCI conditions. 

Fuel 4 (Table 2) is a mixture of toluene (~74% by volume) and 
heptane. As shown in the previous study on gasoline surrogate 
kinetics by Mehl et al.[43], the toluene acts as a radical scavenger to 
heptane radical propagation. So essentially, the ignition is delayed 
and the heat release or temperature plateau is supposed to get wider. 
The NTC region gets attenuated or the formation of cool flame is 
significantly dropped. This arises because of the stability of benzene 
methyl radical (resonance stabilized) formed after H abstraction 
reaction at low temperatures. The Wang model [11] displays clear 
two stage ignition for C and D cases where the toluene composition is 
large. Also, the heat release of experimental data do not display any 
increase in the width of heat release plateau when toluene component 
is increased. Compared to the two, the current model delivers more 

convincing result in three scenarios. 1) Increase in the delay of 
ignition compared to PRF 92 (Fuel 1) 2.) Suppressed cool flame in 
case C and D. 3) Widened heat release plateau compared to the 
experimental data. The model appears to satisfy the kinetic behavior 
of toluene mixture oxidation. However, some improvements are still 
necessary to get the prediction of second stage ignition. Also more 
introspection in the CONVERGE CFR engine model is required to 
minimize the error arising from boundary conditions and/or 
geometrical anomalies. 

Table 1: CFR engine HCCI experiment conditions 

Stroke 114.3 mm 

Bore 82.55 mm 

Connecting Rod 254 mm 

Piston bowl Flat 

Engine speed (rpm) 900 

Intake Valve Open (IVO) 240 ATDC 

Intake Valve Close (IVC) 190 ABDC 

Exhaust Valve Open (EVO) 300 BBDC 

Exhaust Valve Close (EVC) 40ATDC 

Table 3: CFR HCCI engine simulation modeling attributes 

 

Spray Combustion simulations 

The present work investigates the ignition and combustion behavior 
of fuel sprays under Spray A conditions [53][54]. Spray A injection 
has been a standard in Engine Combustion Network (ECN) group, an 
international collaboration among different research laboratories in 
the world [6]. Experiments are conducted in a constant volume 
vessel, maintained at high pressure and high temperature 
environment of Diesel engine like conditions. The ambient pressure 
is maintained at 60 atm pressure during injection, ambient O2 at 15% 
mole fraction, while the injection pressure is about 150MPa and 
chamber density of 22.8 kg/m3. The Spray A experimental ignition 
and lift off length (LOFL) data for five different PRF fuels of 
decreasing ignition propensity (PRF0, 20, 40, 60, 80) are validated in 

Modeling tool CONVERGE V2.4 

Dimensionality and type of 
grid 

3D with Adaptive Mesh Refinement 

Base and smallest grid size 

Base: 2 mm for RANS  

Smallest: 0.5 mm for RANS     -30 to 
30 CAD AMR: velocity, temp, and 
species fields.  
Fixed embedding near nozzle region 

Turbulence model  RANS: Standard k-ɛ;  

Wall heat transfer Han and Reitz model 

Solver Well stirred reactor 
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this study. For each test condition, the high speed Schlieren imaging 
and OH* chemiluminescence radical imaging have been used to 
measure IDT and lift off length (LOFL) data experimentally [53].   
Here, IDT refers to total ignition delay time that includes both 
physical ignition delay, which relates to the atomization of spray 
droplets, and chemical ignition delay related to the oxidation of the 
fuel components. IDT is estimated as the time until 2% of cumulative 
heat release has occurred from the start of injection (SOI) as per ECN 
guidelines. Lift off length (LOFL) is calculated as the distance closest 
to the spray nozzle where the flame can be found [53]. Once the 
flame is formed, it stabilizes at a fixed location from the nozzle. 
There are algorithms defined that treat OH* images to accurately 
depict the location of flame boundary close to nozzle [53]. For the 
simulation study, a simplified approach is carried out for LOFL 
calculation. Here, LOFL is defined as the distance from the tip of the 
nozzle to the place where OH boundary stabilizes after SOI. The 
relationship between IDT and LOFL has been investigated in 
previous studies under a wide range of conditions for PRF and diesel 
fuels [53]. Although a clear trend could not be captured, a direct 
relationship between IDT and LOFL is generally observed. This 
indicates that the fuel with low ignition propensity tends to exhibit a 
longer lift off length. 

Table 4 summarizes the constant volume chamber spray combustion 
modeling attributes. The dimension of the constant volume chamber 
is fixed at 100 mm. The simulations are performed to validate the 
experimental data of IDT and LOFL for PRF0 (n-heptane) at multiple 
temperatures, T: 800K, 900K, and 950K. The study also investigates 
the comparative trend observed for PRF fuels at constant T: 900K. 
The rest of the conditions are fixed for all the simulations. Compared 
with experimental data, the current model shows excellent 
predictions of IDT for both heptane and PRF’s, as shown in Figure 5. 
The previous model by Li [7] shows the best IDT and LOFL 
prediction for n-heptane. However, for PRF, when the isooctane 
content increases, Li model exhibits delayed IDT and longer LOFL 
predictions. Liu et al. [10] model exhibit delayed IDT and LOFL 
predictions in all cases. Wang et al.[11] model display overall good 
prediction capabilities. Interestingly, the interaction between IDT and 
LOFL shows some inaccuracies in the direct relationship [55]. For 
Wang model [11], an early IDT corresponds to high LOFL on 
comparing with experimental data. Such inaccuracy is absent in the 
present model. For n-heptane, the present model exhibits shorter 
LOFL. But a reasonably good agreement with experimental data is 
observed for both IDT and LOFL for PRF mixtures. Table A2 
describes comparative performance of the selected mechanisms in 
terms of RMSE (root mean square error) against experimental data. 
Figure 6 demonstrates the profiles of OH, temperature, and 
equivalence ratio of PRF at 900K. The profiles are obtained by 
performing post processing of CONVERGE simulation results using 
scientific visualization software Paraview. Constant ASOI of 4 ms is 
selected for the comparison between profiles. The shifting of the 
location of the flame boundary towards the downside of the chamber 
can be visualized when isooctane content in PRF is increased. On 
observing the profiles, the maximum temperature is reported at high 
mole fractions of OH. The high concentrations of OH are located at 
stoichiometric boundaries of fuel-oxidiser mixture, evident in the 
profiles of equivalence ratio. 

Table 4: Spray A CVCC modelling features 

Modeling tool CONVERGE V 2.4 

Dimensionality and type of 
grid 

3D with Adaptive Mesh Refinement 

Base and smallest grid size 

Base: 4 mm for RANS  

Smallest: 0.25 mm for RANS (AMR: 
velocity, temp., and species fields; fixed 
embedding near nozzle region) 

Turbulence model  RANS: Standard k-ɛ;  

Spray models 

Breakup: KH-RT 

Drag-law: Dynamic model 

Evaporation: Frossling correlation 

Collision: NTC 

Time step Variable time step 

Solver Well stirred reactor 

Time discretization scheme PISO  

Conclusions 

The work presented a new reduced four component (isooctane, 
heptane, toluene and ethanol) gasoline surrogate mechanism 
consisting of 67 species and 325 reactions, relevant for dynamic CFD 
applications in engine combustion and sprays. The current 
mechanism has been developed by addition of eight C1 species into 
the previous model by Li et al.[7] followed by extensive tuning of 
reaction rate constants of C7 –C8 chemistry systematically according 
to five step procedure explained in the model development section. 
The current mechanism has been validated in comprehensive 
combustion applications with an improved performance in lean 
conditions compared to previous models. The mechanism has been 
applied to validate the experimental data across a wide range of 
temperature, pressure, equivalence ratio (φ), and RON ranges. In 
addition to IDT and FS, the model is used to validate species 
concentration analysis in the premixed flames and flow reactor. Also, 
on coupling with CFD, the model is then used to validate HCCI 
combustion of PRF and TPRF mixtures in CFR engine and the 
reactive spray simulations for n-heptane and PRF’s in constant 
volume chamber spray A simulations according to ECN 
recommendations. 

Nomenclature 

RON      -   Research Octane Number 
PRF       -   Primary Reference Fuel (isooctane,n-heptane) 
TPRF-E -    Surrogate (toluene, isooctane, n-heptane, ethanol) 
HCCI     -   Homogeneous charge compression ignition 
CFR       -    Cooperative Fuel Research  
ECN      -    Engine Combustion Network 
CVCC   -    Constant volume combustion chamber 

References 

[1] Sarathy, S. M., Oßwald, P., Hansen, N., & Kohse-
Höinghaus. "Alcohol combustion chemistry." Progress in 
energy and Combustion Science 44 (2014): 40-102. 

[2] Celik, M. B. "Experimental determination of suitable 
ethanol–gasoline blend rate at high compression ratio for 
gasoline engine." Applied Thermal Engineering 28, no. 5-6 
(2008): 396-404. 

[3] Ahmed, A., Goteng, G., Shankar, V. S., Al-Qurashi, K., 



Page 5 of 13 

10/19/2016 

Roberts, W. L., & Sarathy, S. M. "A computational 
methodology for formulating gasoline surrogate fuels with 
accurate physical and chemical kinetic properties." Fuel 143 
(2015): 290-300. 

[4] Jameel, A.G.A., Naser, N., Issayev, G., Touitou, J., Ghosh, 
M.K., Emwas, A.H., Farooq, A., Dooley, S. and Sarathy, 
S.M.,"A minimalist functional group (MFG) approach for 
surrogate fuel formulation." Combustion and Flame 192 
(2018): 250-271.  

[5] Sarathy M, Atef N, Alfazazi A, Badra J, Zhang Y, et al. 
(2018) Reduced Gasoline Surrogate (Toluene/n-Heptane/iso-
Octane) Chemical Kinetic Model for Compression Ignition 
Simulations. SAE Technical Paper Series. 
http://dx.doi.org/10.4271/2018-01-0191. 

[6] E. C. Network, “ECN4 topic 5—Combustion submission 
guidelines,” in Proceedings of the ECN 4th Workshop, 
Kyoto, Japan, 2015, pp. 5–6. 

[7] Li, Y., Alfazazi, A., Mohan, B., Tingas, E.A., Badra, J., Im, 
H.G. and Sarathy, S.M., "A computational methodology for 
formulating gasoline surrogate fuels with accurate physical 
and chemical kinetic properties." Fuel 143 (2015): 290-300. 

[8] Lee, C., Ahmed, A., Nasir, E.F., Badra, J., Kalghatgi, G., 
Sarathy, S.M., Curran, H. and Farooq, A., "Autoignition 
characteristics of oxygenated gasolines." Combustion and 
Flame 186 (2017): 114-128. 

[9] Alvarez, C. E. C., Couto, G. E., Roso, V. R., Thiriet, A. B., 
& Valle, R. M, "A review of prechamber ignition systems as 
lean combustion technology for SI engines." Applied 
Thermal Engineering 128 (2018): 107-120. 

[10] Liu, Y. D., Jia, M., Xie, M. Z., & Pang, B, "Development of 
a new skeletal chemical kinetic model of toluene reference 
fuel with application to gasoline surrogate fuels for 
computational fluid dynamics engine simulation." Energy & 
Fuels 27, no. 8 (2013): 4899-4909. 

[11] Wang, H., Yao, M., Yue, Z., Jia, M., & Reitz, R. D. "A 
reduced toluene reference fuel chemical kinetic mechanism 
for combustion and polycyclic-aromatic hydrocarbon 
predictions." Combustion and Flame 162, no. 6 (2015): 
2390-2404. 

[12] Lee, K., Kim, Y., & Min, K. (2010). "Development of a 
reduced chemical kinetic mechanism for a gasoline 
surrogate for gasoline HCCI combustion." Combustion 
Theory and Modelling 15, no. 1 (2010): 107-124. 

[13] Ra, Y., & Reitz, R. D. "A combustion model for IC engine 
combustion simulations with multi-component 
fuels." Combustion and flame 158, no. 1 (2011): 69-90. 

[14] Raj, A., Prada, I. D. C., Amer, A. A., & Chung, S. H. “A 
reaction mechanism for gasoline surrogate fuels for large 
polycyclic aromatic hydrocarbons,” Combust. Flame, vol. 
159, no. 2, pp. 500–515, 2012.  

[15] Mehl, M., Chen, J. Y., Pitz, W. J., Sarathy, S. M., & 
Westbrook, C. K. "An approach for formulating surrogates 
for gasoline with application toward a reduced surrogate 
mechanism for CFD engine modeling." Energy & Fuels 25, 
no. 11 (2011): 5215-5223. 

[16] Liu, Y. D., Jia, M., Xie, M. Z., & Pang, B. "Enhancement on 
a skeletal kinetic model for primary reference fuel oxidation 
by using a semidecoupling methodology." Energy & 
Fuels 26, no. 12 (2012): 7069-7083.  

[17] Wang, H., Yao, M., & Reitz, R. D. "Development of a 
reduced primary reference fuel mechanism for internal 
combustion engine combustion simulations." Energy & 
Fuels 27, no. 12 (2013): 7843-7853. 

[18] Luong, M. B., Luo, Z., Lu, T., Chung, S. H., & Yoo, C. S. 
"Direct numerical simulations of the ignition of lean primary 

reference fuel/air mixtures with temperature in 
homogeneities." Combustion and Flame 160, no. 10 (2013): 
2038-2047. 

[19] Andrae, J. C. G. "Kinetic modeling of the influence of NO 
on the combustion phasing of gasoline surrogate fuels in an 
HCCI engine." Energy & fuels 27, no. 11 (2013): 7098-
7107. 

[20] Andrae, J. C. G. "Comprehensive chemical kinetic modeling 
of toluene reference fuels oxidation." Fuel 107 (2013): 740-
748. 

[21] Wang, Y., Yao, M., & Zheng, Z. (2013) "A semi-detailed 
chemical kinetic model of a gasoline surrogate fuel for 
internal combustion engine applications." Fuel 113 (2013): 
347-356. 

[22] Andrae, J. C. G. "Semidetailed kinetic model for gasoline 
surrogate fuel interactions with the ignition enhancer 2-
ethylhexyl nitrate." Energy & Fuels 29, no. 6 (2015): 3944-
3952. 

[23] Zhong, B. J., & Zheng, D. "Chemical kinetic mechanism of 
a three-component fuel composed of iso-octane/n-
heptane/ethanol." Combustion science and technology 185, 
no. 4 (2013): 627-644. 

[24] Zhong, B. J., & Zheng, D. "A chemical mechanism for 
ignition and oxidation of multi-component gasoline 
surrogate fuels." Fuel 128 (2014): 458-466. 

[25] Zheng, Z., & Lv, Z. "A new skeletal chemical kinetic model 
of gasoline surrogate fuel with nitric oxide in HCCI 
combustion." Applied Energy 147 (2015): 59-66. 

[26] An, Y. Z., Pei, Y. Q., Qin, J., Zhao, H., & Li, X. "Kinetic 
modeling of polycyclic aromatic hydrocarbons formation 
process for gasoline surrogate fuels." Energy Conversion 
and Management 100 (2015): 249-261. 

[27] Cai, L., & Pitsch, H.. "Optimized chemical mechanism for 
combustion of gasoline surrogate fuels." Combustion and 
flame 162, no. 5 (2015): 1623-1637. 

 [28] Samimi Abianeh, O. "Development of a new skeletal 
chemical kinetic mechanism for ethanol reference 
fuel." Journal of Engineering for Gas Turbines and 
Power 137, no. 6 (2015). 

[29] Niemeyer, K. E., & Sung, C. J. "Reduced chemistry for a 
gasoline surrogate valid at engine-relevant 
conditions." Energy & Fuels 29, no. 2 (2015): 1172-1185. 

 [30] Zhen, X., Wang, Y., & Liu, D. "A new improvement on a 
chemical kinetic model of primary reference fuel for multi-
dimensional CFD simulation." Energy Conversion and 
Management 109 (2016): 113-121. 

 [31] Zhou, D., Yang, W., An, H., Li, J., & Kraft, M. "An 
enhanced primary reference fuel mechanism considering 
conventional fuel chemistry in engine simulation." Journal 
of Engineering for Gas Turbines and Power 138, no. 9 
(2016). 

 [32] An, Y.Z., Pei, Y.Q., Qin, J., Zhao, H., Teng, S.P., Li, B. and 
Li, X., “Development of a PAH (polycyclic aromatic 
hydrocarbon) formation model for gasoline surrogates and 
its application for GDI (gasoline direct injection) engine 
CFD (computational fluid dynamics) simulation,” Energy, 
94, pp. 367–379, 2016. 

 [33] Stagni, A., Frassoldati, A., Cuoci, A., Faravelli, T., & Ranzi, 
E. "Skeletal mechanism reduction through species-targeted 
sensitivity analysis." Combustion and Flame 163 (2016): 
382-393. 

 [34] Ren, S., Wang, Z., Xiang, S., Zhao, H., & Wang, 
J. Numerical study of gasoline homogeneous charge induced 
ignition (HCII) by diesel with a multi-component chemical 
kinetic mechanism. No. 2016-01-0784. SAE Technical 



Page 6 of 13 

10/19/2016 

Paper, 2016. 
 [35] Liu, X., Wang, H., Zheng, Z., Liu, J., Reitz, R. D., & Yao, 

M. "Development of a combined reduced primary reference 
fuel-alcohols (methanol/ethanol/propanols/butanols/n-
pentanol) mechanism for engine applications." Energy 114 
(2016): 542-558. 

 [36] Ren, S., Kokjohn, S. L., Wang, Z., Liu, H., Wang, B., & 
Wang, J. "A multi-component wide distillation fuel 
(covering gasoline, jet fuel and diesel fuel) mechanism for 
combustion and PAH prediction." Fuel 208 (2017): 447-468. 

 [37] Bhattacharya, A., Kaario, O., Vuorinen, V., Tripathi, R., & 
Sarjovaara, T. Analysis of Gasoline Surrogate Combustion 
Chemistry with a Skeletal Mechanism. No. 2020-01-2004. 
SAE Technical Paper, 2020. 

 [38] Yang, C., & Zheng, Z."Chemical Kinetic Model of 
Multicomponent Gasoline Surrogate Fuel with Nitric Oxide 
in HCCI Combustion." Molecules 25, no. 10 (2020): 2273. 

[39] Yang, S., Wang, Q., Curran, H. J., & Jia, M. "Development 
of a 5-component gasoline surrogate model using recent 
advancements in the detailed H2/O2/CO/C1-C3 mechanism 
for decoupling methodology." Fuel 283 (2021): 118793. 

[40] Zhang, L., & Qi, Q. "A reduced mechanism for the 
combustion of gasoline-ethanol blend on advanced engine 
combustion modes." Fuel 300 (2021): 120951. 

[41] Yalamanchi, K. K., Al Tingas, E., Im, H. G., & Sarathy, 
M."Screening chemical kinetic models: Collision limit 
violations and ultra-fast time scales." In 12th Asia-Pacific 
Conference on Combustion, ASPACC 2019. Combustion 
Institute, 2019. 

[42] Lam, S. H., & Goussis, D. A. "Understanding complex 
chemical kinetics with computational singular perturbation." 
In Symposium (International) on Combustion, vol. 22, no. 1, 
pp. 931-941. Elsevier, 1989. 

[43] Mehl, M., Pitz, W. J., Westbrook, C. K., & Curran, H. J. 
"Kinetic modeling of gasoline surrogate components and 
mixtures under engine conditions." Proceedings of the 
Combustion Institute 33, no. 1 (2011): 193-200. 

[44] Cancino, L. R., Fikri, M., Oliveira, A. A. M., & Schulz, C. 
"Ignition delay times of ethanol-containing multi-component 
gasoline surrogates: Shock-tube experiments and detailed 
modeling." Fuel 90, no. 3 (2011): 1238-1244. 

[45] V Van Lipzig, J. P. J., Nilsson, E. J. K., De Goey, L. P. H., 
& Konnov, A. A. "Laminar burning velocities of n-heptane, 
iso-octane, ethanol and their binary and tertiary 
mixtures." Fuel 90, no. 8 (2011): 2773-2781.  

[46] Jerzembeck, S., N. Peters, Pitsch Pepiot-Desjardins, and H. 
Pitsch. "Laminar burning velocities at high pressure for 
primary reference fuels and gasoline: Experimental and 
numerical investigation." Combustion and flame 156, no. 2 
(2009): 292-301. 

[47] R. Design, “CHEMKIN PRO: a chemical kinetics package 
for the analysis of gas-phase chemical kinetics,” React. Des, 
2008. 

[48] Marchal, C., Delfau, J. L., Vovelle, C., Moréac, G., Mounaı, 
C., & Mauss, F."Modelling of aromatics and soot formation 
from large fuel molecules." Proceedings of the Combustion 
Institute 32, no. 1 (2009): 753-759. 

[49] Chaos, M., Zhao, Z., Kazakov, A., Gokulakrishnan, P., 
Angioletti, M., & Dryer, F. L."A PRF+ toluene surrogate 
fuel model for simulating gasoline kinetics." In 5th US 
combustion Meeting, pp. 25-28. 2007.  

[50] Yoo, Kwang Hee. "Effects of Gasoline Composition on 

Compression Ignition in a Motored Engine." PhD diss., 
2020. 

[51] Richards J.K, Senecal P.K, “CONVERGE (v2. 4), 
Convergent Science. Inc., Madison, WI,” 2017. 

[52] Rausen, D. J., Stefanopoulou, A. G., Kang, J. M., Eng, J. A., 
& Kuo, T. W. "A mean-value model for control of 
homogeneous charge compression ignition (HCCI) engines." 
(2005): 355-362. 

[53] Pastor, J. V., García-Oliver, J. M., López, J. J., & Vera-
Tudela, W."An experimental study of the effects of fuel 
properties on reactive spray evolution using Primary 
Reference Fuels." Fuel 163 (2016): 260-270.  

[54] Pastor, J. V., J. M. Garcia-Oliver, R. Novella, W. Vera-T., 
and CMT-Motores T. "Investigation on ignition and 
combustion characteristics of primary reference fuels under 
diesel engine conditions." In Proceedings of the 14th 
Working process of the Internal Combustion Engine 
Congress, Graz. 2013. 

[55] Payri, R., Salvador, F. J., Manin, J., & Viera, A."Diesel 
ignition delay and lift-off length through different 
methodologies using a multi-hole injector." Applied 
Energy 162 (2016): 541-550. 

 

Contact Information 

Fabiyan Angikath, Ph.D student, Chemical Engineering 
Phone: (966) 565729212 
Clean Combustion Research Centre (CCRC) 
King Abdullah University of Science & Technology (KAUST) 
fabiyan.angikathshamsudheen@kaust.edu.sa 
 

Supplementary Content 

Supplementary1.doc
x

tprfe_mech_KAUST.t
xt

therm-KAUST.txt

 

 

Acknowledgments 

This work was supported by King Abdullah University of Science 
and Technology (KAUST), and partly supported by Startup Funds of 
Aoxiang Overseas Scholar (0602021GH0201182) at Northwestern 
Polytechnical University. We also acknowledge contributions from 
the KAUST Clean Fuels Consortium (KCFC), and its member 
companies. 
 

 
 
 
 
 
 

 
 



Page 7 of 13 

10/19/2016 

Table 2: Selection of fuels and operating conditions 

Fuel Sensitivity Isooctane 
(Vol %) 

Heptane 
(Vol %) 

Toluene 
(Vol %) 

Inlet P    
(bar) 

Inlet 
T(C) 

Equivalence 
ratio, φ 

CR 

PRF 92 0 92 8 0 1.4 160 0.25 13.5,14, 14.5,15 

TPRF 92 4 67.47 11.86 20.67 1.4 160 0.25 13.5,15 

TPRF 92 8 34.14 18.87 46.99 1.4 160 0.25 13.5,15 

TPRF 92 11.17 0 26.34 73.6 1.4 160 0.25 13.5,15 
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Figure 1: IDTs validation of mixtures A) TPRF-E oxidation at φ =1. Reactants composition: 0.69% IC8H18, 0.21% NC7H16, 0.34% C6H5CH3, 2.08% C2H5OH, 
20.3% O2 and 76.37% N2 [44]. B) Haltermann Gasoline oxidation at φ =0.9 using TPRF-E surrogate [8]. C) Haltermann Gasoline oxidation at p=20atm using TPRF-E 
surrogate [8]. D) Coryton Gasoline oxidation at  φ =0.9 using TPRF-E surrogate [8]. E) Coryton Gasoline oxidation at  p=20atm using TPRF-E surrogate [8]. 
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Figure 2:  Flame speed validations A) Isooctane- ethanol (50:50) mixture [45]. B) N- Heptane – ethanol (50:50) mixture [45]. C) PRF 50. D) PRF 87. [46] E) PRF-
Ethanol mixture (Heptane : 25%, Isooctane : 25%, Ethanol : 50%) [45]. 
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Figure 3: A) Validation of species profiles in n-heptane premixed flames. Fuel composition: 0.0398, O2: 0.2301, N2: 0.7301. Mass in-flow: 0.006171 g/(cm2.s), P: 1 bar, 
φ : 1.9 [48]. B) Isooctane premixed flames. Fuel composition: 0.0423, O2: 0.278, N2: 0.6797. Mass in-flow: 0.00526 g/(cm2.s), P: 1 bar, φ : 1.9 [48]. C) Toluene 

oxidation in flow reactor. Fuel composition: 0.14%, T: 920K, P: 12.5 bar, φ : 0.6 [49].  

 

  

   

Figure 4: HCCI CFR engine combustion validations A) PRF 92 B) TPRF 92 Sensitivity, S = 4 C) TPRF 92, S = 8 D) TPRF 92, S = 11.17. Only pressure traces are 
displayed for the previous model (Li_2019) [7] for A and B, HRR not shown for Li_2019 because of incomplete combustion. Simulations for Li_2019 mechanism are 
not performed for C and D. 
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Figure 5: CFD validation of spray constant volume chamber simulations (ECN); O2: 15%, Density: 22.8 kg/m3, Injection pressure: 150 MPa, Initial pressure in vessel: 
60 bar. Total ignition delay time (IDT) and lift of length (LOFL) for A) N-heptane combustion at three different temperatures B) PRF surrogates of different RON at 
constant T: 900K. 
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Figure 6: Spray profiles evolution of OH species, temperature and equivalence ratio (φ) of PRF# at 900K, ASOI 4 ms. yOH denotes molefraction of OH species. 

Appendix 

Table A1: Reduced gasoline surrogate models in literature since 2010 

NO. Reference Year Surrogate 
# of 
Species 

# of 
Reactions 

1 Lee et al. [12] 2010 TPRF 48 67 

2 Ra et al. [13] 2010 TPRF, ethanol and cyclohexane 113 487 

3 Raj et al. [14] 2011 TPRF 226 2121 

4 Mehl et al. [15] 2011 TPRF and 2-pentene 312 – 

5 Liu et al. [16] 2012 PRF 41 124 

6 Wang et al. [17] 2013 PRF 73 296 

7 Luong et al. [18] 2013 PRF 116 861 

8 Liu et al. [10] 2013 TPRF 56 168 

9 Andrae et al.[19][20] 2013 TPRF 137 635 

10 Wang et al. [21] 2013 TPRF and di-isobutylene 473 1267 
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11 Andrae et al. [22] 2014 TPRF and di-isobutylene 159 734 

12 Zhong et al. [23], [24] 2014 TPRF, ethanol and di-isobutylene 89 355 

13 Wang et al. [11] 2015 TPRF 109 543 

14 Zheng et al. [25] 2015 TPRF 80 184 

15 An et al. [26] 2015 TPRF 219 1229 

16 Cai et al. [27] 2015 TPRF and ethanol 314 2327 

17 Abianeh et al. [28] 2015 TPRF and ethanol 62 194 

18 Niemeyer et al. [29] 2015 TPRF and 2-pentene 148 1809 

19 Zhen et al. [30] 2016 PRF 51 193 

20 Zhou et al. [31] 2016 PRF 46 144 

21 An et al. [32] 2016 TPRF 85 232 

22 Stagni et al. [33] 2016 TPRF 115 856 

23 Ren et al. [34] 2016 
TPRF, ethanol, decane, di-
isobutylene, and cyclohexane 

104 398 

24 Liu et al. [35] 2016 
TPRF, methanol, ethanol, 
propanols, butanols and n-pentanol 

161 622 

25 Ren et al. [36] 2017 

TPRF, methanol, ethanol, n-
decane, n-dodecane, n-hexadecane, 
di-isobutylene, cyclohexane and 
methyl-cyclohexane 

178 758 

26 Sarathy et al. [5] 2018 TPRF 76 401 

27 Li.Y et al [7] 2019 TPRF-E 59 270 

28 Bhattacharya et al [37] 2020 TPRF-E 108 1605 

29 C.Yang et al [38] 2020 TPRF, Diisobutylene, NO 119 266 

30 S. Yang et al [39] 2021 TPRF, 1-hexene, iso-hexene 214 1233 

31 L.Zhang et al [40] 2021 TPRF-E and 1-hexene 144 63 

 

Table A2: Comparative performance of selected mechanisms in spray modeling (RMSE: root mean square error against experimental data) 

Fuel Mechanism (RMSE) 

 
 
  Heptane 

  IDT LOFL 

Current_model 0.105 10.73 

Liu et al[] 0.329 16.75 

Wang et al[] 0.253 8.2 

Li et al [] 0.148 2.31 

PRF         Current_model 0.572 5.55 

Liu et al[] 1.43 25.94 

Wang et al[] 0.702 15.39 

Li et al [] 1.536 26.7 

 


