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D1.4 ¢ Report onphenomenologicaéngine emissions predictiomsodellingg PU
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In the framework of the PaREGERN 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 (WPAdvanced 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 afcally 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
PaREGEproject 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 developethdithe project can be implemented in full
vehicle models to give an evaluation of the emissions and soot within virtual environments.
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of these tasks with the rest of the works in WP1 is illustrated in the figure below.
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From this, the present repoit focusedon the moddling activities bySiemens extending the scope of the
analysis fom the combustion itself, to a singl®/linder approach and then ¢m the reduction of the
phenomenological models inta Mean Value Engine ModéMVEM) This later approach is the most
convenient option for aurther integration of the engine model including its air path system, in a full
powertrain and vehicle model, mainly due ttoe reduced simulation times. The actual work on the multi
cylinder engine modéng and integration in a vehicle context is therpose of theTask 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:

1 Develop phenomenological craiakgle based models and methods tadaglss the simulation of the
combustion heat release

1 Develop phenomenological crawgle based models and methods to address the simulation of a
singlecylinder engine in combination with a prediction of engm& emissions thanks to an
interface withLCD 9 Q & -Ignitdtl Btdchastic Reactor Mod&FSRN

1 Develop a methodology to reduce the phenomenological ciamdle based model to a Mean Value
Engine Model

The research and motlmg activities conducted by Siemens in collaboration with LOGE are stdctu
around a common application case. This corresponds to a sigtiieler research engine sep by BOSCH.
The engine and component characteristicgluding geometnas well as its controhre well known. This
corresponds to a direct injection, spadaited and homogeneous combustion applicatibmpractice, 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 mitidg and validation tasks.

D1.4 ¢ Report onphenomenologicaéngine emissions predictiomsodellingg PU

The firg activity of Siemens is related to the sgb of a phenomenological combustion model based on the
CFM (Coherent Flame Model) order to predict accurately the combustion heat release for various
boundary and initial conditions. A validatiorpierformedon the 12 reference operating powand illustrated

in the plots below, comparing simulated (red) and measured (green) pressure traces for various engine speed
and loads.
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Then, acoupling strategyvith the engineout and soot models is developed basetthe principlegivenin

the figurebelow. A parallel approach is retained after an evaluation of the possible options. The differences
in the approaches by LOGE aridn&nsin terms ofthe moddling and calibration strategy raises some
technical difficultes forinterfacing the two models. Some solutions are investigated and implemented by
Siemens in order tensure consistency of the data shared at the interface.

CFM/SIEMENS
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A representation of the reference singtglinder engine model resultingdm the Siemens d@ivities is
presented below. It includes the phenomenological combustion model (CFM) and thbasagd 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. Thesinglecylinder enginemodel is fully capable of predicting the heat release and pollutant
emissions for varymengine speedsnanifold conditionsequivalence ratiosind spark timings.

The last step is dedicated to the reduction methodology. Starfiogn the reference phenomenological
model, the purpose is to generate the right data to feed an equivalent Mean Value Engine, Mibake

would enablefaster simulation(a factor 1000 is observed at this stageward 1 KS YSGK2 RQa
implementation in &rger vehicle modelsThe resulting model uses the same boundary conditions and
controlsasthe reference model, as shown below. The same interface {gse@tith the mapbased pollutant

model, for a prediction of the NQand soot in particular for variougperating conditions.
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The validation is again donmased orthe 12 reference operating points, completed by parameter sweeping
in order to assess the quality of the model outputs in terms of & soot emissions.

These activities, conducted [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 demonstrata ¥@hicle model including the soot
model developed in WP1, evaluated over realistic driving cycles
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1 LYGNRRdAzOUA2Y

1.1 Contribution in PAREGEN

The report D1.4 reflects thactivities conducted by Siemens in collaboration with LOGE and other partners

in Work Package 1 (Advanced Combustiorhmelogies) of the PaREGEN project, towards the development

of modelling capabilities for a mulevel approach to emissions simulation with a special focus on particulate
matters. Indeed, starting from the work, findings and data generated through Takks 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 perspecte/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 & tehicle 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 evatuatiothe
demonstration cars at the end of the project.

¢KS LINBaSyid NBLRZNI O 2Rféhdntenoiddicsdl highlfrégiiency 1o meamvalueSngdels G
YR 3IABSa |y AyiNPE Rda@lited ngan vakie nio#eBSd ¢ K1Y M2DEYDSIAH A2 Y
with the rest of the work in WP 1 is illustratedRigurel-1.
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Figurel-1 Interface of the Siemens activities iWP 1.

1.2 Methodology

The methodology applied by Siemens for #@REGHproject, seeFigurel-2, relies on a general workflow
supported by its commercial software Simcenter Amé¥ifi] [2] completed with new methodologies and
with the setup of an interface with thd OGEengineofiware from LOGE for the evaluation of emissions
including soot. This intertz ensures consistenayf the Siemens model capabilities for soot emissions with
the developed data and models by BOSCH, EDU, ETH and LOGE.
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Physical content CPU

3D CFD model - Time scale: turbulence
Simulation time >> Real Time
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High frequency model - Time scale: crank angle deg
o o
Phenomenological models for heat release and pollutants
0D/1D air path system model
Simulation time 2 real-time

Mean value engine model - Time scale: engine cycle
— Maps for describing the in-cylinder process and pollutants
0D air path system model

Simulation time < real-time
g p— Map engine - Time scale: 0.1 s
[|I\||m:ﬁ’“/|[ - f{r,., Maps for fuel consumption, performance and pollutants
e O MAP Feove  NO air path model
Simulation time << real-time

Figurel-2 Level of model addressed by Siemens in PaREGEiillaattated in the report

The workflow proposed by Siemens is the following:

1 Devebp phenomenological crarknglebased models and methods to address the simulation of the
combustion heat release in the context of the activities conducted by partnersrih W

1 Develop phenomenologicarankangle basednodels and methods to address the simulation of a
singlecylinder engine in combination with a prediction of engmé emissions thanks to an
interface with SISRM

9 Develop a methodology to reduce the phenoméogical crankangle based model to a Mean Value
Engine Model

This workflow is reflected in the structure of the present documehichdetails each step in the following
chapters.This workflow mentioned above will be completed within theRE&E project by the following
extensions throughthd a8 1 & ™ ®c ® H DriviigRemissidre piedictidh Zdpabifitiesy

1 Coupling of the MVEM with an air path system model

9 Integration of the full engine model in a vehicle model evaluated on a RDE conguliang cycle

1.3 Data used for the modking and validation tasks

The research and modlmg activities conducted byieSnensand LOGHEre structured around a common
application caseThis corresponds ta singlecylinder research engine sap by BOSCH. The engine and
component characteristics including geome#ry well as its controhre well knownThis corresponds to a
direct injection, spark ignitecand homogeneousombustion applicationIn practi@, a test data set
composed of 12 operating points, covering various engine speedslf200to 2500rpm and loads between

2 and8bar IMERIs used for the modéhg and validation taskseeFigurel-3.

X-axis |Engine rotary speed [rev/min] ~ | Y-axis |BMEP [bar] ~ | | Name (12 OP)

1200_2 - 1201/1.97bar/0.0%
1200_4 - 1202/3.95bar/0.0%
1200_6 - 1199/6.0bar/0.0%
1200_8 - 1201/8.03bar/0.0%
2000_2 - 1993/2.01bar/0.0%
2000_4 - 1997/3.9%bar/0.0%
2000_6 - 1996/6.01bar/0.0%
2000_8 - 1996,7.99bar/0.0%
2500_2 - 2489/1.98bar/0.0%
2500_4 - 2489/4.02bar/0.0%
2500_6 - 2491/5.99bar/0.0%
2500_8 - 2434/8.0bar/0.0%
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Figurel-3 Research engine mapping on the dyno (12 operating points)
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The signals available from the engine dgmometerandused for the modeing and validatioractivitiesare
listed inTablel-1.

Tablel-1 Signals measured on the research engine

D1.4 ¢ Report onphenomenologicaéngine emissions predictiomsodellingg PU

T_intake °C Mean value

T _exhaust °C Mean value

p_intake mbar Mean value and cran&ngle resolved
p_exhaust mbar Mean value and cranr&ngle resolved
P_cylinder bar Crankangle 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 (cranfangle) | Control

duration of injection ms Control

ignition angle °CA Control

internal EGRate % Estimation

IMEP Bar Mean value

Emissions (CO, Q%, HC,| % or ppm Mean value

NOandPN)

The same test database is usedSigmensand LOGE for their respective investigatioamerderto ensure
consistency during the software interface development activities.

2 aSuUK2Ra | yR NbkadzZ Ga
2.1 In-cylinder process simulation

2.1.1 Heat release modiing

Introduction to the CFM model

TheCoherent Flame ModelCFM) is based on the 3D CFD ECFM (Extended Coherem Madel) model
implemented in 3D CFD codiy. The CFMis 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 Sgieas. As presented iRigure2-1, 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 mixtureer@ical reactions of fuel oxidation occur in the flame front,
which is a very thin layer compared to all scales of the turbulent flow.

pollutant
formation

Figure2-1 The Coherent Flame approach
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The different equations dhe model written for 3D simulations were simplified following qedisaiensional
hypothesis to obtain a 0D phenomenological model called the-CBvhodel, as it accounts for the 1D radial
propagaion of the flame #]. This reduction of the 3D model is based on several assumptions:
1 Both fresh and burned gases are considereitlaalgases
I The mixture composition and temperature are considered as homogeneous in @aeffresh and
burned gases)
9 The pressure is the same in the two zones.

D1.4 ¢ Report onphenomenologicaéngine emissions predictiomsodellingg PU

To describe the combustion process, thes in thecombustion chambeis described aa mixture of three
gases (fuk fresh air and burned gase3he heat releas rate,—, is written as:

— 068,

where PCl is the fuel heating value [J/kgH U is the rate of fuel consumption [kg/sfollowing the CFM
formalism, the rate of fuel consumption depends on the flame surfa¢eand the fresh gasgwoperties:

0 "B Y'Y,

where” s the fresh gases density, is the fuel mass fraction in the fresh gases avids the laminar

flame speed computed using a given experimental correlafitve. fresh gas temperature is obtained using
a 0D equation for the fresh gas enthalf®]; this temperature allows computing the laminar flame speed
according to Metghalchi and Keck's correlat[@h The flame surface€y, seeFigure2-2, is written as the
product of a mean surfacé&yY , and the flame front wrinklindj:

Y h8Y.

S
Figure2-2 Definition of the mean flame surface

As a first approximationy is computed assuming a spherical flame propagating in a-tpée" geometry
and which progressively becomes cylindrical when reaching the piston and the cylinder headFigyatts

' - -

lgnition Flame front propagation

Figure2-3 Mean flame surface evolution, assuming a pancake geometry for the combustion chamber

The actual geometry can also be taken iatzount 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
[71[8] is used:

e ~
g

-— Qo lRthYh A R
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where & is the integral length sé&, t ” 7 is the thermal expansion ratg, is the laminar flame
thicknessi is the current mean radius of burned gasasdd is a modding constant.
Hence the velocity fluctuationd ¢fo'Qmust be computed. écordingly,turbulence computation is

required to have access to the turbulent kinetic energy, k.
A 0D turbulence model is used to compute the turlmilkinetic energyk, which is here correlated to the
dissipated kinetic energ®

Q 6 88—

whered is the mass in the cylinder aid  is a modding constantO |  is computed using the kinetic
energy in the combustion chambé®, , according to the following equation:

h 6 8 5 ,

with 6  as a mod#ing 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 ¢&t€jpy usng the
following expression:

— -&3 8Q8—— ¢d 80—,

with "(the distance between the piston and the cylinder headm], the engine speed [rd@] and)
the tumble number at IVC]|

Calibration process

One generally tunes theombustionchambemodelusing asimpleschemewith the valves closed. It implies
that only the compressioandcombustion strokes are simulated during this initial fitting stalyeoverview
of the developed calibration process is givelfrigure2-4.

Combustion model calibration
Selection/import of the test data
Test data consistency check
Estimation of Initial conditions at the intake valve closing
Interactive tuning and/or automatic calibration
Generation of report, check results, creation of maps
Check and validation

Figure2-4 Calibration process applied fahe CFM model setp.

From this, the proper initial conditions must be defineddC in terms of pressure, temperature and gas
composition. The pressure at IVC can be directly gathered from the measuredatiglekresolved pressure
trace. The mass of &l 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 chani€r at
Indeed, this is a variable th& not normallyneasured on the rginetest benchbut has a strong influence

on the combustion and pollutant formation processes.

Note: the residual gas contentresis expressed as a fraction of the total mass of gas trapped in the cylinder.
It is sometimes called IGR for internal gasirculation(%IGR)or even internal EGR for internal exhaust gas
recirculation(%EGR)

On the test side, theesidual gas content isstimated by the engine test bench software from other
measured variables. The same kind of approach is us&ieognsand an estimation is completed from the
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available test data using a dedicated algorithm based ontenative procedure[8] that stops when
convergence iseached (i.e. the difference between the residual gas mass fraction at iteration n-ansl n
inferior to 1€8). This method uses the mean pressure and temperature at the intake and exhaniolds.
The table below shows that the two estimations for ttesidual gas contenfThe largest deviations are
observed for the highest engine loads.
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Table2-1 Comparison of the estimations of the residual gas content (Siemens vs engine dyno)

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 applicationiented tool for supporting the calibration of the CFM. This
tool is available in the Siemens Simcenter Amesafiware and is used for the project executiorhe
combustion fitting tool is interactieledicated to assist the user in setting parameterstielCFMsub-model

by comparingsimulationand experimentaldata Thusthe CFM model parameters can be intetigely
modified by the user in order to get the best possible fitting between the simulategllinder 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 b the actual compression ratio that can differ from thee evaluated during the design phase. This is
particularly true in the case of a research engine. In the project, we use toallsal thermodynamic
compression ratio evaluated from test dafiratio below theddesigrE value(estimated from the geometiy

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 @uonterning the
wall temperaturein [K] the correlation proposed by IFP for a gasoline case is applied:

1% — 800 O0Po ¢ XPpy
which gives a value of 364.8 K at 1 bar and 504 K at 1Mt

Two parameters for the heat exchangerrelation by Woschni9] are tuned in order to obtain the right
compression strokeThe combustion model parameters used to tune the heat release can be divitted

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 contain€tdparameters common to all
operating poins, whichare the initial flame volume, the gain for flame wrinklimend the gain for flame
guenching at wallsFor the exhaust strokéhe two remaining parameters ahe Woschni heaexchange
modelare optimized. These parameters are common for the twelve points.

Resultsfrom the first optimization can be observed on the following figures for the 12 studied operating
points, Figure2-5.
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Figure2-5 Results of the CFM model for the 12 operating points (red = simulation, green = measure)

Looking more inhe detail at the resuts, we canof course observe some minor discrepancies between the
expelimental data and the simulation. This is illustratedrigure2-6 for a particular point whez we can see

some deviations.

BRR/LL t+ +H | 1tem info vale
v Pmax [bar]
[bar] Expermental 17.41
18 Sendated 17.06
16 | — expermental n<cyinder pressre [oar] Od smulated
14 1| = Smulated n-cyinder presaure [bar) v CAGPmax [degree]
12 4 Expermental 373.00
10 Sendated 3729
P Oid smulated -
6 v IMEP (ich Pressure) [bar]
4 _’. Expenmental 2.48
2] Semdated 269
] Ol smulated -
o T T T T T 1
200 250 300 350 400 450 500 v CA
X: Crackshaft angle [degree] » CAL0 [cegree]
v CASO [degree]
[l Expermental 367.80
10 — Semdated 3%5.80
| ) s
0.8 > CAS0 [degree]
1 » Combustion
0.6
04
02
0.0 T 1 T T T 1
200 2% 300 350 400 450 500

X: Crarkshaft angle [degree]

Figure2-6 Details for the point 1200 rpm, 2 bar (red = simulation, green = measure).

It is nteresting is to se¢hat the CFM is able to accurately capture the initiationhaf combustiorjust after
the spark advance. This is illustrated in Fhgure2-7 where we see a delay of approximately*IDA between
the spark and the actual dexmment of the combustion in the chamber.
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Figure2-7 Initiation of the combustion, point 1200 rpm, 4 bar (redsimulation, green=measure)

The calibration process leads to the definition oftemble, cut-off) set for each of the studied operating
points. These two values characterize the turbulence in the combustion chamber for given aperati
conditions. The tumble is an image of the mean flow in the cylinder and theftaharacterizes the local
turbulence scale.

From the 12 values resulting from the tuning process of the CFM, one caip seaps defining the tumble

value and the integrdength scale (cubff) 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 illustFaggoten

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 cutoff can be linked to the distance between the piston and the cylifisrd atTDChere in
certimetres).

[null] femi
30 045

0.40
25 7 035 —E
0.30 -
tumble 2.0 —_ cut offd.25 _f

0.20 -
15

0.15

o0 —

10 B B e —
0.2 03 0.4 05 0.6 0.7 [null]

Voleff

0.05 T T T T 1
0.2 0.3 0.4 0.5 0.6 0.7 [null]

Volefi

Figure2-8 Tumble and cutoff maps from the CFM calibratio(8 curves for engine speed 1200, 2000 and 25000rpm)

Since these two calibration parameters are associated to actual physical vayitii@érends seeron the
mapsare according to our expectations. @&$e characteristis easilypermit us tointerpolate 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 pointshen theydiffer from the 12 calibrated points. This capability will be
used in the following to extend the scope of the analysis.

D1.4 ¢ Report onphenomenologicaéngine emissions predictiomsodellingg PU

Validation of the CFM
The results given by this first calibration stage of the @FMllustrated in this chapter. A direct comparison
between measurements and simulation is given in the tables below, which show a good agreement.

Table2-2 Validation of theCFM for the prediction of the mrssure peaKengine dynovs simulatior).

‘Point  Max(Peyl) 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 simulatedith the CFM show a deviatioio the predicted pressure peathat is
below 1 bar.

Table2-3 Validation of theCFM for the prediction of the peak pressure angenginetest vs simulatior).

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 simulatedith the CFM show a deviation on the predicted rimaxm pressure angle
below 1°CA as seen ifTable2-3 above

Table2-4 Validation of theCFM for the prediction of indicated mean effective pressuyenginetest vs simulatior).

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 simulatedith 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 discrépaeoys of
torgue production. This might not be related toe moddling of the combustion heat release itself since this
seems properly predicted as illustrated in the following tabkble2-5. 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 unitetc).

Table2-5 Validation of theCFM for the prediction of the timing for 58 T dzSt 6 dzNdfighBtestvé dinpilation.

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 simulatedith the CFM show a deviation on the angle for%Guel 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 (compradsiombustion),

the results produced by the CFM are in good agreement with the test data and present a level of accuracy
which is inline with the expectations for phenomenological combustion model. The main strong point of

the CFM is the calibration through the tumble and-offtmaps whichare sufficiently smooth to be applied

for interpolated points and extrapolated points.

2.1.2 Simulation using SERM and investigion of possible interfaces

Introduction to the SISRM by LOGE

The 0D Sparlgnited Stochastic Reactor Model-&RM)is basedon simulationsthat have been performed
dzaiAy3 (GKS &az27¥dgl NS LI O I 330 The D® SRMTscyufita for @bk Andly o
temperature inhomogeneity of the cylinder gas due to direct fuel injection, turbulent mixing and heat
transfer. The cylinder gas inhomogétyehas a major impact on ignition, flame propagation and emission
formation. The 0D SRM has been tested under both sjganiked and compressieignited engine conditions

and the results are published in several work6,[11, 12]. In the next sectiona 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 simulatmytinfén processes

in sparkignited and compressieignited 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 compiosi, temperature and mass; that is, each particle represents a point in
phase space for species mass fraction and temperature. The tempergfiyrand 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). Taglimder mixture is thus represented by a PDF

in phase space and the particles constitukee realization of this distribution. In practice all stochastic
particles in the SRM represent a portion of theciflinder mass and rather than a PDF, a mass density function
(MDF) is used; the MDF can be considered as a-bwsed discretization of thBDF. 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 e didine

local scadr variables is defined aso G O, ..T, ¥s&@ , ¢ T 1, I B . nssD 1), WhereNsis the number of
chemical species in the reaction mechanism. This vector has a corresponding joint scalar MDF that is
expressedaB o - T @ 0.OM\S G YWith - 15 RB @.11%®ing a realization of the random variables

1, @ N ne+: IN addition, as proposed in the partially stirred plug flow reactor (PaSPARY) 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
evoluion of the MDF can be written as:
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—0orTh — 07 Or & QuAtan & (1)

The initial conditions are given 56 - T o0 wwhére RO - répresents the initial distribution at time=

0. Equation (1describes the Partially Stirred Plug Flow Reactor (PaSPFR) and also serves as a base for the
description of the stochastic reactor models for engine applicati@bs16]. The mixing term on the right

hand side is discussed in the next section. The @ron the lefthand side of equation (1) is, in general, a
source/sink oprator 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 injectidmese terms are calculated based on the species

and energy conservation equations that for DI engines can be expressed as (for details sd&])e.g., [

. W a o I

b 5 TR g Wp @ Q pB h n Q pMB M) C
. pQn Q6 , . p .. . pa .
v "&)’Q(‘) d(’i’) Y Y J) Qn —| h a‘)n d) (k)h Q1 Q o

In equations (2) and (B) j andY; denote the molar net rate of formation of speciedue to reaction and

the mass fraction of speciésespectively. The subscriptefers to the injected fueM; denotes molar mass

of species, “ is the density Tis the mean temperature of the gas, is the cylinder wall temperatures, is

the specific heat capacity at constantpressiiggh & 2 2 8 OKY A Q& K S ['Ails thé It tfafisfeS NJ O 2
area,h; is the specific enthalpy of specigp is the pressure anbrandNsstand for the number of reactions

and species, respectively, afidienotes fuel. In equation (2) the terms on the ridignd side represent
changes in composition space due to chentieattions 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 transferldslated through

2 230KYAQa Y2RSt 06182 drdbitibniof thie heatSrénsfer Sverdne® Rartictes follows

a stochastic approach, explained by Bhave and Kt&it7]. The righthand 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 artitne dependent turbulent mixing time. The

next section briefly outlines the concept of the mixing time modelling for tHeRM. In addition to the local
variables, global quantities are distinguished. These are the total mgssglume V), and mearpressure

(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 ap(t) =d OQR @ (1)’ AV Qwhere the mean density is calculated@so m/V(t)and T
andW are the mean (angled brackets) temperature and mean molecular mass, respectively. Equation (1) is
solved numerically using a Monte Carlo particle method (e.g. Pdewith the operator splitting technique
as previously presented by Maigaard et &b][ The expression of the mixing term on the ridgfand side of
equation (1) is presented in equation (4) and described in the next section.

a "Qw VAN ’% OT
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WMol whQe O T

0 and] are two model parameters that in the present study have been set to 2 and 1 respeciitiely.
mixing time history;f in equation (4), is the main input parameter for theSRM. With respect to actual
engines, mixing time history can be understood asitiverse 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 refed]to |

Mean mixing time sub model

In the SISRM, the mixing time describes turbulence time scales during the engine cycle. The mixing time
governs the intensity of ming 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 pollutamhégion. 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 representitige p

is optimized during model calibration against experimental data through various parameter&ifgae
2-9Error! Reference source not founy.
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Figure2-9: Concept of mod#ing the mean representative mixing time for the SIRM simulations o§parkignited engines with
port injection.

A Genetic Algorithm (GA) is employed during model calibration in LOGEengine to calibrate the mixing time
model constantsd, 01t , 6 ‘O Y'Y, which controls the shape of the mixing time profile as showFigare
2-9. Parameterd o0 yyepresent the experimental spatkming.

The modelling of the particle interaction in the OD SRM governs how thelgese particle composition
vectas 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.tlne SISRM the particle interaction suhodel strongly

affects the complex chemistry of emission formation and describes the local character of turbulent flow and
chemistry interaction. In this work, the CURRE][particle interaction model has been used.

Turbulent flame propagation model

In LOGEengine 3ibe flamefront is assumed to expand approximatalyherically centred at the defined
spark plug location anliimited by thecylinder walls and the piston. The turbulent flame speechisulated
using a correlation between laminar and turbuléi@me speedThe laminar flame speed is calculated based
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on a detailed Ethanol Toluene Reference Fuel (ETRF) readhiems and precompiled in a lookup table
Although the flame volumes calculated in three dimensions, the turbulence isaiulated without spatial
resolution, which in turn allowfr significantly faster calculationEnthalpy losses to the cyliadwalls are
described usingVoschni's heat transfer equation. For simplicitisiassumed that the heat transfer did not
affect the sphericallame shape, whilt the total heat loss to the walls manifesté@delf via the temperature
dependency in the lamar flame speed library.For the flame geometry calculation, a polygoased
approach is used and Figure2-10Figure2-10 an exemplary visualization of the flame front is presented.
Theflamesphere was approximated as a set of tetrahedrons, each avitanalytically solvable voluméhe
flame surface is represented aset of rodes, each of which can propagate outwards fromfthme centre
with a flame speed defined by local conditiohsthis work statistical homogeneity was assumédeincethe
flame propagation speed was hence thought to be equal far@les.For more details please refer taq).
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Figure2-10: Visualization of the flame surface described using a sehofles at regular angular intervals.

LOGEenginemissionlook-up table generation

The methodology to create the emission leof table for the #mensMVEM consists of multiple stepas
illustrated inFigure2-11. First, the 0D SRM is calibrated to match the cylinder pressure and exhaust emissions
of the BOSCH singtylinder operating points. Second, the mixing time is parameterized for engine speed
and fuel mass. iring 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 OD SRMoupled 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-lgokable, the OD SRM is coupled with

the CAE tool modeFRONTIER. The fix points of theuljpd&ble are predefined inrether look-up table and

serve as the input variables of the different operating points:

Speed

Fuel mass

EGR rate

Spark ignition

Air-fuel ratio

= =4 =4 4 A

The valve timings do have a siggaiht impact on the emissions but the modelling approach used by the Sl
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 atégje. It would be considered
later in the project, following the research and development of a liquid film model by LOGE.

The operating points are calculategtquentiallyand the results for mean effective pressure, maximum
cylinder pressure, CA1GA50, CA90, GOCO, HC, N@nd soot emissions are stored in the leof 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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modeFRONTIER and SRM coupling

GEouETRY CPERATING_ CONGITIONS  MOONG_TWeG s

Emission Look-up Tables for MVEM

Engine map simulations to predict emissions

SRM with detailed chemistry Mixing Time Mapping

Tabulated chemistry of
EUS E5 gasoline fuel

1500

Speed from)

Calibration and parameterization of turbulent mixing in SRM

Figure2-11 Methodology for engine mapping with the SSRM.

Emission and combustion loelp table content

LOGE used the data shared by BOSCH and the 12 reference operating points for the calibratiorSiRlthe Sl
model. The softwaresithen used to generate an engine mapping i.e. a complete data set including simulation
results for various engine operating conditioifie main inputs and outputs of the-SRM model are given

in the Table2-6.

Table2-6 Inputs and outputs of the SERM model for engine mapping

Input variables Unit Values

Engine speed rpm 1200, 2000,2500
Air/fuel ratio - 11.81, 14.17, 17.71
Mass offuel mg From5to 25¢step 2.5
Spark advance °CA -30,-20,-10
Residual mass fraction % 5, 10, 15, 20

Output variables Unit
CA10 (106 fuel burned angle) °CA
CA50 (5@% fuel burned angle) °CA
CA90 (9046 fuel burned angle) °CA
Maximum (Pcylangle °CA
IMEP bar
NG Yppm
(6{0) Yppm
CQ Yppm
@) 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 stageSiemensstarts toinvestigde several options for interfacing the-SRM maps with its CFNhe

first option consists in using the emissioasd soot models by LOGE in parallel to the combustion heat
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