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Abstract

Significantly reduced development times of today’s powertrains as well as steadily increas-
ing requirements regarding fuel consumption and pollutant emissions require a continuous re-
finement of the development methods for internal combustion engines. The presented simula-
tion method focuses on the new and tightened approval cycles for passenger car engines; more
particularly on the start-up phase as well as on sharp load changes, which lead to increased
engine out emissions.

The aim of this study is to create a simulation tool for the investigation and the evaluation
of the emissions during the dynamic engine operation. Established simulation methods, such as
Computational Fluid Dynamics (CFD), are bundled in such a way that transient processes can
be simulated within a reasonable calculation time without significant loss of information. The
tool is based on a 1D gas exchange simulation software. Herein, detailed reaction kinetics are
used to simulate the combustion process, which also takes the thermal boundary conditions
(wall temperatures) and the quality of the mixture formation into account. For this purpose, the
gas exchange model is extended with a thermal network and the mixture formation process is
assessed with CFD. Suitable test bench data serve to validate the whole process chain.

In addition to the improvement of the CAE-based assessment for the development of virtual
engines, the simulation tool should provide an understanding of the phenomena leading to emis-
sion formation under the transient engine operation. Furthermore, using such a tool can con-
tribute to the development of alternative driving concepts like plug-in hybrid electric vehicles
(PHEV) and exhaust aftertreatment systems.



L. Mahler, M. Prouvier, P. Kawelke and A. Winkler

1 INTRODUCTION

The importance of the individual traffic is growing continuously. Between 1995 and 2018,
the total CO, emissions in the passenger car sector have increased by 3.7 percent, while the
specific CO2 emissions were reduced by 9 percent in the same period of time. This increase is
caused by traffic growth of 14 percent [1]. The production of cars and light commercial vehicles
increases annually. In 2015, 89.05 million light vehicles were produced, while the forecast for
2026 expects a production rate of 117.28 million light vehicles (information as of June 2020).
This corresponds with an annual increase of around 1.6 percent [2]. Against this backdrop, the
global CO; emissions will continue to increase during the next years.

Besides this, further emissions are produced during the combustion process, which also are
regulated by legislation. The current legislation is based on the Euro 6 standard (see table 1). In
the future these regulations will be tightened significantly.

Table 1: Emission limits for passenger cars with gasoline engines according to Euro 6 standard

Particle Mass Particle Number
(PM) [g/km] (PN) [g/km]

1 0,1 0,06 0,0045 6 = 1011

CO [g/km] HC [g/km] NOx [g/km]

Approval procedures are used to determine and evaluate the emissions of passenger cars and
light commercial vehicles. Since 2017, the Worldwide harmonized Light vehicles Test Proce-
dure (WLTP) was introduced to standardize the process for the test bed. Compared to the pre-
vious test cycle, the New European Driving Cycle (NEDC), this test cycle has significantly
more acceleration and deceleration components, which leads to more realistic results. The
WLTP class 3 is decisive for vehicles in Europe. Figure 1 shows the WLTP which divides the
test cycle into four different phases. In addition to higher average and top speed levels (max.
speed limit: 131.3 km/h) and a longer distance travelled (23.262 km), this cycle has a longer
test duration (30 minutes) [3].
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Figure 1: Vehicle velocity profile for WLTP class 3 [4]
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Considering stricter emission limits, car manufacturers have to find ways to optimize the
internal combustion engine that will result in a significant reduction of fuel consumption and
pollutant emissions. Especially cold starts and sharp changes in torque in the acceleration
phases are responsible for high emissions. At the same time the available development time for
new engines gets shorter and shorter. In order to achieve this goal, simulation tools must also
be improved and refined. Due to the current computer technology with higher computing power
and storage technology, the simulation offers big advantages to calculate emission formation in
satisfactory accuracy.

The aim is to create a simulation tool that can determine the emissions under transient engine
conditions. In addition to an understanding of the generation of emissions under these condi-
tions, the simulation environment offers the opportunity to develop alternative engine control
strategies. Furthermore, the simulation of new gas aftertreatment concepts can be supported
with such a simulation tool. This leads to cost and time savings in the development process of
future driving concepts.

2 SIMULATION ENVIRONMENT

Attempts are made to determine the emissions in the engine development process early and
precisely. Sometimes improvements require hundreds or thousands of experiments. Therefore,
simulation tools are used, which can assess the impact of such experiments in a time-saving and
cost-effective way.

In this research project, a simulation system is developed for the investigation of the emis-
sions formation during the transient engine operation. Therefore, different simulation programs
are coupled to examine and evaluate the engine emissions during its dynamic operation. The
aim of the simulation tool is to deliver adequate results in an industrial time frame. Figure 2
shows the concept of the simulation tool, which is presented in more detail in this chapter.
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Figure 2: Concept of the simulation tool
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Such a simulation tool can be used to understand the highly complex phenomena of pollutant
generation in transient engine operation. Hereby, cold starts and highly dynamic engine oper-
ating conditions lead to high emission peaks. The simulation tool combines the following sim-
ulation approaches:

- 1D Engine Model: Represents the digital version of the engine with all of its main sys-
tems such as air supply, turbocharging, fuel injection, valve train and exhaust system.
GT-POWER is used.

- 1D Thermal Network: Determines the transfer, distribution and dissipation of the heat
by the engine model through its coolant and oil circuits. It is integrated into the 1D En-
gine Model.

- Detailed Combustion Model: Calculates the combustion and its emissions using a 0D
Stochastic Reactor Model (SRM) approach, in which the air-fuel mixture properties are
represented by particles using LOGEengine. It is coupled with the 1D Engine Model.

- 3D In-Cylinder Simulation: Simulates the mixture formation of the engine cylinder with
focus on turbulence and homogeneity. This is performed by RICARDO VECTIS.

- Simulation Environment: Manages the communication of the different simulation ap-
proaches and decides on the start of a 3D In-Cylinder Simulation. Starts the process rou-
tine for such a simulation or uses a previous simulation from the database. SIMULINK
is used for the management of the simulation environment.

The transient driving cycle is simulated by the one-dimensional engine model, which is
based on a gas exchange simulation. It is fast enough, but cannot calculate certain emissions
and the combustion process accurately enough. Therefore, this model is supplemented by the
detailed combustion model to calculate the emissions based on detailed chemistry. Conse-
quently, the cylinder wall temperatures are required, which have an influence on emission for-
mation and are provided by the one-dimensional thermal network. In order to achieve a higher
accuracy of the simulated emissions levels, local effects such as inhomogeneities and turbu-
lences also have to be taken into account. These information are provided by three-dimensional
in-cylinder simulations. Therefore, one cylinder of the engine is modelled. The entire simula-
tion environment is controlled by a driver system, which also interacts with the various simu-
lation approaches and decides on the need for three-dimensional in-cylinder simulations. If re-
quired, a three-dimensional in-cylinder simulation is restarted or a previous one is used. All of
these different simulation approaches have their advantages and disadvantages. The developed
simulation tool uses and combines the individual advantages of the various simulation ap-
proaches, which are presented in more detail below.

2.1 Detailed Combustion Model

For this project the SRM model is used to simulate the whole combustion process and the
emission formation. This model is based on an approach of the Probability Density Function
(PDF) for turbulent reactive flows, which enables a detailed chemical consideration [5]. It also
contains sub-models for turbulent mixing and convective heat transfer, whereby the inhomoge-
neities inside the cylinder are taken into account with regard to species composition and tem-
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perature. The greatest strength of the SRM is its ability to qualitatively predict trends in emis-
sion formation in a reasonable amount of time [6].
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Figure 3: Active period of SRM during an engine cycle

As soon as the Inlet Valves Close (IVC), an exchange of certain species takes place between
the gas exchange simulation and the detailed combustion model (see figure 3). The subsequent
combustion simulation then takes place using the SRM model, wherein the combustion cham-
ber is divided into two different zones, the unburned and the burned zone, which are not spa-
tially discretized (see figure 4). The combustion gas is considered as notional particles inside
the zones. Initially, the whole mixture including residual gas and fuel is placed in the unburned
zone. During the combustion process, a transfer of mass takes place between the unburned and
the burned zone. This process is purely stochastic, while both zones are assumed to be statisti-
cally homogeneous. In addition, the particles can exchange heat with the cylinder walls and
mix with each other. The mixing time (7) indicates the frequency of the mixing between the
particles. Each particle is discretized by its temperature, chemical composition and mass. It
represents a point in phase-space for species mass fraction and temperature. The particle com-
position can vary within the cylinder [7]. The particles describe the composition of the gas
mixture using a PDF (see figure 4). Thereby, each particle mass is defined by a Mass Density
Function (MDF). For solving the mass and temperature transitions, the transport equations for
the MDF is used [8].
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Figure 4: Concept of SRM within LOGEengine [7]
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When the Exhaust Valves Open (EVO), the information from the combustion simulation are
transferred back to the 1D gas exchange simulation (see figure 3). It must be mentioned that the
SRM model approach simplifies the combustion process. Local inhomogeneities during the
combustion process are limited or not taken into account.

2.2 One-Dimensional Engine Model and Thermal Network

A one dimensional flow solver is used to simulate complete engines, which can be very
complex and consist of multiple sub-models (see figure 5). This software tool allows the user
to simulate engines under realistic conditions like stationary or transient runs and takes the
cylinder motion, the combustion, the gas composition and the gas and component temperatures
into account. Hereby, the gas flow in the entire engine is calculated as a function of time in the
different sub-models by the Navier-Stokes equations. Nevertheless, experimental empiricism
and curve fitting from tabular data are needed to properly calibrate the gas exchange model.
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Figure 5: Flow model of the engine with its sub-models

The engine geometry consists of various pipes and flowsplits, which are the main parts of
such a gas exchange simulation. Certain components of the engine (e.g. cylinders, turbo-
chargers, aftertreatment devices, etc.) are represented by models and tables in order to calculate
the required values (e.g. pressure, heat dissipation, mass flow, efficiency, etc.). The flow model
is solved while maintaining the continuity, momentum and energy equations, whereby all quan-
tities are mean values over the flow direction. The equations then form a system of non-linear
differential equations of the second order, which the software solves [9]. For this purpose, the
engine model is discretized into volumes. Flowsplits are represented by single volumes and
pipes are divided into one or more volumes that are connected to other volumes by boundaries.
Thereby, it is assumed that the scalar variables such as pressure, temperature, density, internal
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energy, enthalpy and species concentrations are uniform over each volume. Based on these
conditions, the vector variables such as mass flow, speed and mass fraction can be calculated
for each boundary. Figure 5 shows the flow model of the engine in which the driving cycle is
integrated.

The detailed combustion model and the flow model are connected via an interface. Advanced
settings can be made in the detailed combustion model interface, which are described in detail
in the LOGEengine manual [10].When the flow model reaches the point of the IVC (see figure
3), all information required for the combustion process are transferred to the detailed combus-
tion model (see figure 6). Now the detailed combustion model performs the combustion calcu-
lation. Just before EVO, the detailed combustion model transfers the results of the combustion
calculation back to the fluid model. Based on the combustion results, the flow model calculation
continues. As soon as the IVC is reached again, the process is repeated.
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Figure 6: Data communication between GT-POWER and LOGEengine

The flow model and the software also have some drawbacks. In many parts of the real engine
there is a three-dimensional flow field that is anything but uniform in the cross-sections. It is
therefore necessary to extend this flow solver by coupling it with external software (see chapter
2.3). The software control modules are also limited by their flexibility and functionality, which
is why this function is taken over by an external software (see chapter 2.4).

2.3 Three-Dimensional In-Cylinder Simulation

CFD is used for different engine designs and optimization stages. This technique is very
powerful and used to analyze fluid flow, heat transfer and associated phenomena by computer-
based simulations. In particular, the engine performance depends on the combustion system and
therefore requires precise knowledge of the conditions in the combustion chamber, which can
be analyzed by high resolution results from CFD simulations. These types of simulations are
therefore predestined to resolve the effects of turbulences and the analysis of mixture formation
and combustion processes.
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All CFD codes are based on numerical algorithms to solve the fluid flow problems. The
fundamental equations governing the conservation of mass, momentum, energy and chemical
species are solved using the finite-volume method. The equations are converted into numeri-
cally solvable differential equations by discretization methods [11]. This discretized equation
system is solved with iterative methods, using the Reynolds’ approach and inserting it into the
Navier-Stokes equations. Time averaging is then performed to generate the Reynolds-Averaged
Navier-Stokes Equations (RANS). These conservation equations can be solved with an accepta-
ble numerical effort, whereby the Reynolds stress tensor leads to a "closing problem of the
turbulence" [12]. In order to obtain a closed and thus solvable system of equations, semi-em-
pirical assumptions in the form of statistical turbulence models like the k-e-model are utilized.
It is a two-equation model that is characterized by a partial differential equation and an algebraic
equation [ 13]. Further information can be found in [14,15]. Each code has its own user interface
to prepare the setup and to examine the results. The main elements of all codes are a pre-pro-
cessor, a solver and a post-processor. The pre-processor handles all inputs to a flow problem,
such as geometry definition, mesh preparation and spray creation. The results can then be
viewed with the post-processor and further investigations can be carried out.

CFD simulations are highly complex and cause great simulation costs. Therefore, the cost-
benefit analysis for CFD simulations must always be taken into account. Before the examined
fluid flow problem can be solved by the computer, the user has to set up the simulation. The
simulation tool developed in this study has to fulfill the user's task in terms of preparing the
required data for the CFD simulation in an automated fashion. This includes the mesh genera-
tion and the creation or adaption of the setup file and the spray file for the transient CFD simu-
lation with moving boundaries. The computational domain is spatially discretized in cells with
a general cell size of 2 mm, while regions of interest have a smaller cell size. As the simulation
is transient and has moving boundaries, the valve timings and lift profiles must be taken into
account when creating the mesh. In addition, the numerical algorithm requires boundary con-
ditions for the inlet and outlet of the simulation domain, which in turn are provided by the one-
dimensional engine model. Moreover, wall temperatures from the one-dimensional thermal net-
work are needed. Finally, the spray file is created by information of the spray strategy such as
fuel mass, start of injection and injection pressure. Further information can be found in [16].

Due to a high CPU time, a simplified CFD setup is used: only one of four cylinders is sim-
ulated in a range between the maximum lift of the exhaust valves and the ignition point. Figure
6 shows the CFD model of the engine with its intake (blue) and exhaust (red) valves within the
fuel injection phase. Thus, the CFD provides information about the initial condition and the
turbulent mixing time that can be used by the detailed combustion model to increase the accu-
racy of the simulated emissions (see chapter 2.1).
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Figure 7: 3D in-cylinder mixture formation process

2.4 Driver system

The driver system has two main functions in the simulation tool. On the one hand, it repre-
sents an interface between the individual software products and ensures a smooth exchange of
results. On the other hand, it has to take over the tasks of the user to set up the CFD simulation.
This includes choosing the starting point for a new CFD run and monitoring the CFD procedure.
Figure 8 shows the simulation environment in which the engine model is implemented as a
Functional Mockup Unit (FMU). The FMU is integrated on the left-hand side, which forwards
the output values to the right-hand side. On the right-hand side, the variables are processed
regarding the CFD simulation. For a better understanding the interface is colored. Green areas
can be changed by the user. Orange areas can be modified by experienced users. All red areas
should not be changed, because these sub-models control the CFD simulation.

Figure 8: Simulation environment
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Different data are needed and have to be prepared and transferred to the CFD setup automat-
ically. Figure 9 shows the automatic process routine for CFD simulations. First, the required
data are collected from the one-dimensional engine model. Afterwards, initial values such as
temperatures, pressures and engine speed are written to the CFD input file. The spray file is
then created using the information about the fuel mass, the injection pressure, the start of injec-
tion and the injection strategy. In addition, the mesh creation is performed. When all the data
are prepared for the CFD simulation, the fluid flow problem is solved on the High Performance
Computer (HPC). A plausibility check is carried out at the end of the CFD simulation. After
the CFD simulation is finished, the major results have to be transferred to the detailed combus-
tion model, whereby the local inhomogeneities in the cylinder should be preserved (see figure
9). The CFD result is represented by almost 200.000 cells, which now have to be converted into
an SRM result with only a few hundred particles. The aim of this “translation” is to create
particles, which only consist of neighboring cells from CFD and contain information about the
composition of the mixture formations that are specific for this zone. This process is also carried

out automatically.
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Figure 9: Automatic process routine for CFD simulation

3 SIMULATION INTERACTION

Figure 10 shows a simplified operating plan between the detailed combustion model, the
flow model and the CFD simulation. As explained in paragraph 2.4 the driver system ensures
the appropriate communication between the different software programs and makes the deci-
sion if and when a new CFD simulation has to be started. The criteria for starting a new CFD
simulation are determined in advance using engine control parameter variations at three sta-
tionary operating points and then transferred to the driver system. These criteria are control

10
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parameters such as gas temperature at spark timing, engine torque, engine speed, valve timing,
injection pressure and start of injection, which have an influence on the mixture distribution in
the cylinder.

[ Simulation Environment \

GT-POWER as FMU

SIMULINK checks for

Q each timestep
Thermal Network Model FMUCHEES g +  Decision logic
+ Heat transfer simulation with oil and coolant circuits + Process control

+ Finite element cylinder structure geometry
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Call CFD simulation with
MATLAB scripts

«  Setting up of CFD simulation

+  Simulation of mixture formation

CFD inhomogenity distribution for SRM +  Results postprocessing

Detailed Chemistry Mechanism (SRM)
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Figure 10: Interaction of the individual simulation programs

Before the simulation environment can be used, some preparatory work has to be done. The
interface of the detailed combustion model and the examined driving cycle are integrated into
the engine model (see figure 2). Afterwards the flow model is compiled into an FMU and used
inside the driver system. The FMU is a standardized interface, which can be used to couple
different simulation software. The driver system contains all the logical paths for setting up and
processing CFD simulations (see figure 8). Finally, the user has to select the starting point in
the driving profile to be examined. Moreover, there are three different ways to use the CFD
simulation during the investigation of the driving cycle, which can be selected by the user.
Depending on the logic, the CFD can be started in the examined area at certain time steps, in a
defined interval or over the entire period. After this decision has been made, the simulation
environment can be started.

During the simulation, the driver system processes the FMU output information and decides
for each time step whether a CFD simulation is required with regard to the user selection (see
figure 10). If the logic comes to the conclusion that a CFD simulation is necessary, an internal
process is started (see figure 9). The driver system collects all the data and transfers them into
a CFD format. Then, the CFD simulation is started and monitored. After completing the CFD
calculation, the results are automatically processed and exported to the detailed combustion
model (see chapter 2.1). From that moment on, the detailed combustion model uses the infor-
mation of the mixture distribution as initial conditions to simulate the emissions. In the course
of the driving cycle simulation, this process starts again if the driver system detects differences
compared to the previous CFD simulation. This ensures that the detailed combustion model
always has up-to-date information about the inhomogeneities of the mixture in the cylinder.

11
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4 CONCLUSIONS

For the investigation of the emission levels during the cold start and the following transient
operation of an engine, an automated simulation tool is created. This simulation tool combines
different programs and thereby makes a compromise between speed and accuracy. The one-
dimensional engine model is used to simulate the WLTP cycle. The combination with the de-
tailed combustion model enables the emission values to be calculated with high accuracy based
on detailed chemistry. In order to increase the accuracy of the detailed combustion model, three-
dimensional in-cylinder simulations are used to obtain detailed information on the mixture for-
mation. The whole process is controlled by a driver system, which among other things starts a
CFD simulation if necessary.

First test simulations for transient operations proved the credibility of the simulation tool by
significantly increasing the accuracy of the emission predictions. Further improvements of the
simulation tool will lead to comprehensive studies of emission levels and can be applied to find
ways to reduce them.
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