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Abstract. State of the art spark ignited gasoline engines achieve thermal efficiencies above 46 % e.g. 
due to friction optimized crank trains, high in-cylinder tumble flow and direct fuel injection. Further im-
provements of thermal efficiency are expected from lean combustion, higher compression ratio and 
new knock-resistant fuel blends. One of the limitations to these improvements are set by the auto-
ignition in the end gas, which can develop to knocking combustion and severely damage the internal 
combustion engine. The auto-ignition is enhanced by high cylinder gas temperatures and reactive 
species in the end gas composition. 

Quasi-dimensional Stochastic Reactor Model simulations with detailed chemistry allow to consider the 
thermochemistry properties of surrogates and complex end gas compositions. Based on the detailed 
reaction scheme and surrogate model, an innovative tabulated chemistry approach is utilized to gen-
erate dual-fuel laminar flame speed and combustion chemistry look-up tables. This reduces the simu-
lation duration to seconds per cycle, while the loss in accuracy compared to solving the chemistry 
“online” is marginal. The auto-ignition events predicted by the tabulated chemistry simulation are eval-
uated using the Detonation Diagram developed by Bradley and co-workers. This advanced methodol-
ogy for quasi-dimensional models evaluates the resonance between the shock wave and reaction-
front velocity from auto-ignition in the end gas and determines if it is a harmful developing detonation 
or normal deflagration.  

The aim of this work is to evaluate the auto-ignition characteristics of different fuel blends. The Sto-
chastic Reactor Model with tabulated chemistry is applied to perform a numerical analysis of the auto-
ignition of the fuel blends and operating conditions. Experimental measurements of a single cylinder 
research engine operated with RON95 E10 fuel are used to train and validate the simulation model. 
The RON95 E10 fuel is blended with Methanol, Hydrogen and Toluene. The knock tendency based on 
the evaluation of auto-ignition events of the different fuel blends are analysed for three operating 
points at 1500 rpm 15 bar IMEP, 2000 rpm 20 bar IMEP and 2500 rpm 15 bar IMEP with advanced 
spark timings. 
 

1. Introduction 

The research of alternative fuels for internal combustion engines covers aspects of fuel properties, 
production processes and availability of resources [1, 2]. One of the most straight forward approaches 
on producing alternative fuels with available resources, is the combination of excess wind or solar 
electric energy to produce Hydrogen (H2) and Carbon Dioxide (CO2) from the atmosphere or flue gas-
es from industry processes [3, 4]. The captured H2 can be directly burned in an internal combustion 
engine or further processed to produce Methane (CH4) or Methanol (CH3OH) [5, 6]. These fuels can 
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be directly burned in internal combustion engines, too, or further processed to long-chained hydrocar-
bon fuels. 
The research group of Gschwend et al. [7] investigated the properties of 50 alternative fuels for spark 
ignition (SI) engine applications. They stated that tank-to-wheel CO2 emissions are reduced for 2,2,3-
Trimethylbutane, Butanol and Propanol isomers. While the lowest volumetric fuel consumption is 
found for 2-Phenylethanol and Anisole. However, some alternative fuels who show favourable proper-
ties for SI engine combustion, raise the threat of health for the environment. Yokoo et al. [8] investi-
gated different fuel mixtures regarding their performance for lean combustion in SI engines. They stat-
ed that fuels like Anisole, Furan and Nitromethane are beneficial to extend the lean burn limit of two 
different internal combustion engines. 
The focus of this work is set on Methanol, Toluene (C7H8) and Hydrogen mixed with a RON95 E10 
surrogate as alternative fuels. The detailed chemistry of these fuels is well established and is applied 
to investigate the auto-ignition in the end gas. The analysis of the exhaust emissions is not considered 
since it would exceed the scope of this work. In the subsequent paragraphs selected properties of the 
fuels are reviewed that are beneficial for efficient SI engine operation. In Table 1 some properties of 
the investigated fuels are summarized. The RON95 E10 surrogate is composed of iso-Octane, n-
Heptane, Toluene and Ethanol (see Table 3). Ethanol and Methanol show the highest vaporization en-
thalpy (ℎ𝑣𝑎𝑝) at 300 K and smallest lower heating value (LHV). Toluene has the highest Research Oc-

tane Number (RON) and Motored Octane Number (MON), wherefore it is generally blended in gaso-
line fuels to reduce the knock tendency. Hydrogen shows the largest LHV value of the investigated 
fuels. 
 

Table 1: Comparison of fluid properties [9, 10]. (*Determined at 300 K temperature.) 

Fluid 𝝆𝑵𝒐𝒓𝒎 [m³/kg] 𝒉𝒗𝒂𝒑 [kJ/kg] * LHV [MJ/kg] RON [-] MON [-] 

Iso-Octane 692 363 44.4 100 100 

n-Heptane 684 364 44.6 0 0 

Ethanol 789 919 26.7 111 94 

Methanol 791 1166 19.9 109 89 

Toluene 867 412 40.6 116 102 

Hydrogen - - 120.1 - - 

 
In Figure 1 the predicted laminar flame speeds of the investigated fuels using the detailed Ethanol 
Toluene Reference Fuel (ETRF) reaction scheme from the LOGEfuel package [11] are outlined. De-
tailed investigations of the reaction scheme performance can be found in the publications by Shrestha 
et al. [12, 13, 14, 15]. Hydrogen shows a significant higher laminar flame speed, which is why it is of-
ten considered in fuel blends to enhance the combustion. The laminar flame speed for Methanol is 
found to be slightly higher compared to RON95 E10 and Toluene. The research group of Ranzi et al. 
[16] published an extensive summary of laminar flame speeds for different alkanes, cyclo-alkanes, ar-
omatics, alcohols and methyl ethers. They reported similar laminar flame speed ranges of Toluene 
and Methanol as it is shown in Figure 1. Veloo et al. [17] compared the laminar flame speed of Me-
thane, Ethane, Ethanol and Methanol and reported that Methanol shows the highest flame speeds at 
stoichiometric and rich conditions. Mannaa et al. [18] performed an investigation of various Primary 
Reference Fuel (PRF), Toluene Reference Fuel (TRF), gasoline mixtures and neat species and its ef-
fect on the structure of the flame. They outlined that the laminar flame speed of Toluene is in the same 
range as iso-Octane, PRF and TRF mixtures at stoichiometric conditions. The increase of Hydrogen 
fraction in a Hydrogen – Carbon Monoxide – Air mixture is investigated by Dong et al. [19]. The in-
crease of Hydrogen fraction increases the laminar flame speed for lean, stoichiometric, and rich mix-
ture conditions. 
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Figure 1: Comparison of predicted laminar flame speeds for different equivalence ratios for RON95 E10, Metha-
nol, Toluene and Hydrogen at 30 bar and 600 K using an ETRF reaction scheme [11, 12, 13, 14, 15]. 

 
The predicted ignition delay times of RON95 E10, Methanol, Toluene and Hydrogen at 10 bar and 
𝜙=1 are outlined in Figure 2. At low temperatures it is shown that the ignition delay times of Methanol, 
Toluene and Hydrogen are larger compared to RON95 E10. At high temperatures the ignition delay 
time of Toluene is similar to RON95 E10, while Methanol and Hydrogen show lower ignition delay 
times. Fieweger et al. [20] investigated the auto-ignition process of PRF mixtures, iso-Octane, n-
Heptane and Methanol at elevated pressures and stoichiometric conditions. They showed that at high 
pressures of 40 bar and low temperatures the ignition delay time of Methanol is longer compared to 
iso-Octane, n-Heptane and PRF mixtures. At higher temperatures, the ignition delay times of Methanol 
are found in the same range as for n-Heptane. Burke et al. [21] performed an experimental campaign 
to measure the ignition delay times of different Methanol – Oxygen – Nitrogen – Argon mixtures. They 
stated that with an increasing fraction of Methanol in the mixture the ignition delay time is decreasing 
for temperatures between 833 K to 952 K. The influence of Toluene on the ignition delay time is out-
lined in the work from Andrae et al. [22]. They showed that the ignition delay times of Toluene are 
higher compared to TRF mixtures and n-Heptane at 30 bar and 50 bar pressures and stoichiometric 
conditions. Kéromnès et al. [23] measured the ignition delay time of Hydrogen and syngas mixtures at 
higher pressures. With increasing Hydrogen content in the syngas mixture, the ignition delay time is 
decreasing for different pressures and temperatures. 
 

 

Figure 2: Comparison of predicted ignition delay times for different temperatures for RON95 E10, Methanol, Tol-

uene and Hydrogen at 10 bar and 𝜙=1 using an ETRF reaction scheme [11, 12, 13, 14, 15]. 
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The vapor-liquid saturation pressure and temperature of RON95 E10, Methanol and Toluene is com-
pared in Figure 3. Toluene shows a similar vaporization characteristic as the RON95 E10 surrogate, 
while Methanol behaves significantly different. The normal boiling point of Methanol is at 337.6 K, 
while the boiling point of Toluene is at 383.7 K. The vaporization of Methanol has a significant effect 
on the auto-ignition characteristic in the end gas and shows an impact on the determination of the 
MON values as it is discussed by Spausta [24] and Seidel [25]. 
 

 

Figure 3: Comparison of the vapor-liquid saturation of RON95 E10, Methanol and Toluene [9]. 

 

In this work, the auto-ignition in the end gas for RON95 E10, Methanol, Toluene and Hydrogen mix-
tures is evaluated using the quasi-dimensional (QD) Stochastic Reactor Model (SRM) with tabulated 
chemistry and the Detonation Diagram developed by Bradley et al. [26, 27]. Netzer et al. [28, 29, 30, 
31, 32] carried out extensive studies on the application of the Detonation Diagram with detailed chem-
istry to investigate the effect of different RON-MON sensitive fuels and operating conditions on the au-
to-ignition in SI engines. The Detonation Diagram method allows to evaluate different modes of auto-
ignition that can occur in a SI engine and is established as a strong tool for knock analysis. 
In the following section the fundamentals of the numerical method are introduced to provide an over-
view of the applied sub-models. Next, the experiments of the single cylinder research engine and QD-
SRM model training are outlined. Finally, the simulation results are analysed and the effects of Metha-
nol, Toluene and Hydrogen on the auto-ignition are discussed. 

2. Methodology 

2.1 Stochastic Reactor Model 

The QD-SRM is based on a probability density function (pdf) approach for reactive flows [33, 34, 
35]. The transport equation (1) of the pdf contains on the left side the accumulation term and various 
source terms 𝑄𝑖(𝜓). These source terms include the piston work, convective heat transfer, chemical 

reactions, direct injection, and vaporization. Therein, 𝜱 is a vector of random variables, 𝜓 is its realiza-

tion in the sample 𝜓-space and 𝑡 is the time. The term on the right-hand side 𝑃2 describes the molecu-
lar mixing due to turbulence and is in a non-closed form. 
 

∂

∂t
F𝚽(ψ, t) +

∂

∂ψi

(Qi(ψ)F𝚽(ψ, t)) = P2F𝚽(ψ, t) (1) 

 
The Curl mixing model [36] is incorporated to close the term 𝑃2 in equation (2). The mixing model con-

tains the turbulent mixing time 𝜏, to account for turbulence-chemistry interaction [37, 38], the training 
parameter 𝐶𝜱 and the decay parameter 𝛽, which is set to 1. 
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P2F𝚽(ψ, t) =
C𝜱𝛽

𝜏
⋅ [∫ 𝐹𝚽(𝜓 − Δ𝜓, 𝑡)𝐹𝚽(𝜓 + Δ𝜓)𝑑(Δ𝜓) − 𝐹𝚽(𝜓, 𝑡)

Δ𝜓

] (2) 

 
The turbulent mixing time is calculated using the QD K-k turbulence model developed by Dulbecco et 
al. [39]. The model solves equations for kinetic energy in equation (3) and turbulent kinetic energy in 
equation (4). 
 

dK

dt
= 0.5 ⋅ 𝐶𝑡𝑘𝑒 ⋅

𝑚̇𝑖𝑛

𝑚𝑡𝑜𝑡𝑎𝑙

⋅ 𝑣𝑖𝑛
2 + 𝐶𝑖𝑛𝑗 ⋅

𝑑𝐾𝑖𝑛𝑗

𝑑𝑡
+ 𝐾 ⋅

𝑚̇𝑜𝑢𝑡

𝑚𝑡𝑜𝑡𝑎𝑙

+ 𝐶𝑐𝑜𝑚𝑝 ⋅ 𝐾 ⋅
𝜌̇

𝜌
− 𝑃𝑘 − 𝐾 ⋅ (

𝜌̇

𝜌
+

𝑉̇

𝑉
) (3) 

 

dk

dt
= 0.5 ⋅ (1 − 𝐶𝑡𝑘𝑒) ⋅

𝑚̇𝑖𝑛

𝑚𝑡𝑜𝑡𝑎𝑙

⋅ 𝑣𝑖𝑛
2 + 𝐶𝑖𝑛𝑗 ⋅

𝑑𝑘𝑖𝑛𝑗

𝑑𝑡
+ 𝑘 ⋅

𝑚̇𝑜𝑢𝑡

𝑚𝑡𝑜𝑡𝑎𝑙

+ 𝐶𝑐𝑜𝑚𝑝 ⋅ 𝑘 ⋅
𝜌̇

𝜌
+ 𝑃𝑘 − 𝑘 ⋅ (

𝜌̇

𝜌
+

𝑉̇

𝑉
) 

−𝐶𝑑𝑖𝑠𝑠 ⋅ 𝜀 

(4) 

 
In these equations, 𝑚̇𝑖𝑛 is the intake valve mass flow, 𝑚𝑡𝑜𝑡𝑎𝑙 is the trapped cylinder mass, 𝑡 is the time 

in seconds, 𝑣𝑖𝑛 is the intake valve flow velocity, 𝐾𝑖𝑛𝑗 is the kinetic energy from the direct injection, 𝑚̇𝑜𝑢𝑡 

is the exhaust valve mass flow, 𝜌̇ is the change of density, 𝜌 is the density, 𝑉̇ is the change of cylinder 
volume and 𝑉 is the instantaneous cylinder volume. The dissipation 𝜀 in equation (5) is derived from 

the turbulent kinetic energy and integral length scale 𝑙𝐼, which is based on the instantaneous cylinder 
volume and calculated in equation (6). 
 

ε =
2

3
⋅

k
3
2

lI

 (5) 

 

lI = 𝐶𝑙𝑒𝑛 ⋅ 𝑉
1
3 (6) 

 
The term 𝑃𝑘 is a production term for turbulent kinetic energy from tumble motion decay. The equation 
is outlined in (7). 
 

Pk = 0.3307 ⋅ 𝐶𝛽 ⋅ 𝑙𝐼 ⋅ 𝑘
1
2 ⋅

𝐾

Δ2
 (7) 

 

Therein, ∆ is a measure for the size of the tumble vortex and is calculated by ∆ = 𝑚𝑖𝑛(𝐶∆,1 ⋅ 𝑉
1

3, 𝐶∆,2 ⋅

𝑚𝑖𝑛(ℎ𝑐𝑦𝑙 , 𝑑𝑏𝑜𝑟𝑒)), with the piston-head distance ℎ𝑐𝑦𝑙 and the cylinder bore 𝑑𝑏𝑜𝑟𝑒. The turbulent mixing 

time is finally calculated using equation (8). 
 

τ =
k

ε
 (8) 

 
The parameters 𝐶𝑖𝑛𝑗, 𝐶𝑐𝑜𝑚𝑝, 𝐶𝑡𝑘𝑒, 𝐶𝑑𝑖𝑠𝑠, 𝐶𝑙𝑒𝑛, 𝐶𝛽, 𝐶∆,1, 𝐶∆,2 and 𝐶𝜱 are model constants and need to be 

trained for the respective engine. 
To solve the pdf transport equation the gas within the cylinder is discretized in notional particles, each 
containing its own composition and temperature (see Figure 4). 
 

 

Figure 4: Concept of the two-zone SRM for spark-ignition engines [37]. 
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The QD-SRM uses a two-zone approach and the auto-ignition in the end gas and chemistry in the 
burned zone for emission formation are retrieved from the pre-compiled look-up tables. The flame front 
propagates based on turbulent flame speed 𝑠𝑇, which is calculated retrieving the laminar flame speed 

𝑠𝐿 from the pre-compiled look-up tables. The turbulent flame speed is calculated with equation (9) 
based on the model by Peters et al. [40]. 
 

𝑠𝑇

𝑠𝐿

= 1 + 𝐶 ⋅ (
𝑢′

𝑠𝐿

)

𝑚

 (9) 

 
Therein, 𝐶 and 𝑚 are model constants. 𝑢′ is the turbulence intensity and is calculated based on the 
scalar mixing time. Additionally, the flame front is traced based on a polygonal approach to account for 
flame-wall-interactions (see Q-3D geometry & flame growth in Figure 4) [41]. The values of the model 
constants are outlined in Table 2. Those constants were tested in previous works for different gasoline 
engines and are not changed during the present work. The QD-SRM accounts for cycle-to-cycle varia-
tions in the cylinder gas composition and temperature induced by stochastic mixing and stochastic 
heat transfer processes [42]. The Woschni heat transfer correlation in equation (10) with base pa-
rameters and wall temperatures of 450 K is used to calculate the heat transfer coefficient 𝛼 [43]. 
 

𝛼 = 𝐶𝑝𝑟𝑒 ⋅ 𝑑−0.2 ⋅ 𝑝0.8 ⋅ 𝑇−0.53 ⋅ [𝐶1 ⋅ 𝑐𝑚 + 𝐶2

𝑉 ⋅ 𝑇0

𝑝0 ⋅ 𝑉0

⋅ (𝑝 − 𝑝𝑚𝑜𝑡)]  (10) 

 
Therein, 𝐶𝑝𝑟𝑒, 𝐶1 and 𝐶2 are model constants, 𝑑 is the engine bore, 𝑝 is the cylinder pressure, 𝑇 is the 

cylinder temperature, 𝑐𝑚 is the mean piston speed, 𝑝𝑚𝑜𝑡 is the motored cylinder pressure and 𝑉 is the 
cylinder volume. The index 0 highlights parameters at reference conditions. The heat transfer model 
constants are tested in previous works for different gasoline engines and are not changed during the 
present work. The QD-SRM model setup is shown in Table 2. 
 

Table 2: QD-SRM model setup. 

Parameter Value 

Number of Particles 500 

Time Step Size 0.5 °CA 

Number of Cycles 30 

𝐶𝑝𝑟𝑒 1.0 

𝐶1 2.28 

𝐶2 0.0065 

𝐶 2.5 

𝑚 0.9 

 

2.2 Tabulated Chemistry 

The tabulated chemistry is based on the detailed ETRF reaction scheme from the LOGEfuel pack-
age [11] consisting of 690 species and 8278 reactions. The detailed reaction scheme is validated for 
different experiments and for engine relevant conditions [12, 13, 14, 15], which is highlighted for one 
set of experiments from Jerzembeck et al. [44] in Figure 5 using the RON95 E10 surrogate from Ta-
ble 4. 
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Figure 5: Comparison of predicted laminar flame speeds using the detailed reaction scheme from the LOGEfuel 
package [11] and experiments with gasoline as fuel from Jerzembeck et al. [44] at 373 K and different pressures, 
with air as oxidizer. Measurement accuracy is within ±4 cm/s. The symbols highlight the experiments and the lines 
show the simulations. 

 
A dual fuel approach for the surrogate and second fuel is used. The composition of the first fuel 
stream is outlined in Table 3 in liquid volume fraction. The second fuel stream is composed of Metha-
nol, Toluene or Hydrogen. 

 
Table 3: Surrogate composition in liquid volume fraction for the reference ETRF fuel. 

Fuel Iso-Octane n-Heptane Ethanol Toluene 

RON95 E10 0.44 0.141 0.101 0.318 

 
The comparison of the properties of the experimental RON95 E10 fuel and the surrogate are outlined 
in Table 4. The QD-SRM is trained and validated for single cylinder engine experiments using the 
RON95 E10 fuel. 

 
Table 4: Comparison of the properties of the experimental RON95 E10 fuel and the surrogate. 

 Experiment Surrogate 

RON 96.7 96.7 

MON 85.8 87.4 

C:H:O 6.6:12.8:0.21 6.3:11.8:0.21 

Density 748.7 kg/m³ 756.4 kg/m³ 

LHV 41.78 MJ/kg 41.14 MJ/kg 

 
The laminar flame speeds and the combustion chemistry are stored in a pre-compiled look-up table 
(see table ranges in Table 5 and Table 6) using the software LOGEtable [10]. The table ranges are 
optimized to reduce the size of the tables but to keep a high resolution of auto-ignition sensitive condi-
tions, e.g. the Negative Temperature Coefficient (NTC) region. During the simulation, laminar flame 
speeds and chemistry sources are retrieved from the look-up tables based on the current thermody-
namic conditions. 
Furthermore, a progress variable approach is used for the chemistry table look-up [45, 46, 47, 48]. 
The progress variable 𝐶 is defined as follows in equation (11). 

 

C =
h298 − h298,u

h298,max − h298,u

 (11) 

 

Therein, ℎ298 is the latent enthalpy calculated at 298 K, and summed over all species, subscript 𝑢 de-

notes unburned state, and subscript 𝑚𝑎𝑥 denotes the most reacted state, which is assumed to be 
where the maximum chemical heat is released. 
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Table 5: Laminar flame speed dual fuel table specifications. 

Parameter Range Steps 

Temperature 350 – 1400 K 50 K 

Pressure 1 – 150 bar 1 .. 10 bar 

Equivalence Ratio 0.5 – 1.5 0.05 

Fuel Fraction 50 – 100 % 10 % 

EGR 0 – 40 % 10 % 

 
Table 6: Combustion chemistry dual fuel table specifications. 

Parameter Range Steps 

Temperature 250 – 1400 K 10 .. 50 K 

Pressure 1 – 200 bar 5 .. 20 bar 

Equivalence Ratio 0.2 – 4.0 0.2 .. 0.25 

Fuel Fraction 50 – 100 % 10 % 

EGR 0 – 10 % 10 % 

2.3 Resonance Theory 

The resonance theory for the QD-SRM is introduced by Netzer [28]. Based on syngas (mixtures of 
H2/CO) experiments and One-Dimensional (1D) CFD simulations, Bradley et al. [26] developed the 
Detonation Diagram in Figure 6. 

 

 

Figure 6: Detonation Diagram; Full (▼) and hollow triangles (∆) and lines: experiments and simulations by Brad-
ley et al. [26]; Full (♦) and hollow (◊) diamonds one-dimensional simulations by Peters et al. [49]: hollow symbols: 
no detonation, filled symbols: developing detonation; Full symbols (►, ■, ●, ♦) LES engine simulations by Bates 
et al. [50]. 

 

The Detonation Diagram evaluates the characteristics of the auto-ignition in the end gas with two di-
mensionless parameters. 𝜉 is the ratio of the speed of sound 𝑎 and the apparent reaction-front velocity 

𝑢 [27] in equation (12). The apparent reaction-front velocity can be calculated using the temperature 

gradient over the travel distance 𝑥 and the gradient of the ignition delay time 𝜏. 
 

ξ =
a

𝑢
= 𝑎

𝛿𝑇

𝛿𝑥

𝛿𝜏

𝛿𝑇
 (12) 

 
With the help of the resonance parameter 𝜉, the characteristic of the auto-ignition event can be sepa-

rated into different modes. If 𝑢 < 𝑠𝐿, a normal flame occurs driven by heat conduction and diffusion, 
which is called deflagration [51, 52]. If 𝑠𝐿 < 𝑢 < 𝑎, a subsonic auto-ignition occurs, which is harmless 

for the engine. If 𝑢 > 𝑎, thermal explosion is observed, which usually does not occur under conven-
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tional SI engine operating conditions. To form a developing detonation, 𝑢 and 𝑎 must be of the same 
order of magnitude (𝑢 ≈ 𝑎). The order of magnitude increases with higher reactivity of the mixture and 

is calculated with the reactivity parameter 𝜀 in equation (13). 
 

ε =
l

𝑎 ⋅ 𝜏𝑒

 (13) 

 
Here, 𝑙 is the length of the constant temperature gradient kernel before the auto-ignition occurs and 𝜏𝑒 
is the excitation time, which is the time between 5 % to maximum heat release of the auto-ignition 
event. The denominator describes how far the sound wave travels during the ignition event. Evaluated 
with the length of the constant temperature gradient, 𝜀 is a non-dimensional length, which can be in-
terpreted as the dimensionless ignition kernel size. With higher 𝜀 and increasing kernel size according-
ly, the range of conditions that lead to a developing detonation are getting wider. The limits of the dif-
ferent modes of reaction-front propagation in Figure 6 are experimentally and numerically obtained for 
syngas [26]. To make it applicable for engine conditions, Peters et al. [49] evaluated the regime limits 
for n-heptane and iso-octane. Since, these modes are chemically dependent on the high temperature 
chemistry, they appear in the same range for all reviewed fuels. Bates et al. [50] applied this evalua-
tion method to 3D Large Eddy Simulation (LES) and characterized typical areas in the Detonation Di-
agram that cover engine operating conditions from harmless subsonic auto-ignition over non-knock 
and mild-knock to super-knock. 
Kalghatgi and Bradley [53] investigated pre-ignition and super-knock events for a turbo-charged SI 
engine. To evaluate the severity of an auto-ignition event based on the Detonation Diagram they pro-
posed the equation (14), which relates the dimensionless expression of the overpressure to the reso-
nance parameter. 
 

p(t)𝑚𝑎𝑥

𝑝
~ (

1

𝜉
)

2

 (14) 

 

Subsequently, they calculated 𝜉 = 8.8 and 𝜀 = 9.1 for an auto-ignition, which is classified as heavy 

knock. Those values are used in this work for the definition of the knock limit. 

3. Experiments 

The experiments are conducted on a single cylinder research engine at the TU Berlin. The single 
cylinder engine is built up for fundamental investigations of port and direct water injection in the FVV 
project "Water Injection in SI engines" [7, 13, 46, 50]. The engine specifications are depicted in Table 
7. 
 

Table 7: Technical specifications of single cylinder research engine. 

Parameter Value 

Bore 71.9 mm 

Stroke 82 mm 

Compression Ratio 10.75 : 1 

Number of Valves 4 

Fuel Injection Central Direct 

 
 
The engine experiments are conducted using a central direct fuel injection. The position of the injector 
is shown in Figure 7. More details on the experimental campaign can also be found in the work of 
Kauf et al. [50]. 



10 T. Franken, L. Seidel, L. C. Gonzalez Mestre, K. P. Shrestha, A. Matrisciano, F. Mauss 

 

Figure 7: Position of the central fuel injection of the single cylinder research engine at TU Berlin [50]. 

 
The engine is equipped with low-pressure and high pressure sensors to measure the cylinder and 
manifold pressures of 250 consecutive cycles. The simplified testbench scheme and positions of the 
pressure (𝑝), temperature (𝑇), air-fuel ratio (𝜆), mass flow (𝑚̇) sensors and emission analyzers are 
shown in Figure 8. The intake system consists of a compressor unit to set the boost pressure, a Sen-
syflow for air mass flow measurement, a throttle, a mixing tank and two intake runners. The exhaust 
system consists of two exhaust runners, an exhaust orifice to control the back pressure, a diffusor, 
and an exhaust ventilation. 
 

 

Figure 8: Single cylinder research engine testbench scheme from TU Berlin [46]. 

4. Model Training 

The 1D-QD-SRM model training strategy is outlined in Figure 9. First, the air path system parame-

ters of the 1D model are trained to fit the simulated intake system pressure frequency (𝑓𝑝,𝑖𝑛𝑡𝑎𝑘𝑒) and 

amplitude (𝐴𝑝,𝑖𝑛𝑡𝑎𝑘𝑒) and exhaust system pressure frequency (𝑓𝑝,𝑒𝑥ℎ𝑎𝑢𝑠𝑡) and amplitude (𝐴𝑝,𝑒𝑥ℎ𝑎𝑢𝑠𝑡). 

This is done by adjusting the discharge coefficients of the throttle (𝐶𝐷,𝑡ℎ𝑟𝑜𝑡𝑡𝑙𝑒), the intake and exhaust 

ports (𝐶𝐷,𝑝𝑜𝑟𝑡) and the exhaust orifice (𝐶𝐷,𝑜𝑟𝑖𝑓𝑖𝑐𝑒). Second, the fired operating points are used to fit the 

closed cycle in-cylinder pressure of the experiments. A multi-objective genetic optimization process is 

applied using modeFRONTIER [54]. The objectives of the optimization are to minimize the sum of 

least squares of cylinder pressure (𝜀𝑃 𝑟𝑒𝑠𝑠𝑢𝑟𝑒), maximum cylinder pressure (𝜀𝑃𝐶𝑃), crank angle of maxi-

mum cylinder pressure (𝜀𝑃𝐶𝑃𝐶𝐴) and CO emissions at exhaust valve opening (EVO) (𝜀𝐶𝑂,𝐸𝑉𝑂). The QD-

SRM turbulence model parameters 𝐶Φ and 𝐶𝑖𝑛𝑗 are the optimization input parameters. Subsequently, 

the QD-SRM model parameters are validated using the remaining fired operating points. More infor-

mation about the model training and validation results can be found in the work published by Franken 

et al. [55]. 
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Figure 9: QD-SRM model training procedure. 

 
The final model parameters of the QD-SRM turbulence model in equation (3) and (4) are shown in Ta-
ble 8. Mostly the same turbulence model parameters are used, as reported by Dulbecco et al. [35]. 
 

Table 8: QD-SRM turbulence model parameters. 

Parameter Value 

𝐶𝑖𝑛𝑗 0.005 

𝐶𝑐𝑜𝑚𝑝 0.67 

𝐶𝑡𝑘𝑒 0.85 

𝐶𝑑𝑖𝑠𝑠 1.0 

𝐶𝑙𝑒𝑛 0.3 

𝐶𝛽 0.25 

𝐶Δ,1 0.073 

𝐶Δ,2 0.1313 

𝐶Φ 4.65 

 

5. Results and Discussion 

In this work the effect of Methanol, Toluene and Hydrogen addition to the RON95 E10 surrogate in 
a SI engine is investigated with the focus on auto-ignition in the end gas. While the effect of vaporiza-
tion enthalpy is considered of those fuels, the air, RON95 E10 and fuel mixture is assumed to be ho-
mogeneously mixed to simplify the problem. In the future the effect of inhomogeneous mixtures on the 
auto-ignition in a SI engine will be investigated. Further, it is assumed that the different fuel blends do 
not affect the flame-turbulence interaction and one set of model parameters is used for all fuel blends 
to calculate the turbulent flame speed in equation (9). 
First, the QD-SRM model training results are outlined for the measured motored and fired operating 
points in Table 9. 
 

Table 9: QD-SRM engine operating points used for auto-ignition analysis. 

OP Speed IMEP 𝝀 ST 

1 1500 rpm 15 bar 1.0 -4.4 °CA 

2 2000 rpm 20 bar 1.0 1.5 °CA 

3 2500 rpm 15 bar 1.0 -9.7 °CA 
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Second, the spark timing of the three operating points is adjusted to achieve center of combustion at 8 
°CA, which is defined as Maximum Break Torque (MBT). To keep the IMEP and air-to-fuel ratio (𝜆) 
constant during the parameter variations, the charge pressure is modified (see Figure 10). Third, the 
fuels Methanol (CH3OH), Toluene (C7H8) and Hydrogen (H2) are added to the surrogate and the auto-
ignition is evaluated using the Detonation Diagram. Hereby, Methanol and Toluene are added to the 
fuel blend to suppress auto-ignition, while Hydrogen is added to advance center of combustion. 
 

 

Figure 10: QD-SRM strategy to adjust the operating point to MBT at the knock limit. 

 
The amount of Methanol, Toluene and Hydrogen addition is quantified based on mass using the fuel 
fraction (FF) definition in equation (15). Therein, 𝑚𝑖 describes the absolute mass of the additional fuel 
(Methanol, Toluene or Hydrogen) and 𝑚𝑅𝑂𝑁95𝐸10 describes the absolute mass of the base fuel 
(RON95 E10). The sum of the two masses equals to the total mass of fuel in the cylinder. 
 

𝐹𝐹𝑖 =
𝑚𝑖

𝑚𝑅𝑂𝑁95𝐸10

⋅ 100% (15) 

 

5.1 Training Results 

In Figure 11 the in-cylinder pressure and heat release rate of the experiments are compared to the 
QD-SRM training results. The simulation closely matches the pressure during the high pressure phase 
and valve opening time. Some deviations are found for the operating point at 2000 rpm and 20 bar 
IMEP, where the simulation predicts an earlier start of combustion. The exhaust emissions are not the 
focus of this work, but a comparison with the measured exhaust emissions of the trained model can be 
found in the publication by Franken et al. [55] and [56]. 
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Figure 11: QD-SRM simulation results of in-cylinder pressure, heat release rate and pressure during valve open-
ing compared to the experiments for three fired operating points: (a) – (c) 1500 rpm 15 bar IMEP, (d) – (f) 2000 
rpm 20 bar IMEP and (g) – (i) 2500 rpm 15 bar IMEP. Fired TDC is at 0 °CA. 

 

5.2 Spark Timing Sweep 

In Figure 12 the simulation results of a spark timing sweep for all three operating points are 
outlined. With the advanced spark timing the peak cylinder pressure (PCP) is increased up to 100 bar 
to 130 bar and the center of combustion is shifted towards MBT (8 °CA). The heat release rate (Norm. 
u-RoHR) in Figure 12 (b), (e) and (f) is normalized by the mass of the air-fuel mixture in the end gas 
to exclude the effect of changing end gas mass. The maximum heat release rates of 9x105 J/kg/°CA to 
10x105 J/kg/°CA are found for 1500 rpm 15 bar IMEP and 2000 rpm 20 bar IMEP since these 
operating points are found by experiments and simulations to be at the knock limit. Further, the strong 
increase of the heat release rate cause a strong rise in the temperature in the end gas from 1000 K to 
2500 K. 
The Detonation Diagram in Figure 13 (a) to (c) shows the change of the auto-ignition strength for 
different spark timings and operating points. The resonance parameter and reactivity parameter are 
averaged for 30 stochastic cycles of the QD-SRM simulation to obtain a statistical stable result. The 
auto-ignition at the latest spark timing is found to be in deflagration mode for all operating points, 
where the reaction front of the auto-ignition propagates at laminar flame speed [51]. With advanced 
spark timing the combustion of the air-fuel mixture is promoted and auto-ignition in the end gas occurs 
at higher local temperatures. As a result, the mixture becomes more reactive and the reaction front 
propagates at subsonic conditions. For the operating points at 1500 rpm 15 bar IMEP and 2000 rpm 
20 bar IMEP it is predicted that the auto-ignition develops to a detonation (knocking combustion) with 
a spark timing shift between 4 °CA to 6 °CA compared to the base spark timing. For 2500 rpm 15 bar 
IMEP the spark timing shift is found between 6 °CA and 8 °CA since this operating point is not at the 
knock limit. 
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Figure 12: QD-SRM simulation results of in-cylinder pressure, normalized heat release rate in the end gas and 
temperature in the end gas for a spark timing sweep: (a) – (c) 1500 rpm 15 bar IMEP, (d) – (f) 2000 rpm 20 bar 
IMEP and (g) – (i) 2500 rpm 15 bar IMEP. Fired TDC is at 0 °CA. 

 

 

Figure 13: QD-SRM simulation results of the detonation diagram for a spark timing sweep: (a) 1500 rpm 15 bar 
IMEP, (b) 2000 rpm 20 bar IMEP and (c) 2500 rpm 15 bar IMEP. 

 
The MBT spark timing is determined for all three operating points. For 1500 rpm 15 bar IMEP a spark 
timing of -9.4 °CA is found, for 2000 rpm 20 bar IMEP a spark timing of -8.5 °CA is found and for 2500 
rpm 15 bar IMEP a spark timing of -14.7 °CA is found. The addition of Methanol and Toluene is 
investigated in the subsequent sections to reduce the strength of auto-ignition at MBT. Further, the 
addition of Hydrogen is investigated to promote combustion and achieve MBT operating conditions. 

5.3 Effect of Methanol Addition 

In Figure 14 the simulation results of different Methanol fuel fractions for different operating condi-
tions are shown. The increasing amount of Methanol fraction in the fuel blend shows a decreasing 
trend for the normalized heat release rate and temperature in the end gas. On the one hand side, this 
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is caused by the higher vaporization enthalpy of Methanol compared to RON95 E10 (see Table 1), 
and on the other hand side by the changed reactivity of the end gas mixture. The decreased auto-
ignition heat release rate is in good agreement with the higher RON value of Methanol (see Table 1). 
The detonation diagram in Figure 15 (a) to (c) supports this trend because the auto-ignition is moved 
from the developing detonation to subsonic auto-ignition and deflagration mode. For 1500 rpm 15 bar 
IMEP it is found that the addition of 10 % to 30 % Methanol fuel fraction to the fuel blend is required to 
obtain non-knocking combustion. For 2000 rpm 20 bar IMEP the Methanol fuel fraction in the fuel 
blend is determined with 50 % to 80 %. 
The effect of the vaporization enthalpy of Methanol on auto-ignition is outlined in Figure 15 (d) to (f). 
For the simulation results shown, the vaporization enthalpy of Methanol is neglected and only the ef-
fect of changed reactivity due to different end gas mixtures is accounted for. The addition of 10 % to 
50% Methanol fuel fraction to the mixture showed an increasing reactivity for 1500 rpm 15 bar IMEP 
operating conditions. For 2500 rpm 15 bar IMEP the 10 % to 100 % Methanol fuel fraction addition in-
creased the reactivity and reaction front velocity. Overall, the vaporization enthalpy of Methanol is 
found to have a strong effect on the shift of auto-ignition from a developing detonation to deflagration 
since it reduces the local temperature at which auto-ignition occurs. Those effects are also supported 
by earlier works (e.g. Spausta [24] and Seidel [25] and works cited therein) who outlined the large de-
viation of RON and MON values for Methanol and Ethanol due to vaporization at elevated tempera-
tures in the MON test.  
 

 

Figure 14: QD-SRM simulation results of in-cylinder pressure, normalized heat release rate in the end gas and 
temperature in the end gas for a Methanol fuel fraction sweep: (a) – (c) 1500 rpm 15 bar IMEP, (d) – (f) 2000 rpm 
20 bar IMEP and (g) – (i) 2500 rpm 15 bar IMEP. Fired TDC is at 0 °CA. 
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Figure 15: QD-SRM simulation results of the detonation diagram for a Methanol fuel fraction sweep: (a) 1500 rpm 
15 bar IMEP with vaporization enthalpy, (b) 2000 rpm 20 bar IMEP with vaporization enthalpy, (c) 2500 rpm 15 
bar IMEP with vaporization enthalpy, (d) 1500 rpm 15 bar IMEP without vaporization enthalpy, (e) 2000 rpm 20 
bar IMEP without vaporization enthalpy and (f) 2500 rpm 15 bar IMEP without vaporization enthalpy. 

5.4 Effect of Toluene Addition 

The simulation results for in-cylinder pressure, normalized heat release rate and temperature in the 
end gas are depicted in Figure 16 (a) to (i). The increase of Toluene fuel fraction in the fuel blend re-
duces the normalized heat release rate and temperature in the end gas. This is an effect of the larger 
ignition delay time of Toluene compared to RON95 E10 as shown in Figure 2. 
The Detonation Diagram in Figure 17 shows that even a small amount of Toluene in the gas mixture 
has a large effect on the auto-ignition in the end gas. At 1500 rpm 15 bar IMEP the addition of 0 % to 
10 % Toluene fuel fraction to the fuel blend shifts the auto-ignition to subsonic conditions. At 2000 rpm 
20 bar IMEP the addition of 10 % to 30 % Toluene fuel fraction to the fuel blend moves the auto-
ignition out of the knocking combustion region. While the 2500 rpm 15 bar IMEP operating point is not 
knock limited at MBT operation, it also shows a reduced heat release rate in the end gas with in-
creased amount of Toluene. 
While Toluene is quite effective in reducing the auto-ignition in the end gas compared to Methanol, it 
has to be pointed out that higher amounts of aromatics in the fuel blend increase the formation of HC 
and soot emissions [57]. 
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Figure 16: QD-SRM simulation results of in-cylinder pressure, normalized heat release rate in the end gas and 
temperature in the end gas for a Toluene fuel fraction sweep: (a) – (c) 1500 rpm 15 bar IMEP, (d) – (f) 2000 rpm 
20 bar IMEP and (g) – (i) 2500 rpm 15 bar IMEP. Fired TDC is at 0 °CA. 

 

 

Figure 17: QD-SRM simulation results of the detonation diagram for a Toluene fuel fraction sweep: (a) 1500 rpm 
15 bar IMEP with vaporization enthalpy, (b) 2000 rpm 20 bar IMEP with vaporization enthalpy and (c) 2500 rpm 
15 bar IMEP with vaporization enthalpy. 

5.5 Effect of Hydrogen Addition 

The simulation results of Hydrogen addition to the fuel blend are shown in Figure 18 (a) to (i). The 
charge pressure is increased for cases with higher Hydrogen fuel fraction in the fuel blend to keep the 
IMEP constant. The laminar flame speed is significantly increased with more Hydrogen fuel fraction in 
the fuel blend and the gradient of cylinder pressure during flame propagation becomes larger due to 
the higher laminar flame speeds. Further, the addition of Hydrogen to the fuel blend increases the re-
activity of the gas mixture and the auto-ignition heat release rate is increased with increasing Hydro-
gen fuel fraction. Due to the late spark timing of the operating point at 2000 rpm 20 bar IMEP the nor-
malized heat release rate is not increasing as much as for the other two operating points since the 
temperature is already decreased at that crank angle in the expansion stroke. 
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The detonation diagram in Figure 19 (a) to (c) highlights the increasing reactivity of the gas mixture 
due to higher Hydrogen fuel fraction. For the operating point at 1500 rpm 15 bar IMEP and 2500 rpm 
15 bar IMEP the addition of 30 % to 50 % Hydrogen fuel fraction to the fuel blend leads to a develop-
ing detonation. At 2000 rpm 20 bar IMEP the addition of Hydrogen shows an increasing reactivity of 
the mixture but due to the lower temperature at which auto-ignition occurs, the reaction front velocity 
and pressure wave are not accelerated as much as for the other two operating points, wherefore the 
resonance parameter stays at a higher level. The reversed auto-ignition trend at 1500 rpm and 15 bar 
IMEP and 2500 rpm and 15 bar IMEP for 80 % and 100 % Hydrogen fuel fraction in the fuel blend, is 
because of decreasing local temperature and pressure at the advanced crank angles at which auto-
ignition occurs.  
 

 

Figure 18: QD-SRM simulation results of in-cylinder pressure, normalized heat release rate in the end gas and 
temperature in the end gas for a Hydrogen fuel fraction sweep: (a) – (c) 1500 rpm 15 bar IMEP, (d) – (f) 2000 rpm 
20 5bar IMEP and (g) – (i) 2500 rpm 15 bar IMEP. Fired TDC is at 0 °CA. 

 

 

Figure 19: QD-SRM simulation results of the detonation diagram for a Hydrogen fuel fraction sweep: (a) 1500 
rpm 15 bar IMEP, (b) 2000 rpm 20 bar IMEP and (c) 2500 rpm 15 bar IMEP. 
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6. Conclusions 

This work outlines the assessment of different RON95 E10, Methanol, Toluene and Hydrogen 
blends regarding its effect on the auto-ignition modes in the end gas of a SI engine. It illustrates a 
novel simulation approach to jointly assess engine operating conditions and fuel blends and its effect 
on knocking combustion. The methodology is based on numerical investigations using the QD-SRM, 
dual-fuel tabulated chemistry look-up tables and the detonation diagram. The following conclusions 
are drawn based on the simulation results: 

• The vaporization enthalpy of Methanol has a strong effect on the decreasing auto-ignition ten-
dency of RON95 E10 and Methanol fuel blends. The engine can be operated at MBT at 1500 
rpm and 15 bar IMEP, with 10 % to 30 % Methanol fuel fraction in the fuel blend and at 2000 
rpm 20 bar IMEP, with 50 % to 80 % Methanol fuel fraction in the fuel blend. 

• Toluene is highly effective in reducing the auto-ignition tendency for all operating conditions 
due to the longer ignition delay times. In contrast to Methanol the heat of vaporization is not 
the major factor, but the fuel chemistry, in particular the absence of a low temperature regime 
for Toluene. Compared to Methanol, only small additional amounts of Toluene in the fuel 
blend are needed to operate at MBT without knocking combustion. At 1500 rpm 15 bar IMEP 
up to 10 % additional Toluene fuel fraction are needed in the fuel blend and at 2000 rpm 20 
bar IMEP 10 % to 30 % additional Toluene fuel fraction in the fuel blend are needed. 

• The addition of Hydrogen decreases the burn duration, increases the PCP and increases the 
reactivity of the mixture in the end gas. The addition of 30 % Hydrogen fuel fraction in the fuel 
blend at 1500 rpm 15 bar IMEP corresponds to 6 °CA advancement of the spark timing. At 
2500 rpm 15 bar IMEP the addition of 30 % Hydrogen fuel fraction in the fuel blend corre-
sponds to 8 °CA to 10 °CA advancement of the spark timing. 

• The QD-SRM simulation with tabulated chemistry and knock analysis takes 9 seconds for one 
engine cycle on 1 Intel Multi-Core i7-7820HQ CPU @ 2.90 GHz. 

 
The future work consists of the following work steps: 

• Extend the analysis for lean operation and increased compression ratios. 

• Extend the analysis for different reaction mechanisms. 

• Extend the analysis for other fuel blends. 
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