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Strategic project structure and interdependence between the project partners and tasks

The overall project deals with the development, application and validations of both simulation and
experimental methods with the aim to support Swiss and international industry in the realization of future
very-low-emission, highly efficient large Diesel Engines. As seen from the Figure below, the involved
partners from ETH-Domain work starting from Science fundamentals through a Transfer Level (i.e. making

methods useful to industrial partners) to a range of possible industrial applications.
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The present final project report starts with a summary of the achievements in the individual tasks (includ-
ing an overview of interactions) and progresses trough a more detailed description of the obtained results.
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Summary
Task 1 A: Development of improved submodels for integration in CRFD-codes (ETHZ/LAV)

A high-fidelity 3D CRFD combustion code using Conditional Moment Closure (CMC) has been
further developed and validated by means of data from two generic high pressure high tempera-
ture test rigs as well as heavy duty Diesel engine experiments.

Good predictive capabilities have been found for ignition delays, the pressure and heat release
rate evolutions. Sensitivity is reported concerning the chemical mechanisms employed, the
spray models utilised as well as (measurement) uncertainties in the initial conditions.
Reasonable predictions for NO, emisssions have been demonstrated for a heavy duty Diesel
engine for a wide range of operating conditions with different fuel injection pressures, start of
injection, engine speed and load. The trends with respect to exhaust gas recirculation are also
correctly captured. Concerning soot, models developed for single phase sooting flames have
been incorporated in the CMC code and first results obtained herewith are qualitatively and
quantitatively in agreement with data reported in the literature.

Publications

[1] Wright, Y.M., Margari, O.-N., Boulouchos, K., De Paola, G. & Mastorakos, E . (2009) : AExperi men
Simulations of n-Heptane Spray Auto-Ignition in a Closed Combustion Chamber at Diesel Engine Condi-
t i o Rlew) Turbulence and Combustion 84, 49-78.

[2] Wright, Y.M., De Paola, G., Boulouchos, K. & Mastorakos, E. (2005): ASi mul ati on-gnitenf spray
and flame establishment withtwo-d i me n s i o n @ombu&tidvhGod, Flame 143, 402-419

[3] De Paola, G., Wright, Y.M., Boulouchos, K. & Mastorakos, E. (2008): ADi es el engine -simul at:i
di mensi onal Condi t i €omblstioMScimieechh. 180,I1883890r e fi ,

[4] Wright, Y.M., De Paola, G., Boulouchos, K. & Mastorakos, E . ( 2 0 0 9dmensidnd LConditional Mo-
ment Closure modelling applied to a heavy-duty common-r a i | Di e s 8AE Ine &h Brigines @ (I),
714-726.

[5] Wright, Y.M., Bolla, M., Boulouchos, K., Borghesi, G. and Mastorakos, E. (2010): fiConditional Mo nr
Closure For Two-Phase Flows i A Review Of Recent Developments And Application To Various Spray
Combustion Co Bthflr'ntegnatiormlthrrﬁerescé of Computational Methods in Sciences and En-
gineering, Kos, Greece, 3y 8" October 2010.

Task 1 B: Dedicated single-cylinder research engine with partial optical access (ETHZ/LAV)

The new test facility 1 based on a MTU 396 engine, with 185 mm bore and 165 mm stroke, (dis-
placement volume roughly 4 liters) is equipped with a compensating shaft. During the progress of
this project the compensation system was improved and optimised by the LAV staff and the
engine was equipped with a common rail injection system.

The test facility is equipped with a steam supply and external charging to condition the tempera-
ture and pressure of the intake air. A sophisticated EGR i system, consisting of an exhaust gas
filter/cooler and a roots compressor, is also available. This configuration allows an accurate
adjustment of the inlet to outlet pressure ratio.

A powerful electric motor allows the combustion engine to be motored up to engine speeds of
1400 revolutions per minute (RPM). For the engine start-up a pneumatic starter, providing high
levels of torque, is required to assist the electric motor.

First experiments have been executed on the test facility. From these measurements a series of
useful data concerning heat release rate, pollutant emissions and in particular soot formation
and oxidation with high temporal resolution within the cylinder have been obtained. (See Task
2B)

PAUL SCHERRER INSTITUT ETH -(I){‘- EMPA
i e s

8 Zarich ECOLE POLYTECHNIQUE n w Fachhochschule Nordwestschweiz
Swiss Federal Institute of Technology Zurich FEDERALE DE LAUSANNE

Hochschule fiir Technik Materials Science & Technology

2/56


http://dict.leo.org/ende?lp=ende&p=eL4jU.&search=compensating
http://dict.leo.org/ende?lp=ende&p=eL4jU.&search=shaft

Competence Center Tel. +41 (0)56 310 21 11
Energy and Mobility Fax +41 (0)56 310 27 17

5232 Villigen PSI ccem@psi.ch
ccem.ch

Switzerland

Task 1 C: Laser optical spectroscopic measurements (PSI)

The focus of activities in this task was on the development of measurement techniques for soot and NOx in
high pressure combustion conditions and has proven to be even more challenging than anticipated.at the
beginning of the project.

Nevertheless a certain progress has been made for both i NOx and soot i species detection and the ac-
quired knowledge forms a valuable basis for future developments.

Both methods were applied (successfully) to elevated pressure conditions but still need to prove their feasi-
bility at real engine conditions (higher pressure, strong temperature gradients, interfering light emission from
flame luminosity/droplet fluorescence/background radiation).

NO LIF for High Pressure Combustion

The status of current capabilities for application of NO LIF techniques is best represented by the following
figure, which represents (2-D) gas temperature distribution in a channel flow reactor at various pressure
levels.

Even though the precision deteriorates as the pressure is increases, the implemented method of thermome-

try using seeded NO LIF has proven to be accurate and precise within at least 50K (which is comparable to

established 1-D methods like CARS). The method is generally applicable to a wide range of flame condi-

tions although care should be taken in cases when the doped NO can have an (significant) effect on the

kinetics of fuel oxidation.

Further improvements to the NO LIF techniques due to a better fundamental understanding of underlying

(interfering) processes is expected from the ongoing PhD thesis work funded by the Swiss National Science
Foundation (Al nvestigation of GClnduted Huoresseade of Nitrio@xeles ses 1 el
and Oyxgen in High Pstagesm0l®. Combusti ono

Soot formation/oxidation during fuel injection

The status achieved concerning detection of soot in high pressure combustion is depicted in Fig. 2 which

also represents the final achievement ofthe SNF-f unded research project fisoot forr
duringdieselre ngi ne | i ke combustionsodo which was .terminated (pr e
The picture (which is generated based on a preliminary version of the so-called RAYLIX method) was taken

in a heated spray i nj ec-Tampenatud-Brackibelr| d d ubDRd) Addtochr essur e
encountered in the combustion chamber of commercial Diesel engines.

The experience gained with the RAYLIX method will serve as a very valuable basis for future applications of
similar laser based techniques such as the one to be followed in the near future within the EU funded Project
HERCULES-B in which detection techniques for vaporized fuel compounds will be investigated at conditions rele-
vant for (marine) diesel engines.

Task 2 A: Zero-dimensional, phenomenological models, capable of predicting engine behaviour
(ETHZ/LAV)

The main objective of task 2A is the validation and improvement of fast phenomenological combustion
and pollutant emission models for direct injection diesel engines. These models should be able to
provide accurate predictions of Heat Release Rate (HRR) and engine-out NOx emissions for varying
inlet charge and injection conditions, during both steady state and transient engine operation.

The models developed in this work have been tested using experimental data from the LERF engine
facility in PSI, Villingen. Tests showed good results for HRR and NOx prediction at standard engine
conditions, but insufficient accuracy for the Ignition Delay (ID) and NOx prediction at lower TDC tem-
peratures, relevant to engines with advanced Miller valve timing. To address the ID prediction deficit,
an extensive ID study was performed, which resulted in a new fit for a model which can better predict
ID using the charge air temperature and pressure during the injection period. For the NOx prediction, a
detailed study into DI diesel combustion and NOx formation zones at conditions typical for engines
with advanced Miller timing using 3-D CFD is ongoing.
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Publications

[1] Kyrtatos P., Obrecht P., Boulouchos K., Hoyer K., Gatel G., Dietrich P., 2009, Combustion and emission
analysis in a 4-stroke common rail medium-speed large Diesel engine, 12. Tagung "DER
ARBEITSPROZESS DES VERBRENNUNGSMOTORS", Graz, Austria

[2] Wik C., Salminen H., Hoyer K., Mathey C., Vdgelin, S., Kyrtatos P., 2009, 2-Stage Turbocharging on Medium
Speed Engines 1 Future Supercharging on the new LERF-test Facility, 14. Aufladetechnische Konferenz,
Dresden, Germany.

[3] Kyrtatos P., Obrecht P., Hoyer K., Boulouchos K., 2010, Predictive Simulation and Experimental Validation of
Phenomenological Combustion and Emission Models for MediumOSpeed Common Rail Engines at Varying
Inlet Conditions, Paper No. 143, CIMAC Congress 2010, Bergen, Norway

Task 2 B: Development and application of both optical and non-optical minimal invasive methods
(ETHZ/LAV)

The particulate emissions from a diesel engine can be characterized in many different ways. Mass
concentration and particle number are used in exhaust emission legislations. Furthermore, particulate
size spectral analysis and optical in-cylinder and tail pipe measurement methods can be used to char-
acterize diesel engine operation in terms of exhaust particulate emissions. In this case, a Kistler In-
cylinder Optical Light Probe (OLP), a Diffusion Size Classifier (DiSC) from Matter Engineering, an AVL
Photo-Acoustic Soot Sensor (PASS) and a Smoke Meter (FSN) were used to characterize the engine
operation and compare the measurement instruments in steady state as well as in transient operation
of a 4 liters, single cylinder, common rail direct injected research engine (see Task 1B). The OLP
measures the soot radiation and crank angle resolved soot density is calculated. The DiSC measures
particle numbers and their mean size. The PASS measures the elementary carbon mass fraction from
the exhaust gas.

The transient measurement data were obtained during load steps (change in duration of injection
(DOI)), variation of fuel pressure and changes in start of injection (SOI) at constant engine speed. The
steady state and the transient data are presented for all instruments, with a focus on comparability in
steady state operation and response time during transient operation. The OLP Signal is cycle resolved
from inside the cylinder. In contrast, the exhaust gas for the other instruments is taken after a silencer,
where mixing of the exhaust gas from different cycles occurs. Dilution systems are mounted between
the PASS and the exhaust pipe, as well as between the DiSC and the exhaust pipe.

Qualitative and part wise quantitative agreement was found between the different measurement in-
struments during steady state operation. The response times of the instruments in transient operation
are between instantaneous (OLP) and a few seconds (PASS, DiSC).

In the progress of this project, a fast sampling valve was developed and is now in a prototype state.
This sampling valve is meant to take samples directly from the combustion chamber. Gaseous parts
will then be analyzed by a fast mass spectrometer. Particulates can be deposited on grids and be
analyzed with optical methods or by accumulating and averaging over several samples with systems
like PASS or particle counters.

Publications
[1] Kirchen P., Measurement and Analysis of Soot Emissions During Transient Operation of a Common Ralil
Passenger Car Diesel Engine, ETH Nanoparticle Conference 2008

[2] Kirchen P., Investigation of In-Cylinder Soot Formation and Oxidation during Transient Engine Operation,
ETH Nanoparticle Conference 2009

[3] Barro C., Comparison of Soot Measurement Instruments during Transient and Steady State Operation, ETH
Nanoparticle Conference 2010

[4] Tschanz F., Barro C. Russgeregelter Dieselmotor, Band Nr. R551, pp.195-218, FVV Herbsttagung 2010

[5] Barro C. A Detailed Review of the Soot Emissions From Diesel Engines During Transient Operation, Pro-
ceedings of the Institution of Mechanical Engineers, Part D, Journal of Automobile Engineering 2011 (submit-
ted)
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[6] Tschanz F., Barro C., Concepts for on-line simulation and feedback control of pollutant emissions from Diesel
engines F. Tschanz, C.Barro Stuttgarter Motorensymposium 2011 (submitted)

Task 2 C: Development of methods and algorithms to deduce relevant engine operation parameters
(EMPA)

With the newest European emission limits Euro VI coming into force by the end of 2013, heavy duty

diesel engines have to fulfil extremely stringent pollutant emissions, especially for NOx and particulate

emissions. According to todayés knowledge on diesel combu:
combination of clean combustion combined with extensive exhaust gas after treatment (oxidation cata-

lyst, particle filter, and selective catalytic reduction). Euro VI does not only set new emission limits for

engine certifications but also introduces completely new and stringent rules for the detection of mal-

functioning of engine and after treatment systems. The heavy duty engine industry has never faced

before such a stringent tightening of certification rules before Euro VI.

Cylinder-pressure-measurement-based issues concerning clean and efficient combustion and diagno-
sis of modern heavy duty diesel engines were addressed in Task 2 C. Clean combustion of diesel and
alternative fuels was studied in detail and losses of different combustion strategies were quantified
using a pre-series Euro VI engine. Further experimental research on combustion of different fuels was
finished in October 2010 and will be evaluated and published in 2011. Additionally a novel and robust
approach to determine the start of combustion could be found. The new approach is computationally
cheap and offers the possibility to be integrated in real-time control algorithms to detect ignition delays
and the failure of injection components. The approach was applied for patent.

Publications

[1] Soltic P, Edenhauser D, Thurnheer T, Schreiber D, Sankowski A, Experimental investigation of min-
eral diesel fuel, GTL fuel, RME and neat soybean and rapeseed oil combustion in a heavy duty on-
road engine with exhaust gas aftertreatment, Fuel 88 (2008) 1-8.

[2] Thurnheer T, Edenhauser D, Soltic P, Schreiber D, Kirchen P, Sankowski A, Experimental investiga-
tion on different injection strategies in a heavy-duty diesel engine: Emissions and loss analysis, Energy
Conversion and Management 52 (2011) 4571 467

Patent Application

"Start of Combustion Detection", Inventor Thomas Thurnheer, German Patent Office number 102009027889.3,
July 21, 2009.

Conclusive assessment

As detailed within the reports for the individual tasks, work has progressed almost everywhere accord-
ing to the submitted research plans. As expected in such ambitious programs some patrticular chal-
lenges need to be further addressed in subsequent projects, which have been either already initiated
or are in the proposal submission stage (non CCEM funding).

Of particular importance is the fact that all three major infrastructure modules (1 Cylinder engine test

rig at the ETH, LERF facility at PSI and the transient high-torque test bed at EMPA) are fully opera-

tional, have been widely and successfully used within the individual tasks and are now available for

further national and international collaborations (EU Hercules, FVV-, BFE and KTI-Projects are run-

ning in parallel).

Interactions among tasks have been established, although it is only now, that enough results from the

individual packages are available to allow earning the fruits from synergies. All told, we believe that

fiknow howod and the infrastructure have been indeed #fg
project was.
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Detailed descriptions of the obtained results

Task 1 A : Development of improved sub models for integration in CRFD-codes (ETHZ/LAV)

This task deals with the development of improved submodels for integration in CRFD-codes for the accurate
simulation of diesel engine combustion (heat release rate) and pollutant formation (mainly NOx and soot).

Scope of activities

1. CMC code development and validation

In task 1A, a high-fidelity in-house 3D-CRFD combustion code employing conditional moment
closure (CMC) has been further developed. For validation purposes, various experimental con-
figurations have been considered. On the one hand, data from two different generic test rigs
featuring optical access has been utilised. The first set-up consists of a closed combustion
chamber operated at Diesel engine relevant conditions of passenger car size [1]. Secondly,
data from a reference experiment with dimensions and time scales of a large two-stroke marine
engine is utilised [6]. To assess the predictive capability of the code for engine operation, data
from a wide range of operating conditions of a heavy-duty truck engine [7] has been employed,
for which the benchmark criteria included pressure and heat release rate evolutions as well as
NO, emission predictions.

a. ETH high-pressure, high-temperature test rig (HTDZ)
To address sensitivities with respect to the modeling of the two-phase nature of the flow, data
from a closed high pressure high temperature chamber with optical access has been utilised.
The ETH in-house constant volume apparatus employed features heated walls, hence uncer-
tainties in the modeling with respect to wall heat losses and mesh motion related problems as
encountered in engines can be avoided. Thus further to validation of the ignition delays pre-
sented earlier in [2] for an open system, validation of the subsequent heat release rates due to
combustion could be carried out by means of the pressure signal. Sensitivities have been e x-
plored for primary break-up models and the related initial droplet size distributions, the choice of
the chemical mechanism and the uncertainties in the initial temperature (shown exemplarily in
Figure 1) and pressure measurements as well as the prescribed turbulence levels.

81.5 T T T T T T T

= experiment
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&~ © Pitsch mechanism, 765 K
81— | m—m Bikas mechanism, 776 K
% -x Bikas mechanism, 765 K
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80.5

pressure [bar]

| | .
0.002 0.003 0.004

time after SOI [s]

Figure 1-ETH highpressure, high temperature test rig (HTDZ)Sensitivity of the pressureevolu-
tion predictions with respect to various initial air temperatures and two reduced chemical me-
chanisms.
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Optical data in the form of Mie scattering and shadowgraph images has been exploited to verify
liquid and gas phase spray penetrations, respectively and to calibrate the corresponding s pray
model constants. The chemiluminescence imaging data enabled comparisons of the ignition
location which exhibited strong sensitivity with respect to the choice of model, cf. Figure 2.
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Figure 2 - ETH highpressure, hightemperature test rig (HTDZ):Ignition location comparison by
means of Mean OH* ciemiluminescence signalaveraged from 48 individual realisations 2.5ms
after start of injection (upper left); simulated OH mass fraction (upper row) andmixture fraction
(lower row) iso-contours at the time of ignition for different atomisation models: Huh (left) Reitz-
Diwakar Model with 8 degrees (middle) and 5degrees cone angle (right).A reduced chemical me-
chanism [8] has been used at the nominal air temperature of 776&K.

This numerical sensitivity study has been published together with the experimental data in [1].

b. Large two-stroke marine Diesel engine reference experiment (SCC)

The CMC model showed feasibility w.r.t. thesapplica
tion model also to geometries which are several orders of magnitude large than the previous

investigations (500 mm combustion chamber diameter); the corresponding time scales are also

roughly one order of magnitude longer (25 ms injection duration).
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Figure 3- Pressure evolution for three different combustion models compared to experiment Full
injection/combustion duration (left), close -up of ignition and early combustion phase (right).

The CMC model has been compared to the Eddy-Break-Up (EBU, [9]) and the Extended Cohe-
rent Flame model (ECFM-3Z, [10]) by means of experimental pressure trace (Figure 3). Differ-
ences between the three models in the late phase of combustion from 10 ms onwards are neg-
ligible mainly due to the predominantly mixing controlled combustion characteristics. Differenc-
es become important for the prediction of ignition delay where the CMC approach showed a
clearly superior prediction capability.

The ability to include arbitrarily complex chemistry in CMC allows for inclusion of radical species
and soot precursor chemistry and hence provides an excellent platform for soot emission mod-
eling. Figure 4 below shows distributions of the acetylene species mass fraction together with
first results for soot mass fraction and number density. The modeling employs a two-equation
semi-empirical soot model following the approach from [11], using an acetylene based nuclea-
tion pathway.

The spatial distributions agree well with the conceptual morphology of sooting spray flames
observed in [12]. Quantitatively, the predicted values are plausible compared to ones put for-
ward in [13], despite the large differences in dimensions, since both results are for Diesel en-
gine relevant conditions.
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Figure 4 - Distribution in a section plot through the spray axis 4 ms after start of injection of the
acetylene soot precursor radical (left), the soot mass fraction (middle) and soot nhumber density
(right).

These findings have been displayed in an invited presentation reviewing recent developments and
application of CMC to two-phase configurations in [5].
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c. Liebherr D924 heavy-duty truck engine

The very first application of fully elliptic CMC to Diesel engine combustion with time-varying
geometries has been presented in [3]. Using data from [7], further validation work was carried
out for a total of 9 operating conditions from the European Steady Cycle test. These include a
wide range of engine operating conditions, namely two engine speeds, loads ranging from 25%
to full load at different injection pressures and timings and are summarised in Table 1.

Operating engine | start of injection injection
point load | RPM [CA aTDC] pressure [bar]

1 50% | 1250 -4 1400
2 25% | 1250 -3 520

3 25% | 1250 -4 1400
4 25% | 1250 0 1400
5 25% | 1250 -4 1100
6 50% | 1830 -4 1400
7 100% | 1250 -4 1400
8 75% | 1250 -7 800

9 100% | 1250 0 1100

Table 1- Engine operating conditions corresponding to a selection of the European Steady Cycle

test points.
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Figure 5 - Pressure traces and heat release rateBom 0D-CMC and 2BCMCcompared to the expe-
riment: Pressure traces together with the fuel injection rate (upper) and heat release rates (lower)
for operating points from Table 1 9 (left column), 6 (middle) and 3(right).
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In addition to the comparisons of the pressure traces as in [3], the rates of heat release were
also validated, for which Figure 5 shows an overview for a selection of the cases. Furthermore,
the availability of a detailed NO, sub-mechanism in the CMC code allowed for qualitatively en-
couraging predictions of the emission trends, which are presented in Figure 6. This study has
been successfully published in [4].

25% load 50% load high load
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Figure 6 - NO, predictions vs. experiment for OD- and 2D-CMC at 25% (left), 50% (middle) and
high load (right).

Since no exhaust gas recirculation (EGR) was applied in [4], it was of particular interest to as-
sess the predictive performance of the CMC with respect to NO, emissions with respect to the
chemical composition of the ambient. additional investigations have been performed at 25%
load for the same engine. Additional data for operating conditions with exhaust gas recirculation
has hence been employed for different levels of EGR for a 25% load operating condition. The
Engine speed is 1250 RPM for all five measurement points, the injection pressure is 1100 bar
and the start of injection (SOI) is set to 4 degrees crank angle before top dead center (TDC).
First results are presented below in Figure 7.
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Figure 7 - Heavy-duty truck engine: Influence of EGR on pressure traces (left, open symbols ea&p
riment, solid lines predictions), heat release rates (middle: upper 0% EGR, lower 43% EGR) and
NO, emissions (right).

Reasonable agreement of the predicted pressure trace can be observed compared to the expe-
rimental data. As can be seen from the heat release rates; the ignition delay is over-predicted
for the case without EGR, while for the 43% operating condition it is slightly und er-predicted.
For the latter, the peak heat release is also considerably underestimated. As a consequence,
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the absolute values of the computed NO, emissions are under-predicted for both conditions; the
trend however is well captured. Further efforts are required to identify the differences in the
heat release rate predictions and to assess the influence of EGR on NO, also for the remaining
conditions before conclusion can be drawn following these first but encouraging results.

These findings have been displayed in an invited presentation reviewing recent developments
and application of CMC to two-phase configurations in [5].

National and international collaborations

Co-funding from the Swiss Federal Office of Energy, Grant No. 102568, is gratefully acknowl-
edged. A highly fruitful collaboration with Wartsila Finnland within the HERCULES-b / CCE M
LERF project (Wartsila 6L20 Engine test bench at PSI) allows for optimal synergies. Fruitful
collaboration in the context of the HERCULES-b can further be confirmed, leading to the availa-
bility of high fidelity validation data from partner Wartsila Switzerland, Ltd. for an in-house large
two-stroke marine diesel engine reference experimental facility.
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Task 1 B : Dedicated single-cylinder research engine with partial optical access (ETHZ/LAV)
This task refers to the generation of detailed data through non-intrusive, both optical and non-optical methods in
order to be able to validate the computational models of the previous task. The experiments will be carried out
at the dedicated single-cylinder research engine with partial optical access and at the single-shot compression
machine, both at LAV/ETHZ.

Reference to Task 2B

Scope of activities

2. Single Cylinder Research Engine

The new test facility i based on a MTU 396 engine, with 185 mm bore and 165 mm stroke, (dis-
placement volume roughly 4 liters) is equipped with a compensating shaft. During the progress of
this project the compensation system was improved and optimised by the LAV staff and the
engine was equipped with a common rail injection system.

The test bench is equipped with a steam supply and external charging to condition the tempera-
ture and pressure of the intake air. A powerful electric motor allows the combustion engine to be
motored up to engine speeds of 1400 revolutions per minute (RPM). For engine start-up a
pneumatic starter, providing high levels of torque, is required to assist the electric motor.

Figure 8 shows an overview of the engine test bench including all necessary external systems.
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Figure 8: Schematic design of the MTU test facility at LAV.
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The actual assembly of the MTU test facility at LAV is shown in Figure 9 and the EGR unit in
Figure 10. What is missing on the pictures is the steam heater, the pressure regulator and the
start air container which are in the back of the photographer.

r z

Pumping station to
the exhaust gas
analvzer

Figure 9: Actual pictureo the MTU test facility.
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=~ EGR Cooler
’
Particle Filter

Figure 10: EGR Unit

1. The modifications to the base engine

d. Injection System

The biggest modification made to the test engine was the replacement of the conventional injec-
tion system by a highly flexible common-rail fuel injection configuration, which has been suc-
cessfully tested. The reason to assemble the engine with the conventional system first, was the
lack of available injectors meeting the geometrical requirements to be inserted into the same
adaptor as the original injector, or in an adapted cylinder head keeping the recommended wall
thickness respectively. An additional requirement was to fit it between the valvetrain (4-valve
system with pushrods). Finally the realisation was possible with a Common rail injector for me-
dium duty diesel engines made by Ganser CRS AG. The rail is included in this injector and
therefore itds very |l ong. T h e rmraaxd theanjectar tig i€ wery
flexible. The spray angles, number and diameter of the holes where chosen according to MTU
396 conventional injection and information obtained from the replacement engine to the MTU
396 (which has Common Rail injection). A comparison between the conventional injector and
the newly designed common rail injector can be seen in Figure 11 and Figure 12.
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Figure 12: Comparison of the Cylinder head with the conventional injector and the adjusted cylin-
der head with the future common rail injector.

e. Intake Air System

Some modifications were made to the intake air system which now allows a fully variable control
of intake temperature (roughly between 20 °C up to around 100°C) and pressure (from ambient
to 6bar) and is capable of providing cooled exhaust gas recirculation. The exhaust gas recircu-
lation module is complete but could not be tested yet due to the missing integration in the SPS

surveillance system.
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c. Exhaust gas recirculation (EGR)

The test facility is equipped with a sophisticated EGR i system, consisting of an exhaust gas
filter/cooler and a roots compressor. This configuration allows a random adjustment of the inlet-
to outlet pressure ratio. The components can be seen in Figure 13. The throttle is used in com-
bination with the roots compressor to regulate the EGR amount. The particle filter is needed to
prevent the compressor from damages. A picture of the EGR Unit is shown in Figure 14.

| o Airintake
Engine
Compressor
T Exhaust
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Filter 1

Exhaust Gas Recirculation
System

Figure 13: Schematic view of the EGR system

Figure 14: EGR Unit
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d. Access for both minimal invasive optical and non optical methods

Instead of an exhaust valve, a universal adapter is mounted, which allows a fast change of the fast
sample valve to alternative optical sensors.

Figure 15 shows the assembly of the fast sampling valve in place of one exhaust valve and the design
of the adapter.

Fast sampling valve

General purpose adaptor
Inplace of an exhaust-valve

Figure 15 Access to de piston bowl
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Figure 16 shows the reachable regions of the valves tip in the piston bowl.

Piston-Bowl

Possible position of
probe-tip

™~

Fuel-Injection

Figure 16: Reachable regions of the valve tip

The assembly of the fast sampling valve and the first trials are scheduled for the first quarter of
2011.
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e. Successful countermeasures against engine vibrations

During the engine run-in period, unusual vibrations were detected at certain engine speeds.
One reason for these vibrations was a defective speed regulator of the brake. Since the brake is
rather old a replacement of the whole system was considered, but in the end a suitable
controller was found which allowed for replacement of this component only.

Although equipped with four balancer shafts, the engine was still heavily shaking. The magni-
tude of the vibrations was sufficient to damage mounting screws, connecting pipes and covers
to the extent that no reliable measurements could be recorded. To investigate the source of
these vibrations a detailed analysis by means of accelerometers was conducted while motoring
the engine without load. The data collected show clearly that the balancing mechanism is over-
compensating the oscillatory forces from the crank train. Additionally at certain engine speeds,
an excitation frequency of 60 times the engine speed is established. Together with the fourth
harmonic of the engine speed in engine transversal-direction (denoted by the x-direction in Fig-
ure 17), the corresponding forces lead to the excessive forces causing the aforementioned
damages.

To further clarify the issue and in order to enable a comparison, the same measurements were
carried out without the balancing shafts by removing the driving chain. As can be seen in Figure
17, the fourth harmonic amplitudes causing the destructive vibrations are no longer present.
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Figure 17: Accelerations at the engine in x- and z- direction for measurements with and without

balancing mechanism
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The most plausible explanations for these vibrations are on one hand the crankshaft sprocket
which has 60 teeth. These possible disturbances are most likely amplified by the drive chain of the
balancer shafts. On the other hand the fourth harmonic of the engine speed is assumed to lie in
the nature of the balancing mechanism itself which is excited by its drive chain since the latter
undergoes four different tension states in one rotation of the crankshaft. The balancing mechanism
consists of 2 sets of 2 balancing weights. One pair is rotating at engine speed, the other pair at
twice the engine speed. This leads to state one: all four weights need to be lifted, state two: the
slow weights need to be lifted, the fast ones to be held back, state three: the fast weights need to
be lifted, the slow weights to be held back and finally, state four: all weights need to be held back.
Analysis of the four balancing weights resulted in a necessary modification. The resulting
vibrations can be seen in Figure 18.
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Figure 18: Vibrations at the MTU-396 engine with modified balancing weights. Along z-axis (above)
and along x-axis (below).

2. Experiments

A series of experiments had been executed on the test facility. A representative sample of the
results is described and commented in section Task 2B.
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Task 1 C: Laseroptical spectroscopic measurements (PSI)

Laseroptical spectroscopic measurements will be carried out by the Combustion Research Laboratory of PSI at
the High-T/High-pressure spray combustion cell at PSI and in a second phase at the single-shot-compression-
machine at ETHZ. The scope is to identify spatial distribution and temporal evolution of NOx and soot concen-
tration during combustion.

TWO-DIMENSIONAL NO LIF THERMOMETRY

Temperature is the key parameter of the flame that defines chemical reaction rates. It is therefore
important for combustion diagnostics to obtain spatially resolved data on flame temperature. Several
laser-based methods allow non-intrusive temperature measurement in flames, although none is uni-
versally accepted. Coherent Anti-Stokes Raman Spectroscopy (CARS) [1] was a de-facto standard
tool for point measurements but it has now lost its dominance in favour of two-dimensional methods
that allow better comparison with flame simulations. The variety of these methods indicates that each
has some limitations. Rayleigh scattering [2] is used only for open flames where light scattering can be
avoided. Laser-Induced Fluorescence (LIF) methods require having a fluorescing species in flame.
The most prominent target for LIF measurements is OH radical[3]. Temperature can be calculated
from relative intensity of different rotational lines assuming it is in equilibrium with an environment.
However, temperature cannot be measured in colder regions because there is no OH formed yet.
Complementary methods use organic tracers such as toluene[4] or acetone[5] to measure tempera-
tures up to 1000K but due to complicated spectra of large molecules these methods require calibra-
tion.

Lee et al. suggested to use nitric oxide as a temperature tracer[6]. Despite being a radical, NO is rela-
tively inert at low temperatures and can be mixed with the fuel. In the flame front NO can react with
CH radical (a process that is known as reburn) but produced HCN is quickly reoxidized back to NO.
Tamura[7] calculated that at least 85% of initial NO concentration persists in the exhaust gas of
stoichiometric and lean flames. Low amounts of NO have no influence on the total energy balance and
seeding up to 1000 ppm NO does not alter the temperature measured in the post-flame region [8, 9].
Similar to OH, temperature is calculated based on a relative intensity of different rotational lines. Rota-
tional levels are populated according to Boltzmann law and the intensity of spectral lines depends on
temperature. Other factors influencing spectral line intensity, such as concentration of NO molecules,
laser intensity and quenching rate, are the same for different rotational lines (it has been shown that
quenching rate does not strongly depend on the rotational number J[10]) and thus can be taken into
account by measuring several rotational lines.

First temperature measurements using NO LIF were done using a two-line method[6]. Here, two lines
were selected in the rotational spectrum such that their relative intensity was a unique function of tem-
perature in a broad temperature range. Fundamental factors that limit the accuracy of this method are
fluorescence contribution of other species to one or both lines and collisional broadening. Already at

5 bar spectral lines start to blend together and it is no longer possible to measure their individual in-
tensities.

More robust approach is to record a continuous part of the NO spectrum and fit it with a simulated
spectrum using temperature as one of the fit parameters. It takes into account linewidth which is an-
other temperature-dependent parameter. Bessler et al.[11] developed a versatile tool for simulating
and fitting of NO spectra called LIFSIM and it was used in the current project.

Hardware for 2D NO LIF thermometry

Origin band of the first electronic transition of NO is located around 226 nm. Tunable laser radiation
around 574 nm was generated by Quantel TDL90 dye laser pumped with Quantel YG981 YAG laser.
The laser light then passed two KDP crystals for frequency doubling and then mixing with 1064 nm
light of the YAG laser. Before entering the measurement volume the laser was stretched in a vertical
sheet using two cylindrical lenses.

A mixture of 2% NO in nitrogen was added to the fuel so that the concentration of NO in the combus-
tor could be varied between 10 and 600 ppm.

The fluorescence was collected at the right angle to the laser sheet with an intensified CCD camera
equipped with a Halle 100 mm /2 UV lens. An arrangement of four dichroic mirrors was used as a
spectral filter in the range 245..280 nm that covers 0i 2, 0i 3, 07 4 and 0i 5 vibrational bands of NO.
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Depending on flame conditions, a sequence of 50 to 200 LIF images was taken while scanning the
laser wavelength. Each image has to be an average of 10 to 40 laser shots to compensate for strong
fluctuations of the laser power. Acquiring one sequence took from 60 seconds up to 5 minutes.
Data processing was done in MATLAB. All acquired images were combined in one file containing a
wavelength scan for every pixel of the image. This file was used as an input to the LIFSIM fitting rou-
tine. For proper fitting it is important to specify noise characteristics of spectra. A series of images at
constant wavelength was recorded and a standard deviation of pixel intensity was calculated as a
function of average pixel intensity. This, along with laser line width, detection curve and flame condi-
tions was used as an input for LIFSIM fitting.
Fit results were converted with a MATLAB routine to a 2D matrix of temperature values.
The method was first tested on a small-scale McKenna-type high-pressure burner. Seeded NO could
be observed in the exhaust gas region for air-to-f u e | ratio o above 0.85 whereas
of NO had been consumed in the flame front. Figure 1 shows measured exhaust gas temperature 5
mm above the burner as a function of air-to-fuel ratio for a methane-air flame at 16 bar. Calculated
adiabatic flame temperatures given as a reference are in good agreement with measured values.
2400

2300 —e— adiabatic
—=— LIFSIM fit

2200 A
2100 -

2000 A

temperature, K

1900 A

1800 A

1700 T T T T
0.7 0.9 11 13 15
air-to-fuel ratio
Figure 1. Temperature 5 mm above a flat premixed flame measured using NO LIF thermometry.
Adiabat i c fl ame temperatures for different & are gi v

Since this burner produces a flat, uniform flame the precision of temperature measurements could be
assessed by looking at a 10x10 pixel part of a temperature profile. For pressures up to 16 bar the
standard deviation of temperature was in the range of 50 to 70 K. The accuracy of the method, how-
ever, can be proven only by having another reliable data on temperature field. Such data is available
for another combustor at Combustion Research Laboratory of PSI. The flame is confined between two
heated plates fitted with numerous thermocouples and with the in-house developed 2-D simulation
code[12] it is possible to simulate temperature profiles inside the combustor quite accurately.

First measurements have been done on an air flow through the preheated combustor. Without any
chemistry processes, calculated temperatures are expected to be accurate within few degrees. Fig-
ure 2 shows a temperature profile at atmospheric pressure. The vertical axis is expanded 10 times
compared to the horizontal axis for better visualization of temperature gradients. The same applies to
the grid spacing in the simulation.
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Figure 2. Temperature of air flowing thro'ugh the heated combustor at 1 bar as given by simulation
(top) and fitted LIF data (bottom). Temperature profiles were taken along white lines (see
next Figure).

Several temperature profiles along and across the combustor are shown for a quantitative comparison
of measured and simulated data (Fig. 3).
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Figure 3. Measured (solid) and simulated (dashed lines) temperature profiles taken along (left) and
across (right) the heated reactor.

The agreement between the simulation and the measurement is very good with the exception of the
region near the hot plates. The likely reason for that is steep temperature gradient that distorts ob-
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served image. Otherwise the two data sets do not differ by more than 50 degrees and there is no evi-
dent bias of measured temperature values.

Similar measurements have been performed at 3 and 10 bar (Fig. 4) to illustrate the effect of pressure
broadening on measurement accuracy. The simulation of these conditions is still in progress but one
can see that at 10 bar the temperature fit has failed at some regions. At low temperature and high
pressure the number density of molecules is particularly high resulting in strong collisional broadening
of NO LIF spectra.

3 bar

10 bar

Figure 4. Temperature of air flowing through the heated combustor at elevated pressure.

Next set of temperature measurements was performed in the flame that was stabilized between
heated plates of the combustor. L e ally dilmted witha&0%eof ai r mi xt
N2 in order to protect the combustor from overheating. Inhibition of methane oxidation under such
conditions has been attributed to heterogeneous reactions with walls[13]. We discovered that seeding
as little as 10 ppm of NO significantly accelerated methane oxidation and caused flashbacks. This
effect of NO on methane flame chemistry has been observed by Bromly[14] and it was attributed to
the reaction of NO with CH;0,:

CH3;O0,+ NO 20 €MD,

On one hand, sensitizing effect of NO helped us to stabilize the flame at the conditions that we could
not reach without it. On the other hand, it is necessary to define the extend to which the method of NO
LIF thermometry can be considered as nonintrusive. In any way, the simulation code has do be ex-
tended with chemical kinetic model that can take this effect into account [15].

3 bar

5 bar

10 bar

Figure 5. Temperature of lean diluted methane flames at elevated pressures.

Results of temperature measurements (Fig. 5) indicate that the precision gets worse as the pressure
is increased. Nevertheless, it remains at acceptable level to be compared with upcoming simulations.
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