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Abstract. Nowadays, most of the engineering development in the field of Spark-Ignited (SI) Internal Combustion 

Engines (ICEs) is supported by 3D-CFD simulations relying on flamelet combustion models. Such kind of models 

require laminar flame speed as an input to be specified by the user. While several laminar flame speed correlations 

are available in literature, for gasoline and pure ethanol at ambient conditions, there is a lack of correlations 

describing laminar flame speed of gasoline-ethanol blends, for different ethanol volume content, at conditions 

deemed to be representative of engine-like conditions. Toluene Reference Fuel surrogates with addition of ethanol 

(ETRF), suitable for representing gasoline-ethanol blends up to 85% vol. ethanol content are formulated. Thanks to 

these surrogates, 1D premixed laminar flame speed calculations are performed at selected engine-relevant conditions 

for a E5, E20 and E85 fuels. As a final outcome, three different laminar flame speed correlations based on the 

chemistry-based calculations are derived for E5, E20 and E85 gasoline-ethanol fuel blends focusing on typical full-
load engine conditions. Such kind of correlations can be easily implemented in any 3D-CFD code to provide a 

chemistry-grounded estimation of laminar flame speed during combustion calculations. Such correlations are of 

practical use, since they might help in developing the next generation of bio-fuels powered internal combustion 

engines. 

INTRODUCTION 

As reported in the Official Journal of the European Union (EU) [1], the threat of the climate change and global 
warming have pushed the EU to set very challenging targets in order to firmly decrease the anthropogenic 

greenhouse gas (GHG) emissions. According to a proposal for the regulation by the European parliament and 

council [2], the road transport was responsible for 22% of EU GHG emissions in 2015. For this reason, a Renewable 

Energy Directive (REDII) [3] introduced a binding obligation according to which 10% of the energy used in traffic 

must be bio-based by 2020. The same directive imposes to fuel suppliers that 6.8% market share by 2030 of low-

emissions and renewable fuels, including advanced bio-fuels. Based on the scenario previously described, bio-fuels 

have increasingly gained the attention of researchers and developers in the automotive industry as a feasible solution 

to move towards cleaner powertrains, in compliance with the EU regulations. Being a renewable source of energy 

with lower production costs compared to other alcohols, such as n-butanol or methanol, ethanol has become the 

dominant bio-fuel used in current production engines [4,5]. For this reason, several experimental studies investigated 

the effect of pure bio-alcohols fueling on combustion characteristics in modern direct-injection spark-ignition 

engines (DISI). Among those studies, in [6] Irimescu et al. compared the effect of stoichiometric butanol and 
ethanol fueling at WOT on combustion behavior and emissions performance, compared with standard gasoline 

fueling, in an optically accessible DISI research unit. In order to investigate the sensitivity of the performance with 

different strategies of these fuels, three different start of injections (SOI) were selected. In general, ethanol exhibited 

advantages in terms of HC and CO emissions. Nevertheless, a non-negligible decrease of performance was found for 

deviations from the optimum injection phasing. As an overall conclusion, the study showed that control strategies 

need to be adapted when using pure ethanol fueling. Moreover, several studies [7, 8, 9] reported the impossibility of 

performing pure ethanol fueling strategy with standard engine hardware because of the damages caused by the its 

intrinsic high corrosiveness to the components of the injection systems. Contrarily, other studies report that minor 

hardware modifications and adjustments to the electronic control unit (ECU) are needed up to 30% ethanol content 

by volume [10,11]. Therefore, many researchers focused the attention on gasoline-ethanol blends as a feasible 
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compromise to meet the upcoming regulations retaining the overall architecture of modern DISI units. Several 

experimental studies were carried out on standard SI units, with different architectures and injection systems, 

powered by gasoline-ethanol blends with different blending ratios and tested on different operating points (OP). As a 

general trend, each experimental dataset confirms the benefits in terms of carbon monoxide (CO) and unburnt 

hydrocarbons (UHC) emissions reduction increasing the ethanol content in the blend [9,12,13,14,15,16,17,18]. The 

impact of gasoline-ethanol fueling on nitrogen oxides emissions is still a widely debated topic in the researchers’ 
community since no clear trends emerge from the literature. While in [13,18] increasing emissions were registered 

with an increasing ethanol content, opposite results were found in [14,16]. The opposed trends shown by different 

experimental campaigns can be explained by the high sensitivity exhibited by nitrogen oxides to the specific engine 

OP and ethanol content, as shown in [12,15]. With respect to soot emissions, several studies clearly demonstrated 

that soot mass can be strongly decreased if gasoline is blended with ethanol and that soot mass reduction is 

proportional to the ethanol content [19,20,21,22]. While gasoline-ethanol fuel blends constitute a promising solution 

to further improve the environmental impact of the GDI technology, it is also clear that further efforts are mandatory 

in order to enhance the performance of the combustion system over the complete range of OPs covered by the 

engine. Further optimizations of the control strategy to decrease the engine-out emissions retaining the same power 

output are therefore required. An unprecedented insight to understand the key reasons behind the overall behavior of 

the engine depicted by the experiments can be provided by 3D CFD numerical simulations. When simulating 

turbulent combustion processes in SI units, flamelet combustion models are widely adopted in the scientific 
community: within such family, the ECFM-3Z [23] and the G- equation [24] are among the most commonly 

adopted. Despite the description of the combustion process development is based on different approaches, both 

models require the laminar flame speed    as an input in order to properly estimate the turbulent combustion rate. 

Most of the CFD codes estimate    based on correlations derived via fitting approaches of experimental campaigns 

carried out over a wide range of conditions, such as Metghalchi and Keck’s [25] or Gülder’s formulation [26] for 

Isooctane. Being    an intrinsic characteristic of the fuel mixture, it is straightforward that specific correlations are 

needed to describe the propagating characteristics of a given fuel at specific thermodynamic conditions, identified 

by the ambient pressure ( ), the unburnt mixture temperature (Tu), the equivalence ratio ( ) and the dilution rate 

(expressed as the residuals mass fraction     ). Gülder in [27] and Broustail et al. in [28], derived laminar flame 

speed correlations for isooctane-ethanol blends based on atmospheric pressure experiments. Such kind of 

correlations are useful to evaluate the impact of ethanol content on flame propagation but are not suitable to 

quantitatively predict laminar flame speed at engine-relevant conditions. In fact, a non-negligible error is introduced 

extrapolating beyond the correlations’ validity range. As a result, most of the correlations available in literature are 

of very limited practical use to reliably predict laminar flame speed of gasoline-ethanol blends, at thermodynamic 

and mixture quality states of interest for SI engines, especially in their full-load operating range. In the present work, 

Toluene Reference Fuel surrogates with addition of ethanol (ETRF) are formulated with a methodology developed 

by the authors. The former aims at formulating ETRF surrogates able to represent the auto-ignition characteristics, 

the flame propagation characteristics and the main chemico-physical properties of the most widespread gasoline-

ethanol blends. In the following paragraph, an innovative methodology to formulate laminar flame speed 
correlations is briefly recalled by the authors’ previous works on the topic [29, 30] and results from chemistry-based 

1D premixed flamed simulations are presented for three selected blends (E5, E20 and E85). 

FORMULATION OF GASOLINE-ETHANOL SURROGATES 

Detailed chemical kinetics calculations rely on the definition of a proper fuel model to give a quantitative 

description of a specific fuel characteristic (e.g. ignition delay, laminar flame speed, sooting tendency, etc.) at given 

thermodynamic and mixture quality conditions. A fuel model is defined when a fuel surrogate, suitable for 

mimicking a set of specific chemical and physical fuel properties relevant for combustion simulations (e.g.     

ratio,     ratio, Density,    ,    ,    , etc.), and a chemical kinetics mechanism, to predict the main oxidation 

pathways by which reactants are converted into combustion products, are properly chosen. In order to formulate a 

surrogate, the chemical and physical properties of the targeted fuel are needed [31]. When referring to a generic 

gasoline-ethanol blend, the capital letter “E” followed by an integer number indicates the ethanol content by volume 

[32]. Considered that ethanol content by volume is uniquely identified once the targeted gasoline-ethanol blend is 

chosen (e.g. E5, E10, E20, E30, E85, etc.), a suitable fuel surrogate is needed to model the gasoline content. Several 

studies have shown that mixtures of isooctane, n-heptane and toluene, known as Toluene Reference Fuels (   s), 

can predict with a high degree of accuracy the auto-ignition characteristics of commercial gasolines [33, 34, 35 36]. 

In previous works [29, 30] by the authors, two different fuel surrogates, to be used with different chemical kinetics 
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mechanisms, were used to perform laminar flame speed calculations. The aforementioned     surrogates were 

proposed in literature as promising candidates to mimic the auto-ignition and flame propagation characteristics of a 

   87 [33] and a    95 [31, 38] gasoline respectively. As reported in [41], refined gasoline fuels are complex 

mixtures of hydrocarbons that often vary with location and time. Therefore, a statistically-relevant “average 

gasoline”, denoted    95 [31], is used as a basis for the formulation of the gasoline-ethanol blends. All the relevant 

ULG95 gasoline properties targeted in the present work, are from known on identified by the superscript “   ”. 

With particular reference to the present work, providing a set of laminar flame speed correlations for three different 

blending ratios of the same base blend implies that also the main chemical and physical properties of the targeted 

blends are accurately represented by the formulated surrogates. For this reason, a new methodology, based on the 

work by Pera et al. [31], is here used for the purpose of formulating suitable surrogates to represent the main 

chemico-physical properties, the auto-ignition propensity and freely propagating flame characteristics of the targeted 

fuel. Due to the fact that no data on    95 laminar flame speed are available in literature, the laminar flame speed 

dataset provided by Jerzembeck et al. in [39] for a generic commercial gasoline, at 373 K and pressure conditions 

representative of an engine-like environment, are considered. Among the different chemico-physical properties, H/C 
ratio plays a fundamental role in defining other properties such as lower heating value (LHV), density, 

stoichiometric air-to-fuel ratio (AFR) and boiling point [31]. Undoubtedly, fuel’s AFR must be matched with high 

accuracy because the laminar flame speed correlation will rely on equivalence ratio  , as an input parameter, to 

estimate   . Finally, in order to have a surrogate which is representative of the auto-ignition characteristics, 

Research Octane Number (   ) is selected as a further constraint. The methodology proposed by Pera et al. [31], is 

suitable for generating a surrogate matching many different properties (e.g.     ratio,     ratio,    ,    ) 

solving a simple linear system. Unfortunately, no information on the surrogate’s capability to represent the laminar 

flame propagating characteristics of the fuel are provided. A new methodology to take into account the influence of 

the surrogate’s composition on the flame propagation characteristics is hereafter presented. In [40] Sileghem et al. 

demonstrated that a    -based mixing rule can be used to predict commercial gasoline’s laminar flame speed over a 

given temperature range. In [42] the same authors investigated the capability of simple mixing rules to predict 

gasoline-ethanol blends’ laminar flame speed. The results proved that simple mixing rules that consider only the 

change in the composition are accurate enough to predict    of ethanol/hydrocarbon blends. In literature a wide 

variety of mixing rules is available but for the present study only Le Chatelier’s [43] mixing rule is considered. The 

proposed formula was successfully used by Benedetto et al. [43] to predict hydrogen-methane premixed flames    

up to 10 bar and 400 K. Based on Eq.1, reporting Le Chatelier’s mixing rule, it is possible to notice that the final 

mixture’s    is estimated based on the mole fraction and laminar flame speed of the pure components. 
 

         ( )  
 

∑
  

    ( )
 
   

 (1) 

 

where    and      are, respectively, the mole fraction and the laminar flame speed of the     component and   is the 

number of components used in the blend. Based on the same rationale, a mathematical formulation is needed to 

estimate the auto-ignition characteristics of a fuel blend. While several studies suggested complex mathematical 

formulation [35, 44], the averaging of compound values weighted by molar fractions suggested in [31] is used in the 

present study. Despite its simple form, presented in Eq.2, this approach allows to retain the same degree of accuracy 

of the formulations proposed in [37, 48] and it is able to replicate the non-linear blending effect of certain 
components (e.g. n-heptane and toluene).  

 

          ∑       
 
    (2) 

 

where    and      are, respectively, the mole fraction and the research octane number of the     component and   
is the number of components used in the blend. As previously highlighted, it is mandatory to properly represent the 

fuel’s     ratio, whose estimation can be done using Eq.3:  

 

   ⁄
      

∑     
 
   

∑     
 
   

 (3) 

 

where   ,   ,    are the mole fraction and the research octane number of the     component, the number of hydrogen 

and carbon atoms in species   and   is the number of components used in the blend. It is important to notice that 
total molar fraction equal to unity constraint, expressed by Eq. 4, must be introduced.  
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Since ULG95 was chosen as the reference real fuel to be targeted, the left hand side terms in Eq.2-3, can be replaced 

with ULG95’s research octane number (      ) and H/C ratio (  ⁄
   ) respectively. These numerical values are 

explicitly reported in Table 1 for ULG95. In the same manner, a numerical reference value for the generic 

        ( ) term must be found. Since laminar flame speed measurements are not available, at engine-relevant 

conditions, for ULG95 gasoline, the laminar flame speed dataset for a commercial gasoline reported in [39] by 

Jerzembeck, et al. [39] is targeted. The former reports laminar flame speed values for a single temperature level 

(     ) and different pressure levels (             ) in the equivalence ratio range            

Once a specific pressure and equivalence ratio values are chosen, the term         ( ) can be substituted with a 

specific experimental laminar flame speed value       
  from [39]. The objective of the proposed methodology is the 

formulation of a suitable isooctane/n-heptane/toluene-based surrogate matching the previously highlighted 

properties This leads to an overdetermined system of four equations in three unknowns (                ). Having 

identified the target fuel properties (  ⁄
   ,       ,       ) and suitable relationships to estimate the blend 

properties the linear system of four equations, reported in Eq.5, is obtained: 
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 (5) 

 

where       
 ,         

  and       
  are the laminar flame speed valued for isooctane, n-heptane and toluene, respectively, 

at the thermodynamic and mixture quality conditions (     
         ) for which       

  was measured in [39]. The 

laminar flame speed values for the pure components is estimated via 1D laminar flame speed simulations, using 

DARS v4.30 chemistry solver licensed by SIEMENS PLM. The chemical kinetics mechanisms used to compute 

such kind of calculations and the post-processing technique used to obtained the final    values will be presented in 

the next section. 

Despite its form, the linear system can still be solved using a least squares approach. A comparison between ULG95 

gasoline’s properties [31, 38] and the ones of the TRF surrogate obtained with the presented methodology is 

summarized in Table 1. 

 
 ACA  

[-] 

AHA  

[-] 

AOA  

[-] 

RON  

[-]* 

MON 

[-] 

AKI  

[-] 

Sensitivity 

[-] 

H/C* 

[-] 

O/C 

[-] 

    

[-] 

LHV 

[MJ/kg] 

ρ at 298 K 

[       

ULG95 6.760 12.480 0.080 95 85 90 10 1.801 0.011 14.254 42.801 749.00 

TRF 7.409 13.207 0.000 95.12 87.67 91.39 7.45 1.782 0.000 14.416 42.714 752.57 

 

TABLE 1. Comparison between targeted gasoline and formulated surrogate’s properties. *Targeted Properties 

 

In Table 1,    ,     and     are the average number of carbon, hydrogen and oxygen atoms constituting the 

surrogate’s average formula. The so-called Anti-Knock Index (   ), which is defined as the arithmetic average of 

    and    , is also reported in Table 1, to further compare the surrogate’s and the reference fuel’s properties. It 

is important to notice that only the marked (   ) quantities, in Table 3, were effectively targeted. In order to further 

assess the capability of the present surrogate to reproduce the flame propagation characteristics of a commercial 

gasoline, 1D laminar flame speed calculations were carried out with the methodology presented by the authors in 

[30] on a selection of conditions from the targeted Jerzembeck’s    dataset [39]. Two different chemical kinetics 

mechanisms [39, 49] and the proposed TRF surrogate were used. A comparison between the experiments, the    

predicted by Le Chatelier’s mixing rule and the calculated    is reported in Fig. 1: 
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FIGURE 1.   at 373 K and two different pressure levels: 10 bar and 25 bar. Experiments with error bars (dots), Le Chatelier’s mixing rule’s 

predictions (dotted line) and chemistry-based calculated data (solid line) with the proposed surrogate are reported. 

 

Therefore, it is possible to conclude that the calculated surrogate  ̅  |    
                  

                
  

         | is actually able to match the chemico-physical properties, the auto-ignition propensity and the flame 

propagation characteristics of ULG95 gasoline. At this point, a family of gasoline-ethanol fuel surrogates can be 

generated since ethanol content in volume is imposed, by definition, and     components are scaled accordingly. 

The compositions of the resulting gasoline-ethanol blends’ surrogates are reported in Table 2 while their 

corresponding properties are reported in Table 3. 

 
[%mol] E5 E20 E85 

Isooctane 36.49 25.92 2.90 

n-Heptane 12.40 8.81 0.98 

Toluene 40.24 28.59 3.20 

Ethanol 10.87 36.68 92.92 

 

TABLE 2. Composition of the formulated Gasoline-Ethanol blend surrogates 
 

 Eth 
[%vol] 

ACA  

[-] 

AHA 

[-] 

AOA 

[-] 

RON* 

[-] 

MON 

[-] 

H/C* 

[-] 

O/C 

[-] 

    

[-] 

LHV 

[MJ/kg] 

ρ at 298 K 

[       

    
    

E5 5 6.822 12.424 0.109 96.52 87.92 1.821 0.016 14.133 40.984 754.19 374.50 

 E20 20 5.426 10.564 0.367 99.84 88.52 1.947 0.068 13.289 36.878 759.06 367.85 

E85 85 2.383 6.510 0.929 107.09 89.83 2.732 0.390 9.755 27.927 780.14 353.35 

 

TABLE 3. Properties of the formulated Gasoline-Ethanol blend surrogates 

 

In Table 3,    is the molar averaged boiling point of the mixture, which gives the most accurate reflection of the 

distillation characteristics of the blend. 

LAMINAR FLAME SPEED CORRELATIONS AND RESULTS 

In the previous paragraph, a family of suitable gasoline-ethanol blends surrogates were formulated. In this section, 

the validation of the fuel model (mechanisms and surrogates) on a non-representative engine test condition and a 

brief summary of the laminar flame speed methodology proposed by the authors in [29, 30] is addressed. When it 

comes to    fuel model validation, a general lack of laminar flame speed experimental data at engine-relevant 

condition is found. Despite being of little interest for the purpose of the present study, the approach used by the 

authors for laminar flame speed modelling is validated against isooctane-ethanol laminar flame speed experimental 

data at ambient conditions and 358 K [40]. Basically, the laminar flame speed calculations are carried out with two 

[37, 45], extensively validated [29, 30], mechanisms using the very same isooctane-ethanol blends used in the 

experiments, with varying ethanol content. It must be noted that the final    estimation is calculated via a linear 
averaging of the two datasets. This procedure is used to account for the possible mechanism-dependent deviations 

introduced while relying on a single mechanism, which is usually due to possible differences in the main oxidation 
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pathways of the C1-C4 hydrocarbon classes among different mechanisms. Furthermore, this particular procedure 

was previously validated by the authors in [29, 30] A comparison between the experimental and computed values of 

   is reported in Fig. 2. The results obtained with the fuel model are in fairly good agreement with the experimental 

results, considering that the error range is estimated to be         for      . The higher deviations obtained for 

very rich mixtures (     ) are considered acceptable, since a higher experimental error is reported to be present 

in the experiments for      due to the arise of flame instabilities [40]. With all the previously mentioned 

limitations, the chemical kinetics mechanisms [37, 45] and the formulated surrogates constitute a solid basis to 

provide a chemistry-grounded laminar flame speed estimation at engine-relevant conditions. In previous works, the 

authors identified a set of representative thermodynamic conditions, here called Engine Conditions (EC), 

experienced by a flame propagating from the burnt into the unburnt gases.  

 

 
 

FIGURE 2. Experimental    values for different Isooctane/Ethanol blends from [40] and computed    values with the proposed methodology 

(solid lines). 

 

These EC, represented by the red dots in Fig.3, were chosen in order to cover the possible thermodynamic states of 

the mixture, based on a wide dataset of SI engines characterized by different architectures, operating point and 

revving speeds [46, 47, 48, 49, 50, 51]. It is noteworthy that a        temperature interval was considered for the 

same pressure level, thus covering all the considered engine’s pressure   and unburnt temperature    history. The 

aforementioned engine dataset is representative for gasoline powered units operated at full-load. It was specifically 

chosen to formulate correlations focusing on full-load conditions. Considering that several studies proved the 

increased cooling effect when SI engines are fueled with ethanol blended fuels [52, 53], it might be argued that 

blends with a high ethanol content might have an increased cooling effect compared to standard gasoline leading to 

 -   not covered by the chosen EC. Kasseris et al. [54] estimated in 35 K the increased cooling effect obtained when 

switching from standard gasoline fueling to E85. It can be concluded that the ensemble ECs are reasonably 

representative for the thermodynamic conditions expected in the case of blends characterized by extremely high 

ethanol content. Since the fuel model and the reference thermodynamic states were identified, chemical kinetics 

calculations were carried out with DARS v4.30 chemistry solver licensed by SIEMENS PLM. For each of the 33 
ECs considered, 1D premixed freely propagating flame calculations were carried out for different equivalence ratio 

( =           ) and     mass fraction (    =      ) levels, in order to account for the mixture inhomogeneities 

arising with direct-injection fueling. As previously mentioned, two different chemical kinetics mechanisms are used 

to perform laminar flame speed calculations. This choice, as explained in previous studies [29, 30], was undertaken 

in order to reduce the uncertainties due to the usage of the mechanisms well beyond their validation range. Since 

two mechanisms are used for each single (          ) condition, two different    solutions are computed from 

chemical kinetics calculations. Based on the previously explained rationale, the target    for the fitting procedure is 

defined as the algebraic mean of the    values obtained by the two datasets. Using this approach, a single    

computed dataset is obtained, representing the algebraic mean of the calculated values with the two fuel models. A 
numerical methodology, extensively discussed by the authors in [29] and a modified version of the former in [30], is 

used to fit the calculated    dataset over the chosen ECs, identified by the red dots in Fig. 6. In the present study, the 
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latest version of the methodology [30], is used to derive the    correlations. Correlations are derived for E5, E20 and 

E85 fuels which are, or will feasibly be, the most widespread on the market. In fact, while E5 is now the standard 

reference blend for commercial gasolines [31], E85 is the leading blend powering flex-fuel vehicles (FFV) units 

[16]. On the other hand, E20 blend is expected to take over for E10 blend since the latter does not contain the 

required amount of Ethanol necessary to meet the ten percent bioenergy constraint imposed by the regulations 
coming into force in 2020 [3]. The key points of the methodologies are hereafter briefly summarized. 

 

 
 

FIGURE 3. Pressure-Temperature history curves for a wide range of gasoline engines operated at full-load and part-load. Reference engine 

conditions used to perform chemistry-based    calculations are represented by red dots. 

 

As in several other studies, a power-law relationship, in the form presented in Eq. 6, is used to model the 

dependence on pressure  , unburnt temperature    and equivalence ratio   once accurate forms for     ,   and   are 

introduced. In order to properly fit the calculated    dataset, a fifth order logarithmic polynomial, as reported in Eq. 

7, is used for each     ,   and  . 
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The coefficients   ,   , and    are used to fit the chemical kinetics calculations performed and are therefore used to 

introduce the equivalence ratio  , unburnt temperature    and pressure   dependence of    in the correlation, with 

respect to the selected reference condition (         and          ). In order to find a closure to the    

formulation presented in Eq. 7, six coefficients for   ,   , and    (totaling eighteen coefficients) must be determined 

using a least square minimization approach. To obtain the final correlation for   , the dependence on the diluent 

mass fraction      is introduced assuming a linear decreasing behavior; this is modelled by the      factor, which is 

calculated using the results obtained by the 1D simulations at different     levels. The outcome of the fitting 

procedure is the correlation presented in Eq. 8, which can be implemented in any CFD solver, provided the 
combustion model relies on the flamelet assumption. 
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For the present study, a constant      value is used to model the average effect of the     level over different values 

of dilution rate. As previously stated, the laminar flame speed correlations in the present study will cover the entire 

range of equivalence ratio values typical of GDI applications (         ).The global    curves on the entire 

400

450

500

550

600

650

700

750

800

850

900

950

1000

1050

1100

0.00E+00 1.00E+06 2.00E+06 3.00E+06 4.00E+06 5.00E+06 6.00E+06 7.00E+06 8.00E+06 9.00E+06 1.00E+07 1.10E+07 1.20E+07 1.30E+07 1.40E+07

U
n

b
u

rn
t 

Te
m

p
e

ra
tu

re
 [

K
]

In-Cyl. Average Pressure [Pa]

Engine A (7000 rpm) Engine B (1500 rpm)
Engine B (5000 rpm) Engine C (2000 rpm)
Engine C (3200 rpm) Engine C (6000 rpm)
Engine D (2000 rpm) Engine D (5200 rpm)
Engine E (5000 rpm) Engine E (7000 rpm)
Engine F (6500 rpm) Engine G (5200 rpm)
Engine G (6000 rpm) Engine H (1500 rpm)
Engine H (2000 rpm) Research Engine OP1 (2000 rpm)
Research Engine OP2 (2000 rpm) Research Engine OP3 (2000 rpm)
Research Engine WOT (2000 rpm) Engine Conditions

020063-7



equivalence ratio considered are finally presented in Fig. 4 for a selected number of ECs. For each EC, the    values 

calculated in the chemistry solver are reported as dots of different color and shape for the three different blends 

considered. The final outcome of the present study are the solid lines    values predicted by the correlations 

describing E5, E20 and E85 laminar flame speed on the set of engine conditions reported in Fig. 3.  

 

 (a)  (b) 

 (c)  (d) 

 (e)  (f) 

 
FIGURE 4. Laminar flame speed predicted by the proposed correlations for selected engine conditions. The    predicted by the E85 and E20 

correlations are reported in solid red and blue lines, respectively. The    predicted by the E5 correlation is reported in dotted black line to 

improve the figures’ readability. Target chemistry-based calculated data are reported with filled squares (E85), circles (E20) and triangles dots 

(E5).  

 

As visible, the derived correlations are able to accurately describe the dependency of laminar flame speed on 

equivalence ratio, pressure and unburnt temperature predicted by the chemistry solver for the selected blends. As 

expected, the blends’    increases with an increasing ethanol content in the blend, especially in the rich mixtures 

where the abstraction of the oxygen atom in the ethanol molecule globally enhances the oxidation rate. Conversely, 

an increasing presence of ethanol has a detrimental effect on the flame propagation characteristics for very lean 
mixtures due to the increase amount of oxygen available. It is possible to conclude that the formulated fuel models 

are able to represent all the main effects expected by ethanol. The proposed    correlations, derived by the 
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polynomial fitting methodology previously described, are able to accurately describe both qualitatively and 

quantitatively the chemistry-grounded information derived by the 1D numerical simulations. 
 

CONCLUSION 

In the recent years, a general tightening of the emissions regulations worldwide led to an increasing interest in 

gasoline-ethanol fuel blends as a promising step towards more sustainable and cleaner power units. In the present 
study, dedicated ETRF fuel models were derived for E5, E20 and E85 gasoline ethanol blends. With the aim of 

providing a quantitative estimation of the propagating characteristics of the selected blends, 1D numerical 

simulations were carried out within a chemistry solver at full-load engine relevant conditions. A methodology 

previously introduced by the authors was used to generate laminar flame speed correlations for the three blends 

based on a polynomial fitting procedure. Such correlations can be implemented in any 3D-CFD flamelet combustion 

model to provide a quantitative estimation of E5, E20 and E85 laminar flame speed. 
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LAMINAR FLAME SPEED CORRELATION COEFFICIENTS 
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1 1.009623E+02 2.718921E+00 -2.889658E-01 l2 9.544402E-01 r2 1.689523E+00
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