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{ǳƳƳŀǊȅ 
 
In the framework of the PaREGEn project, Siemens aims to investigate and develop modelling capabilities 
and associated methodologies in order to leverage the findings and results obtained by partners in Work 
Package 1 (WP1, Advanced Combustion Technologies) lead by BOSCH. Indeed, most of the WP1 activities are 
related to comprehensive research, testing and modelling activities toward the measurement and 
understanding of the root cause of soot formation plus the development of a locally complex modelling 
approach. In this context, Siemens wants to offer a way to extend the range of the investigation, from a local 
perspective (at the level of the cylinder) to a system perspective (at the vehicle level). The final goal of the 
PaREGEn project is to demonstrate the value of the developments in demonstrator cars from JLR and 
DAIMLER, evaluated on real driving cycles. Hence, it makes sense to apply the same kind of approach by 
simulation, meaning that the modelling approaches developed during the project can be implemented in full 
vehicle models to give an evaluation of the emissions and soot within virtual environments. 
 
¢ƘŜ ǊŜǇƻǊǘ 5мΦп ǇǊŜǎŜƴǘǎ ǘƘŜ {ƛŜƳŜƴǎ ŀŎǘƛǾƛǘƛŜǎ ƛƴ ¢ŀǎƪǎ мΦсΦмΣ ŜƴǘƛǘƭŜŘ άPhenomenological high frequency to 
mean value modelsέΣ ŀƴŘ ŀƴ ƛƴǘǊƻŘǳŎǘƛƻƴ ǘƻ ǘƘŜ ¢ŀǎƪ мΦсΦнΣ άCorrelated mean value modelsέΦ ¢ƘŜ ŎƻƴƴŜŎǘƛƻƴ 
of these tasks with the rest of the works in WP1 is illustrated in the figure below. 
 

 
 
From this, the present report is focused on the modelling activities by Siemens extending the scope of the 
analysis from the combustion itself, to a single-cylinder approach and then onto the reduction of the 
phenomenological models into a Mean Value Engine Model (MVEM). This later approach is the most 
convenient option for a further integration of the engine model including its air path system, in a full 
powertrain and vehicle model, mainly due to the reduced simulation times. The actual work on the multi-
cylinder engine modelling and integration in a vehicle context is the purpose of the Task 1.6.3 to be 
completed by Siemens during the second half of the project. 
 
The workflow proposed, developed and illustrated by Siemens in the D1.4 report is the following: 

¶ Develop phenomenological crank-angle based models and methods to address the simulation of the 

combustion heat release  

¶ Develop phenomenological crank-angle based models and methods to address the simulation of a 

single-cylinder engine in combination with a prediction of engine-out emissions thanks to an 

interface with LOD9Ωǎ {ǇŀǊƪ-Ignited Stochastic Reactor Model (SI-SRM) 

¶ Develop a methodology to reduce the phenomenological crank-angle based model to a Mean Value 

Engine Model 

The research and modelling activities conducted by Siemens in collaboration with LOGE are structured 
around a common application case. This corresponds to a single-cylinder research engine set-up by BOSCH. 
The engine and component characteristics, including geometry as well as its control, are well known. This 
corresponds to a direct injection, spark ignited and homogeneous combustion application. In practice, a test 
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data set composed of 12 operating points, covering various engine speeds from 1200 to 2500 rpm and loads 
between 2 and 8 bar IMEP, is used for the modelling and validation tasks. 
 
The first activity of Siemens is related to the set-up of a phenomenological combustion model based on the 

CFM (Coherent Flame Model) in order to predict accurately the combustion heat release for various 

boundary and initial conditions. A validation is performed on the 12 reference operating points and illustrated 

in the plots below, comparing simulated (red) and measured (green) pressure traces for various engine speed 

and loads. 

 

Then, a coupling strategy with the engine-out and soot models is developed based on the principle given in 

the figure below. A parallel approach is retained after an evaluation of the possible options. The differences 

in the approaches by LOGE and Siemens in terms of the modelling and calibration strategy raises some 

technical difficulties for interfacing the two models. Some solutions are investigated and implemented by 

Siemens in order to ensure consistency of the data shared at the interface. 

 
A representation of the reference single-cylinder engine model resulting from the Siemens activities is 
presented below. It includes the phenomenological combustion model (CFM) and the map-based model for 
the emissions by LOGE. 
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Once again, the 12 reference operating points are used to validate the retained options and the developed 
model. The single-cylinder engine model is fully capable of predicting the heat release and pollutant 
emissions for varying engine speeds, manifold conditions, equivalence ratios and spark timings. 
 
The last step is dedicated to the reduction methodology. Starting from the reference phenomenological 
model, the purpose is to generate the right data to feed an equivalent Mean Value Engine Model, which 
would enable faster simulation (a factor 1000 is observed at this stage) toward ǘƘŜ ƳŜǘƘƻŘΩǎ Ŧƛƴŀƭ 
implementation in larger vehicle models. The resulting model uses the same boundary conditions and 
controls as the reference model, as shown below. The same interface is set-up with the map-based pollutant 
model, for a prediction of the NOx and soot in particular for various operating conditions. 

 
The validation is again done based on the 12 reference operating points, completed by parameter sweeping 
in order to assess the quality of the model outputs in terms of NOx and soot emissions. 
 
These activities, conducted by Siemens during the first part of the project, will be extended towards the 
implementation of an air path system model, and the integration of the engine in a full vehicle model which 
includes a driver model. The final goal is to develop a demonstrator for a vehicle model including the soot 
model developed in WP1, evaluated over realistic driving cycles. 
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1 LƴǘǊƻŘǳŎǘƛƻƴ 

1.1 Contribution in PaREGEn 

The report D1.4 reflects the activities conducted by Siemens in collaboration with LOGE and other partners 
in Work Package 1 (Advanced Combustion Technologies) of the PaREGEn project, towards the development 
of modelling capabilities for a multi-level approach to emissions simulation with a special focus on particulate 
matters. Indeed, starting from the work, findings and data generated through Tasks 1.1 to 1.5, related to the 
development of innovative soot measurement tools and comprehensive 3D simulation approaches, Siemens 
is in charge of the research and development of modelling strategies to extend the scope of the analysis, 
from a local perspective to a system approach. The main goal of Siemens in the PaREGEn project is to develop 
modelling approaches and methodologies in order to be able to support investigations, not only at the level 
of the cylinder but also at the engine level and finally at the vehicle level. The final target is to support the 
evaluation of soot emissions in vehicles running on real driving cycles. Thus at the end, the resulting modelling 
approach would be put in perspective of the testing activities conducted for the evaluation of the 
demonstration cars at the end of the project. 
 
¢ƘŜ ǇǊŜǎŜƴǘ ǊŜǇƻǊǘ ŎƻǾŜǊǎ ǘƘŜ ¢ŀǎƪ мΦсΦмΣ ŜƴǘƛǘƭŜŘ άPhenomenological high frequency to mean value modelsέ 
ŀƴŘ ƎƛǾŜǎ ŀƴ ƛƴǘǊƻŘǳŎǘƛƻƴ ǘƻ ǘƘŜ ¢ŀǎƪ мΦсΦнΣ άCorrelated mean value modelsέΦ ¢ƘŜ ŎƻƴƴŜŎǘƛƻƴ ƻŦ ǘƘŜǎŜ ǘŀǎƪǎ 
with the rest of the work in WP 1 is illustrated in Figure 1-1. 
 

 

Figure 1-1 Interface of the Siemens activities in WP 1. 

 

1.2 Methodology 

The methodology applied by Siemens for the PaREGEn project, see Figure 1-2, relies on a general workflow, 
supported by its commercial software Simcenter AmesimTM [1] [2] completed with new methodologies and 
with the set-up of an interface with the LOGEengine software from LOGE for the evaluation of emissions 
including soot. This interface ensures consistency of the Siemens model capabilities for soot emissions with 
the developed data and models by BOSCH, EDU, ETH and LOGE. 
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Figure 1-2 Level of model addressed by Siemens in PaREGEn and illustrated in the report. 

The workflow proposed by Siemens is the following: 

¶ Develop phenomenological crank-angle based models and methods to address the simulation of the 

combustion heat release in the context of the activities conducted by partners in WP1 

¶ Develop phenomenological crank-angle based models and methods to address the simulation of a 

single-cylinder engine in combination with a prediction of engine-out emissions thanks to an 

interface with SI-SRM 

¶ Develop a methodology to reduce the phenomenological crank-angle based model to a Mean Value 

Engine Model 

This workflow is reflected in the structure of the present document which details each step in the following 
chapters. This workflow mentioned above will be completed within the PaREGEn project by the following 
extensions through the Tŀǎƪǎ мΦсΦн ŀƴŘ мΦсΦо ŦƻǊ άDriving emission prediction capabilitiesέΥ 

¶ Coupling of the MVEM with an air path system model, 

¶ Integration of the full engine model in a vehicle model evaluated on a RDE compliant driving cycle. 

1.3 Data used for the modelling and validation tasks 

The research and modelling activities conducted by Siemens and LOGE are structured around a common 
application case. This corresponds to a single-cylinder research engine set-up by BOSCH. The engine and 
component characteristics including geometry as well as its control, are well known. This corresponds to a 
direct injection, spark ignited and homogeneous combustion application. In practice, a test data set 
composed of 12 operating points, covering various engine speeds from 1200 to 2500 rpm and loads between 
2 and 8 bar IMEP, is used for the modelling and validation tasks, see Figure 1-3. 
 

 

Figure 1-3 Research engine mapping on the dyno (12 operating points). 
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The signals available from the engine dynamometer and used for the modelling and validation activities are 
listed in Table 1-1. 

Table 1-1 Signals measured on the research engine. 

Signal Unit Comment 

T_intake °C Mean value  

T_exhaust °C Mean value  

p_intake mbar Mean value and crank-angle resolved 

p_exhaust mbar Mean value and crank-angle resolved 

P_cylinder bar Crank-angle resolved 

engine speed  rpm Mean value 

lambda  - Mean value 

m_air kg/h Mean value 

m_fuel mg/stroke Mean value 

start of injection  °CA (crank-angle) Control 

duration of injection  ms Control 

ignition angle °CA Control 

internal EGR rate % Estimation 

IMEP Bar Mean value 

Emissions (CO, CO2, O2, HC, 
NOx and PN) 

% or ppm Mean value 

 
The same test database is used by Siemens and LOGE for their respective investigations in order to ensure 
consistency during the software interface development activities. 

2 aŜǘƘƻŘǎ ŀƴŘ ǊŜǎǳƭǘǎ 

2.1 In-cylinder process simulation 

2.1.1 Heat release modelling 

Introduction to the CFM model 
The Coherent Flame Model (CFM) is based on the 3D CFD ECFM (Extended Coherent Flame Model) model 
implemented in 3D CFD codes [3]. The CFM is a combustion model dedicated to the flamelet combustion 
regime. This approach is well adapted to premixed and partially premixed combustion processes, which 
represent the main oxidation mechanisms in SI engines. As presented in Figure 2-1, the CFM formalism 
distinguishes two zones: fresh and burned gases, which are separated by a flame front propagating from the 
burned gases towards the fresh gases mixture. Chemical reactions of fuel oxidation occur in the flame front, 
which is a very thin layer compared to all scales of the turbulent flow. 
 

 

Figure 2-1 The Coherent Flame approach. 
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The different equations of the model written for 3D simulations were simplified following quasi-dimensional 
hypothesis to obtain a 0D phenomenological model called the CFM-1D model, as it accounts for the 1D radial 
propagation of the flame [4]. This reduction of the 3D model is based on several assumptions: 

¶ Both fresh and burned gases are considered as ideal gases 

¶ The mixture composition and temperature are considered as homogeneous in each zone (fresh and 

burned gases) 

¶ The pressure is the same in the two zones. 

 
To describe the combustion process, the gas in the combustion chamber is described as a mixture of three 

gases (fuel, fresh air and burned gases). The heat release rate, , is written as: 

ὖὅὍ Ȣύ , 

 
where PCI is the fuel heating value [J/kg] and ύ  is the rate of fuel consumption [kg/s]. Following the CFM 
formalism, the rate of fuel consumption depends on the flame surface, Ὓ, and the fresh gases properties: 

ύ  ” ὣ ὟὛ, 

 

where ”  is the fresh gases density, ὣ  is the fuel mass fraction in the fresh gases and Ὗ is the laminar 

flame speed computed using a given experimental correlation. The fresh gas temperature is obtained using 
a 0D equation for the fresh gas enthalpy [5]; this temperature allows computing the laminar flame speed 
according to Metghalchi and Keck's correlation [6]. The flame surface, Ὓ, see Figure 2-2, is written as the 

product of a mean surface, Ὓ , and the flame front wrinkling, ɧ: 
 

Ὓ ɧȢὛ . 

 

 

Figure 2-2 Definition of the mean flame surface. 

As a first approximation, Ὓ  is computed assuming a spherical flame propagating in a "pan-cake" geometry 
and which progressively becomes cylindrical when reaching the piston and the cylinder head walls, Figure 
2-3. 
 

 

Figure 2-3 Mean flame surface evolution, assuming a pancake geometry for the combustion chamber. 

The actual geometry can also be taken into account but that option was not retained for the project activities. 
A flame wrinkling correlation obtained by reduction of the 3D CFD equation for the flame surface density 
[7][8] is used: 

Ὢόȟὰȟ†ȟὟȟ‏ȟὶ ȟὅ , 
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where ὰ is the integral length scale, † ” Ⱦ”  is the thermal expansion rate, ‏ is the laminar flame 

thickness, ὶ  is the current mean radius of burned gases, and ὅ  is a modelling constant. 

Hence, the velocity fluctuation ό ςȾσὯ must be computed. Accordingly, turbulence computation is 
required to have access to the turbulent kinetic energy, k. 
A 0D turbulence model is used to compute the turbulent kinetic energy, k, which is here correlated to the 
dissipated kinetic energy, Ὁ ȟ : 

Ὧ ὅ Ȣ ȟ , 

 
where ά is the mass in the cylinder and ὅ  is a modelling constant. Ὁ ȟ  is computed using the kinetic 
energy in the combustion chamber, Ὁ  , according to the following equation: 
 

ȟ ὅ ȢὉ ȟ , 

 
with ὅ  as a modelling constant. Finally, the evolution of the kinetic energy is obtained assuming a linear 
decrease of the tumble motion from the intake valve closure (IVC) to the top dead center (TDC) by using the 
following expression: 

ȢάȢ‫ ȢὬȢ ςȢὔ ȢὬ , 

 

with Ὤ the distance between the piston and the cylinder head [m], ‫  the engine speed [rad/s] and ὔ  

the tumble number at IVC [-]. 
 
Calibration process 
One generally tunes the combustion chamber model using a simple scheme with the valves closed. It implies 
that only the compression and combustion strokes are simulated during this initial fitting stage. An overview 
of the developed calibration process is given in Figure 2-4. 
 

 

Figure 2-4 Calibration process applied for the CFM model set-up. 

From this, the proper initial conditions must be defined at IVC, in terms of pressure, temperature and gas 
composition. The pressure at IVC can be directly gathered from the measured crank-angle resolved pressure 
trace. The mass of fuel and air is known from the test data as well. The main difficulty at this stage is to 
evaluate the residual gas content which corresponds to the amount of burned gas in the chamber at IVC. 
Indeed, this is a variable that is not normally measured on the engine test bench but has a strong influence 
on the combustion and pollutant formation processes. 
 
Note: the residual gas content, Yres, is expressed as a fraction of the total mass of gas trapped in the cylinder. 
It is sometimes called IGR for internal gas recirculation (% IGR) or even internal EGR for internal exhaust gas 
recirculation (% EGR).  
 
On the test side, the residual gas content is estimated by the engine test bench software from other 
measured variables. The same kind of approach is used by Siemens and an estimation is completed from the 
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available test data using a dedicated algorithm based on an iterative procedure [8] that stops when 
convergence is reached (i.e. the difference between the residual gas mass fraction at iteration n and n-1 is 
inferior to 1e-8). This method uses the mean pressure and temperature at the intake and exhaust manifolds.  
The table below shows that the two estimations for the residual gas content. The largest deviations are 
observed for the highest engine loads. 

Table 2-1 Comparison of the estimations of the residual gas content (Siemens vs engine dyno). 

Point number Yres estimation (dyno) Yres estimation (Siemens) deviation [%] 

1 0.1518 0.1523 0.328 

2 0.1038 0.0917 -13.195 

3 0.0791 0.0627 -26.156 

4 0.0606 0.0467 -29.764 

5 0.1327 0.1550 14.387 

6 0.0922 0.0898 -2.673 

7 0.0702 0.0604 -16.225 

8 0.0570 0.0461 -23.644 

9 0.1208 0.1329 9.105 

10 0.0828 0.0782 -5.882 

11 0.0641 0.0544 -17.831 

12 0.0528 0.0425 -24.235 

 
In the past, Siemens developed an application-oriented tool for supporting the calibration of the CFM. This 
tool is available in the Siemens Simcenter Amesim software and is used for the project execution. The 
combustion fitting tool is interactive, dedicated to assist the user in setting parameters for the CFM sub-model 
by comparing simulation and experimental data. Thus, the CFM model parameters can be interactively 
modified by the user in order to get the best possible fitting between the simulated in-cylinder pressure and 
experimental ones. 
 
In practice, the calibration process relies on the tuning of a set of model parameters. One of the most critical 
one is the actual compression ratio that can differ from the one evaluated during the design phase. This is 
particularly true in the case of a research engine. In the project, we use the so-called thermodynamic 
compression ratio evaluated from test data, 1 ratio below the άdesignέ value (estimated from the geometry). 
 
For the compression stroke, the main parameters to be handled are the cylinder wall temperatures and the 
heat exchange correlation coefficients. These values are common for all operating points. Concerning the 
wall temperature in [K], the correlation proposed by IFPEN [8] for a gasoline case is applied: 
 

Ὕ    ȢὍὓὉὖψσςχσȢρυ, 

which gives a value of 364.8 K at 1 bar and 504 K at 17 bar IMEP. 
 
Two parameters for the heat exchange correlation by Woschni [9] are tuned in order to obtain the right 
compression stroke. The combustion model parameters used to tune the heat release can be divided into 
two main groups. The first one represents the parameters specific to each operating point, with tumble and 
cut-off (turbulent length scale) in particular. The second group contains the CFM parameters common to all 
operating points, which are the initial flame volume, the gain for flame wrinkling and the gain for flame 
quenching at walls. For the exhaust stroke, the two remaining parameters of the Woschni heat exchange 
model are optimized. These parameters are common for the twelve points. 
 
Results from the first optimization can be observed on the following figures for the 12 studied operating 
points, Figure 2-5. 
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Figure 2-5 Results of the CFM model for the 12 operating points (red = simulation, green = measure). 

Looking more in the detail at the results, we can, of course, observe some minor discrepancies between the 
experimental data and the simulation. This is illustrated in Figure 2-6 for a particular point where we can see 
some deviations. 
 

 

Figure 2-6 Details for the point 1200 rpm, 2 bar (red = simulation, green = measure). 

It is interesting is to see that the CFM is able to accurately capture the initiation of the combustion just after 
the spark advance. This is illustrated in the Figure 2-7 where we see a delay of approximately 10 °CA between 
the spark and the actual development of the combustion in the chamber. 
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Figure 2-7 Initiation of the combustion, point 1200 rpm, 4 bar (red = simulation, green = measure). 

The calibration process leads to the definition of a (tumble, cut-off) set for each of the studied operating 
points. These two values characterize the turbulence in the combustion chamber for given operating 
conditions. The tumble is an image of the mean flow in the cylinder and the cut-off characterizes the local 
turbulence scale. 
 
From the 12 values resulting from the tuning process of the CFM, one can set-up maps defining the tumble 
value and the integral length scale (cut-off) as a function of the engine speed and the mass of air trapped in 
the cylinder. This later reflects the engine load. The two maps generated at this stage are illustrated in Figure 
2-8. The order of magnitude of the Y axis is consistent with the physics since tumble values are in the range 
1-3, and the cut-off can be linked to the distance between the piston and the cylinder-head at TDC (here in 
centimetres).  

 

Figure 2-8 Tumble and cut-off maps from the CFM calibration (3 curves for engine speed 1200, 2000 and 25000rpm) 

Since these two calibration parameters are associated to actual physical variables, the trends seen on the 
maps are according to our expectations. These characteristics easily permit us to interpolate or extrapolate 
values in and out of the tuning zone. In other words, with the CFM, we can have a good confidence in the 
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predictions of various operating points, when they differ from the 12 calibrated points. This capability will be 
used in the following to extend the scope of the analysis. 
 
Validation of the CFM  
The results given by this first calibration stage of the CFM are illustrated in this chapter. A direct comparison 
between measurements and simulation is given in the tables below, which show a good agreement. 

Table 2-2 Validation of the CFM for the prediction of the pressure peak (engine dyno vs simulation). 

Point Max(Pcyl) test [bar] Max(Pcyl) simu [bar] deviation [bar] 

1 17.409 17.0590 0.3500 

2 28.105 28.1646 -0.0596 

3 40.496 40.4756 0.0204 

4 53.354 52.6076 0.7464 

5 17.166 17.2158 -0.0498 

6 28.321 28.2919 0.0291 

7 39.329 39.4585 -0.1295 

8 50.571 50.6173 -0.0463 

9 17.676 17.5448 0.1312 

10 28.845 29.0009 -0.1559 

11 39.346 39.3985 -0.0525 

12 50.859 50.7580 0.1010 

 
All the operating points simulated with the CFM show a deviation to the predicted pressure peak that is 
below 1 bar. 

Table 2-3 Validation of the CFM for the prediction of the peak pressure angle (engine test vs simulation). 

Point Max(Pcyl) angle test [°CA] Max(Pcyl) angle simu [°CA] deviation [°CA] 

1 373 372.992 0.008 

2 374 373.920 0.08 

3 373 373.456 -0.456 

4 374 373.456 0.544 

5 373 373.920 -0.920 

6 373 373.456 -0.456 

7 373 373.456 -0.456 

8 373 372.992 0.008 

9 373 373.920 -0.920 

10 374 373.920 0.080 

11 374 373.456 0.544 

12 373 373.456 -0.456 

 
All the operating points simulated with the CFM show a deviation on the predicted maximum pressure angle 
below 1 °CA, as seen in Table 2-3 above. 

Table 2-4 Validation of the CFM for the prediction of indicated mean effective pressure (engine test vs simulation). 

Point IMEP test [bar] IMEP simu [bar] deviation  [bar] 

1 2.4804 2.6919 -0.2115 

2 4.2129 4.0941 0.1188 

3 5.9879 5.4031 0.5848 

4 7.7421 6.8156 0.9265 

5 2.5471 2.7519 -0.2048 

6 4.2987 4.2115 0.0872 
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7 6.0554 5.7001 0.3553 

8 7.7973 7.1673 0.6300 

9 2.5908 2.747 -0.1562 

10 4.3945 4.3509 0.0436 

11 6.1305 5.8692 0.2613 

12 7.9030 7.3831 0.5199 

 
Most the operating points simulated with the CFM show a deviation on the IMEP (image of the indicated 
torque) below 0.5 bar. The point number 4 (1200 rpm, 8 bar) presents the highest discrepancy in terms of 
torque production. This might not be related to the modelling of the combustion heat release itself since this 
seems properly predicted as illustrated in the following table, Table 2-5. This would rather be related to other 
thermodynamic effects (bad estimation of the wall temperature, error in the estimation of the injected fuel 
by the control unit etc).  

Table 2-5 Validation of the CFM for the prediction of the timing for 50 ҈ ŦǳŜƭ ōǳǊƴŜŘ ά/!рлέ (engine test vs simulation). 

Point CA50 test [°CA] CA50 simu [°CA] deviation [°CA] 

1 367.8 369.8 0.5438 

2 368.8 368.6 -0.0542 

3 368.1 367.5 -0.1630 

4 368.0 367.4 -0.1630 

5 368.5 369.2 0.1900 

6 368.4 368.2 -0.0543 

7 368.6 367.7 -0.2442 

8 368.5 367.4 -0.2985 

9 368.2 369.5 0.3531 

10 368.8 368.8 0.000 

11 368.9 368.5 -0.1084 

12 368.7 367.9 -0.2170 

 
All the operating points simulated with the CFM show a deviation on the angle for 50 % fuel burned (CA50) 
below 0.5 °CA which is a good performance for a phenomenological model. 
 
As a conclusion of the work done by Siemens on the model with valves closed (compression and combustion), 
the results produced by the CFM are in good agreement with the test data and present a level of accuracy 
which is in-line with the expectations for a phenomenological combustion model. The main strong point of 
the CFM is the calibration through the tumble and cut-off maps, which are sufficiently smooth to be applied 
for interpolated points and extrapolated points.  
 
2.1.2 Simulation using SI-SRM and investigation of possible interfaces 

Introduction to the SI-SRM by LOGE 
The 0D Spark-Ignited Stochastic Reactor Model (SI-SRM) is based on simulations that have been performed 
ǳǎƛƴƎ ǘƘŜ ǎƻŦǘǿŀǊŜ ǇŀŎƪŀƎŜ [hD9ŜƴƎƛƴŜϰ ǾŜǊǎƛƻƴ оΦл ŦǊƻƳ ώ10]. The 0D SRM accounts for mixture and 
temperature inhomogeneity of the cylinder gas due to direct fuel injection, turbulent mixing and heat 
transfer. The cylinder gas inhomogeneity has a major impact on ignition, flame propagation and emission 
formation. The 0D SRM has been tested under both spark-ignited and compression-ignited engine conditions 
and the results are published in several works [10, 11, 12]. In the next section, a brief overview on the 
underlying theory, as well as the turbulence sub models, is given.  
 
Model Fundamentals 
The 0D SRM is a model for physical and chemical processes applicable to simulation of in-cylinder processes 
in spark-ignited and compression-ignited engines. The 0D SRM considers gas inside the cylinder as an 
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ensemble of notional particles, which can mix with each other and exchange heat with the cylinder walls. 
Each particle has a chemical composition, temperature and mass; that is, each particle represents a point in 
phase space for species mass fraction and temperature. The temperature T(t) and species concentrations 
Yi(t) are treated as random variables that can vary within the cylinder and determine the composition of the 
gas mixture using probability density functions (PDFs). The in-cylinder mixture is thus represented by a PDF 
in phase space and the particles constitute the realization of this distribution. In practice all stochastic 
particles in the SRM represent a portion of the in-cylinder mass and rather than a PDF, a mass density function 
(MDF) is used; the MDF can be considered as a mass-based discretization of the PDF. The solution for the 
mass fractions and temperature is obtained from the transport equation for the MDF. These data are further 
used to calculate other engine quantities, such as pressure and heat release rate. The joint vector ˒όǘύ of the 
local scalar variables is defined as ˒όǘύ Ґ ό¸1, ... , YNs Σ ¢Τ ǘύ  ό˒1, ..Φ Φ˒Ns Σ ˒Ns+1; t), where NS is the number of 
chemical species in the reaction mechanism. This vector has a corresponding joint scalar MDF that is 
expressed as F˒ ό˕Τ ǘύ Ґ Cό˒1̞, ..Φ Σ˕Ns ΣN̞s+1; t) with ̞ 1Σ ΦΦΦ Σ˕Ns ΣN̞s+1 being a realization of the random variables 

1˒, ..Φ Σ ˒Ns Σ ˒Ns+1. In addition, as proposed in the partially stirred plug flow reactor (PaSPFR) [14], it is assumed 
that probabilities of all scalar variables are independent of position, i.e. statistical homogeneity applies. This 
implies that the MDF does not vary spatially within the cylinder. With the defined variables, the time 
evolution of the MDF can be written as: 
 

Ὂ ‪ȟὸ ὗ ‪Ὂ ‪ȟὸ άὭὼὭὲὫ ὸὩὶά                      (1) 

 
The initial conditions are given by F˒ ό˕Τ лύ Ґ C0ό˕ύ where F0ό˕ύ represents the initial distribution at time t = 
0. Equation (1) describes the Partially Stirred Plug Flow Reactor (PaSPFR) and also serves as a base for the 
description of the stochastic reactor models for engine applications [15, 16]. The mixing term on the right-
hand side is discussed in the next section. The term Qi on the left-hand side of equation (1) is, in general, a 
source/sink operator that depends on the phenomena under consideration. For direct injection engines this 
term represents the change of the MDF due to 1) chemical reactions, 2) convective heat loss, 3) volume 
changes due to piston motion, and 4) direct fuel injection. These terms are calculated based on the species 
and energy conservation equations that for DI engines can be expressed as (for details see, e.g., [17]): 

ὗ
ὡ

”
‫ȟ

ά

ά
ὣȟ ὣ Ὥ ρȟȣ ȟὔ            Ƞ            Ὦ ρȟȣ ȟὔ                             ς       

ὗ
ρ

”ὧ

Ὠὴ

Ὠὸ

Ὤὃ

άὧ
Ὕ Ὕ

ρ

ὧ
Ὤ
ὡ

”
‫ȟ

ρ

ὧ”

ά

ὠ
ὣȟ Ὤȟ Ὤ                         σ 

In equations (2) and (3) ‫ȟ and Yi denote the molar net rate of formation of species i due to reaction j and 

the mass fraction of species i respectively. The subscript f refers to the injected fuel. Wi denotes molar mass 
of species i, ́  is the density, T is the mean temperature of the gas, Tw is the cylinder wall temperature, cp is 
the specific heat capacity at constant pressure, hg ƛǎ ²ƻǎŎƘƴƛΩǎ ƘŜŀǘ ǘǊŀƴǎŦŜǊ ŎƻŜŦŦƛŎƛŜƴǘΣ A is the heat transfer 
area, hi is the specific enthalpy of species i, p is the pressure and NR and NS stand for the number of reactions 
and species, respectively, and f denotes fuel. In equation (2) the terms on the right-hand side represent 
changes in composition space due to chemical reactions and fuel injection, respectively. Equation (3) contains 
terms describing temperature changes caused by work due to piston movement, convective heat transfer, 
chemical reactions and fuel injection, respectively. The total wall heat transfer is calculated through 
²ƻǎŎƘƴƛΩǎ ƳƻŘŜƭ όŦƻǊ ŘŜǘŀƛƭǎ ǎŜŜΣ ŜΦƎΦΣ ώ916]). The distribution of the heat transfer over the particles follows 
a stochastic approach, explained by Bhave and Kraft [1717]. The right-hand side of equation (1) represents 
the time evolution of the MDF in composition and temperature space due to molecular mixing. The right-
hand side is modelled using a particle interaction model and a time dependent turbulent mixing time. The 
next section briefly outlines the concept of the mixing time modelling for the SI-SRM. In addition to the local 
variables, global quantities are distinguished. These are the total mass (m), volume (V), and mean pressure 
(p), which are assumed to not vary spatially in the combustion chamber. The volume change, in terms of 
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crank angle degree, is calculated based on the known engine geometry. The pressure is calculated from the 
equation of state as p(t) = ộ́ όǘύỚ R ộT(t)Ớ / ộWỚ, where the mean density is calculated as ộ́ όǘύỚ = m/V(t) and T 
and W are the mean (angled brackets) temperature and mean molecular mass, respectively. Equation (1) is 
solved numerically using a Monte Carlo particle method (e.g. Pope [18]) with the operator splitting technique 
as previously presented by Maigaard et al. [15]. The expression of the mixing term on the right-hand side of 
equation (1) is presented in equation (4) and described in the next section. 

άὭὼὭὲὫ ὸὩὶά
ὅ‍

† 
Ὂ ‪ ῳ‪ȟὸὊ ‪ ῳ‪ȟὸὨῳ‪ Ὂ ‪ȟὸ               τ 

ὅ  and ‍ are two model parameters that in the present study have been set to 2 and 1 respectively. The 
mixing time history, † in equation (4), is the main input parameter for the SI-SRM. With respect to actual 
engines, mixing time history can be understood as the inverse of the frequency at which air, fuel and residual 
gases mix with each other. In the next sections a brief introduction on the mixing time and flame propagation 
sub-models is give. For more details regarding the chemistry step please refer to [12]. 
 
Mean mixing time sub model   
In the SI-SRM, the mixing time describes turbulence time scales during the engine cycle. The mixing time 
governs the intensity of mixing between particles, which in turn influences mixture inhomogeneity in the gas 
phase for scalars such as species mass fractions and temperature, which have a strong influence on the auto-
ignition process, the local rates of heat release and pollutant formation. Hence, to some extent, the mixing 
time describes the local character of turbulent flow and chemistry interactions; the shorter the mixing time, 
the higher the intensity of the mixing operations on particles and vice versa. The mean representative profile 
is optimized during model calibration against experimental data through various parameters (see Figure 
2-9Error! Reference source not found.).  

 

Figure 2-9: Concept of modelling the mean representative mixing time for the SI-SRM simulations of spark-ignited engines with 
port injection. 

A Genetic Algorithm (GA) is employed during model calibration in LOGEengine to calibrate the mixing time 
model constants (ὸ, ὃπ , ὄὈὟὙ), which controls the shape of the mixing time profile as shown in Figure 
2-9.  Parameter (ὸὬὩὸὥ) represent the experimental spark-timing. 
 
The modelling of the particle interaction in the 0D SRM governs how the gas-phase particle composition 
vectors evolve and is needed to mimic the composition change of real fluid parcels due to mixing caused by 
the turbulence. The dynamic of particle interaction influences mixture inhomogeneity under engine 
conditions and in turn, affects pollutant formation. In the SI-SRM the particle interaction sub-model strongly 
affects the complex chemistry of emission formation and describes the local character of turbulent flow and 
chemistry interaction. In this work, the CURL [19] particle interaction model has been used. 
 
Turbulent flame propagation model  
In LOGEengine 3.0 the flame front is assumed to expand approximately spherically, centred at the defined 
spark plug location and limited by the cylinder walls and the piston. The turbulent flame speed is calculated 
using a correlation between laminar and turbulent flame speed. The laminar flame speed is calculated based 
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on a detailed Ethanol Toluene Reference Fuel (ETRF) reaction scheme and pre-compiled in a look-up table. 
Although the flame volume is calculated in three dimensions, the turbulence is still calculated without spatial 
resolution, which in turn allows for significantly faster calculations. Enthalpy losses to the cylinder walls are 
described using Woschni's heat transfer equation. For simplicity it is assumed that the heat transfer did not 
affect the spherical flame shape, whilst the total heat loss to the walls manifested itself via the temperature 
dependency in the laminar flame speed library. For the flame geometry calculation, a polygon-based 
approach is used and in Figure 2-10Figure 2-10 an exemplary visualization of the flame front is presented. 
The flame sphere was approximated as a set of tetrahedrons, each with an analytically solvable volume. The 
flame surface is represented as a set of nodes, each of which can propagate outwards from the flame centre 
with a flame speed defined by local conditions. In this work, statistical homogeneity was assumed, hence the 
flame propagation speed was hence thought to be equal for all nodes. For more details please refer to [20]. 
 

 

Figure 2-10: Visualization of the flame surface described using a set of nodes at regular angular intervals. 

 
LOGEengine emission look-up table generation 
The methodology to create the emission look-up table for the Siemens MVEM consists of multiple steps, as 
illustrated in Figure 2-11. First, the 0D SRM is calibrated to match the cylinder pressure and exhaust emissions 
of the BOSCH single-cylinder operating points. Second, the mixing time is parameterized for engine speed 
and fuel mass. During the engine map simulation, when the operating point is changed, the current mixing 
time and spark ignition is calculated by the parameterization function and the performance and emissions of 
the operating point are predicted. Additionally, the 0D SRM is coupled with the tabulated chemistry and 
laminar flame speed user table of the EU5 E5 gasoline mixture. Third, to automate the process of engine 
performance map simulations and the creation of the emission look-up table, the 0D SRM is coupled with 
the CAE tool modeFRONTIER. The fix points of the look-up table are predefined in another look-up table and 
serve as the input variables of the different operating points: 

¶ Speed 

¶ Fuel mass 

¶ EGR rate 

¶ Spark ignition 

¶ Air-fuel ratio 

The valve timings do have a significant impact on the emissions but the modelling approach used by the SI-
SRM (simulation valve closed) cannot deal with this degree of freedom. In addition, the injection timing 
and/or pressure are not taken into account in the maps creation process at this stage. It would be considered 
later in the project, following the research and development of a liquid film model by LOGE. 
 
The operating points are calculated sequentially and the results for mean effective pressure, maximum 
cylinder pressure, CA10, CA50, CA90, CO2, CO, HC, NOx and soot emissions are stored in the look-up table. 
Since no experimental data was available for the soot mass, the soot emission parameters are based on best 
practice values. 
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Figure 2-11 Methodology for engine mapping with the SI-SRM. 

 
Emission and combustion look-up table content 
LOGE used the data shared by BOSCH and the 12 reference operating points for the calibration of the SI-SRM 
model. The software is then used to generate an engine mapping i.e. a complete data set including simulation 
results for various engine operating conditions. The main inputs and outputs of the SI-SRM model are given 
in the Table 2-6. 

Table 2-6 Inputs and outputs of the SI-SRM model for engine mapping. 

Input variables Unit Values 

Engine speed rpm 1200, 2000, 2500 

Air/fuel ratio - 11.81, 14.17, 17.71 

Mass of fuel mg From 5 to 25ςstep 2.5 

Spark advance °CA -30, -20, -10 

Residual mass fraction % 5, 10, 15, 20 

 

Output variables Unit 

CA10 (10 % fuel burned angle) °CA 

CA50 (50 % fuel burned angle) °CA 

CA90 (90 % fuel burned angle) °CA 

Maximum (Pcyl) angle °CA 

IMEP bar 

NOx Yppm 

CO Yppm 

CO2 Yppm 

O2 Yppm 

soot Yppm 

 
With this design of experiment conducted by LOGE, the engine map includes approximately 4500 operating 
points, covering most of the engine control degree of freedom. 
 
Coupling strategy 
At this stage, Siemens starts to investigate several options for interfacing the SI-SRM maps with its CFM. The 
first option consists in using the emissions and soot models by LOGE in parallel to the combustion heat 
















































