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Modelling soot 
formation in direct 
injection SI engines
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George Brownbridge, Andrew Smallbone, 
University of Cambridge

Antonis Dris, Robert McDavid

Applied Research Europe, Caterpillar Inc.

Vorführender
Präsentationsnotizen
Good morning, my name is …. Today, I’m going to talk about some progress we have made in modelling soot formation in direct injection spark ignition engines, and also diesel engines, and also in more general terms about some of the issues encountered, and possible solutions.



Many people have contributed to this work, such as several PhD students and postdocs in my group, the computational modelling group here in Cambridge. Some engine data used in this work was provided by Nick Collings’ group here in the department, and some parts of the work have been supported by Caterpillar and TSB.



Amit Bhave
ab349@cam.ac.uk

Stochastic Reactor Model (SRM)

• Closed-volume in- 
cylinder processes.

• Turbulent mixing, heat 
transfer, direct injection, 
piston movement, spark 
ignition, soot formation.

• Detailed chemical model 
- 208 species, 1002 
reactions

Test case: 
PFI and DI at 40 CAD BTDC

Vorführender
Präsentationsnotizen
As some of you may know from my presentations at this meeting in previous years, we have developed an engine simulation code, called SRM, which focuses on in-cylinder combustion during the closed-volume part of the cycle. This model quite strongly simplifies the representation of the turbulent flow fields inside the cylinder, but is capable of capturing stratification in temperature and composition, not dissimilar to a multi-zone model. It has sub-models for turbulent mixing, convective heat transfer, direct injection, and soot formation, and most recently also spark ignition and flame propagation. One of the strongest parts of the model is its use of detailed chemical kinetics. In this work, we used a mechanism for primary reference fuels which also includes full nitrogen chemistry as well as chemistry for soot precursors, i.e. small Polycyclic Aromatic Hydrocarbons (PAHs) up to seven aromatic rings (coronene).



Now, without boring you with mathematical details, it is perhaps more insightful to watch the model at work. Here you will see a movie of the in-cylinder charge in a diagram showing equivalence ratio versus temperature (sometimes referred to as Kamimoto diagram).



The engine is a partially premixed compression ignition engine. 80% of the fuel mass are port-injected (or very early direct injected), so that it’s premixed at an equivalence ratio of Phi=0.4. And then there is a direct injection of about 20% of the fuel at 40 CAD BTDC, which brings the overall Phi to about 0.5.



The movie shows the time evolution of the cylinder charge in temperature-equivalence ratio phase space, and each of these blob represents a zone inside the cylinder (a computational cell), or a “fluid parcel”. When the movie starts, you will see an overall slow movement of the parcels to the right/left which is simply heating/cooling due to compression/expansion (piston movement). You can also see the injection, due to which some fluid parcels become richer (move upward), and colder (move left) due to evaporative charge cooling (cooling of charge inside the cylinder due to evaporation of liquid fuel droplets). You can also observe the effects of turbulent mixing, which makes the fluid parcels move towards each other (and the richer ones become leaner) as time progresses. In this case, with this injection timing, there is enough time, i.e. injection is early enough, so that by the time auto-ignition occurs, the charge is sufficiently lean that no soot is formed. The sooting regime is roughly in this region: 2<Phi<4, 1500 K<T<2500 K. Also note that richer parcels ignite to higher peak temperatures – these are the ones producing NOx emissions.



[Optional: point out EMST (Euclidian Minimum Spanning Tree [Pope]) mixing – particles mix with neighbours in phase space, intermittently (there is a stochastic process in the model which imitates intermittency, i.e. particles switch between turbulent (mixing) and laminar (non-mixing) states).]
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SRM-SI

BURNED

ENTRAINED

UNBURNED

Vorführender
Präsentationsnotizen
Now, one of the most recent additions to SRM is a model to simulate SI combustion. This is how it works. The cylinder charge is divided into three zones, an “unburnt”, “entrained”, and a “burned” zone.  I’ll explain their purpose on the next slide. Turbulent mixing is then restricted to occur only within each of these zones, but not between them. Moving fluid particles from zone to zone is precisely what corresponds to propagation of the flame front.



Amit Bhave
ab349@cam.ac.uk

SI model

Vorführender
Präsentationsnotizen
In order to calculate the flame speed, we use a standard empirical expression from the literature. From this, as time progresses, we work out what the radius of the flame is, assuming it’s spherical. Based on this, we can work out when a new fluid parcel is “hit” by the flame, which is when the particle is moved from the unburned to the entrained zone.



Amit Bhave
ab349@cam.ac.uk

SI model

Vorführender
Präsentationsnotizen
The newly entrained (cold) particles then mix with the (hot) flame, and ignite as a consequence. When the heat release rate drops below a certain value, the particle is moved to the burned zone.



Amit Bhave
ab349@cam.ac.uk

SI model

Vorführender
Präsentationsnotizen
Note that during this entire process, the detailed kinetics are used to keep track of the chemical composition, so we will be able to look at NOx emissions for example.



Amit Bhave
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SI engine CCV

Cycle-to-cycle variation (CCV)

Hao Wu and Nick Collings
Hopkinson Laboratory

Vorführender
Präsentationsnotizen
Now, as there are plenty of simplifying model assumptions in the new SI model, we need to validate it against experimental data. We did that using data kindly provided by Nick Collings and his PhD student Hao Wu, from their engine right here in the Engineering Department. It’s a Ford 2-litre engine, operated with conventional gasoline at 1500 RPM, at stoichiometric condition. This high rate of trapped residuals (internal EGR) is due to the valve timing, which is because the engine was set up for a study of SI-HCCI transitions, but that’s another story.



Here, we only looked at steady-state SI operation. But even in steady state, in this condition there were non-negligible cycle-to-cycle variations, which is shown here in the graph on the left. The graph shows the distribution of peak pressures over 100 cycles, roughly matching a normal distribution.



Amit Bhave
ab349@cam.ac.uk

SI model calibration

• Constant, C, calibrated to 
match representative slow, 
medium and fast cycles.

• Characteristic flame speed 
obtained from:

Vorführender
Präsentationsnotizen
If we look at the pressure profiles of individual cycles, the cycle-to-cycle variation manifests itself in how rapidly the charge seems to combust. Shown here are three selected pressure profiles from “fast”, “medium”, and “slow” cycles. So, at this superficial level, one can model this simply by assuming different apparent flame speeds. These were matched by changing the proportionality constant in the empirical flame speed correlation. Having packaged the whole phenomenon of CCVs into this constant, the question then must be, what is the distribution of Cs?



Amit Bhave
ab349@cam.ac.uk

Multi-cycle SI simulation

• Model coupled to GT-Power for 
multi-cycle simulation.

• 50 simulated and 96 experimental 
cycles.

• NOx emissions:

- 790 ppm simulation

- 530 ppm experiment

Vorführender
Präsentationsnotizen
We then coupled our in-cylinder combustion model, the SRM, to a commercial program, called GT-Power, which enables full-cycle, multi-cycle simulations of the whole engine, including breathing, i.e. intake and exhaust. In particular, trapped residuals from the previous cycle can be recirculated into the next. Shown here on the left is a scatter plot of the peak pressure occurring in a cycle versus the crank angle at which it occurs, both experimental (96 cycles) as well as simulated (50 cycles). As the temperature and chemical composition varies each cycle and affects the following cycle, the simulated points are quite scattered (similar to the experiment). This is an important improvement compared to other, previous models of CCVs, which simply produce a plot where all the points fall on a (more or less straight) line. This improvement is mainly due to the use of detailed chemistry.



[Not for presenting: UHC was 20, 3113 ppm in sim and exp respectively. CO was 487, 4772 ppm in sim and exp respectively. The poor UHC and CO emissions were due to a bug in the crevice code. After fixing, values are much higher as crevice was previously not taken into account, however this work was not repeated with the corrected code.]
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DISI engine

• Late injection 
produces stratified 
mixture.

• Fuel rich regions 
close to spark gap.

Image from www.engineforall.com

Vorführender
Präsentationsnotizen
Now, so far, we only talked about pure SI, i.e. fully premixed operation. Combining this with direct injection, in Direct Injection Spark Ignition (DISI) engines, can offer up to 25% improvement in fuel economy compared with port-fuel injected (PFI) SI engines. This is mainly achieved through reductions in pumping and heat losses when operated unthrottled at low to mid loads. One of the drawbacks however is the increase in particulate emissions formed by combustion of fuel rich regions in the cylinder, as the injector and spark plug are located quite close to one another, as shown here.
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DISI engine experiments

• Data from Maricq et al., 
SAE 1999-01-1530.

• Fuel comprised of 60% 
paraffin and 40% aromatic 
compounds.

• Fuel modelled as 60% iso- 
octane and 40% toluene.

• Exhaust measurements for 
various injection timings.

1500 RPM, Φ=0.58 (global)

Vorführender
Präsentationsnotizen
Now, in order to look at soot formation in DISI engines, we took data from the literature, an SAE paper by Maricq and coworkers (M. Matti Maricq, Diane H. Podsiadlik, Diana D. Brehob, Mohammad Haghgooie). They measured particle size distributions and emissions from the exhaust gas of a 4-cylinder DISI engine at various injection and spark timings. The engine was operated at 1500 RPM with an overall lean fuel air equivalence ratio of 0.58. The specifications of the engine are roughly similar to the one we validated our SI model against. The fuel was only described as containing 60% paraffinic and 40% aromatic compounds, which we chose to represent by 60% iso-octane and 40% toluene.



The engine was operated at a range of injection timings, and for each case, the spark timing was adjusted to achieve maximum brake torque (MBT) without causing knock. There are five cases, listed in this table, with different timings for the End Of Injection and the spark. Notice the end of injection varies between 50 and 80 degrees before top dead centre, and the spark timing between 20 and 30 degrees before top dead centre.
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DISI engine simulation results

S
tr

at
ifi

ca
tio

n

EOI (BTDC) Spark timing (BTDC)

Vorführender
Präsentationsnotizen
Simulations were run for each of these five cases with identical input parameters, apart from injection and spark timing which were as given on the previous slide. The figure shows how, in the simulation, the stratification evolves in time and how it is affected by the injection timing. At the time when the spark is initiated, the distribution of equivalence ratios is shown to be broader (i.e. the charge is more stratified) the later the injection is scheduled, as would be expected.



[not for presenting: 700 SRM particles were used]
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DISI engine emissions

Experiment Simulation

Vorführender
Präsentationsnotizen
These figures compare some emissions from the engine when the EOI timing was varied in the experiments and simulations, though, the experimental values are exhaust-out whereas the simulated ones are engine-out (at Exhaust Valve Opening). This is only our first attempt at detailed modelling of DISI emissions, so the agreement is not as good as one might hope. However, at least some of the trends go in the right direction: It was found in both experiment and simulation that retarding the injection (moving to the left!) caused an increase in CO and particle number and a decrease in NOx emissions. This is due to an increase in the stratification of the cylinder charge as the injection timing was retarded. The higher stratification resulted in richer regions in the cylinder during combustion producing more CO and particles from incomplete combustion. The decrease in NOx is believed to be due to the lower combustion temperatures reached in the rich and lean combustion that occurs due to stratification.



The experimental UHC emissions increased as the injection was retarded. This was the opposite to the trend produced by the simulation. The model does not account for wall impingement, which is likely to cause UHC emissions in the experiment. It may also be related to issues with the crevice model.



Amit Bhave
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Particle size distributions

Experiment Simulation

Vorführender
Präsentationsnotizen
Comparing particle size distributions, we note once again that while the agreement is admittedly not satisfactory, the trend is correctly reproduced. Both experiment and simulation show that retarding the injection timing causes an increase in number density and size of particles. The injection timing has less of an effect on the number of smaller particles in the simulation compared with the experiment. One should keep in mind that the experimental measurements are taken exhaust-out, whereas the simulation results are engine-out (at EVO). Between the exhaust valve and the tail pipe, no new soot particles are formed, and a great deal of coagulation occurs. Also remember that the residence time there is large compared to in-cylinder timescales. So, for a fairer comparison, in the right figure, one can imagine all the mass present in the small particles should be moved towards larger sizes.



Amit Bhave
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Soot in DISI engine

12.6 CAD ATDC 32.6 CAD ATDC2.6 CAD ATDC

Vorführender
Präsentationsnotizen
Without going into detail about the soot model, the main feature to be remembered is that it is highly detailed, containing a large number of variables describing morphology and chemical composition. These are just a few examples of TEM-style renderings of soot particles generated by the model at different times during the cycle, so you can see how they grow in size and number of primary particles.
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Temporal evolution (late injection)

Vorführender
Präsentationsnotizen
In order to better understand what is going on, let’s look at how the distribution of temperature and equivalence ratio evolves for the -50EOI, -19 spark case (the most stratified). Initially the injection occurs. The high stratification in equivalence ratio caused by the injection can be seen. The particles with a higher equivalence ratio are at a lower temperature due to fuel evaporation. At the spark timing, it can be seen the overall temperature has increased due to compression and the range of equivalence ratios has decreased due to mixing. The stratification continues to decrease and at TDC a fraction of the particles have burned. Once can see nicely how the flame propagates through the charge as the number of high temperature particles increases. The particles with equivalence ratios closer to stoichiometric reach a higher temperature as expected. Soot forms in the richer particles that are entrained early on when the temperature is high (before the piston decompresses the charge). On the right, you can see the size distribution of the soot particles as it evolves.



Amit Bhave
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Comparison early/late injection
EOI -80 CAD ATDC

Spark -31 CAD ATDC
EOI -50 CAD ATDC

Spark -19 CAD ATDC

Vorführender
Präsentationsnotizen
[start both movies separately!] This is a comparison of the earliest and latest injection cases. For the late injection case, when the spark is initiated, the mixture can be seen to be much more stratified (a broader range of equivalence ratios). This also implies that some regions (particles) are much richer, leading to more soot formation, as one would expect.
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• Experimental data in a variety of formats, sometimes largely 
unstructured, often incomplete

• Uncertainties/errors associated with experimental data 
typically unknown or unavailable

• Too many models and “tuneable”/unknown model parameters

• How “good” (or not) is a particular model?

SAE2010-01-0152

Problem

Current engine model development

=> Ad hoc, fragmented, short-term approach

Vorführender
Präsentationsnotizen
Now, in this second part of the talk, I would like to discuss some of the difficulties with engine modelling more generally. As is widely known, and as we’ve seen in the results just shown, models do not reflect reality perfectly (by any means, particularly engine models). There are many reasons for this, but let me pick out a few particular ones. Ultimately, any model is at best only as good as the experimental data used to validate it. For this reason, it is essential to use as much data from as many different sources as possible. The problem then is that everyone uses their own way of storing the data, often unstructured in text files or Excel sheets, with frequently many pieces of information missing. Importantly, what’s usually missing is any sort of information on how accurately measured values are known (no error bars). On the modelling side, complex models (of which there are many) tend to have a large number of model parameters, about most of which little to no information is available, especially when detailed chemical kinetics is included. Perhaps most importantly, given the experimental values and the confidence level at which these are known, how likely is it that a particular model captures certain features of the data? In practice, as a rule, this last question cannot be answered.



In summary, this kind of approach, which is currently the state of affairs in almost all areas of engineering, short-sighted, incoherent, without sustainable value.



Amit Bhave
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Solution: Process Informatics

• Effective use of cost-intensive 
experimental data through data 
standardisation

• Systematic and robust model 
development through systematic 
optimisation, taking into account 
uncertainties

• Suggesting “useful” future experiments 

SAE2010-01-0152

SAE 2010-01-0152

We need a robust integrated methodology to help us 
work systematically and efficiently:

Vorführender
Präsentationsnotizen
A possible solution is to build an infrastructure which helps us to work systematically and efficiently. The centrepiece of this, the foundation everything else is built upon, is a standardized data storage. With that in place, one can use it to systematically optimize models, taking into account uncertainties in measured values. This could even be used in future to suggest experiments which maximize information gain.
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Consistent format
• point data (e.g. rpm, CO, ul ) 
• time resolved data (p-CA)
• apparatus (production engine, research engine)
• errors
• data type (consistent units)
• raw or processed 
• experimental or model

eXtensible Markup Language (XML)
• machine and human readable, tagged with metadata
• highly structured (tree), easily queried
• can be validated against schema

Easily accessible database
• read by model code
• data stored consistently 
• old data never “lost”

SAE2010-01-0152

A data model: engineML

Vorführender
Präsentationsnotizen
The data model, the standardised format, we developed is called Engine Markup Language, or engineML. It can store all kinds of engine information and data, including profiles as functions of crank or cam angles, and raw or processed data, no matter whether this data comes from an experiment or from a simulation. Physical units are stored as well, enabling for example automatic conversion between units. Crucially, error bars associated to every quantity can also be stored.



EngineML is formulated in the XML language (eXtensible Markup Language). The main strengths of this language are that it is readable by humans as well as computers (through added metadata), it is highly structured (as a tree) and therefore suitable for database queries, and the correctness of any file can be checked using so-called schemas.



Amit Bhave
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SAE2010-01-0152

General data

Vorführender
Präsentationsnotizen
This gives an overview of general engine data stored in engineML, that is general information like the date of the study or the engine make, and variables which typically don’t change during a study, like bore and stroke for example. This is flexible, though, so that things that might be fixed during one study, say an intake valve lift profile, can be varied in another study, where variable valve profiles are to be studied. This minimizes redundancy in storing data and there for reduces storage requirements, which can be important for engine labs with many test cells and several workers producing large amounts of data on a daily basis.
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SAE2010-01-0152

Case data

Vorführender
Präsentationsnotizen
This gives an overview of case-specific data, that is engine variables which change from operating point to operating point, or from cycle to cycle. Typically, this includes for example speed, load, the pressure profile, injected fuel mass, emissions, etc. Once again, this is flexible, as many quantities measured or varied in one study might not be in another study.



Amit Bhave
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SAE2010-01-0152

Data visualisation

Vorführender
Präsentationsnotizen
Once data files are stored in this format, it is obviously important to be able to manipulate them, i.e. browse the data, look at it, and process it further. For this, we have developed a Graphical User Interface (in Java).
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What is the best way to fit these parameters?

• As many data points as possible

• Uncertainties in experimental data as well as model parameters 
must be accounted for

• Use experimental data to reduce model parameter uncertainties

• Use experimental and model uncertainties to identify possible 
outliers in the data, or model shortcomings

SAE2010-01-0152

Model parameter optimisation

We must accept that model parameters exist 
and have to be tuned to experimental data!

Vorführender
Präsentationsnotizen
A main application of this methodology and infrastructure is the optimisation of model parameters. One should emphasise that, despite best efforts to model from first principles, for practical applications it is almost always unavoidable to have parameters in the models which need to be tuned. This is particularly true of engine modelling.



Once again, fitting parameters to data is done best systematically, for example using the methodology described on the previous slides.
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Empirical soot model (Plee):

SAE2010-01-0152

[ ] expB C

f

Dsoot g A mps phi
T
 

      
 

Application: Diesel soot

Optimised parameters A, B, C, D, 
against database of
503 operating points from 7 engines

Vorführender
Präsentationsnotizen
One of the key benefits of accounting for uncertainties is the possibility of identifying quantitatively where model and data are incompatible. In this example, we considered an empirical soot model from the literature (by Plee) with four parameters. These four parameters were optimized against a database of 503 operating points from 7 different engines. We found that the model agrees with the data within the ranges of uncertainty most of the time, but not, for example, at data point 9.
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Example engine

Vorführender
Präsentationsnotizen
It is perhaps enlightening to see what happens as new data is added to an existing pair of data and model. Shown here are a set of operating points against measured and modelled soot data. The model is the same as in the previous slide, but it’s a different dataset and engine.
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Parameter optimisation

Vorführender
Präsentationsnotizen
This graph shows optimal parameter values depending on how many operating points are included in the procedure. Including more operating points lets the parameter values “converge” to some value, with smaller and smaller error bars.
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Add data from second engine

Vorführender
Präsentationsnotizen
Including a second dataset from a different engine then changes the parameter values and their error bars (some more than others). This can help pinpointing weaknesses in the model.
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Add data from second engine

Vorführender
Präsentationsnotizen
Or also, which operating points might need to be revisited, potentially identifying outliers in the data.
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• Results of detailed soot modelling in a DISI engine have been 
presented.

• A Process Informatics based methodology has been proposed for 
robust engine model development.

• A standardised, machine-readable format, engineML, has been 
presented.

• Optimisation results including model parameter and experimental 
uncertainties have been presented for an empirical diesel soot model.

SAE2010-01-0152

Summary
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http://como.cheng.cam.ac.uk

Thank you!

Vorführender
Präsentationsnotizen
A great deal of material can be found on our website, e.g.:

Preprints

Publications

Software

Soot database

Engine database
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Additional Slides
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SI model calibration
• Relation between C and the peak pressure obtained.

• Used with peak pressure distribution to provide C during each 
cycle of a multi-cycle simulation.

Vorführender
Präsentationsnotizen
This question can be answered using the experimentally observed distribution of peak pressures shown earlier (shown again here on the right for convenience). In order to obtain a relation between the peak pressure and C, we ran a number of simulations with different Cs, and plotted it against the peak pressure. Fitting a cubic to this then enables us to generate distributions of C based on the fitted normal distribution of peak pressures. Having this information, at the beginning of each cycle, we sample from this distribution to obtain a value of C.


	Return by e-mail latest 20th of May 2010 to
	Bhave A..pdf
	Modelling soot formation in direct injection SI engines
	Stochastic Reactor Model (SRM)
	SRM-SI
	SI model
	SI model
	SI model
	SI engine CCV
	SI model calibration
	Multi-cycle SI simulation
	DISI engine
	DISI engine experiments
	DISI engine simulation results
	DISI engine emissions
	Particle size distributions
	Soot in DISI engine
	Temporal evolution (late injection)
	Comparison early/late injection
	Foliennummer 18
	Solution: Process Informatics
	Foliennummer 22
	Foliennummer 23
	Foliennummer 24
	Foliennummer 25
	Foliennummer 26
	Foliennummer 27
	Foliennummer 28
	Foliennummer 29
	Foliennummer 30
	Foliennummer 31
	Foliennummer 32
	Thank you!
	Foliennummer 34
	SI model calibration




