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Abstract 


Environmental issues and overall efforts to achieve a sustainable energy supply require power 
plant operators to increasingly consider utilization of biomass fuels. However, many such 
fuels result in production of alkali chlorides such as potassium- and sodium-chloride (KCl and 
NaCl) during combustion in power plant boilers. Alkali chlorides are key components for 
slagging and fouling in power plant boilers and also affect heat exchange surfaces. In 
addition, chlorine exposure increases the risk of corrosion on furnace walls, super heaters, and 
economizers. Minimizing alakali-cloride problems will thus increase operational time, 
improve steam data, and reduce maintenance costs. 


While problems related to alkali chlorides can be avoided using fuels with low content of 
alkali and chlorine, addition of sulphur compounds allows for reduction of the gas-phase 
alkali to potassium sulphate (K2SO4), which is less harmful. This can be achieved either by 
co-combustion with a sulphur-containing fuel or injection of sulphate-containing additives to 
the flue gas. Optimum reduction of alkali-chlorides requires detailed understanding of this 
process which can be achieved from studies in laboratory flames under well-controlled 
conditions. 


Laser-based techniques provide non-invasive species-specific probing with high temporal and 
spatial resolution for detailed studies of combustion processes. The laserinduced fluorescence 
technique also permits for two-dimensional imaging of species distributions. Alkali chlorides 
can be detected by means of photo-fragmentation fluorescence based on photodissciation of 
alakali compounds into atomic fragments and detection of fluorescence from the excited 
alkali metal atom.  


Potassium chloride has been monitored using photo-fragmentation fluorescence imaging 
during combustion in the post-flame region of premixed laminar one-dimensional methane-air 
flames. An ArF Excimer laser (Lambda Physik) provided pulses at wavelength 193 nm for 
photodissociation of KCl. The laser had 50 ns pulse duration and output pulse energy 
achieved was 50 mJ. The 532 nm second harmonic of a Nd:YAG laser (Brilliant B, Quantel) 







was used for Rayleigh scattering thermometry. The Nd:YAG laser had a pulse duration of 7 
ns and the pulse energy at 532 nm was 120 mJ.  


The 193 nm laser beam was focused into a 30 mm vertical sheet using cylindrical lenses of 
focal lengths f=+1000 mm and f=+500 mm. For Rayleigh scattering measurements the 532 
nm beam was aligned into the beam path using a dichroic mirror and focused using cylindrical 
lenses of focal lengths f=-40 mm, f=+200 mm and f=+500 mm. The signals were detected 
with an intensified CCD camera (Princeton Instruments, PI-MAX I) equipped with an f=50 
mm objective (Nikkor f/1.4). A bandpass filter transmitting 766 nm was used for 
measurements of K atom fluorescence and suppression of scattered laser radiation.  


A modified absorption spectroscopy burner (Perkin Elmer) was used for measurements in 
alkali-seeded CH4-air flames. The burner consists of a water-cooled bronze mesh which 
allows for stabilization of flat laminar premixed flames on the burner. Premixed CH4 and air 
are supplied to the burner and a fraction of the air is led through a reservoir containing liquid 
KCl solution. The air and droplets are led to a nebulizer in which the droplets are reduced into 
a fine spray and then mixed with the CH4 and the rest of the air before the burner mesh. A 
nitrogen co-flow was supplied to the porous ring surrounding the burner mesh to shield the 
flame. A steel cylinder was mounted 30 mm above the burner for flame stabilization. The 
total gas flow to the burner was 5 l/min and the individual flows were controlled by mass flow 
controllers. Premixed CH4-air flames of equivalence ratios 0.8-1.3 were investigated and the 
KCl concentration in the seeding solution varied from 0.01 to 1.0 M. 


Laser-induced photofragmentation fluorescence allows for imaging detection of alkali 
chlorides such as KCl with high sensitivity. The method can be employed for detailed studies 
of akalichloride formation in well-defined alkali-seeded laboratory flames, providing valuable 
information for understanding these processes and necessary for efficient use of biomass fuels 
in combustion. This has been exemplified in studies of flames seeded with KCl for which the 
impact of stoichiometry and ammonium sulphate additive has been investigated. 
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ABSTRACT 
Power production with CO2 capture by using the oxy-fuel combustion concept has been 
proven to be a competitive technology for coal based power plants. Its application to natural 
gas combined cycle has however been limited due to the need to entirely re-design the gas 
turbine to operate in a semi-closed mode with CO2 as the working fluid. This study presents 
results of an experimental test campaign using a new oxy-fuel burner designed at SINTEF in 
a high pressure oxy-fuel combustion facility (HIPROX) with a design pressure of 10 bar and 
100 kW input load. The swirl stabilized oxy-burner uses a mixture of CO2 and O2 as oxidizer 
and generates a flame in a cylindrical double wall quartz combustor. An additional CO2 
stream, used to cool the flame tube, is injected further downstream in the dilution section. 
The stability of the methane fired oxyburner has been mapped for various O2 concentrations 
in the oxidizer and excess O2 ratios. One important result is that CO emission is high 
compared to typical values for combustion in air, even at 30% excess O2 ratio. CO oxidation 
is recognized to be more kinetically challenging in oxy-fuel mode because of the high CO2 
concentrations, even though their emissions are well controlled in boilers. The problem is 
exacerbated in gas turbine conditions because of the low residence time in the combustion 
chamber and the presence of a cool CO2 dilution stream quenching the chemical reactions. 
The effect of primary zone combustion temperature on CO is studied by controlling the O2 
concentration. The effect of pressure on oxy-fuel combustion has been tested up to 5 bar in 
this study. CO emissions are found to be also quite pressure dependent as it first drops when 
the pressure is increased, but rise again slightly from 2 bar up. This is believed to be the 
consequence of flame structure and unfortunate location of secondary CO2 cooling jets.  
 
RESULTS AND DISCUSSION 
Quite high oxygen concentrations were needed to obtain stable combustion with this burner 
because of the high impulse strategy used in its design to stay away from flashback 
behaviour. At higher power, the blow-off occurred at higher oxygen concentration as the gas 
velocity increases with power. Figure 1 shows the CO emission as function of excess oxygen 
at a fixed O2C of 45% reaching percentage levels. As expected, the CO formation decreases 
with increasing excess oxygen but the level is still high at 30% excess oxygen. This is a 
challenge as the excess oxygen should be kept as close to zero as possible to obtain an 
exhaust consisting of almost only CO2 and water. 
  


Figure 1 CO emission as function of 
excess oxygen 







 
Figure 2 shows the CO emissions as a function of the oxygen concentration in the oxidiser 
stream at stoichiometric condition. The corresponding adiabatic flame temperature is shown 
in figure 3. Even though the adiabatic flame temperature is about 200 K higher at the highest 
O2C than at the lowest, the level of CO is not much different. This may be a result of 
competing effects, e.g. the effects of flame temperature and residence time.  
 


Figure 2 CO emission as function of 
oxygen concentration 


Figure 3 Adiabatic flame temperature for 
stoichiometric mixture as function of O2C 


 
Even though the CO levels are high, it is much lower than the equilibrium concentration at 
adiabatic flame temperature which is very high at these conditions. As an example, 
stoichiometric combustion of methane with 45% O2C has an equilibrium CO concentration 
of about 9 %-vol at 2504 K (adiabatic flame temperature), which represents about 52 % of 
CH4 fuel on mole basis. The experiments also showed that all the methane was converted as 
the methane level was measured to zero ppm in all the experiments. This may indicate that 
the high CO level is not caused by poor mixing but is rather a result of too low residence time 
and/ or quenching of the reactions from high temperature when the CO2 used for cooling is 
injected just downstream the combustion chamber.  
 
The effect of pressure on CO formation was observed to first decrease abruptly when 
increasing the pressure. But above 2 bar the CO levels rise again slightly despite the 
residence times becoming longer. The increase of pressure affect the flame shape (cf. Figure 
4) and it is believed that the CO2 cooling jets meant to mix with the flame products are 
quenching local regions of high CO. 
 


Figure 4 Flame at 1 atm (top) and 3 bara 
(bottom) 
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Gas engine research at Aalto University 


 


Aalto University 


 


High-speed dual fuel gas engine experimental studies 


A single-cylinder high-speed research engine was converted from a direct injection diesel engine to a dual-


fuel engine running on methane as the main fuel and diesel fuel as the ignition fuel. The conversion 


included a new exhaust system, methane feed line including injectors, several new sensors and other 


devices related to the methane injection. Engine control system was updated for dual-fuel operation. The 


research engine was equipped with fully flexible valve actuators. 


The combustion and emissions research in a dual-fuel research engine was started with variable valve 


timings (VVA). Five different valve actuation profiles were used with several diesel substitution rates. The 


effects of each parameter combination on the cylinder pressure and engine-out emissions were recorded.  


The main conclusion of the VVA-studies was the fact that the dual-fuel combustion is very sensitive to 


internal exhaust gas recirculation (IEGR), most likely due to high mixture temperature. High temperatures 


promote the partial pre-combustion oxidation of methane which causes a substantial increase in the heat 


release rate even with very lean mixtures. Low temperatures have the opposite effect, although it is not as 


pronounced. A significant amount of the HC emissions originate from the scavenging if methane is injected 


prior to the exhaust valve closing. Furthermore, high substitution ratios tend to increase the cycle-to-cycle 


variation. 


Besides the VVA-studies also external EGR was studied in the dual fuel gas engine. 


Cold EGR was used in the thesis, so there was a cooling system integrated in order to cool down the 


recirculated exhaust gases before entering the intake manifold. 


In dual-fuel combustion NOx emissions are lower, while THC and CO are higher than diesel. EGR causes a 


clearly decrease on NOx emissions, reducing also THC, especially at higher amounts of methane. However, 


EGR effect on CO emissions is low until EGR rates are around 20%, moment in which there is a large 


increase. 


 Modelling mixture formation for direct injection gas engines …  


 


Coming gas engine/ dual fuel engine research in Aalto University 


Single cylinder dual-fuel combustion research will continue with parametric studies and as master thesis 


studies in 2016 and 2017. 







Modelling mixture formation for gas engines …  


Modelling dual fuel combustion …  


Optical measurements of dual fuel gas combustion 2015 to 2016… 
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Few results are available to characterize esters combustion at high pressure and 
none available at low pressure. The characterization of ethyl pentanoate (also ethyl 
valerate, EPE) combustion at low pressure is studied in this work.  
 
One of the main challenges was the setup of the test bench, combining an 
evaporation system for high boiling point compounds, a combustion chamber, a 
compression system and a gas chromatography. The present complete test bench 
allows us to study ethyl pentanoate flat flames.  
 
Three flat flames of ethyl pentanoate at different equivalence ratios, 0.81, 0.95 and 
1.31, have been stabilized at 55 mbar. The reactants, intermediate species and 
products such as EPE (ethyl pentanoate), O2, C4H9COOH (valeric acid), CH3CHO 
(acetaldehyde), CH2O (formaldehyde), CH3COCH3 (acetone), HOCHO (formic acid), 
CH4 (methane), C2H2 (acetylene), C2H4 (ethylene), H2, CO, CO2 and H2O, have been 
separated and analyzed using gas chromatography as the analysis technique.  
 


Inlet compositions for the three stabilized flames 
Flame  XC7H14O2 XO2 XAr Φ C/O 
Lean  0.037 0.435 0.527 0.81 0.274 
stoichiometric 0.038 0.379 0.583 0.95 0.319 
Rich  0.039 0.282 0.679 1.31 0.425 


 
 
Based on the experimental results, a detailed kinetic model of ethyl pentanoate 
combustion, containing 211 species and 1368 elementary reactions, has been 
elaborated. The mechanism is based on the “UCL” model 
(http://veroniquedias.github.com) extended for the ethyl pentanoate sub-model from 
Dayma et al. (Energy and Fuels, 2012). The agreement between the experimental 
results and the model is good.  
 
The main decomposition pathways of ethyl pentanoate have been identified for the 
three flames.  
In the lean flame the decomposition leads to CH3(CH2)3COOCHCH3 (EPEEj), 
CH3CHO, CH3CO and CH3.  
For the stoichiometric flame, the ethyl pentanoate main consumption pathway 
produces C4H9COOH, BuCOOH-4 (CH2(CH2)3COOH), C4H7COOH, CH2COOH, 
CH2CO and CH3.  
Finally, in the rich flame, from ethyl pentanoate to pentenoic acid (C4H7COOH), the 
decomposition pathway is the same as in the stoichiometric 







2	  
	  


flame. It then leads to C2H4 via C4H6 and C3H6. From the formaldehyde to the carbon 
dioxide, the consumption pathway is the same in the three flames. 
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Experimental (symbols) and simulated 
(lines) mole fraction profiles for the main 
species in the rich EPE/O2/Ar flame 


Experimental (symbols) and simulated 
(lines) mole fraction profiles for CH2O in 
the EPE/O2/Ar flames : lean (blue), 
stoichiometric (green) and rich (red). 


Reaction pathways of consumption of ethyl pentanoate for the three equivalence ratios 
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European Union has fixed drastic objectives to decrease their CO2 emissions by a factor 80% 
compared to their 1990’s CO2 emission for 2050. Concerning the road transport industry, these 
challenge is stronger and the reduction objective was fixed to 95%. Naturally as function of the 
future regulation, the pollutant emissions, i.e. CO, HC PM and NOx, will decrease and tend towards 
extremely low levels. To solve this societal and technological challenge, the powertrain needs to 
evolve significantly towards high hybrid level technology and high efficiency internal combustion. In 
parallel, the combustion of low CO2 impact fuel is necessary and biofuel, gas and hydrogen seem 
to be one solution.  
Hydrogen is an interesting fuel due to his physical and chemical properties (high octane number, 
high Low Heating Value, high diffusivity and high laminar flame velocity). It can burn in SI and HCCI 
engine [1] and suppress definitively the CO2 emission at the exhaust of any combustion system. In 
this study, we are interesting to compare these two engine combustion modes to increase the 
engine efficiency and tend towards zeros emission of NOx by maintaining a reasonable load. In the 
case of a range-extender powertrain, zero NOx emission signifies that the exhaust after-treatment 
could be optimized in terms of size or could be suppressed. The load needs to be adequate to 
reach a power near 10 to 15 kW to increase the autonomous distance of the car. In this work, 
hydrogen HCCI and SI combustions are compared in both engines: a 0.5 liter Diesel single cylinder 
HCCI engine and a 0.4 liter single cylinder SI engine. In both cases, port fuel injection strategy was 
applied and the eventual EGR was simulated by synthetic EGR. 
With an octane number of 120 and a high laminar flame velocity, hydrogen is an excellent candidate 
for SI engine: the compression ratio could be increased and the combustion duration shorted to 
increase the thermodynamic efficiency of the cycle. However, due to the adiabatic combustion 
temperature, the NOx emission increases significantly expected if the equivalence ratio is less than 
0.4. Near this equivalence ratio, the efficiency of the Si engine is maximum near 38% despite the 
fact that the compression ratio of the studied engine was equal to 10 (Figure 1). The second 
strategy to contain the NOx emission was to recirculate burnt gases at the intake for an equivalence 
ratio equal to 1. H2O+N2 and H2O dilution (with the mole ratio of a stoichiometric combustion) were 
compared and decrease the NOx emission less than 10 ppm, an EGR level of 60% was necessary. 
However, due to the heat capacity of the water, the indicated efficiency decreases as function of the 
EGR level for the case of pure H2O dilution less than 31% and increase up to 36% in the case of 
the H2O+N2 dilution. Because the intake pressure was fixed to 1 bar, the reached IMEP of 4 bars 
was not enough for Range Extender application and then boosted pressure was applied in the case 
of an air diluted combustion (equivalence ratio of 0.4). It was demonstrated that the increasing of 
the intake pressure up to 1.6 allows the increase of IMEP up to 6 bar while maintaining a level of 
NOx less than 10 ppm and an indicated efficiency  greater than 0.38. 
Since many years, it has been demonstrated that HCCI engine could be reached ultra-low NOx 
emission for many fuels and especially when the equivalence ratio is less than 0.4. Firstly, we 
compared the HCCI combustion of hydrogen (ON =120) with isooctane (ON=100) at the same 
equivalence ratio equal to 0.3 and despite the fact that the octane number of the hydrogen is 
greater than those of isooctane, the auto-ignition appears for intake temperature and intake 
pressure less than for the isooctane fuel (figure 2). We study the impact of ozone seeding at the 
intake to manage the phasing of the combustion as demonstrated by  [2–5] for different fuels. It was 
demonstrated that 60 ppm of Ozone at the intake permit to advance to combustion into the cycle of 
12 CAD. However, even if the compression ratio was high than those used during the SI engine 
study, the indicated efficiency was less and equal to 35% and the NOx less than 10 ppm. 







 
Figure 1: N=1400 rpm, Tintake =40°C, f = 0.4, optimal spark ignition advanced, Pexhaust=Pintake 


 
Figure 2: Left: Comparison between combustion isooctane and hydrogen combustion as function of the intake temperature 


and pressure. Right: Effect of Ozone seeding at the intake to control the combustion phasing. 


In conclusion, Hydrogen could be an interesting fuel for future powertrain and could archive high 
efficiency if the compression ratio of SI engine is optimized. Low equivalence ratio is the key to 
decrease the NOx emission and suppress any exhaust gas after-treatment however turbocharger 
need to be used to reach a specific power near 10 KW. Despite the fact that HCCI engine has a 
potential high efficiency, the one is less than a traditional SI engine and more even if ozone could 
be used to control the combustion phasing, the benefit of the engine was not been demonstrated. 
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Abstract 


The design rules for gas turbine (GT) burners are always advancing toward achieving cleaner 
energy and improving fuel economy. Though, the progression in combustion efficiency, 
almost 100% oxidation of fuel, can reduce carbon monoxide (CO) emission significantly, the 
high combustion temperatures can yield high levels of nitrogen oxides (NOx) and the 
regulation of which is continually tightened. NOx can be reduced by premixed combustion at 
lower equivalence ratio. It can lower the temperature and hinder the thermal NOx creation 
pathway. However, the lean premixed mode of operation may move the combustor towards 
unstable conditions that induce local extinction, poor combustion efficiency, and combustion 
instabilities. Inclusion of a diffusion pilot flame to the burner can help to stabilize the lean 
premixed combustion. However, this also increases the NOx production. For retaining 
stability and reducing the NOx, a premixed pre-chamber combustor can be used along with 
pilot. It improves the blowout characteristics by supplying radicals, arising from the products, 
and heat to the other burner sections for holding the main flame. A 4th generation dry low 
emissions (DLE) burner, developed by Siemens Industrial Turbomachinery, has a center body 
rich-pilot-lean (RPL) pre-combustor with pilot section. RPL can be operated from fuel lean to 
fuel rich conditions and the selection of lean or rich conditions depends on the optimization of 
the combustion stability concerning LBO and minimizing NOx emissions. Improvements on 
the lean stability limit can be achieved by increasing the equivalence ratio in the RPL. For 
methane, increasing the equivalence ratio of RPL can lower LBO limit. On the contrary, it 
increases NOx production. 


Experiments were performed on the central pilot body (RPL- rich-pilot-lean) of Siemens 
prototype 4th generation DLE burner to investigate the flame behavior at atmospheric pressure 
condition when varying equivalence ratio, residence time and co -flow temperature. The 
burner assembly is composed of three concentrically arranged premixed burner sectors: a 
radial swirled outer main sector, an axial swirled intermediate sector (Pilot) and a jet swirled 
central body burner or RPL (Rich-Pilot-Lean) section. Fuel flow to each of these sections is 
individually controlled and the central body RPL has separate fuel and air feeds. The RPL 
burner has a mixing chamber where fuel and air enters tangentially and mixes. For 







investigation, the RPL section has been mounted in an atmospheric pressure test rig using an 
adapter. The adapter throat has same diameter as the intermediate sector (Pilot), but lacks of 
swirl vanes. Fuel and air were supplied to the burner from gas tubes and the air was preheated 
to 650K. The test rig supports controls and operations as well as provides monitoring system 
of operating parameters. 


The flame at the RPL burner exit was investigated applying OH planar laser-induced 
fluorescence (PLIF) and high-speed chemiluminescence imaging. OH PLIF measurement was 
taken by exciting the 1(8) transition of the OH radical with 283 nm. A frequency-doubled 
(532 nm) Nd:YAG laser was used to pump a tunable dye laser (operating with Rhodamine 
590). The output wavelength (566 nm) of the dye laser was frequency doubled and tuned to 
the Q1(8) transition. Approximately 5 cm laser sheet was formed using sheet forming optics 
(-40 mm cylindrical and +500 mm spherical lens) and were passed through the mid-line of the 
burner exit. The laser pulse energy varied between 12mJ to 14mJ during measurements. The 
resulting OH fluorescence, at 310 nm, was collected perpendicular to the laser sheet with a 
high-speed camera (Phantom V7.1, Vision Research). It was fitted with an image intensifier 
and a UV sensitive lens (UV-Nikkor, f/4.5, f = 105 mm). To suppress scattering interference 
occurring from the laser light and background radiation, a combination of a UG11 filter and a 
WG305 long-pass filter was used in front of the camera. The detector was set to an exposure 
time of 50 ns to further limit the background contribution from flame chemiluminescence. For 
each flame condition, 1000 single-shot images were collected with 10 Hz frequency. No 
corrections for signal trapping, quenching and laser sheet energy distribution were applied. 
The same detector system used for OH PLIF, was used for the flame chemiluminescence 
imaging with no filter. The camera was used with an exposure time of 100 μs at a repetition 
rate of 3 kHz. 


The results from chemiluminescence imaging and OH PLIF show that the size and shape of 
the flame are clearly affected by the variation in operating conditions. For both preheated and 
non-preheated co-flow cases, at lean equivalence ratios combustion starts early inside the 
burner and primary combustion comes to near completion inside the burner if residence time 
permits. For rich conditions, the unburnt fuel escapes out through the burner exit along with 
primary combustion products and combustion subsequently restarts downstream the burner at 
leaner condition and in a diffuse-like manner. For preheated co-flow, most of the operating 
conditions yield similar OH PLIF distributions and the flame is stabilizing at approximately 
the same spatial positions. It reveals the importance of the preheating co-flow for flame 
stabilization. Flame instabilities were observed and Proper Orthogonal Decomposition (POD) 
is applied to time resolved chemiluminescence data to demonstrate how the flame is 
oscillating. Preheating has strong influence on the oscillation frequency.  
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X‐Ray	diagnostics	of	Cavitation,	Gas	Injection,	and	Shot‐to‐
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Abstract	
X‐ray	diagnostics	have	the	potential	to	make	quantitative	measurements	in	
environments	where	optical	diagnostics	are	difficult,	particularly	inside	opaque	
materials	and	in	highly	scattering	multiphase	flows.		The	high	brightness	and	
increasing	availability	of	synchrotron	x‐ray	sources	has	made	these	diagnostics	
feasible,	and	enabled	their	application	to	a	range	of	challenges	for	fuel	injection.	
This	presentation	will	describe	the	measurements	which	are	possible	using	
synchrotron	x‐ray	sources	and	their	application	to	cavitation,	gas	injection,	and	
quantitative	measurements	of	shot‐to‐shot	variation.	


X‐ray	radiography	has	been	applied	to	a	gas	jet	from	a	natural	gas	injector	in	order	
to	build	a	time‐resolved,	quantitative	map	of	the	average	fuel	distribution.	X‐ray	
absorption	by	natural	gas	is	particularly	weak	because	of	its	low	density	and	low	
atomic	number;	argon	gas	was	substituted	in	order	to	increase	absorption	and	thus	
signal‐to‐noise	ratio.	In	Figure	1,	the	average	fuel	distribution	from	an	outward	
opening	plug	injector	is	shown	at	about	1	ms	after	the	start	of	injection.	The	red	
colors	indicate	the	regions	of	highest	argon	density.	These	data	are	being	used	to	
validate	computational	simulations	of	natural	gas	injection,	and	to	improve	the	
predictive	capabilities	of	full‐engine	simulations.	


	


Figure	1.	Line	of	sight	projection	of	argon	gas	emitted	from	an	outward	opening	natural	gas	injector.	
The	injection	pressure	was	10	bar	Ar,	injected	into	an	ambient	of	1	bar	N2.	These	data	were	collected	at	
approximately	1	ms	after	the	start	of	injection.	The	color	units	are	in	mm	of	argon	gas	at	room	
temperature	and	pressure.	


In	Figure	2,	the	use	of	radiography	to	quantify	shot‐to‐shot	variation	is	shown.	On	
the	left	is	a	measurement	of	the	ensemble‐averaged	projected	density	of	a	spray	
from	a	single‐hole	diesel	injector.	At	right,	the	ensemble	standard	deviation	is	
shown.		The	ensemble	average	shows	regions	of	high	fuel	concentration,	while	the	
ensemble	average	shows	regions	of	high	variability	in	this	quantity	from	one	event	







to	the	next.	The	ensemble	standard	deviation	is	thus	a	useful	metric	to	quantify,	in	
units	of	mass/area,	where	and	when	the	spray	shows	variability.	In	addition,	we	
believe	it	is	an	indicator	of	strong	mixing	between	the	fuel	and	the	ambient,	as	the	
observed	regions	of	variability	correspond	to	the	regions	where	mixing	is	expected	
to	be	strong1.		


	


Figure	2.	Line	of	sight	projections	of	the	ensemble	average	(left)	and	the	ensemble	standard	deviation	
(right)	of	a	spray	from	a	single‐hole	diesel	injector.	The	injection	pressure	was	500	bar,	injected	into	an	
ambient	of	20	bar	N2.	These	data	were	collected	at	approximately	1	ms	after	the	start	of	injection.	


	


X‐ray	fluorescence	has	been	used	to	map	the	density	distribution	of	the	fluid	inside	
a	plastic	nozzle2.	Because	fluorescence	is	sensitive	to	the	identity	of	atomic	
elements,	it	allows	mixing	between	different	fluids	to	be	tracked	quantitatively.	
Here,	bromine	acts	as	a	tracer	for	the	liquid	fuel,	while	krypton	gas	is	dissolved	in	
the	fuel	to	indicate	regions	where	dissolved	gas	comes	out	of	solution.	In	Figure	3,	
the	regions	where	the	dissolved	gas	(krypton)	comes	out	of	solution	have	been	
subtracted	from	the	total	gases,	leaving	the	signal	that	results	from	cavitation.	This	
allows	the	interplay	between	cavitation	and	dissolved	gas	to	be	studied	
quantitatively	for	the	first	time.	


	


Figure	3.	Line‐of‐sight	density	projection	of	cavitation	inside	an	x‐ray	transparent	nozzle.		In	this	Figure,	
the	fluorescence	signal	from	the	krypton	(dissolved	gas)	has	been	subtracted	from	the	total	gas	
measured	using	the	bromine	fluorescence.	The	color	units	are	microns	of	vapor	in	the	line	of	sight.	


	


1. Swantek	et	al,	SAE	International	Journal	of	Fuels	and	Lubricants,	8(1)	pp.	160‐166,	April	
2015.	


2. Duke	et	al,	SAE	International	Journal	of	Fuels	and	Lubricants,	8(1)	pp.	135‐146,	April	2015.	
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ABSTRACT 
In this study, in-cylinder soot formation in direct-injection spark-ignition engines was modelled 
based on the combined framework of detailed polycyclic aromatics hydrocarbon (PAH) chemical 
kinetics and particle dynamics. The turbulent flame propagation in partially premixed condition 
was described by G-Equation, while the burned gas compositions behind of the flame front were 
determined by flamelet library which incorporates the PAHs kinetics. The post flame particle 
dynamics includes further growth of PAHs and particle inception, surface growth, coagulation 
and oxidation, and it is modelled by method of moments. In order to improve the model 
prediction through whole mixing and combustion process, the droplet distribution of spray 
injection was tuned by measuring sauter mean diameter (SMD) from rig test, and the laminar 
flame speed was calculated using mixing rule. The numerical simulation was validated with the 
single-cylinder research engine experiments under cold start, catalyst heating conditions. The 
developed model were able to represent the basic physics of soot formation and bridge the gap 
between operating parameters and engine-out soot emissions with enhanced interpretation 
capability. 


MODELING OF LAMINAR FLAME SPEED OF GASOLINE FUEL BY MIXING RULE  


Figure 1 Database fitted with algebraic equation 
for each surrogate component 


The laminar flame speed of gasoline fuel was 
modelled by mixing rule based on the Le-
Chatelier’s rule by energy fraction in this study. 
For gasoline fuel, the toluene reference fuel (TRF), 
composed of iso-octane, n-heptane and toluene, 
was selected for its surrogate component. The 
calculation were done with Premixed Laminar 
Flame-Speed module of CHEMKIN-PRO 15131 
and proper chemical kinetic models from literature. 
It is efficient to formulate an algebraic equation 
for the laminar flame speed calculation instead of 
the database concept, so the fitting of the results 
were carried out. To determine the overall shape 
of the flame speed along the equivalence ratio, its 
range from 0.5 to 2 were chosen. Similarly, the 
temperature and pressure dependency were also 
evaluated under 600 to 900 K and 5 to 25 bars, respectively. The base form of the model 
equation is a function of temperature, pressure and equivalence ratio reads 
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where subscript 0 indicates the reference value in calculation. The overall shape was fitted by 
exponential form, whereas the temperature and pressure dependency were by polynomial fitting, 
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respectively. Figure 1 shows the laminar flame speed of each surrogate component along the 
equivalence ratio; the peak value occurs at slightly rich mixture and it is decreased for both lean 
and rich side. 


FLAMELET LIBRARY FOR BURNED GAS COMPOSITION INCLUDING PAH 
SPECIES  
The G-Equation defines the geometrical shape and location of the flame front, while the 
chemical structure of the flame should be additionally provided. Because the G-Equation based 
on the flamelet assumption, in which the turbulent flames can be regarded as an ensemble of the 
thin-reactive diffusive layers embedded within the flow field, so that the separation of the scale 
between turbulence and chemical reaction. Thus, the finite rate of the chemical kinetics can be 
introduced and the details of the flame structure include the inner layer can be resolved by the 
flamelet equation. In order to obtain the PAH species behind of the flame front, the gas-phase 
chemistry developed by Raj et al. was adopted in this study. This model is a semi-detailed 
mechanism containing 226 species and 2121 reactions (counting forward and backward reaction 
separately). It consists of a high temperature oxidation of gasoline surrogate and a detailed 
description of large PAHs formation up to coronene (C24H12). The flamelet calculation was 
conducted with Laminar Flame Speed-Calculation module in CHEMKIN-PRO 15131. The 
propagating flame may encounter wide range of temperature, pressure and equivalence ratio in 
DISI engines, hence thermodynamic conditions of 600 to 800 K, 5 to 30 bar, and chemical 
composition of 0.5 to 3.5 were selected, respectively. The mass fraction of burned species and 
burned gas temperature profile were re-distributed in the domain of distance apart from the flame 
inner layer. Tabulated flamelet library contains major species of combustion products, 
intermediate species such as radicals, and PAHs related species. 


OVERVIEW OF SIMULATION MODEL  
The Figure 2 shows the conceptual diagram of the combustion process in partially premixed 
turbulent combustion; the primary premixed flame propagates through the air-fuel mixture while 
the secondary diffusion flame develops by the partially oxidized fuel and redundant air which 
diffused from rich and lean region, respectively. The burnt composition were determined by the 
flamelet library and the formation of pollutants was modelled by post-flame reaction.  


 
Figure 2 Conceptual diagram of partially premixed turbulent combustion and emission in DISI engines 
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Abstract IEA TLM St Andrews August 4 2015 
 
By Bengt Johansson 
 
Towards 60% fuel efficient engine 
 
The internal combustion engine has great potential for high fuel efficiency. The ideal 
otto and diesel cycles can easily achieve more than 70% thermodynamic efficiency. 
The problems come when those cycles should be implemented in a real engine. 
Extreme peak pressure during the cycle will call for a very robust engine structure 
that in turn will increase friction and hence reduce mechanical efficiency. A very high 
compression ratio also increases the surface to volume ratio and promote heat 
losses, taking away much of the benefits from the theoretical cycle, see Figure 1. 
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Figure 1: Peak pressure for an ideal cycle and the thermodynamic efficiency of the 
cycle without and with heat losses.  


The presentation starts with a standard SI engine and it’s efficiency as a function of 
load. Then a high compression ratio SI with be introduced and compared with the 
same engine operated in HCCI mode. The four efficiencies of SI as well as HCCI is 
shown in Figure 2. 
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Figure 2: Thermodynamic efficiency of SI and HCCI engines and to the right PPC combustion  


A next step is the results with Partially Premixed Combustion. With PPC the indicated 
efficiency was shown to be up to 57%, thus 10% up from the best HCCI engine of 
47%, see Figure 2. However, to get the very high efficiency a high dilution level is 
needed. This is a challenge for the gas management system and hence gas 
exchange and mechanical efficiencies can suffer. 
  
The final part of the presentation is giving an engine concept that can enable the 
conditions for PPC combustion but with much improved gas exchange and 
mechanical efficiency. It enables an effective compression ratio in excess of 60:1 but 
with much less cylinder surface area. The concept also enables low friction and 
hence high mechanical efficiency. The basic concept is explained and initial 
simulation results are presented. Figure 3 shows the concept with two large and two 
small cylinders.   
 


  
Figure 3: Operation with 2+4+2 stoke and 4+4 stroke concept. 


The resulting results are shown in Figure 4. The concept can combine excellent 
thermodynamic efficiency with good mechanical efficiency and hence can approach 
62% brake efficiency.  







 
Figure 4: Results from simulations with GT-Power.  


 








Liquid and Vapor Phase Detection of GDI Sprays Impacting on a Heated Surface  


A. Montanaro*, L. Allocca, G. Meccariello, M. Lazzaro 


 


In internal combustion engines, the injection of the fuel at elevated pressures could result in a strong impact 
on the piston head or chamber walls, especially in small-bore sizes for passenger cars. This effect is relevant 
for the combustion development and sometime results in an increasing of pollutant emissions and in a 
reduction of the engine performances. The fuel dispersion in the combustion chamber is governed by the 
nozzle design, the injection pressure and timing and the interaction of the fuel with the cylinder/piston walls 
[1,2]. Spray droplets hitting on the surface may rebound, stick and forming a film, or undergoing to heating 
and secondary evaporation [3]. The deposited fuel on the wall evaporates more slowly than free droplets, and 
could not realize the desired spatial distribution of the air-to-fuel ratio prior to ignite. This may determine 
non-effective combustion development and formation of pollutants. Wall wetting results in a strong impact 
on the mixture formation and unburned hydrocarbons emission while the GDI technology applied to s.i. 
engine shows troubles at the exhaust because of the intolerable emission of particulate matter [4]. 


This work aims to report the effects of the fueling pressure and wall temperature on the macroscopic 
behavior of the impinging sprays on the wall.  


The spray-wall interaction was realized inside an optically accessible quiescent chamber and characterized 
by a Z-shaped schlieren-Mie scattering set-up using a high-speed C-Mos camera as imaging system. The 
arrangement was capable to acquire alternatively the schlieren and Mie-scattering images in a quasi-
simultaneous fashion using the same line-of-sight. This methodology allowed complementing the Mie 
scattering images, adapt to investigate the liquid phase, with the schlieren ones useful for the gradient 
variation in the gas/vapor phases during the injection cycle. Two injectors, a single-hole axially disposed and 
a multi-hole, were used with the injection pressure in the range 5.0 - 20.0 MPa and the wall temperature 
between ambient to 573 K, respectively. Iso-octane fuel was used as mono-component fluid having a density 
ρ= 692 kg/m3@25 °C. A 80 mm diameter aluminum flat plate was positioned into the vessel 22.5 mm 
downstream the injector tip and orthogonally to the injector axis. The images of the impacting fuel, cycle-


resolved, were processed by a customized 
algorithm able to catch the contours of the liquid 
phase and the vapor/atomized zone. Spatial and 
temporal evolutions were measured for both the 
phases in terms of width slipping and thickness 
growth. 


Figure 1 reports an overlay of width and thickness 
outlines on a schlieren background for the single-
hole injector. The blue line contour refers to the 
liquid phase of the fuel, recognized by the elastic-
scattering technique, with the blue bars indicating 
the maximum width and height. The red lines, 
instead, result from the schlieren technique and 
indicates the contour of atomized/vapor phase. 
The red bars indicate the elongation and thickness 
of the vapor phase. Per each image, the distance of 


the farthest point of the rebound fuel from the impact site (intersection of the spray-axis with the wall) along 
the radial direction is considered as the width value and while the highest one, with respect to the plate, as 
thickness one for both the liquid (blue) and vapor (red) parts. The effects of both the injection pressure and 
wall temperature on the width and thickness for the liquid and the vapor will be discuss. 


width


thickness
 


Figure 1. Overlay of width and thickness outlines on 
schlieren image 


Figure 2 shows the effect of the wall temperature on the morphology of the multi-hole impinging spray at the 
injection pressure of 20.0 MPa and 460 μs after the impact time. The spray images highlight the growth of 
the vapor mass with respect to the liquid one (black area) at the increasing of the wall temperature. Basically, 
the heat exchange from the wall to the droplets contributes strongly to the vaporization on the boundary of 
the jets where less dense and more atomized the spray is and near the wall surface. 
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Figure 2. Schlieren spray sequence at pinj: 20.0 MPa for different temperatures of the wall 


Moreover, the increment of the vapor mass is promoted by the injection pressure increment, too, and 
produces a stronger atomization with an easier vaporization. 


Summarizing, at fixed injection pressure, the effects of the wall temperature highlighted a linear increasing 
of the liquid and vapor width vs. the time from the start of the impact and showed a proportional increasing 
with respect to the increasing of the temperature. Vice versa, at the fixed temperature, the injection pressures 
determined a linear and well-scaled behavior of the fuel slipping along the radial part with linearly increasing 
values vs time. 


References 


1. A. Nauwerck, J. Pfeil, A. Velji, U. Spicher, B. Richter, A Basic Experimental Study of Gasoline Direct 
Injection at Significantly High Injection Pressures, SAE Technical Paper  2005-01-0098. 


2. M. Abart, S. Schmidt, O. Schoegl, A. Trattner, R. Kirchberger, H. Eichlseder, D. Jajcevic, Basic 
Investigations on the Prediction of Spray-Wall and Spray-Fluid Interaction for a GDI Combustion 
Process, SAE Technical Paper  2010-32-0030. 


3. J. D. Bernardin, I. Mudawar, “Transition Boiling Heat Transfer of Droplets Streams and Sprays”, Journal 
of Heat Transfer, vol. 129, pp. 1605-1610, 2007 


4. Y. S. Shim, G. M. Choi, D. J. Kim,  “Numerical and Experimental Study on Effect of Wall Geometry on 
Wall Impingement Process of Hollow Cone Fuel Spray under Various Ambient Conditions”, 
International Journal of Multiphase Flow, vol. 35, pp. 885-895, 2009. 
 
 
 


 


*speaker  








 
 
 
 


Sprays 








Catalytically Supported Combustion Concepts 
for H2-Rich Fuels in Gas Turbine Engines 
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Catalytic combustion holds promise as an alternative to lean premix combustion especially for H2-rich 


fuel gases as the highly reactive H2 does not pose problems in terms of the light-off characteristics of 


catalytic modules (as is the case if methane is the main fuel species). 


The combustion of syngas or hydrogen-rich fuels (> 80 % vol. H2) is also relevant for gas turbine cy-


cles with integrated solid fuel gasification combined with pre-combustion carbon capture. The signifi-


cantly higher flame speed and drastically reduced auto-ignition delay times of hydrogen containing 


fuel mixtures increase the risk of flame flashback, i.e. anchoring of the flame close to the fuel injection. 


Hybrid combustion approaches, such as the catalytic-rich / homogeneous-lean combustion concept 


can mitigate the associated risks (over-heating of burner components) and the NOx emissions very 


effectively. 


  


Staged catalytic combustion of hydrogen/ 
air mixtures 


In the catalytic-rich/gaseous-lean hybrid combustion 
concept of Fig. 1, part of the air and all of the fuel are 
driven in a catalytic reactor at fuel-rich stoichiometries 
(ϕCAT > 1). Hot combustion products and unconverted 
fuel are subsequently mixed with the bypass air, 
forming a fuel-lean homogeneous (gas-phase) com-
bustion zone. This approach is suitable for a wide 
range of fuels that include low calorific value biofuels, 
whereby flame stability is an issue, and also for hy-
drogen-rich fuels for which conventional 
lean-premixed gaseous combustion entails the risk of 
flame flashback.  
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Figure 1. Catalytic-rich/gaseous-lean combustion 
concept. 
 
Investigation of the catalytic kinetic interactions be-
tween H2 and CO over platinum in the temperature 
range 550-650 K (a range of particular importance for 
GT part-load or idle operating conditions) was initially 
undertaken. In–situ spatially resolved measurements 
of gas-phase species over the catalyst boundary 
layer (by means of spontaneous Raman) and detailed 


simulations have shown an important result: for lean 
H2 and CO stoichiometries in air, H2 inhibits the cata-
lytic oxidation of CO below a critical transition tem-
perature. It was shown that the critical transition tem-
peratures had a main dependence on the total (H2 
and CO) equivalence ratio ϕ (e.g. 550 K at ϕ = 0.13 
and 600 K at ϕ = 0.26) and a weaker dependence on 
the H2:CO volumetric ratio (typical results are shown 
in Fig. 2). An updated surface reaction mechanism 
was finally proposed, capturing this chemical inhibi-
tion. The good agreement between the measured 
and predicted species profiles attests to the aptness 
of the employed H2/O2 chemical reaction mecha-
nisms. With numerical studies it could be shown that 
the inhibiting effect of H2 had a major impact on the 
start-up behavior of the catalytic module.  
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Fig. 2: H2:CO catalytic combustion in a 
7-mm-height Pt-coated channel  
H2:CO volumetric ratio 1:1, total equivalence ratio 
ϕ = 0.26, and p = 5 bar. (a) Top: temperature meas-
urements (upper triangles: upper wall, lower triangles: 
lower wall). Bottom: Raman-measured transverse 
profiles of H2 (triangles) and CO (circles) and predict-
ed transverse species profiles at four axial positions 
(solid lines: H2/CO catalytic chemistry, dashed line: 
only CO chemistry). For this condition the deduced 
transition temperature is 599 K. From Zheng, Mantza-
ras and Bombach, Combust. Flame 161: 332346, 
2014. 







Additional to the basic kinetic studies, a lab scale 
reactor model based on the concept in Fig. 1 has 
been built and tested (cooperation with FHNW, Insti-
tute for Thermo- and Fluid-Engineering).  
The hybrid catalytic/gas phase hydrogen combustion 
burner has been built at FHNW and then installed at 
PSI’s optically accessible high-pressure rig for test-
ing, whereby optical measurements were applied 
(laser induced fluorescence of the OH-radical and 
OH* chemiluminescence) in the catalytic and gas-
phase combustion stages. Exhaust measurements 
attested substantial reduction of NOx emissions with 
this concept. 
 


Optically accessible Rich/Lean (R/L)  
staged burner 
 
The burner comprises two stages, an upstream cata-
lytic stage and a follow-up lean-homogeneous stage. 
The first stage has a length of 430 mm and consists 
of three concentric cylindrical tubes (Fig. 3); the two 
outer ones are made of quartz glass and the inner 
one is made of steel. The steel tube is coated with a 
bimetallic Pt/Pd catalyst on its outer surface. The 
three tubes define two annular gaps. Rich combus-
tion takes place in the inner annular gap. Air for the 
rich combustion stage is delivered from the outer 
annular gap through an arrangement of three holes in 
the inner quartz tube. The bypass air required for 
lean combustion flows inside the metal catalytic tube, 
thus cooling the rich stage. At the end of the rich 
stage both flows, the bypassed air and the rich com-
bustion products (H2, N2 and water steam), are dis-
charged in the follow up lean stage module (not 
shown in Fig. 3) The latter module is also completely 
optical accessible. 
 
 


 Fig.3.  Schematic of the rich-catalytic stage. 
 


The results achieved (Fig. 4) indicate that by de-
creasing the equivalence ratio in the catalytic module 
to ϕCAT = 2 (i.e. by increasing the hydrogen conver-
sion in the catalytic stage) the NOx emissions at the 


end of the gaseous combustion zone drop by a factor 
of about eight. 
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Figure 4.  NOx emissions as a function of the rich 
equivalence ratio (ϕCAT) in the catalytic module 
(air excess ratio λCAT = 1/ϕCAT). Pressure is 8 bar. 


References 


[1] M. Schultze, J. Mantzaras, R. Bombach, K. Boulouchos, 


Proc. Combustion Institute 34, 2013, 


http://dx.doi.org/10.1016/j.proci.2012.1005.1029 


[2] Zheng, Mantzaras and Bombach, Combustion and Flame 


161: 332¬346, 2014.  


 








 


 


MILD COMBUSTION OF BIOGAS ON A 30 KW AND 200 KW LAB FURNACES: 


SCALE EFFECTS AND INFLUENCE OF THE GEOMETRICAL CONFIGURATION 


G. Mosca
†1


, D. Lupant
†2


  


†
Faculté Polytechnique de Mons, Thermal Engineering & Combustion Unit, Place du Parc n°20, 7000 Mons, Belgium 


 


Introduction 


MILD combustion is a very high efficiency combustion technique, successfully applied on industrial furnaces to 


have very low NOx emissions, stable working conditions and significant energy savings by high air preheating. A 


specific configuration of air and fuel injectors guarantees a strong recirculation of flue gases inside the chamber, 


with consequent high dilution of reactants into the flue gases and a temperature increase above the fuel auto-ignition 


threshold. The formation of hot-spots is significantly prevented: the result is a reduction of NOx and carbon monox-


ide emissions [1]. 


This combustion technique is particularly interesting for alternative fuels such as biogas, gasified waste or by-


product gases, for which the generation of a stable flame can be difficult due to their highly vari able calorific value. 


MILD combustion avoids the formation of a flame front because fuel and oxidizer are continually mixed with reci r-


culating combustion products and the combustion occurs in homogeneous and extended way once the auto -ignition 


temperature is reached. Without constraints due to the stability of a flame front, MILD combustion allows larger fuel 


flexibility compared to conventional burner. 


Experimental tests have been performed on a 30 kW and 200 kW laboratory scale chambers, designed to operate 


in diluted combustion and able to reproduce the main features of industrial furnaces (injection system, geometry, var-


iable load). The 30 kW chamber is equipped with an electrical air preheater able to return the desired air inlet tem-


perature and a simple inject system positioned on the bottom composed by two fuel injectors, 11° tilted from the ver-


tical line, symmetrically disposed in respect with the central air nozzle. The 200 kW semi-industrial furnace on the 


contrary has an auto-regenerative FLOX REGEMAT
®


 350 burner [2], positioned on a side of the chamber and usual-


ly fed with natural gas (NG). It uses 80% of the extracted flue gases to preheat the combustion air with effectiveness 


higher than 90%, thanks to 6 ceramic matrixes (3 used to preheat, 3 to get heat).  


The 30 kW chamber is fed by gas bottles through an appropriate system of mixing units and mass flow control-


lers. The 200 kW furnace uses natural gas of the town and CO2 can be added thanks to a dedicated pipeline coming 


from the 30 kW chamber feeding system. Thermocouples, suction pyrometer, gas analysers, and intensified UV cam-


era have been used to respectively measure wall and recirculation temperatures, flue gases temperature, O2, CH4, 


CO2, CO, NOx flue gases contents on dry basis, and OH chemiluminescent levels [3] through an optical access. Ad-


ditional information can be found in literature [4][5]. 


The test campaign has been focused on the study of the MILD combustion of Biogas on the two mentioned fur-


naces. The main target is a first comprehension of the scale effects and the influence of the different geometrical as-


pects related to the chambers.  


Operating conditions 


For the 30 kW chamber a Biogas given by 60% CH4 and 40% CO2 by vol. has been used. Air has been preheated 


at 800°C and its flow rate has been set in order to have 15% excess air. A 2.8 mm diameter for fuel injectors (optimal 


one for CH4, used as reference fuel) has been selected and two different immersions of the load (20-30 cm from the 


top) have been tested. The 200 kW furnace has been fed with a Biogas given by 60% NG and 40% CO2 by vol. 


(about 54% CH4, 40.8% CO2, 1.2% N2, 4% other CxHy compounds).  Its flow rate has been set to get a 180 kW 


combustion power, with an excess air of ~25%. Two different immersions of the water cooled tubes (WCT) at 30 and 


50 cm have been tested and natural gas has been used as reference fuel.  


Main results 


Biogas and CH4/NG have similar behaviour in all the performed tests on both the furnaces. The CO2 addition 


leads to a general temperature reduction of the walls (about -2% on average). More homogeneous conditions are 


guaranteed inside the chamber thanks to the increased inert gases content and momentum rates of the fuel jets for Bi-


ogas cases ~4.5 times than the CH4/NG ones, which determine a general improvement of the recirculation. Moreo-


ver, CO2 has an important cooling effect due to its high specific heat, absorbing radiation from the main reaction 


zone and enhancing the heat distribution throughout the furnace, in agreement with studies of other researchers [6]. 


The flue gases temperature for the Biogas (in the range 1080-1190°C) as expected has a 4% relative decrease com-


pared to the CH4 one on the 30 kW chamber, on the contrary a ~1% increase has been recorded on the 200 kW fu r-


nace. This effect is probably related to the change of the fluid dynamic conditions inside the chamber: the highest 
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momentum rates in the Biogas cases determine a more extended reaction zone and recirculation paths; the flue gases 


can reach higher temperature before the extraction by the burner, thereby the resulting air preheating increases. In-


deed, the calculated air temperature from the experimental conditions is 1073°C (+2.7% than NG) and 985°C (+4% 


than NG) respectively for immersion of the load at 30 and 50 cm. 


The performances of the fuels are very close: CH4/NG has higher combustion efficiencies (up to 54% and 60% 


respectively for the 30 and 200 kW furnaces), but the difference compared to Biogas cases is lower than 5%. Moreo-


ver, the 30 kW chamber results more sensitive than the 200 kW one to changes of immersion of the load: the eff i-


ciency shows a 16% relative rise switching from 20 to 30 cm, on the contrary the 200 kW has a mean 9% relative in-


crease when the immersion is moved from 30 to 50 cm. Losses are in the 3-4 kW and 36-45 kW ranges respectively 


for the small and semi-industrial furnace, which correspond on average to ~25% and ~22% of the combustion power. 


Higher losses on the 30 kW chamber are expected since its input power density is about 3.9 times than the 200 kW 


furnace one.    


OH images (Figure 1), taken by an intensified UV camera, have been used to catch the position of the main reac-


tion zone. On the left averaged images from a sample of 50 depict the lift of the reaction zone for the Biogas to the 


top of the 30 kW chamber when immersion of WCT is moved from 20 cm to 30 cm. A similar but limited lift is 


shown by the CH4 too. Biogas is more sensitive to the load than CH4 due to its CO2 content which increases the d i-


lution and cools down the reaction. The position of the main reaction zone close to the top can enhance the heat 


transfer to the load but there is a risk of unburnt gases at the exhaust, placed near the roof. On the right averaged im-


ages from a sample of 120 show the main reaction zone along the 200 kW chamber length. Again there is a down-


stream shift of the reaction zone, more pronounced for the Biogas than the NG, when the immersion of the load is in-


creased.  


        


Figure 1: Averaged OH images of tests on the 30 kW (left) and 200 kW (right) furnaces. The Z direction is 


the distance from the injection system/ burner. 


The maximum recorded NOx emission at 3%O2 for all the tests is 38 ppm: the more the load is immersed into the 


chamber, the more NOx decreases, as a consequence of reduction of temperature and hot-peaks in the furnace. 


Moreover, a direct comparison between NOx levels measured for the two fuels shows that NOx emissions when Bi-


ogas is burnt are always lower than CH4 ones, thanks to the cooling effect of the CO2 on the reaction zone [7] and a 


better recirculation inside the chambers. The mean CO levels are 35 and 65 ppm respectively for the 30 kW and 200 


kW chamber. No remarkable differences on CO emissions between Biogas and CH4/NG cases can be pointed out. 


Conclusions 


 MILD combustion has been successfully used to burn Biogas and CH4/NG in different conditions on a 30 kW and 


200 kW furnaces. The cooling and dilution effects of the CO2 introduced by the Biogas on the main reaction zone have 


been confirmed by temperatures in both cases. On the 200 kW furnace different operating conditions have been found 


when Biogas was used: a rise of the air preheating has been calculated, resulting in increased flue gases temperature. 


Thanks to OH images a lift/shift of the main reaction zone has been shown for deeper immersions of the load inside the 


furnaces. In both the chambers the Biogas performance has been found close to the CH4/NG ones, with a difference in 


combustion efficiencies lower than 5%.  


A decrease of NOx emissions when Biogas was used has been pointed out, as a consequence of more diluted condi-


tions. Maximum recorded levels at 3% O2 have never exceeded the 38 ppm. 
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ignition engines 
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The advantage of Diesel engines, namely their efficiency, is well known: for long-distance 


haulage, the ubiquity of the heavy–duty diesel is unassailable. The market penetration of the 


light duty (LD) diesel engine, in contrast, is threatened: hybridisation of the spark ignition 


engine results in efficiency which can be comparable. Despite the substantial reduction in 


emissions from LD diesel engines due to the introduction of legislation from the 1990s, it is 


argued that the LD diesel inevitably exposes urban populations to emissions of NOx and of 


particulates, the levels of which may well result in risks to health and even in premature death 


(in 2011, the Environmental Audit Committee of the United Kingdom’s House of Commons 


said: “The costs to society from poor air quality are on a par with those from smoking and 


obesity”). In addition, the current driving cycles which are used to measure emissions, on which 


the legislative limits are based, are held by some to be misleading of ‘real-world’ driving 


emissions. As a consequence, several cities in Europe have introduced ‘low emission zones’ 


and London will include passenger cars in the “ultra-low emission zone” which is to be 


introduced in 2020. 


In addition to the existing strategies of downsizing, downspeeding and hybridisation, there are 


at least three methods to reduce “engine – out” emissions, as opposed to “tailpipe out” 


emissions which relate to catalysts, particulate filters and associated improvements with these 


technologies. These are, in increasing order of technological complexity, to: (1) Improve 


injection strategies, particularly as the capabilities of common rail fuel injection equipment 


improve; (2) Implement so-called “ultra-boost” strategies, including low-pressure exhaust gas 


recirculation, which may result in an improved “NOx-soot” trade off; (3) Modify the fuel 


characteristics, to promote “premixed enough” combustion. This presentation will briefly 


present results for these three approaches. 


1. Improved Injection Strategies. The present work aims to visualise combustion in an 


extensively characterized single cylinder Ricardo Hydra engine at Imperial College London. 


The work investigates the effect of low levels CO2 addition on the combustion characteristics 


inside a single cylinder optical engine operated under low load conditions. The effects of 


dilution levels (up to 7.5% mass flow rate CO2 addition), the number of pilot injections (single 


or double pilot injections) and injection pressure (25 or 40 MPa), are evaluated towards the 


direction of achieving a partially premixed combustion (PPC) operation mode.  


The engine was operated under low IMEP levels of the order of 1.6 bar at 1200 rpm and with 


a CO2 diluent enhanced atmosphere resembling an environment of simulated low exhaust gas 


recirculation (EGR) rates. Flame propagation is captured by means of high speed imaging and 


OH, CH and C2 line-of-sight chemiluminescence respectively. Each of the above species is a 


proxy of a fundamental combustion property; OH* is related to the oxidation zone, CH* to the 







heat release zone and the flame front, while C2* is indicative of fuel-rich areas. The combined 


analyses of the obtained results were made under the perspective of identifying the induced 


alterations in flame structures and, possibly, combustion modes, and their manifestation in the 


global in-cylinder conditions. The increase of CO2 addition results in lower peak pressures and 


in an overall delay of the combustion process, while also influences the spatial characteristics 


of reaction and oxidation zones, as well as differentiates the extent of fuel-rich pockets.  


Multiple injections advance the main combustion event and an increase in injection pressure 


enhances fuel evaporation and mixing while spatially confining the observed flame structures. 


Overall, operation under relatively slightly diluted conditions with more pilot injection events 


at higher rail pressure appear to enhance mixing, proving thus an indication of lower emission 


levels. 


2. “Ultra-boost” strategies, including low-pressure exhaust gas recirculation.  The 


reduction of emissions with exhaust gas recirculation (EGR) drawn from upstream of the 


turbine in a boosted LD engine (so-called high pressure EGR) has been well known for several 


decades but, particularly in the context of emissions in ‘real world operation’, there are limits 


when there is insufficient pressure difference to drive the EGR. The limitation can be overcome 


by drawing the EGR from downstream of the turbine, so-called low pressure EGR and this can 


be combined with ultra-boost strategies which result in manifold pressures which greatly 


exceed current single-stage turbo-chargers. A parametric study performed on a EURO-V diesel 


engine at Imperial College London has revealed the potential of breaking the established 


NOx/soot trade-off by introducing higher proportions of EGR at higher boost pressures (up to 


4 bar abs). An external unit was utilised to deliver variable boost pressure, in order to maintain 


all parameters constant apart from boost pressure. Improvements in specific fuel consumption 


and emissions with moderate levels of boosting at low loads were also obtained. Moreover, the 


results on low duty metal engine suggest that, at low load and low speed, the effect of EGR on 


(particularly NOx) emissions is important.  


3. Modify the fuel characteristics, to promote “premixed enough” combustion. Previous 


work has demonstrated that single-cylinder CI engines, with relatively modest changes to 


operating conditions over a wide operating range, can be run with both very low NOx and low 


smoke as well as at high efficiency on fuels with high resistance to autoignition such as 


gasoline. The purpose of this work was to run a multi-cylinder engine without any major 


changes to the engine system on a gasoline fuel at constant fuel demand to get better 


understanding of the possible practical advantages and challenges. A 2.7 dm3 Euro IV V6 diesel 


engine was run on a European standard diesel fuel of 54 CN (Cetane Number) according to the 


engine map at 1000 rpm and 1500 rpm at different loads. At the same speeds and loads, it was 


also run on a 84 RON gasoline but with different injection strategies and operating parameters, 


such as EGR levels. With gasoline, NOx levels comparable to the diesel map point could be 


obtained but at lower EGR rates, at lower injection pressures and lower brake specific fuel 


consumption and with extremely low smoke; however the CO and HC emissions were higher. 


The engine could not be run at high speeds or at loads greater than 12 bar IMEP on gasoline 


because, without introducing modifications, the fuel overheated and gave rise to vapour-lock 


problems. Also at high loads, in order to limit NOx emissions, high EGR rates were required 


but the CO levels were excessive, because the particular turbocharger could not deliver 


adequate intake pressure at such conditions and hence the intake oxygen levels were too low. 







Thus further modifications to the fuel system and an alternative turbocharger would be needed 


to extend the operating range on gasoline. There appears to be potential for simplifying future 


CI engines e.g. by using lower injection pressures and replacing lean NOx after-treatment by 


CO and HC control by using gasoline-like fuels. 








Quantum Chemical Investigation on the PAH Formation via Fulvenallenyl Radicals 
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The reactions of fulvenallenyl radicals have been investigated by CBS-QB3 quantum chemical calculations.  


The important reaction pathways were found to be analogues to the propargyl + propargyl reaction and 


potential surfaces are connected to the aromatic hydrocarbons (naphthalene, anthracene and phenanthrene) 


without barrier higher than the entrance.  The reactions of fulvenallenyl and its derivative radicals are found to 


involve the Stone-Walse rearrangement of pentafulvalene unit.  This may play some role in the annealing 


process of PAHs during the growth. 


 


Elucidation of the formation mechanisms of soot as well as its precursor PAHs (polycyclic aromatic 


hydrocarbons) is a challenge in the chemistry of combustion.  Although the substantial understanding has been 


made for the single aromatic-ring formation reactions thanks to the numerous experimental and theoretical 


investigations in a last few decades, the growth mechanisms to larger PAHs have not been well characterized 


though some typical sequences of reactions such as HACA [1] and PAC [2] have been proposed.  In this study, 


recently suggested mechanisms involving the fulvenallenyl (C7H5) and its derivative radicals are investigated 


by quantum chemical calculations.  Geometry optimizations and vibrational frequency calculations were 


performed by B3LYP/6-311G(d,p) and higher-level energy calculations was done by CBS-QB3 method. 
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Fig. 1.  Energy diagrams for the C3H3 (propargyl) + C3H3, C7H5 (fulvenallenyl) + C3H3, C7H5 + C7H7 and 


C11H7 (benzofulvenallenyl) + C3H3 reactions. 
 







The calculated energy diagrams are shown in Fig 1.  Major features of the self-reaction of propargyl (C3H3) 


radicals (1), which have been extensively investigated previously by Miller and Klippenstein [3], were well 


reproduced by the method used in this study. 


 [propargyl] +    [benzene] (1) 


The reactions of fulvenallenyl (C7H5) radicals, its reaction with C3H3 (2) and self-reaction (3), which have been 


firstly suggested by da Silva and Bozzelli [4], were precisely investigated by quantum chemical calculations for 


the first time. 


 [fulvenallenyl] +    [naphthalene] (2) 


 +    [phenanthrene] (3) 


The potential energy surfaces for these reactions are quite similar to that of C3H3 + C3H3 (1) considering the 


analogous electronic structure of fulvenallenyl to propargyl, except that the biradical intermediates in reaction 


(1) were often found with the benzvalene structures.  The heights of intermediate barriers, which are lower 


than the entrance channel, were similar to those of reaction (1) in many cases, but some barriers were 


significantly lowered or raised in reactions (2) and (3). 


In order to extend our knowledge on the systematic trends of PAHs growth reactions, the reaction of 


benzofulvenallenyl radical (C11H7) with C3H3 (4) was also investigated in the present study. 


 [benzofulvenallenyl] +    [anthracene] (4) 


It was found that the benzo-substitution of fulvenallenyl radical slightly raised the barrier height for some of 


fulvene-benzene type isomerization reactions. 


The investigation of these reactions revealed an interesting common feature of isomerization, which is the 


fulvene to benzene isomerization in reaction (1).  The pentafulvalene moiety in the intermediate PAHs is 


easily isomerize to fused two six-membered ring (naphthalene) structure.  This is now well known as 


Stone-Wales rearrangement in the microstructures of graphene and carbon nanotubes [5].  More investigation 


on the general trend of this type of reactions is required since it may be the key step in the annealing process of 


relatively unstable PAHs with inner six-membered rings, such as reaction (5). 


 [corannulene]  (HACA)    (Stone-Wales rearrangement)   


 (–H, +CH3, –2H)    (fulvene/benzene isomerization)   (5) 
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	   End	  of	  the	  Sessions	  –	  FREE	  EVENING	  


	  
	  


TUESDAY	  4th	  August	  
	  


Time	   Talk	  
08:30	  –	  08:35	   Administrative	  Information	  	  


	  Doug	  Greenhalgh,	  Chair	  Ex	  Co	  and	  Organiser	  
	   Low	  Temperature	  Combustion:	  	  Chair	  -	  Alex	  Taylor	  
08:35	  -‐	  09:10	   Towards	  60%	  efficient	  IC	  engine,	  by:	  Bengt	  Johansson;	  Lund	  University	  
09:10	  -‐	  10:20	   Soot	  Characteristics	  of	  Mode	  transition	  between	  Low	  Temperature	  Combustion	  and	  


Conventional	  Combustion	  by:	  Choongsik	  Baeb	  and	  Behzad	  Rohan;	  KAIST	  
10:20	  -‐	  10:50	   Experimental	  Investigations	  of	  Diesel	  and	  Biodiesel	  Blends	  for	  Low	  Temperature	  


Combustion	  in	  a	  Diesel	  Engine,	  by:	  Seungmook	  Oh;	  KIMM	  
10:50	  -‐	  11:10	   Coffee	  /Tea	  Break	  
	   Sprays:	  	  Chair	  –	  Choongsik	  Bae	  
11:10	  -‐	  11:40	   Characterizing	  Ignition	  and	  Sooting	  Behavior	  in	  High-‐Pressure	  Sprays	  with	  Multiple	  


Injections	  of	  n-‐Dodecane,	  by:	  Scott	  Skeen;	  Sandia	  National	  Labs,	  CRF	  
11:40	  -‐	  12:10	   Liquid	  and	  Vapor	  Phase	  Detection	  of	  GDI	  Sprays	  Impacting	  on	  a	  Heated	  Surface,	  by:	  	  


A.	  Montanaro,	  L.	  Allocca,	  G.	  Meccariello,	  M.	  Lazzaro;	  CNR,	  Istituto	  Motori	  	  
12:10	  -‐	  12:40	   X-‐Ray	  Diagnostics	  of	  Cavitation,	  Gas	  Injection,	  and	  Shot-‐to-‐Shot	  Variation,	  by:	  	  


Christopher	  Powell,	  Daniel	  Duke,	  Nicholas	  Sovis,	  Andrew	  Swantk	  and	  Alan	  
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Kastengren;	  Argonne	  National	  Laboratory	  
12:40	  -‐	  13:10	   Butanol-‐Diesel	  Blend	  Spray	  Combustion	  Investigation	  by	  UV-‐visible	  Flame	  Emission	  


in	  a	  Prototype	  Single	  Cylinder	  Compression	  Ignition	  Engine,	  by:	  G.	  Valentino,	  L.	  
Marchitto,	  S.	  Merola	  and	  C.	  Tornatore;	  CNR,	  Istituto	  Motori	  


13:10	  -‐	  14:00	   Lunch	  
	   	  
14:00	  –	  14:30	   BUS	  DEPARTS	  TO	  “FALKLAND	  PALACE”	  
14:30	  -‐	  16:00	   GUIDED	  TOUR	  OF	  FALKLAND	  PALACE	  
16:00	  -‐	  17:00	   OPPORTUNITY	  TO	  ENJOY	  THE	  GARDENS	  AND	  VISIT	  THE	  SMALL	  TOWN	  OF	  


FALKLAND	  
	   	  
17:00	  -‐	  19:00	   SCOTTISH	  “PICNIC”	  AT	  FALKLAND	  
	   	  
19:00	  –	  19:30	   RETURN	  TO	  ”NORTH	  HAUG	  “by	  BUS	  
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WEDNESDAY	  5th	  August	  
	  


Time	   Talk	  
08:30	  –	  08:35	   Administrative	  Information	  	  


	  Doug	  Greenhalgh,	  Chair	  Ex	  Co	  and	  Organiser	  
	   Modelling	  and	  Chemistry:	  	  Chair	  	  -	  Frank	  Behrendt	  
08:35	  -‐	  09:10	   Chemical	  Kinetic	  Mechanisms	  for	  Components	  and	  Surrogates	  of	  Transportation	  


Fuels	  and	  Multi-‐Zone	  Engine	  Modelling,	  by:	  Bill	  Pitz;	  LLNL	  
09:10	  -‐	  10:20	   Quantum	  Chemical	  Investigation	  on	  the	  PAH	  Formation	  via	  Fulvenallenyl	  Radicals,	  


by:	  Akira	  Miyoshi;	  University	  of	  Tokyo	  
10:20	  -‐	  10:50	   Sub-‐Atmospheric	  Flame	  Speeds	  :	  Interest	  and	  Difficulty	  to	  Improve	  Kinetic	  


Modelling,	  by:	  Guillaume	  Dayma,	  Fabien	  Halter,Fabrice	  Foucher,	  Christine	  
Mounaim-‐Rousselle	  and	  Philippe	  Dagaut;	  ICARE,	  PRISME,	  Caprysses	  Consortium,	  
Cnrs-univ	  Orléans	  


10:50	  -‐	  11:10	   Coffee	  /Tea	  Break	  
	   Lasers	  and	  diagnostics:	  	  Chair	  –	  Doug	  Greenhalgh	  
11:10	  -‐	  11:50	   The	  Future	  of	  Combustion/Engine	  Laser	  Diagnostics,	  by:	  Yanni	  Hardalupas	  and	  


Alex	  MKP	  Taylor;	  Imperial	  College	  
11:50	  -‐	  12:20	   Laser	  Induced	  Photofragmentation	  Fluorescence	  of	  Alkali	  Chlorides	  in	  Flames,	  by:	  T	  


Leffler,	  C	  Brackmann,	  ZS	  Li,	  S-I	  Möller	  and	  M	  Aldén;	  Lund	  University	  
12:10	  -‐	  12:40	   Alternative	  Fuels:	  Chair	  –	  Doug	  Greenhalgh	  
12:40	  -‐	  13:10	   A	  Study	  of	  Novel	  Biofuels	  from	  Biomass	  focused	  on	  Methyl-‐Furans	  (MF),	  by:	  


Chongming	  Wang	  and	  Hongming	  Xu;	  Birmingham	  University	  
13:10	  -‐	  14:00	   Lunch	  
	   Alternative	  Fuels:	  Chair	  –	  Mario	  Ditranto	  
14:00	  –	  14:30	   Generation	  of	  Gaseous	  Fuel	  for	  Combined	  Heat	  and	  Power	  from	  Woody	  Biomass,	  


by:	  Alba	  Dieguez-Alonso	  and	  Frank	  Behrendt;	  TU-Berlin	  
14:30	  -‐	  15:00	   Numerical	  Simulation	  of	  the	  Impact	  of	  the	  Feeding	  Process	  in	  the	  Combustion	  of	  


Biomass,	  by:	  Jacobo	  Porteiro,	  Miguel	  Angel	  Gómez,	  David	  Patiño	  and	  José	  Luis	  
Míguez;	  University	  of	  Vigo	  


15:00	  -‐	  15:30	   Towards	  a	  Tar	  Tolerant	  Biomass-‐Gassification-‐CHP	  system	  :	  Primary	  Experiments	  
with	  an	  HCCI	  engine,	  by:	  Subir	  Bhaduri,	  Francesco	  Contino	  and	  Hervé	  Jeanmart;	  
Université	  Catholique	  de	  Louvain	  


15:30	  –	  16:00	   MILD	  combustion	  of	  Biogas	  on	  a	  30	  kW	  and	  200	  kW	  lab	  furnaces:	  scale	  effects	  and	  
influence	  of	  the	  geometrical	  configuration,	  by:	  Gabriele	  Mosca	  and	  Delphine	  
Lupant;	  UMONS	  


16:00	  -‐	  16:20	   Tea/Coffee	  Break	  
	   Gas	  Turbines:	  	  Chair	  -	  Christine	  Mounaïm-Rousselle	  


16:20	  –	  16:50	   Experimental	  Investigation	  of	  an	  Oxy-‐Fuel	  Gas	  Turbine	  Burner,	  by	  	  
Mario	  Ditaranto	  and	  Inge	  Saanum;	  SINTEF	  Energy	  Research	  


16:50	  –	  17:20	   Catalytically	  Supported	  Combustion	  Concepts	  for	  H2-‐Rich	  Fuels	  in	  Gas	  Turbine	  
Engines,	  by:	  I.	  Mantzaras	  and	  P.	  Jansohn;	  Paul	  Scherrer	  Institute	  


17:	  20	  –	  17:50	   Flame	  Investigation	  of	  a	  Gas	  Turbine	  Burner	  using	  OH-‐PLIF	  and	  High-‐Speed	  
Chemiluminescence	  Imaging,	  by:	  A	  A	  Subash,	  A	  Kundu,	  R	  Whiddon,	  R	  Collin,	  S-I	  
Möller,	  M	  Aldén	  and	  J	  Klingmann;	  Lund	  University	  


19:00	  –	  19:30	   BANQUET	  in	  LOWER	  COLLEGE	  HALL	  
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THURSDAY	  6th	  August	  


	  
Time	   Talk	  


08:30	  –	  08:35	   Administrative	  Information	  	  
	  Doug	  Greenhalgh,	  Chair	  Ex	  Co	  and	  Organiser	  


	   Chemistry:	  Chair	  -	  Bill	  Pitz	  
08:35	  -‐	  09:05	   Flame	  Structure	  Studies	  of	  Ethyl	  Pentanoate,	  by:	  Veronique	  Dias;	  Université	  


Catholique	  de	  Louvain	  
09:05-‐	  9:35	   Soot	  Characteristics	  of	  Mode	  transition	  between	  Low	  Temperature	  Combustion	  and	  


Conventional	  Combustion,	  by:	  Choongsik	  Bae	  and	  Behzad	  Rohani;	  KAIST	  
09:35	  –	  10:05	   Trends	  in	  laminar	  flame	  speeds	  of	  C2-‐C7	  Esters,	  by:	  Elna	  Nilsson;	  Lund	  University	  	  
10:05	  –	  10:35	   Threshold	  photoelectron	  spectroscopy	  to	  trace	  chemistry	  in	  


molecular	  beams	  and	  flames	  ,	  by:	  Thomas Gerber, Patrick Hemberger; Paul 
Scherrer Institute,	  


	   Engines:	  Chair	  Bob	  Gallagher	  
10:35-‐11:05	   Combustion	  and	  emissions	  of	  DMMn	  as	  alternative	  of	  Diesel	  Fuel,	  by:	  	  


Zhi	  Wang,	  Jianxin	  Wang	  and	  Shijin	  Shuai,	  Presented	  by	  Homing	  Xu;	  	  
Tsinghua	  University/Birmingham	  University	  


11:05	  -‐	  11:20	   Coffee	  /Tea	  Break	  
	   Energy	  Policy:	  Chair	  –	  Bob	  Gallagher	  


11:20	  –	  10:50	   French	  Policies	  for	  Energy	  Topics	  :	  Especially	  or	  Combustion	  Applications,	  by:	  	  
Christine	  Mounaïm-Rousselle;	  CNRS-Université	  d'Orléans	  


	   	  
11:50	  –	  12:00	   Closing	  Remarks:	  Bob	  Gallagher	  Sec.	  &	  Doug	  Greenhalgh,	  Chair	  Ex	  Co	  
	   	  
12:00	  -‐	  12:30	   Collaborative	  Task	  Meetings	  (to	  continue	  through	  Lunch)	  
12:30	  –	  13:30	   Lunch	  
13:30	  –	  14:00	   Departure	  for	  Delegates	  
14:00	  –	  15:30	   EXCO	  in	  the	  SCHOOL	  of	  MEDECINE	  
	   	  
15:30	  -‐	  16:00	   Coffee/Tea	  Break	  for	  EXCO	  
	   	  
18:30	  –	  19:00	   EXCO	  DINNER	  IN	  THE	  NEW	  GOLF	  CLUB	  DINING	  ROOM	  
	  








Sub-atmospheric flame speeds: 
Interest and difficulty to improve kinetic modeling 


 
Guillaume Dayma, Fabien Halter, Fabrice Foucher, 


Christine Mounaim-Rousselle, Philippe Dagaut 
ICARE, PRISME, Caprysses consortium, CNRS-University of Orléans - FRANCE 


 


Description of hydrogen combustion is important for at least two reasons: hydrogen is a 


renewable fuel, biologically or chemically derived, which burns intensely and cleanly and its oxidation 


mechanism forms the basic building block required in oxidation mechanisms of more complex fuels. 


Extensive research has been conducted experimentally and numerically on the reactivity of 


hydrogen/air or hydrogen/oxygen mixtures, including diluted mixtures and high pressure conditions. 


Although the combustion of hydrogen under standard conditions is globally well simulated, the effect 


of pressure and equivalence ratio variations is less accurately captured. Furthermore, whereas recent 


efforts concerned high-pressure flames, only few data have been obtained under reduced pressure 


where non-monotonic variation of flame speed with pressure has been reported. The sub-atmospheric 


conditions, and more specifically around 200 mbar, are of particular importance to guarantee a safe 


operation of the International Thermonuclear Experimental Reactor (ITER). Updates of hydrogen 


kinetic reaction mechanism have been recently presented and are tested against the present 


experimental data. Though mainly focused on high pressures, the mechanisms of Burke et al. [1] and 


Keromnès et al. [2] were selected in the current study. Experimental measurements of laminar flame 


speed, analysis of the key reactions and kinetic pathways, and modeling studies were performed for 


H2-air premixed flames over a wide range of conditions: equivalence ratios ranged from 0.5 to 4.0 and 


pressures from 0.2 to 3 bar. 


Laminar flame burning velocity measurements were performed using a stainless steel 


spherical combustion chamber with an inside volume of 4.2 L used previously. The chamber 


was filled with synthetic air and pure hydrogen. The composition of synthetic air was: 


20.9%vol of O2 and 79.1%vol of N2. Air and hydrogen were injected using thermal mass 


flow meters. The temperature of the chamber was regulated at Tu = 303 K. Inside the 


chamber, an electric fan mixed the reactants. Two tungsten electrodes separated by 1 mm, 


connected to a capacitive discharge ignition system, were used for spark ignition at the 


chamber center. In all experiments, the inside chamber total pressure can be considered as 


constant. Shadowgraphy was used to record flame images. Computations were performed 


using the CHEMKIN package and the PREMIX code. We compared our experimental results 


obtained at four different equivalence ratios (0.5, 1, 1.7, and 3) as a function of the pressure to 


the laminar burning velocities calculated with both of these kinetic mechanisms (Figure1). 







 
Figure 1. Laminar burning velocity of hydrogen/air mixtures according to the initial pressure at Tu = 


303 K and (a) φ = 0.5, (b) φ = 1.0, (c) φ = 1.7, and (d) φ = 3.0. Symbols are experimental results, lines 


are calculations (equivalence ratios are given in parentheses). 


 


[1] M.P. Burke, M. Chaos, Y. Ju, F.L. Dryer, S.J. Klippenstein, Int. J. Chem. Kinet. 44 (2012) 


444-474. 


[2] A. Keromnes, W.K. Metcalfe, K.A. Heufer, N. Donohoe, A.K. Das, C.J. Sung, J. Herzler, C. 


Naumann, P. Griebel, O. Mathieu, M.C. Krejci, E.L. Petersen, W.J. Pitz, H.J. Curran, Combust. Flame 


160 (2013) 995-1011. 
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Towards a tar tolerant biomass-gasification-CHP
system: Primary experiments with an HCCI engine


S. Bhaduri*, F. Contino**, and H. Jeanmart*


*TFL-iMMC, UCL, Belgium
**Dept. Mech. Eng. & BURN Joint Research Group, VUB, Belgium


1 Context
Raw ‘syngas’ from biomass gasification is used in Spark Ignition (SI) engines for power


generation and consists of gases such as CO, H2, CO2, CH4, N2, water vapor and impurities
such as tars and particulate matter. The syngas exits the gasifier at high temperatures (≈
500◦C) and therefore needs to be cooled down to match the knock limited intake temperature
requirements of the SI engine. While cooling the syngas increases its energy density, it also
causes the tar impurities to condense into sticky liquids/solids leading to clogging or fouling
problems. The Tar Dew Point (TDP) ranges in between ≈300-0◦C, and thus, tar filtration
becomes necessary in addition to the cooling process. The problems caused by condensation
of tars and its filtration/destruction are significant challenges for this domain.


Thus, an alternative system is being developed where the syngas is kept above the TDP,
throughout the process chain. This avoids tar condensation and its subsequent problems.
A Homogeneous Charge Compression Ignition (HCCI) engine is adapted to operate above
the TDP in this novel pathway. Our novel pathway of HCCI operation above the TDP
differs from the past studies ([1–3]) which concentrated on using cooled and purified syngas
in HCCI engines. In our work so far, we have carried out the following three studies:


Exp-I: Performance of open-loop HCCI combustion with various artificial syngas compo-
sitions and operating conditions [4] .


Exp-II: Use of artificial EGR (from 0-25%) for HCCI combustion control [5].
Exp-III: Stability of open-loop HCCI combustion with time varying real syngas supply.


supplied in a purified and cooled form, from a 200 kWthermal 2-stage downdraft biomass
gasifier.


2 Some Results
This presentation focuses on the results of the Exp-II and Exp-III:
Exp-II In Fig. 1a, the EGR effectively counters the advance of CA50 caused by an


increasing equivalence ratio (φFIN). Shaded points mark the experiments with a constant
fueling rate. In Fig. 1b, use of EGR significantly reduces the MPRR and thus allows higher
IMEP to be realized.


Exp-II In Fig. 1c, the indicated efficiency is high but fluctuates as a result of a fluctuating
syngas composition along with other instabilities which are still being investigated. These
instabilities may also be responsible for the significant increase in the NOx emissions near
the ending phase of the experiments, as seen in Fig. 1d.
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Figure 1


3 Conclusions / Future
• EGR can effectively control the combustion phasing. Maximum gross indicated effi-


ciency=33% and about 25% improvement in the IMEP (from 2.8 without EGR to 3.5
bar with EGR) were achieved.


• Open-loop HCCI operation with real (cooled and purified) syngas seems very promis-
ing. High engine instabilities and high NOx emissions were the main issues.


• Experiments with impure and hot syngas are to be commenced soon.
• EGR based closed-loop control of HCCI engine fueled by raw syngas is planned in near


future.
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Fuel/Engine Interactions: 
Potential for Emissions and Efficiency Improvement 


Paul Miles 
Combustion Research Facility 


Sandia National Laboratories, Livermore, CA 
 


Introduction  


Although fully-electric and H2 fuel cell vehicles are now available in the market, internal 
combustion (IC) engines are expected to make up the bulk of the US vehicle fleet for the 
foreseeable future. Figure 1 shows projected vehicle sales for the next decade. Note that 
gasoline-engine powered vehicles are anticipated to dominate new vehicle sales through 2025, 
and will continue to make up the bulk of the existing vehicle fleet for many years afterwards. 
Indeed, the reference case scenario of the U.S. Energy Information Agency’s 2014 Annual 
Energy Outlook projects that even by 2040, over 99% of vehicles sold will have internal 
combustion engines. Within the US, these engines will predominantly use gasoline-like fuels, 
though we expect that the fraction of renewable fuels will increase considerably over this period. 


Although IC engines have seen continuous 
improvements in efficiency, power-density, 
and emissions performance over the last 100 
years, they are designed to run on currently 
available fuels. Consequently their efficiency 
and performance is compromised. In light of 
their anticipated continued dominance, and 
potential large upcoming changes in the 
composition of the fuel supply, examination 
of the engine efficiency gains that could be 
enabled by changes in fuel properties is of 
considerable interest. 


Properties enabling efficiency gains 


Octane rating Commencing with the first 
engines developed by Nicolaus Otto, performance has been limited by knock, and the knock 
resistance or autoignition characteristics of the fuel continues to be the fuel property having the 
greatest impact on engine efficiency. In the US fuel knock resistance is characterized by the 
research and motor octane numbers, RON and MON, which are measured in a test engine with 
intake mixture temperatures in the range of ~40° C and ~150° C, respectively  (see ASTM test 
methods D2699 and D2700 for further details). Autoignition in modern engines, operating with 
intake temperatures closer to those of the RON test, correlate much better with RON than with 
MON. Nevertheless, MON remains a relevant parameter since the fuel “Sensitivity”, defined as 
RON-MON, has been shown to have a beneficial impact on the knock performance of modern 
engines. 


Figure 1: Projected US light-duty vehicles 
sales through 2025


The potential benefit of increased RON on engine efficiency is typically determined in a two-step 
process. First, the increase in the octane number needed to increase engine compression ratio 
is determined, followed by estimation of the efficiency gain enabled by the increased 
compression ratio. Estimates of the octane number increase needed to increase the engine 







compression ratio by one point vary throughout the literature, since it depends on engine 
technology, geometry, and operating conditions. Recent surveys by academic or research 
institutions suggest that a RON increase of 4-5 points is needed. In  contrast, authors 
associated with the car manufacturers believe that a RON increase of only 3 points is needed – 
citing the need to make this determination using consistent design practices. That is, changing 
the compression ratio is not as simple as making a piston change, but must also involve careful 
optimization of the in-cylinder flow, mixture formation, and localized heat transfer rates. 
Likewise, the efficiency gain that can be achieved with a unit increase in compression ratio is 
not easily determined, as it depends on displacement, speed, load, and the initial compression 
ratio. An increase in relative efficiency of 1.6% for each unit increase in compression ratio, 
however, is a conservative value that can be used for estimation. This value accounts for the 
thermodynamic benefit of an increased expansion ratio as well as the ability to more optimally 
phase the combustion process when knock resistant fuels are used. 


There is an additional multiplicative benefit to the increased efficiency cited above. Increasing 
the engine efficiency results in higher torque, and thus allows one to use a smaller engine to 
meet the same torque requirement or to run the engine at a lower speed to meet the same 
power requirement. “Down-sizing” or “down-speeding’ the engine in turn provides additional 
benefits associated with reduced mass and/or friction. Consequently, the direct efficiency gain 
observed with an increase in compression ratio can be multiplied by a factor of 1.3 for naturally 
aspirated engines, or by 1.1 for turbocharged engines – which have already reaped many of the 
benefits of downsizing. 


Finally, we consider the benefit of fuel Sensitivity on knock resistance. A fuel’s effective knock 
resistance, at operating conditions between the RON and MON tests, can be expressed as an 
octane index (OI) which interpolates between RON and MON as shown by the first expression 
in the equation below: 
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Modern engines typically have intake conditions “beyond RON,” however, and an octane index 
that best correlates engine knock performance is found when the interpolative constant K takes 
values less than zero. K depends on the pressure and temperature history that the fuel-air 
mixture experiences, and thus varies over the engine operating map, but an average value of 
approximately -0.5 seems representative of modern, turbocharged engines. Re-writing the 
above equation in the second form shows that with negative K, fuels with a high sensitivity have 
higher knock resistance than would be expected from the fuel RON alone.  


Fuel distillation characteristics Various properties related to a fuel’s vaporization behavior also 
impact efficiency. One of the most controversial of these is the heat-of-vaporization (HoV). In 
modern direct-injection engines, one expects that fuels with a high HoV will impart additional 
knock resistance due to charge cooling associated with the fuel vaporization processes. Several 
authors have argued that HoV effects can be quite large in direct-injection engines, and impart 
an additional knock resistance equivalent to ~5 octane points over port-injected engines with 
fuels having gasoline-like HoVs. Fuels such as alcohols can have several times the heat of 
vaporization of gasoline, and have been reported to provide up to 18 additional octane points for 
a fuel made up of 85% ethanol. More recent studies have tended to downplay this advantage, 







however, and indicate that for ethanol fractions below approximately 40% the additional HoV 
confers little advantage. These studies argue that the impact of HoV is already factored in to the 
fuel RON. This is a topic that requires significant additional clarification, and hence we do not 
consider effective octane increases due to HoV in the estimates of potential fuel efficiency gains 
given below. 


Heat of vaporization can impact engine efficiency through avenues other than knock resistance, 
however. Charge cooling affects heat transfer and pumping work, in addition to introducing 
“bookkeeping” biases into the calculated thermal efficiency. The latter arises from the fact that 
HoV figures prominently into the determination of a fuel’s heating value, which is used to 
translate measured fuel consumption into engine thermal efficiency.  Because the energy 
needed to vaporize the fuel is available for “free” in engine applications, a metric more closely 
approximated by the net chemical energy released would be preferred to perform this 
translation. Overall, we can assign an increase in thermal efficiency of ~1% for every 250 KJ/kg 
increment in HoV over gasoline. 


Other vaporization related properties also impact efficiency, albeit indirectly. Vapor pressure, 
T90 (the 90% mass-loss distillation temperature), and HoV all correlate with soot production.  
Excessive engine soot emissions may force calibration changes or adoption of particulate filters 
that result in fuel economy degradation. T90 also impacts fuel spray liquid penetration, which 
can thus affect the amount of downsizing that can be achieved without incurring significant wall-
wetting. Wall wetting also impacts preignition, and may thus influence the ability to achieve 
efficient low-speed, high-load operation. 


Flame speed Fuels with high flame speeds impact efficiency by reducing burn time. Reduced 
burn time at fixed spark timing impacts efficiency by effectively advancing the combustion 
phasing, allowing for greater work extraction by expansion. By shortening combustion and the 
time available for autoignition reactions to occur, high flame speed fuels also allow greater spark 
advance, further increasing engine efficiency. By using fuel blendstocks with high flame speeds, 
obtained by adding high-flame speed renewables or by tuning refinery processes to create 
outputs high in olefins, efficiency improvements of ~1% can be expected for every increase in 
flame speed of 3 cm/s. 


Estimated potential efficiency gains 


Efficiency gains for two different potential 
fuel scenarios are shown in Figure 2. The 
first, baseline, scenario envisions the use of 
a 15 volume-percent ethanol blend in a 
petroleum blendstock with a RON of 94 and 
MON of 86. The resulting blend will have a 
RON of 100 and MON of 88, or a Sensitivity 
of 12. In comparison with a current RON 91 
fuel with a sensitivity of 8, this allows for an 
increase in engine efficiency of 
approximately 7.6% due to improved 
autoignition resistance alone. Accounting 
for additional HoV effects, as well as an anticipated increase in flame speed of 3 cm/s, we could 
expect an overall, fuel-enabled increase in engine efficiency of 9%. The second scenario is 


Figure 2: Fuel-enabled efficiency gains 
achievable for two different fuel scenarios 







more aggressive, but still plausible, and demonstrates that fuel-enabled efficiency gains 
approaching 15% are within reach. 


Summary 


Combustion engines will remain a mainstay of the light-duty fleet for many years, and within the 
US SI engines are expected to continue to dominate the light-duty fleet. Although SI engine 
efficiency has steadily increased, and down-sized boosted concepts are closing the gap 
between SI and diesel engine efficiencies, there are significant additional engine efficiency 
gains that can be achieved if fuel properties are tailored appropriately. Fuel autoignition 
resistance is first among these properties, but the fuel’s distillation characteristics and flame 
speed can also play a significant role.  


Two additional points will be made in closing. First, engine designers must be able to count on 
having tightly controlled fuel properties, with widespread availability, in order to achieve the 
promised efficiency gains. If engine designs are compromised to enable satisfactory operation 
over a wide range of fuel properties the potential efficiency benefits will not be achieved. 
Second, the complete fuel life cycle must be considered in order to ensure that overall energy 
efficiency and greenhouse gas reduction goals are met. In this respect, producing high-
sensitivity fuels may be particularly advantageous, as increasing fuel MON is generally an 
energy intensive process. 
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Experiences on E85 Dual-Fuel Combustion 
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E85 high-speed dual fuel engine experimental studies 


In these studies a six-cylinder high-speed heavy-duty engine was modified from a direct injection 


production engine to a dual-fuel engine running on E85 as the main fuel and diesel fuel as the ignition fuel. 


The modifications consisted of a new intake manifold with port fuel injection (PFI) system and parallel ECU 


for PFI control. The measurement set-up is in figure 1. 


 


Figure 1. The experimental set-up in E85 dual-fuel tests. 


The studies were made in two phases: first without charge air cooling at several engine load conditions and 


secondly, with charge air cooling at most interesting load conditions found in first test phase. The results 


from these studies proved the potential of E85 as candidate for alternative heavy-duty engine fuel, but also 


showed the main problems of the concept. At the best, the energy based E85 fuel share was close to 90% 


while at worst it was around 30%. The limiting factors for maximum E85 share were too high pressure rise 


rate (PRR) and minimum injection quantity of diesel injector, which was kept as original. Charge air-cooling 







decreased the PRR and thus higher E85 shares were achieved – especially at high load conditions.  The 


effect of the charge air temperature at 100% load is presented in figure 2. 


 


Figure 2. The effect of the charge air temperature at 11.8bar BMEP and 2300rpm. The maximum E85 share 


at the lowest temperature was 74%, while at other temperatures the share was constant 36%. 


The drawbacks on E85 dual-fuel concept were very high CO and THC emissions, which also caused 


decreased combustion efficiency. These increased emissions, will require exhaust gas after-treatment to 


fulfill the emission legislations. Notable was, that faster combustion and better combustion phasing, 


compensated the lower combustion efficiency. The study also showed the charge air temperature and 


air/fuel-ratio needs to be controlled, to reach high E85 share,. 


As a conclusion of these studies, the E85 has evident potential as fuel for dual-fuel combustion, but there 


are still clear obstacles to be won. The main problems are related to high CO and THC emissions, which 


mainly caused by PFI concept and high lambda. 
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1 Summary 
The multi-conceptual approach of our research group to investigate thermochemical conversion 


processes of biomass for production of heat and power is presented. Representative results are shown 


regarding the characterization of heterogeneous secondary reactions during pyrolysis of thermally 


thick wood particles, as well as with respect to the combustion behavior in laminar diffusion flames of 


the potential product gases. 


 


2 Motivation 
Thermochemical conversion of lignocellulosic biomass is expected to significantly contribute to the 


energy mix in the upcoming years. This contribution can take place with the direct generation of heat 


and heat & power or with the production of biofuels for transportation. However, the production of 


transportation fuels from biomass with these processes is still very challenging, due to the highly 


demanding post-processing of the product to reach marketable conditions. At the same time, this 


approach requires large scale, highly quality-oriented controlled conversion processes in order to get 


acceptable efficiencies, introducing a new constraint regarding biomass supply. 


On the contrary, the production of heat and power can be done in smaller scales with less challenging 


requirements, and it is in this field where the major contribution is expected to take place in the next 


years.  Despite this, still some limitations need to be faced in this area, mostly related to the 


production of tars and particles. Independently of the conversion process (gasification or combustion) 


these need to be removed, either to avoid damage of downstream equipment or to fulfill emissions 


regulations.  


The formation of these compounds is related to both the conversion process and performance and the 


feedstock to be used. Therefore, in order to be able to deal with them it is necessary to understand its 


formation mechanism and composition, by deeply understanding the conversion process itself, but 


also to determine how to convert them without intensive cleaning in order not to increase costs and 


reduce conversion efficiencies. 


 


3 Approach 
In order to address the aforementioned problems, the questions we try to answer are: 


 What is the composition of volatiles (tars) taking part in the gas phase reactions, either in 


direct combustion or gasification conditions followed by combustion of the gas product? 


 Which factors influence particle formation and how is possible to influence them in order to 


reduce the emissions? 


 What is the combustion behavior of these complex mixtures of volatiles? 


 


In the first case, taking into account that for gasification and combustion, the pyrolysis step has a 


direct impact on the composition of the released volatiles as well as on the char reactivity, a deep 


characterization of the pyrolysis process is intended. This is done at molecular, particle and reactor 


level. It is of special relevance for us to address the presence of heterogeneous secondary reactions, 


enhanced by big particle size, and the influence of alkali content and process conditions on these 


reactions, since they have a direct impact on volatiles composition and char reactivity. 


With respect to the particle formation, it is important to distinguish between organic and inorganic 


particles. The first ones are related to non-optimal performance of the conversion process, therefore 


this topic needs to be correlated to the pyrolysis mechanisms and further understanding of the gas 


phase reactions for the different processes. With respect to the inorganic particles, they are related to 
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the inorganic content of the biomass, and its reduction implies an optimization of the process itself, 


together with an appropriate cleaning system. In both cases, understanding of the formation 


mechanism, composition, concentration and particle size distribution requires appropriate 


characterization techniques. In this case, spectroscopy techniques will be applied, being this still 


future work. 


Regarding the combustion behavior of the gaseous products, experimental investigation is performed 


in laminar diffusion flames, using a counter flow burner. Spectroscopy techniques, including laser-


induced fluorescence (LIF), laser-induced incandescence (LII), Rayleigh and Raman are applied to 


characterize temperature, species concentration and particle formation.  Also mathematical modelling 


is developed in this field to further understand the combustion behavior of complex mixtures. 


 


4 Results 


In Fig. 1 some results regarding the characterization of the pyrolysis process are shown. On the left, it 


is shown the release of permanent gases as well as the release of species emitting fluorescence. Those 


species would be mainly poly-aromatic hydrocarbons (PAHs) and the source of their production 


during pyrolysis at temperatures below 500 °C would be probably heterogeneous secondary reactions. 


On the right, a pyrolysis mechanism describing these reactions is shown. 


 


 


 


 


 


 


 


In Fig. 2 it is shown the LIF and LII signals obtained during combustion of CH4, taken as reference 


gas, during its combustion in the counter flow burner. 


 


Figure 2: LII and LIF signal of a CH4 laminar flame 


[1]Dieguez-Alonso, A. Anca-Couce, A., Zobel, N., Behrendt, F. Fuel 153 (2015)102-109. 


Figure 1: Left: Transitory evolution of permanent gases and compounds emitting fluorescence during slow pyrolysis. 


Right: mechanism proposed for slow pyrolysis [1]. 
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Abstract 


 


This work presents a transient model for the simulation of biomass combustion in a fixed bed boiler fed 


through particle drop. The method combines the classical CFD techniques to simulate the gas phase with a set 


of Eulerian variables defined to model the solid phase and Lagrangian trajectories which model the particle 


drop. Several submodels are implemented to simulate the numerous processes that occur during the 


combustion of the solid phase. These submodels include the thermal conversion of biomass, heat and mass 


transfer, particle shrinkage and bed compaction as well as the interaction of the DPM (Discrete Phase Model) 


trajectories and the bed variables. The predictions are contrasted with experimental tests with reasonably good 


results that show an overall good behavior of the models. The simulation helps to understand the heat transfer 


inside the boiler and the instability of the emissions measurements. Once the model has been validated, it has 


been embedded into ANSYS-Fluent by means of a Graphical User Interface so that other researchers can 


employ this model to study other systems or to test other submodels.  
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1. INTRODUCTION* 


 


The study of biomass combustion is currently 


receiving increased interest due to the effects of 


greenhouse gas emissions and the lack of fossil fuel 


resources in certain countries. Understanding 


biomass behaviour in the combustion process is a 


key factor in designing and improving combustion 


systems such as boilers, burners and furnaces. CFD 


techniques have become efficient tools in the search 


for a better understanding of biomass thermal 


conversion phenomena. However, CFD commercial 


codes still require extensive development regarding 


the combustion and/or gasification of solid fuels, 


particularly those that involve the thermal 


conversion of solid biomass.  


Most published CFD models of biomass 


combustion systems are based on compact domains 


where the combustion of the packed bed occurs 


through either a zero- or one-dimensional approach 


[5-11]. Yang et al. [6] employed a higher level of 


discretisation that modelled a two-dimensional 


packed bed of thermally thick particles. Most of 


these works focused on species prediction with 


temperatures in a steady state; however, a few cases 


solved the transient evolution of the combustion 


system. Collazo et al. [7] simulated a three-


dimensional burner in which the biomass particles 


were considered to be in a continuously solid phase. 


The same Eulerian solid-phase approach was used 


by Gómez et al. [8] to simulate an experimental 


                                                                 


 


burner by developing a specific set of equations to 


engage the bed in a CFD Discrete Ordinates Model 


(DOM) to study the radiative exchange among 


particles, gases and surroundings.  


Several authors [1–3, 9] used the top of the bed 


as a gas inlet to the furnace where the by-products 


of the solid fuel combustion were introduced. These 


products introduce the mass, energy and species that 


were previously calculated by the bed’s submodels. 


This methodology is commonly employed to couple 


a 0-D or 1-D model to a CFD gaseous domain; for 


instance, Eskilsson et al. [10] used experimental 


measurements to select the composition and 


properties of the gas leaving the bed. However, 


several authors simulated the packed bed region as 


a porous zone and introduced the combustion 


products as volumetric sources [4, 11]. A further 


advancement introduced these mass, energy and 


species sources through user-defined functions 


(UDFs) that allowed them to be dependent on the 


embedded models, thereby accounting for local 


conditions when calculating the behaviour of each 


specific point of the packed bed. 


The work applies a transient three-dimensional 


model to the simulation of an actual biomass 


domestic boiler with different feeding methods. The 


solid phase is modelled using Eulerian variables that 


are defined and calculated through transport 


equations that model the thermal conversion of the 


solid particles. A feeding model was introduced in 


this work and coupled with the bed consumption and 
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adapted to the boiler geometry. This method uses 


Lagrangian trajectories to account for the particles 


drop and transform the trajectories in Eulerian 


variables when the particles reach the bed. 


Experimental tests are used to contrast the response 


of the boiler to different fuel feeding conditions. 


Once the model has been validated, it has been 


embedded into ANSYS-Fluent by means of a 


Graphical User Interface so that other researchers 


can employ this model to study other systems or to 


test other submodels. The model will be soon 


available at the URL gte.uvigo.es as a beta release 


for further testing.  


 


THE EXPERIMENTAL BOILER 


The experimental boiler simulated is a commercial 


27 kW pellet boiler. The fuel bed of this boiler is 


located in a metallic box with several holes at its 


floor and at the lateral walls to allow the air to cross 


the bed. The fuel is dropped on the bed from a fuel 


store through a feeding channel. The air inlet is a 


tube that drives the air to a semi closed space placed 


under the bed which makes the air to enter in the bed 


distributed among the numerous holes in the floor of 


the bed box. The flame is expected to be located 


over the bed box and the hot gases released from the 


fuel exchange heat with the tubes and the boiler 


walls which are cooled by water. Those exhausted 


gases are driven out from the boiler through an 


escape tube which is also cooled by water. In front 


of the flame region there is a frontal door that allows 


the visibility of the flame and part of the bed. This 


door has an important effect to the boiler behavior 


since it is the main inlet of air infiltrations.  


 


REFERENCES 


 


[1] J. Porteiro, E. Granada, J. Collazo, D. Patiño, J.C. Morán, 


Numerical modeling of a biomass pellet domestic boiler. 


Energy Fuels, vol. 23, pp. 1067–1075, 2009.  


[2] S.K. Kær, Numerical modelling of a straw-fired grate boiler. 


Fuel, vol. 83: 1183–1190, 2004. 


[3] C. Yin, L. Rosendahl, S.K. Kær, S. Clausen, S.L. Hvid, T. 


Hiller, Mathematical modeling and experimental study of 


biomass combustion in a thermal 108 MW grate-fired 


boiler. Energy Fuels, vol. 22, pp. 1380–1390, 2008. 


[4] J. Collazo, J. Porteiro, J.L. Míguez, E. Granada, M.A. Gómez, 


Numerical simulation of a small-scale biomass boiler. 


Energ Convers Manage, vol. 64, pp. 87–96, 2012. 


[5] J. Cooper, W.L.H. Hallett, A numerical model for packed bed 


combustion of char particles. Chem. Eng. Sci., vol. 55, pp. 


4451–4460, 2000. 


[6] Y.B. Yang, V.N. Sharifi, J. Swithenbank, Numerical 


simulation of the burning characteristics of thermally-


thick biomass fuels in packed beds, Trans IChemE Part B. 


Process Saf. Environ. Prot., vol. 83, pp. 1–11, 2005. 


[7] J. Collazo, J. Porteiro, D. Patiño, E. Granada, Numerical 


modeling of the combustion of densified wood under 


fixed-bed conditions. Fuel, vol. 93, pp. 149–159, 2012. 


[8] M.A. Gómez, J. Porteiro, D. Patiño, J.L. Míguez, CFD 


Modelling of Thermal Conversion and Packed Bed 


Compaction in Biomass Combustion. Fuel, vol. 117, pp. 


716–732, 2014. 


[9] X. Zhang, Q. Chen, R. Bradford, V. Sharifi, J. Swithenbank, 


Experimental investigation and mathematical modelling of 


wood combustion in a moving grate boiler. Fuel Process 


Technol, vol. 91, pp. 1491–1499, 2010. 


[10] D. Eskilsson, M. Ronnback, J. Samuelsson, C. Tullin. 


Optimisation of efficiency and emissions in pellet burners. 


Biomass Bioenerg., vol. 27, pp. 541–546, 2004. 


[11] M. Miltner, A. Makaruk, M. Harasek, A. Friedl, CFD-


modelling for the combustion of solid baled biomass. In: 


Fifth international conference on CFD in the Process 


Industries. Melbourne, Australia; 2006. 


 








In-Cylinder Fuel Reforming to Support High EGR 
Dilution in High Efficiency SI Engines 


 
James P. Szybist and Derek A. Splitter 


 
Fuels, Engines, and Emissions Research Center 


Oak Ridge National Laboratory 
 


szybistjp@ornl.gov 
 


Introduction 
Legislative-driven targets worldwide have motivated 


considerable effort worldwide to decrease the CO2 emissions from 
vehicles.  Among other things, this includes improving the efficiency 
of spark-ignited engines.  In this project we are attempting 
simultaneously improve the efficiency of SI engines through two 
mechanisms: high EGR dilution and exhaust heat recovery.   


High levels of EGR dilution improve efficiency through several 
well-understood mechanisms.  These are reduced pumping work at 
part load, an increased ratio of specific heats (γ) because of both a 
composition change and reduced cylinder temperatures, and there 
may also be an opportunity to increase compression ratio due to 
decreased knock propensity.  While EGR dilution can improve 
efficiency, it also reduces the combustion stability, thereby limiting 
the amount that can be used and the efficiency benefit that can be 
realized.   


The second strategy that we are pursuing simultaneously is 
exhaust heat recovery through thermochemical recuperation (TCR).  
With TCR, exhaust heat is used to drive endothermic reactions to 
convert thermal energy in the exhaust into chemical energy that can 
be burned in-cylinder.  We are attempting to accomplish this using 
steam reforming, and in the scenario of 100% selectivity to steam 
reforming, we can expect to achieve up to a 25% increase in the 
lower heating value of the fuel, and up to a 14% improvement in the 
exergy of the fuel, as shown in Table 1. 


 
Table 1.  Steam reforming reactions for iso-octane and ethanol. 


Reforming Reaction LHV Increase Exergy Increase


Octane C8H18 + 8H2O → 8CO + 17 H2 25% 14%


Ethanol C2H5OH +  H2O → 2 CO + 4H2 24% 9%
   


 
At ORNL, we have developed a strategy that combines high 


levels of EGR with TCR for exhaust heat recovery.  Further, because 
the products of steam reforming have a very high flame speed, 
particularly H2, the reforming can be used to extend the dilution limit 
of the SI combustion.  In this strategy, one of the engine cylinders 
breathes in oxygen-deficient products from the exhaust manifold and 
recompresses them in the presence of fuel.  Ideally, the high 
temperature conditions in the absence of oxygen will drive reforming 
reactions and lead to TCR.  If successful, this strategy will achieve 
waste heat recovery with a single work conversion device.  A 
schematic of the strategy is shown in Figure 1. 


 
Methodology 


A modern, direct injection spark ignition engine with a 
displacement of 2.0L was modified to pursue an experimental 
investigation of this approach.  The valve train was modified so that 
the cams actuated the valves on cylinders one through three only, and 
the valves for cylinder 4 were controlled by a fully flexible hydraulic 
valve actuation system.  This allowed cylinder 4 to breathe in from 
the exhaust manifold, fuel to be injected for reforming into the hot, 
oxygen-deficient environment, and the resultant products to be 
exhausted into the intake system.   Parametric sweeps at a constant 


brake mean effective pressure (BMEP) of 4 bar at an engine speed of 
2000 rpm were conducted under globally stoichiometric conditions.  
The reformate products were characterized using an FTIR and a 
magnetic sector mass spectrometer for measuring H2.  Two different 
fuels were used in this study: ethanol and iso-octane.  A schematic of 
this operating strategy is shown in Figure 1. 
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Figure 1.  Schematic of the in-cylinder reforming strategy. 


 
Results 


Experimental cylinder pressure traces from this operating 
strategy are shown in Figure 2.  The upper figure shows in-cylinder 
pressure trace for cylinders 1-3 and the lower figure shows the in-
cylinder pressure trace for cylinder 4, the in-cylinder reforming 
cylinder.  Cylinders 1-3 show a conventional SI combustion process, 
whereas cylinder 4 has no oxygen available to combustion the fuel, 
so the cylinder pressure is much lower.  The sub-window in Figure 2 
shows a parametric sweep of fuel injection duration into the 
reforming cylinder. 
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Figure 2.  Cylinder pressure for the in-cylinder reforming 
strategy. 
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A comparison of efficiency for the in-cylinder reforming 
strategy relative to several different baseline cases, all at 2000 rpm 4 
bar BMEP, is shown in Figure 3.  For the conventional SI case, all of 
the cylinders are attempting to produce the same amount of power, 
but in the in-cylinder reforming strategy, only three of the cylinders 
are creating positive work, meaning that the individual cylinders are 
at a significantly higher load.  Thus, a cylinder deactivation case was 
also added to the comparison, enabled by deactivating the cylinder 
with hydraulic valve actuation.  Further, sweeps of external cooled 
EGR were performed with both the conventional SI strategy and the 
cylinder deactivation strategy.  Ultimately, it was found that while the 
in-cylinder reforming strategy was significantly more efficient than 
the conventional SI strategy, consuming 9.4% less fuel to create the 
same power, the efficiency gain could be fully explained by the EGR 
in combination with the cylinder deactivation effect.  No notable gain 
efficiency from improved dilution tolerance or thermochemical 
recuperation was observed. 
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Figure 3.  Efficiency comparison as a function of EGR for the in-
cylinder reforming, cylinder deactivation, and conventional SI 
strategies.   


 
Chemical speciation can be used to explain why the in-cylinder 


reforming strategy did not show an additional benefit over the 
cylinder-deactivation strategy with EGR.  Figure 4 shows the amount 
of fuel, in this case ethanol, in the intake manifold as a function of 
injection duration.  Instead of the being converted into reformate 
products, it was being exhausted from the reforming cylinder in an 
un-reacted state.  This is also shown in Figure 5 by the amount of H2 
and CO formed by the reforming process.  While there is some H2 
and CO present, the majority of the fuel is not converted to reforming 
products.  


The reason for the lack of fuel conversion in the in-cylinder 
reforming process is that the in-cylinder temperature is not 
sufficiently high.  Analysis of the thermal processes revealed that the 
heat losses in the exhaust manifold were higher than expected, 
resulting in an in-cylinder temperature that was only about 950K 
instead of the 1050K required for high fuel conversion. 


To account for this, modifications have been made to the 
experimental setup to increase the temperature in the reforming 
cylinder.  These included increasing the compression ratio of the 
reforming cylinder from 9.2:1 to 12.5:1, and providing an air 
injection system to allow for a small flow of air into the cylinder so 
that exothermic combustion reactions could increase the temperature 
to drive the endothermic reactions.  These modifications did 
substantially increase the fuel conversion of the in-cylinder reforming 


process, with the addition of air in particular increasing the fuel 
conversion with both ethanol and iso-octane.  However, despite the 
increase in fuel conversion, an efficiency gain through either TCR or 
an increased dilution tolerance has not yet been realized.  
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Figure 4. Unconverted fuel ethanol present in the intake manifold 
as a function of fuel duration injected into the reforming cylinder. 
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Figure 5. H2 and CO present in the intake manifold, produced 
from in-cylinder fuel reforming, as a function of fuel duration 
injected into the reforming cylinder. 


 
Conclusions 


A multi-cylinder engine operating strategy has been developed 
to attempt to simultaneously operate with high levels of EGR dilution 
and achieve waste heat recovery through TCR.  A unique, flexible 
engine experiments was developed at ORNL to perform parametric 
investigations with the strategy.  Results show that by using the in-
cylinder reforming strategy, the fuel consumption was decreased by 
over 9% compared to the baseline operation.  However, additional 
analysis revealed that the efficiency benefit could be attributed to the 
EGR and cylinder deactivation effect rather than an extended dilution 
tolerance and TCR.  Additional experiments, including some 
experimental modifications, are ongoing to clarify whether the 
potential benefits of this operating strategy can be realized.  
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IN-CYLINDER PROCESSES OF NATURAL GAS COMBUSTION MODES  
 


Mark Musculus  Sandia National Laboratories  (925) 294-3435  mpmuscu@sandia.gov 
Dawn Manley  Sandia National Laboratories  


Brad Zigler  National Renewable Energy Laboratory 


OVERVIEW 
This presentation describes planned activities in natural gas (NG) combustion research at the 
Combustion Research Facility (CRF) of Sandia National Laboratories (SNL). The presentation is 
comprised of three parts. First, the perspective of the United States (US) NG market and the US 
Department of Energy (DOE) on and research and development (R&D) needs are reviewed, 
closing with emphasis on vehicle end-use R&D needs for in-cylinder combustion. Second, four 
NG in-cylinder combustion strategies currently deployed in production engines are briefly 
described. Some highlights of progress to date on developing understanding of in-cylinder 
processes using optical engines and other facilities is reviewed for each of the four NG 
combustion strategies. Comments on knowledge gaps yet to be filled and are also offered. The 
presentation closes with plans to modify the existing heavy-duty (HD) optical engine at SNL’s 
CRF for multiple NG fueling and ignition concepts to enable operation with all four NG 
combustion strategies currently deployed, as well as other advanced concepts or variations on the 
current strategies. 


US PERSPECTIVES ON NG 
For the US, the most recent energy production and usage data available (2013) show that NG 
production (26.6 quads) is comparable to total energy usage for transportation (27.0 quads), but 
only 3% of NG production is currently used for transportation. This demonstrates potential for 
significant impact on transportation energy usage by NG. The US climate action plan promotes 
greater NG usage to offset greenhouse gas (GHG) emissions, including for transportation. 
Although the worldwide NG vehicle fleet, largely passenger cars, has grown 20% annually for 
the past decade reaching 17 million vehicles in 2012, growth in the US passenger car market has 
been much smaller.  In the next few decades, little growth is projected in the US NG passenger 
car market, but 10% annual growth is projected for the US NG HD market.  This growth is 
anticipated in part due to the large cost differential for NG relative to diesel and gasoline fuels.  
Fuel costs are more important for HD vehicle applications, and the cost differential is expected to 
persist for many decades. Hence, greater penetration of NG vehicles in the HD market will be 
driven by both an economic pull and a policy push for GHG reduction. To achieve greater NG 
penetration in the US HD market, improvements are needed in many steps in the NG supply 
chain. Planned work at SNL’s CRF focuses on vehicle end-use, in particular, NG in-cylinder 
combustion issues. 


NG COMBUSTION STRATEGIES IN CURRENT PRODUCTION ENGINES 
Four different NG engine combustion strategies are currently deployed in production engines: 


• Stoichiometric Premixed Spark-Ignition (SPSI) engines use NG premixed with the intake 
gases to stoichiometric proportions and ignited by a spark. Typically, cooled exhaust-gas 
recirculation (EGR) reduces in-cylinder temperatures and thereby also reduces formation of 
nitrogen oxides (NOx), and eases the heat load on the engine. With stoichiometric mixtures, 
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simultaneous exhaust aftertreatment of NOx, carbon monoxide (CO) and unburned 
hydrocarbons (UHC) can be achieved by a three-way catalyst. NG injection is typically in the 
intake port, though early direct injection is also conceivable to create mixture heterogeneity. 


• Lean-Premixed Spark-Ignition (LPSI) engines use NG premixed with air and/or EGR to 
overall fuel-lean proportions and ignited by a spark plug or pre-chamber. Much like 
homogeneous charge compression ignition (HCCI) or partially premixed compression ignition 
(PPCI), operation with uniformly fuel-lean mixtures reduces combustion temperatures and 
NOx formation so little or no exhaust NOx aftertreatment is required. Oxidation catalysts are 
still required for carbon monoxide (CO) and methane slip. NG port injection is typical, though 
early direct injection is also conceivable. 


• Lean-Premixed Diesel-Pilot (LPDP) engines are similar to LPSI, but ignition is achieved by a 
small pilot injection of diesel fuel rather than by a spark plug or pre-chamber. The high cetane 
number of the diesel fuel enables chemical autoignition, and the broader mixing of the diesel 
fuel jets into the combustion chamber provides a more robust and larger ignition kernel than 
for spark ignition engines, resulting in generally more robust ignition. After ignition, 
combustion can proceed through the fuel-lean NG mixture by flame propagation or sequential 
autoignition, or a combination of both, depending on the local conditions. 


• Direct-Injection Diesel-Pilot (DIDP) engines use NG injected directly into the cylinder charge 
of air and EGR. The diesel pilot ignition can occur before, during, or after the NG injection. 
NG premixing can be increased by delaying the diesel pilot injection. Combustion after 
ignition is generally mixing-limited, similar to conventional diesel engines. As a result, the 
combustion and emissions for DIDP NG engines can be similar to conventional diesel 
engines, with NOx forming in the hot diffusion flame and soot forming within rich mixtures 
in the jet interior. 


MODIFICATION OF EXISTION SNL 
HD DIESEL OPTICAL ENGINE FOR 
NG 
The existing SNL HD diesel optical 
engine will be modified for various NG 
fueling strategies to provide a common-
platform NG optical engine for developing 
the missing science base needed to 
optimize NG combustion. Establishing this 
science base will enable engineering 
developments to overcome technical 
barriers and accelerate the deployment of 
NG-fueled engines to reduce GHG 
emissions. The model for this type of work 
is decades of optical engine research for 
compression ignition (diesel) engines, 
which yielded understanding embodied in 
a world-renowned diesel “conceptual 
model” that has proven essential for diesel 
engine development. Stakeholders in 
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Heavy-duty optical diesel engine with proposed 
modifications for natural gas fueling and ignition. 
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industry concur that a NG conceptual-level understanding would greatly aid 
development/deployment of NG engines. 


 
 


 
Page 3 of 3 








A Study of Preignition in a Highly Boosted Gasoline Engine 


Yasuo Moriyoshi, Tatsuya Kuboyama, Koji Morikawa  


Chiba University  


The authors investigated the reasons of how a preignition occurs in a highly boosted gasoline engine 


from both experimental and theoretical viewpoints. The experimental apparatus is shown in Fig. 1 while 


the engine specifications are indicated in Table 1. A visualization of preignition was carried out using an 


endoscope as shown in Fig. 2. The in-cylinder pressure trace and apparent heat release rate are 


indicated with direct photographs during preignition initiated by the hot particles. In this cycle, some 


glowing particles were observed even during early stage of compression stroke, and these glowing 


particles induced preignition before spark ignition timing. As can be seen in the heat release rate in this 


figure, heat release was initiated at about -12 deg. ATDC which is earlier than the spark ignition timing 


set at 4 deg. 


As a result, three processes are derived; i) small oil droplets coming out during compression stroke 


cause autoignition and become the source of preignition, ii) oil droplets coming out during exhaust 


stroke burn and CaO particle as residue included in oil as an additive becomes the preignition source, 


and iii) deposits peeled off from the combustion chamber are heated by combustion and become the 


preignition source in the next engine cycle. Many experimental facts can be adopted to either process. 


As a result, the reduction of CaCO3 in lubricating oil and preventing oil from coming out into the cylinder 


are radical solutions to reduce preignitions.  


In a lubricating oil, Ca is included in a micelle state of CaCO3. At high temperature, CaCO3 will be 


thermally decompounded into CaO and CO2. Meanwhile, CaO particles absorb CO2 with an evolution 


of heat and becomes CaCO3 again as expressed by Eq. (1).  


    CaCO3(s) ⇔ CaO(s) + CO2(g)     .....   (1) 


  


             Fig. 1  Experimental apparatus        Table 1 Engine specifications 
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Fig. 2  Visualization field through the endoscope attached to the cylinder head (at BDC) 


 


 


Fig.3 Equilibrium temperature of CaO and CaCO3 
Fig.4 Effect of particle diameter and equivalence 


ratio on ignition delay 


When CaO absorbs CO2, this exothermic reaction is controlled by the diffusion and adhesion speed of 


CO2 on CaO. The equilibrium temperature depending on CO2 partial pressure is about 900 K in the 


atmosphere with 400 ppm CO2. Figure 3 indicates the relationship between the CO2 partial pressure 


and the equilibrium temperature.  


Figure 4 shows the ignition delay of a particle vs. the diameter with varying the ambient mixture’s 


equivalence ratio. Results without a particle are also indicated. As the particle becomes large, the  


ignition time becomes short linearly. The slope is slightly steeper with a less equivalence ratio. For 


example, the ignition delay of 10 m particle is 15.6 and 9.45 ms at equivalence ratio of 1.0 and 2.0, 


respectively. The time is shorter in 39 % under a rich condition. Meanwhile, the ignition delay of a 50 


m particle is 12.2 ms at an equivalence ratio of 1.0. The time is shorter in 21 % compared to of a 10 


m particle. This means that the effect of equivalence ratio is stronger than of the diameter. The local 


equivalence ratio takes about 2.0 at compression TDC around the intake valves as indicated. Thereby, 


a preignition may occur during the compression stroke by CaO particles.  
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Time series measurement of fuel film adhering to model cylinder wall 
 


 
Shinya OKAMOTO, Hisanobu KAWASHIMA and Tsuneaki ISHIMA* 


 
*Division of Mechanical Science and Technology, Gunma University, Kiryu 376-8515, Japan, ishima@gunma-u.ac.jp 


 
Keywords: Spray adhesion, Film thickness, Laser induced fluorescence (LIF), Time series measurement 


 
   The purpose of this research is to know the fuel spray 
adhesion thickness and amount on the cylinder wall of a 
model engine. Laser Induced Fluorescence (LIF) method is 
applied to measure the adhesion film thickness. The 
calibration method for absolute measurement by LIF has 
been proposed for better accuracy. The technique is able to 
correct the influence of light source irregularity by using the 
reference fluorescent intensity. In the study, time series 
measurement is tested by using the LIF and a high-speed 
video camera. The results show that the time series data of 
the adhered fuel spray thickness distribution and its amount.  
 


1. Introduction 
 


In a gasoline engine, the adhesion of gasoline droplets to 
the wall is an undesirable phenomenon that causes unburned 
HC and oil dilution [1][2]. Johnen and Hang [3] measured 
the thickness of fuel adhesion to the wall using a fiber LIF 
method. Takahashi et al. [4] measured the thickness of 
adhesion fuel to the wall in the suction port and in the 
cylinder by an improved fiber LIF method that a used single 
fiber. Iida et al. [5] carried out point measurements of the 
thickness of fuel adhering to a wall in time series using an 
LIF method. As the fiber LIF method is a point measurement, 
it is insufficient for evaluating the distribution and behavior 
of adhering fuel. On the other hand, the measurement of the 
amount of fuel adhering to a wall was tested by Yaoko et al. 
[6]. They measured the amount of adhered fuel using an 
electronic balance. The experiment was successfully carried 
out. However the results were obtained on a flat plate test 
piece. Thus, the application of this method in an actual 
engine cylinder would be difficult.  


In this study, the time-series thickness of adhered fuel is 
measured using a combination of the LIF method and a 
high-speed video camera. To improve the thickness 
measurement accuracy of adhering fuel, a calibration 
method with a reference image is proposed. The obtained 
thickness is converted to the amount of fuel adhering in the 
cylinder. The time-series data of the thickness and amount of 
adhering fuel are discussed in connection with the 
experimental results. 
 


2. Proposed calibration method [7] 
 


Fluorescent light intensity from thin liquid film with a 
fluorescence dye can be given by as follows: 


I ＝ Q I0{1 - exp(-ε´ct)},   (1) 
where I is the fluorescent light intensity, Q is the quantum 
efficiency of a fluorescent material, I0 is the incident light 
intensity of the light source, ε’ is the molar absorption 
coefficient, c is the molar concentration of a fluorescent 
material, t is thickness of the solvent. The film thickness can 
be obtained from the fluorescence light intensity from eq. 1. 


Equation 1 also indicates the intensity of the fluorescence 
light depends on that of light source. This causes the 
measurement error in the absolute measurement of film 
thickness. The authors have proposed the calibration method 
by using a solid plate including fluorescent materials. The 
intensity from a fluorescent plate Iref is expressed as follows: 


Iref ＝ Qf I0{1 - exp(-εf´cftf)}  (2) 
The variables in eq. 2 are explained as same as those of eq. 1. 
When temperature change is neglected, these are treated as 
constants. Then, eq. 2 is expressed as 


Iref ＝ A I0.    (3) 
Where A is a constant which is independent from the 
conditions. Using above relationship, the following equation 
is obtained: 


I/Iref ＝ Q{1 - exp(-ε´ct)}/A  (4) 
This equation shows I/Iref depends on Q, ε’, c and t. Because 
Q and ε’are characteristic value of fluorescence dye, only t 
becomes variable when c is constant. Using eq. 4, thickness 
of liquid film can be obtained. 
 


3. Experimental methods and conditions 
 


To examine the relationship between I/Iref and the 
thickness t, a calibration test is carried out. Perylene (C20H12), 
which is used as the fluorescent dye, is dissolved by toluene, 
and mixed with n-heptane which is the main test fuel. The 
concentration of perylene is 0.4 g/dm3. This is the ratio of 
the concentration of saturated solution to fuel. UV LED 
(Nichia Corporation NSPU510CS×92, emission peak 
wavelength: 375 nm) is applied as a light source. The 
calibration curve is obtained by a preliminary test. The 
calibration curve is obtained from test with 9 pieces of test 
object which has known liquid film thickness.    
 


 
Figure 1 Experimental apparatus 
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Figure 3 Time series results of fuel adhesion mass 


 
The experimental apparatus is shown in Figure 1. A 


model engine with acrylic cylinder with 75 mm in bore is 
used. The fuel is kept in fuel tank with 10 MPa. Injection 
durations of 1.0, 1.5, and 2.0 ms are tested. The adhered fuel 
on the inner surface of the cylinder wall can be observed 
from outside of the model engine. A high-speed video 
camera (Phantom v710, picture resolution: 1280×800, frame 
speed: 1000 fps) obtains the fluorescence images.  


 
4. Results and discussions  


 
An example of experimental results of fuel film 


thickness distribution is shown in figure 2. The results are 
obtained under the condition of 1.5 ms injection duration. 
The first frame of the picture when the spray tip reaches the 
wall surface is set to 0 ms. Thick adhered fuel film areas 
which are represented by dark gray color can be observed. 
The fuel thickness at the outer edge of the spray impinging 
area is thicker than that at the center. The change in the 
thickness with time is recognizable until 7ms. For example, 
the thin adhered fuel can be observed between the main 
spray impinging areas at 4 ms. The fuel at these areas 
disappears or becomes thinner at 5 ms. This result is mainly 
caused by fuel evaporation. The change in the adhering fuel 


thickness becomes small after 7 ms.  
The amount of fuel adhering to the wall surface is shown 


in figure 3. The vertical axis of the figure is the amount of 
fuel adhesion (g) and the horizontal axis is the time which is 
the same as that in figure 2. The amount of adhered fuel 
rapidly decreased until 7 ms in all injection durations. After 
7 ms, the change in the adhesion fuel amount becomes small. 
As mentioned before, the main reason for this decrease is 
fuel evaporation. After 7 ms, fuel evaporation ceases in this 
experiment. 


 
5. Summaries 


 
In this research, a method to correct the light source 


unevenness in the LIF method using fluorescent plate is 
proposed. Time series thickness and amount of adhered fuel 
to the cylinder wall of the model engine is measured. The 
results show that the proposed LIF method is useful tool for 
evaluate the fuel film behavior. 
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Figure 2 Fuel thickness distribution (injection duration: 1.5ms) 
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EXECUTIVE ABSTRACT 


The purpose of the IEA Implementing Agreement on Energy Conservation and 
Emissions Reduction in Combustion program is to improve fundamental and applied 
combustion technology which is developed to provide predictive design capabilities for 
internal combustion engines, furnaces, and gas turbines. This document summarizes the 
progress made in this agreement year. 


Since 1978, IEA cooperative research by program participants has focused on developing 
experimental and computational tools to aid combustion research and on developing 
advanced laser-optical diagnostic tools that permit time- and space-resolved 
measurements of combustion phenomena for achieving this end. The Agreement's 
Annex structure has been planned to improve the modeling and simulation processes as 
well as the instrumentation required for the supporting experimental activities  


The current Annex structure aproved by the Executive Committee is shown below.  


Annex 1     Administration and Supportinc Activities  


 
Annex 2            Individual Contributor Tasks 
 
 Area 1 Advanced Piston Engine Technology  
                             
   Area 2 Advanced Furnace Technology     
 


   Area 3 Fundamentals   
 


    Area 4 Advanced Gas Turbine Technology   
 
Annex 3           Sprays in Combustion  


 
Annex 4            Low Temperature Combustion (formerly HCCI)                     
   
Annex 5            Advanced Hydrogen Fueled Internal 
                         Combustion Engines (No longer active – related work can be found in   
    Annex 9 
 
Annex 6           Alternative Fuels 
 
Annex 7           Nanoparticle Diagnostics  
  
Annex 8          Hydrogen Enriched Lean Premixed Combustion for Ultra-Low  
                        emission Gas Turbine Combustors  
 
Annex 9           Gas Engines 


 
Annex 10    Combustion Chemistry
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YEAR 2015 ACTIVITIES OF THE EXECUTIVE COMMITTEE 
 


 
Chair: Prof. Douglas Greeenhalgh, United Kingdom 


 
Vice Chair:  Prof. Martti Larmi, Finland 


 


The Executive Committee (ExCo) of the International Energy Agency's (IEA) Program 
of Research, Development  and Demonstrat ion on Energy Conservation and 
Emissions Reduction in Combustion coordinates the cooperative efforts undertaken by 
participating institutions. The Committee met twice during the business year. The first 
meeting took place in April at IEA headquarters in Paris. The second took place following 
the Agreement's Thirty-seventh Task Leaders Meeting in August in St. Andrews, 
Scotland 


Actions taken by the Executive Committee this year include: 


Task Leaders Meeting: The Thirty-sevenh Task Leaders Meeting, sponsored by the 
Executive Committee was held at St. Andrews University in St. Andrews, In August. 
Principal Investigators, Executive Committee members, and invited guests gathered to 
hear papers presented on the Agreement's research. Forty members of the 
Combustion Research Community attended and thirty eight papers were presented on 
the Agreement’s ongoing Collaborative Task activities 


Executive Committee Meetings: Minutes of the Executive Committee's meetings of 
April and August have been published and distributed to IEA Headquarters and to ExCo 
members. The Proceedings of the Thirty-seventh Task Leaders Meeting were 
published and distributed to IEA Headquarters and Executive Committee members for 
distribution to participants. The Agreement's Annual Reports and 30 Year Anniversary 
Report are available on the public web site. 


Future Meetings: The Executive Committee scheduled its next meetings for April 
2016 at IEA Headquarters, Paris and June 2016 in Finland, The June meeting will 
be held immediately following the 38th Task Leaders meeting in Finland 
 
Highlights from Recent ExCo Meetings 
 
Paris France --- April 29, 2015 


The 2016 Strategy Group Meeting will be held April 23-24 in Normandy, France 


Pending confirmation of  a meeting room, the Spring 2016 ExCo Meeting will be held at 
IEA Headquarters, Paris on April 26, 2016. 


The 2016 Task Leaders Meeting will be hosted by the United Kingdom in St. Andrews, 
Scotland in August with Prof. Douglas Greenhalgh as the local host.  


The ExCo unanimously voted to request a five year extension to the Agreement which 
expires February 2017. The written request is due at IEA Headquarters July 2016. 
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St. Andrews, Scotland --- August 6, 2015 


The 2016 Strategy Group Meeting will be held April 23-24 in Normandy, France 


Pending confirmation of  a meeting room, the Spring 2016 ExCo Meeting will be held at 
IEA Headquarters, Paris on April 26, 2016. 


The 2016 Task Leaders Meeting will be hosted by Finland from June 27 – July 1 with 
Prof. Martti Larmi  as the local host.  


Two Page Extended Abstracts will continue to be required for all TLM Presentations 


The development of proposals for new Collaborative Tasks focused on Soot Formation 
and Solid Fuels Combustion was endorsed by the ExCo  


The Nanoparticles Diagnostic Task has been completed 


The ExCo unanimously elected Prof. Martti Larmi, Finland as the ExCo Chair and Prof. 
Jacobo Porteiro, Spain as the ExCo Vice Chair for the Agreement Year 2015-2016. 
Their appointment became effective at the conclusion of the August 6, 2015 ExCo 
Meeting 


Spain was tentatively selected as the location for the 2017 Task Leaders Meeting 
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SUMMARY OF RESEARCH ACTIVITIES 
FOR A PROGRAM OF APPLIED RESEARCH, 


DEVELOPMENT, AND DEMONSTRATION 
IN ENERGY CONSERVATION AND  


EMISSIONS REDUCTION IN COMBUSTION 
 


Introduction 
 
The Implementing Agreement for A Program of Applied Research, Development, and 
Demonstration in Energy Conservation and Emissions Reduction in Combustion 
requires that the Executive Committee define and adopt detailed specifications for each 
research task undertaken within the program.  
 
The Agreement is comprised of multiple Annexes with Annex 1 being reserved for 
Administration and Supporting Activities, Annex 2 being Individual Contributor Tasks, 
and Annexes 3 and beyond being Multi Nation Collaborative Tasks 
 
Briefly the focus of the individual Annexes is summarized below: 
 
Annex 1 --- Administration and Supporting Activities 
 
The objective of the work in this area is to provide administrative support services and 
information dissemination as called for by the work in Annexes 2 - 10.  
 
In addition from time to time the Executive Committee may request that a Special 
Session of invited speakers focused on a Research Area or Policy Matter of current 
interest be added to the  Program for an upcoming Task Leaders Meeting 
 
Annex 2 --- Individual Contributor Tasks  
 
This Annex has been planned to improve fundamental and applied combustion 
technology which is developed to provide predictive design capabilities for internal 
combustion engines, furnaces, and gas turbines.  The Annex is divided into the following 
Areas: 
 
Area 1:  Advanced Piston Engine Technology 
The objective of the cooperative work in this Area is the development of combustion 
technology, both analytical and experimental, that will provide improved models for 
advanced internal-combustion piston engines, namely lean homogeneous-charge, 
stratified-charge, and diesel engines.  The research will contribute primarily to 
technology common to these engine concepts and will provide data bases and 
descriptive and predictive system codes, in addition to practical demonstrations  
 
Area 2:  Advanced Furnace Technology  
The objective of the cooperative work in this Area is the development of combustion 
technology, both analytical and experimental, that will provide models for furnaces and 
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boilers.  The research will provide a data base and descriptive and predictive system 
codes, as well as practical demonstrations. 
 
Area 3:  Fundamentals 
The objective of the cooperative work in this Area is to conduct theoretical investigations 
of the fundamental physical phenomena relevant to the combustion process as is called 
for in Areas 1, 2 and 4, and to support the development of new diagnostic techniques for 
application in the future.  
 
Area 4: Advanced Gas Turbine Technology 
 This Area covers work related to the development of combustor and gas turbine 
modeling and verification, to the study of emissions formation and control mechanisms, 
and to practical studies in fuel injection and fuel/air mixing.    
 
Annex 3: Sprays in Combustion 
 
Spray investigations aim at a deeper understanding of the complex interrelated 
aerodynamic and thermodynamic mechanisms involved in transient & steady spray 
combustion, which are responsible for the tradeoffs among energy conversion efficiency, 
nitrogen oxides and soot emissions in advanced engines and combustors. Tasks in the 
context of spray propagation involve a wide set of investigations on atomization, fuel-air 
mixing and combustion under high temperature and high pressure, as encountered in 
advanced diesel engines, gas turbines – and to some extent also boilers  
 
Annex 4: Low Temperature Combustion (formerly HCCI) 
 
The combustion process in the HCCI (Homogeneous Charge Compression Ignition) 
engine is mainly driven by the chemical kinetics. Thus the chemical properties of the fuel 
are of outmost importance. Many small molecule fuels like methane and methanol have 
relatively simple and well controllable combustion process but it has been shown that 
many fuels experience a two-stage ignition process with a time period between the two 
stages without significant heat release.  
 
The intent of this Annex is to look into the interaction between HCCI and fuels. It will 
include activities for both the gasoline and diesel type of fuels and HCCI with fully 
premixed charge and direct injection.  
 
Annex 5: Advanced Hydrogen Fueled Internal Combustion Engines (No longer 
active – related work can be found in Annex 9) 
 
 
Annex 6 Alternative Fuels 
 
The present day engine combustion technology has been fully developed for crude oil 
based traditional liquid fuels: gasoline and diesel fuel.  
 
The aim of the Annex is develop optimum combustion of future fuels and thereby 
significantly reduce engine out emissions together with a noticeable increase in engine 
efficiency. The development of combustion techniques focuses especially on synthetic 







9 
 


and renewable fuels. This Annex concentrates mainly on road transportation. There is a 
potential of engine out emission reduction by 70% to 90 % or even more. Dedicated 
fuels need new combustion technology to meet optimal emission reduction.  
 
Annex 7 Nanoparticle Diagnostics 
 
This Annex focuses on research concerning the measurement of nanoparticles 
produced by combustion.  The development of diagnostics to characterize the physical 
or chemical characteristics of the nanoparticles, and demonstration of the application of 
these diagnostics, are within the scope of this Annex.  The development may include 
experimental, numerical, or both approaches to the research.  Demonstration may be in-
flame studies of nanoparticle formation and oxidation, or post-flame measurements of 
nanoparticle emissions. 
 
Annex 8: Hydrogen Enriched Lean Premixed Combustion for Ultra Low Emission 
Gas Turbine Combustors 
 
In response to national policies gas turbine manufacturers have set the goal to adapt 
their large gas turbines for CO2-mitigated power generation, whereby up to 90% of the 
carbon contained in the fired fossil fuel is captured and stored as CO2. In order to 
mitigate CO2 emissions Zero Emission Power Plant concepts are being explored on a 
global scale. Gas turbine based configurations are playing a significant role in these 
scenarios. Following up on the previously conducted collaborative effort on “Hydrogen 
enriched Lean Premixed Combustion for Ultra-Low Emission Gas Turbine Combustors” 
it is proposed to widen the future collaborative task activities to gas turbine combustion 
issues linked to respective Zero Emission Power Plant concepts. 
 
Annex 9:  Gas Engines 
 
This task seeks to establish collaborations among IEA membership countries in the field 
of gas engines.  
 
The following topics were identified as of particular interest/suitable for collaboration:  
 
Ignition systems 


Diesel micro pilot injection  
Extension of lean limit for LPG fuel  
Optimization of injector and spark plug location  


 
Fuels/kinetics 


Self-ignition and knock  
Tailored combustion systems and kinetics for various gaseous fuels with different   
physical and chemical properties   
Operation to even leaner and/or more dilute mixtures  
Effect of injector configuration and fuel on spray characteristics and mixing 
process  


 
Novel Concept and Modelling Approaches 
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LIF experiments of various gas jets  
Full scale experiments in optical engines; combustion verification in single-/multi- 
cylinder Engines  


 
Annex 10:  Combustion Chemistry 
 
The aim of this work is to build reaction mechanisms taking into account the formation 
and the consumption of species detected in combustion processes. Thanks to these 
models, precious information on the degrees and the rates of reactants conversion, the 
formation of pollutants, the effects of additives can be obtained. These mechanisms will 
then be used in the numerical simulation of combustion devices (engines, furnaces, 
boilers…) to define their best operating conditions. 
 
The Combustion Chemistry (CC) task has to be envisioned as a supporting task to the 
other IEA tasks (HCCI, Alternative Fuels, Spray...). It will aim at a tighter coordination 
and enhanced communication between research groups in kinetics. The main focus of 
this collaborative task is to extend and to improve the understanding of kinetics to 
reduce pollutants formation. The combustion of hydrocarbons, oxygenated species and 
surrogate fuels needs to be well understood through more elaborate mechanisms ; such 
knowledge could be exploited to optimize the combustion processes or devices. 
 
 
Additional information on any of the work areas of the Agreement may be obtained by 
contacting:  
 
    Dr. Robert J. Gallagher 
    Secretary, Executive Committee 
    IEA Combustion Agreement 
    5380 Mallard Drive 
    Pleasanton, CA 94566  
    USA 
    email: bobgall@aol.com 



mailto:bobgall@aol.com
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How to Join the Agreement 


 
Participation in IEA Combustion is based on mutual benefit to the 
Implementing Agreement and the interested newcomer.  
 
If there is interest in joining the Implementing Agreement please contact the 
IEA Combustion ExCo Secretary, Dr. Robert Gallagher (Bobgall@aol.com). 
The Secretary will provide you with details on the Implementing Agreement 
and invite you to attend an ExCo Meeting as an Observer. By attending you 
will become familiar with the Implementing Agreement’s current and future 
research areas.  Assuming mutual interest, the next step would be to make a 
formal presentation to the ExCo at its next regularly scheduled meeting 
identifying the research areas in which you would propose to contribute. Prior 
to this ExCo presentation you would also be welcome to attend the next Task 
Leaders meeting as an Observer and, if you wished to, make a presentation 
related to a combustion related research topic in which you were currently 
engaged. 
 
Contracting Parties to IEA Combustion Agreement are usually governments. 
Therefore, for interested parties it is necessary to seek support from their 
government to join the Implementing Agreement. The government will later 
appoint a Delegate and an Alternate to represent the Contracting Party in the 
ExCo. 
 


. 
 


  



mailto:Bobgall@aol.com
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Summary of Accomplishments  
for the 2015 Agreement Year 


 
 
Each year the Agreement’s Executive Committee selects one of the member countries 
to organize and host a technical meeting known as the Task Leaders Meeting (TLM) for 
the purpose of disseminating highlights from Agreement research. In 2015 the TLM was 
hosted by the United Kingdom in St. Andrews, Scotland. Prof. Douglas Greenhalgh from 
Glasgow Caledonian University  was the organizer and local host. A total of thirty eight 
papers were presented. Proceedings were distributed to all attendees. 
 
Extended Abstracts of selected presentations are included in the pages which follow. If 
further information on research results are of interest the leaders identified for each of 
the Tasks or the Executive Committee Member from the country responsible for the 
Task should be contacted directly. 
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IEA TLM GECT 


Title: Application of LPG to SI engines – Lean Stratified Combustion 


Presenter: Choongsik Bae 


Affiliation: Korea Advanced Institute of Science and Technology  


Abstract: The emission regulations such as European emission standards have become stringent more 


and more. Direct injection (DI) technology is one of the technologies which improves not only fuel 


economy but also performance of spark ignition (SI) engines. With DI of fuel, the evaporation latent 


heat of fuel can effectively reduce the in-cylinder temperature, which is a charge cooling effect, and it 


gives help to advance ignition timing for better fuel economy. However, the reduction level of fuel 


consumption with DI was just up to 10 %. This is due to that fuel is injected during intake stroke and 


forms stoichiometric homogeneous mixture, which is same as mixture of conventional port fuel 


injection SI engines. Therefore, stratified combustion operation was suggested to improve better fuel 


economy. In a stratified combustion mode, fuel is directly injected into the cylinders, but injection 


takes place during end of compression stroke. In addition, engine is operated under globally lean 


condition, not stoichiometric condition. Therefore, heat transfer and pumping losses are much reduced, 


which leads to lower fuel consumption compared to homogeneous combustion mode. However, given 


time for mixture formation is much shorter than that of homogeneous mode due to late injection 


timing. Due to the short time, locally rich mixture region was formed leading diffusion controlled 


combustion, which led to high smoke emission. Fast combustion speed is also the main reason of high 


nitrogen oxides (NOx) emissions. Unlike gasoline, gaseous fuel like LPG was regarded to have shorter 


required time for stratified mixture formation; therefore, LPG is regarded clean fuel in terms of NOx 


and smoke emissions. However, researches and attempts using evaporative alternative fuels including 


liquefied petroleum gas (LPG) have been rare conducted under lean stratified combustion condition.  


In this presentation, the combustion and emission characteristics of LPG and gasoline were 


investigated in a single cylinder spray-guided DISI engine under lean stratified conditions. Firstly, the 







basic spray characteristics investigation was conducted in a constant volume chamber with Mie 


scattering and shadowgraph techniques. As characteristics of LPG spray compared to gasoline, LPG 


spray showed shorter liquid penetration and wider spray angle due to better evaporation 


characteristics. Also, time for mixture formation of LPG spray seemed to be shorter than that of 


gasoline with shadowgraph technique. In addition, leading edge vortex, which is sweet spot stable 


ignition was widely formed in LPG case. Consequently, LPG fuel was expected that LPG has better 


ignition stability and less piston wetting. However, structure of LPG spray was collapsed and be-


came narrower unlikely gasoline cased under high injection pressure condition.  


In metal engine test, LPG fuel showed better combustion stability but lower indicated mean 


effective pressure (IMEP) compared to gasoline. These results were due to that better evaporation 


characteristics of LPG. With results of basic spray experiment, LPG spray showed the larger leading 


edge vortex leading to ignition stability and higher local homogeneity of mixture causing slow 


combustion speed. As emissions characteristics, both lower NOx and smoke emissions were 


achieved due to slower combustion speed and better local mixture homogeneity, respectively.  


To analyze combustion process and emission characteristics in detail, flame visualization 


experiment was conducted with both fuels in an optical engine. In gasoline case, after ignition non-


luminous blue flame and luminous yellowish flame coincided and propagated toward to boundaries 


of quartz window. This meant that locally rich mixture was formed and combusted. As injection 


timing was retarded, the intensity and region of luminous yellowish flame became strong and larger. 


In other hand, intensity of non-luminous blue flame in case of n-butane was lower than those of 


gasoline due to slower combustion speed of n-butane. However, luminous yellowish flame can be 


easily captured even though the intensity of luminous flame was lower than that of gasoline. It meant 


that diffusion controlled rich combustion leading to high smoke emissions less occurred.  








Experimental investigations of diesel and biodiesel blends for low 
temperature combustion in a diesel engine 


Seungmook Oh 


Korea Institute of Machinery and Materials 


 


The objective of this study is to understand the effects of intake pressure and intake oxygen 


concentration on combustion and emissions of ultra-low sulfur diesel (‘‘Diesel’’) and 


biodiesel(soybean methylene ether) blends and investigate on the low-temperature 


combustion (LTC) regime that has a potential to simultaneously reduce nitric oxides (NOx) 


and soot emissions. The present study is an experimental investigation with a 1-liter single-


cylinder direct-injection diesel engine at an engine speed of 1400 rev/min under a medium 


load condition. Engine experiment was conducted under intake pressures, oxygen 


concentrations, and biodiesel blends of 100–250 kPa absolute, 5–19% by volume(vol%), and 


from 0% (B000) to 100% biodiesel (B100) at a 20% increment respectively. 


 


Thermal efficiency and carbon monoxide (CO) contour maps revealed two distinctive regions 


divided at an intake oxygen level of 8 vol% (or an equivalence ratio of 0.85). In the oxygen-


sufficient region intake pressure exhibited dominant impacts on combustion duration, 


stability, and thermal efficiency. The NOx–oot contour map clarifies the location and size of 


the ‘‘soot barrier’’ in Diesel, which was not observed in B100. B100 achieved simultaneous 


NOx and soot reduction to 0.2 g/kW h and 0.1 filter smoke number (FSN), respectively, at 


150 kPa intake pressure with 11 vol% intake oxygen concentration. Corresponding thermal 


efficiency was approximately 43%. Increased intake pressure over 150 kPa lowered thermal 


efficiency at the maximum brake torque (MBT) timing. The apparent net heat release rate 


traces indicated that most heat release event occurred before top dead center (TDC) and burn 


duration was elongated when intake pressure was above 150 kPa. 


 


This study also attempted to identify the lowest biodiesel blending rate that achieves 


acceptable levels of nitric oxides (NOx), soot, and coefficient of variation in the indicated 


mean effective pressure (COVIMEP). Biodiesel blending was to be minimized in order to 


reduce the fuel penalty associated with the biodiesels lower caloric value.  







The experimental results indicated that the intake oxygen level had to be below 10 vol% to 


achieve the indicated specific NOx (ISNOx) below 0.2g/kWhr with the B000 fuel. However, 


a substantial soot increase was exhibited at such a low intake oxygen level. Biodiesel 


blending reduced NOx until the blending rate reached 60% with reduced in-cylinder 


temperature due to lower total energy release. As a result, 60%-biodiesel blended 


diesel(B060) achieved NOx, soot, and COVIMEP of 0.2 g/kWhr, 0.37 filter smoke number 


(FSN), and 0.5, respectively, at an intake oxygen concentration of 14 vol%. The 


corresponding indicated thermal efficiency was 43.2%. 


Optimized case to meet NOx and Soot criteria 


 


[Reference] 


Fuel 129 (2014) 11–19, ICEF2014-5406 


Experimental Setup 


NOx and Soot distributions 








Abstract IEA TLM St Andrews August 3 2015 
Effect of Pre-chamber Volume and Nozzle Diameter 
on Ignition Characteristics in a Truck Size Natural Gas Engine 
By Ashish Shah, Per Tunestål and Bengt Johansson 
 
The presentation started with a new way to express the different practical combustion 
concepts within a triangle. This triangle has three corners with Spark ignition 
(premixed flame propagation), Compression Ignition (non-premixed flame 
propagation) and Homogeneous Charge Compression Ignition, HCCI, (bulk auto 
ignition) as shown in Figure 1. Also shown are the locations of a number of mixed 
combustion concepts like Partially Premixed Combustion, PPC, Spark Assisted 
Compression Ignition, SACI, Reactivity Controlled Compression Ignition, RCCI, the 
dual fuel concept and prechamber SI. Also diesel pilot Ignition was shown and 
discussed. 
 


CISI


HCCI


PPC


RCCI


Dual 
Fuel


Pre-
chamber 


SI 


SACI


 
 
Figure 1: The three corners of combustion and some practical engine concepts within the triangle formed.  


The RCCI, dual fuel and diesel pilot are all dual fuel with often natural gas as the high 
octane fuel and diesel fuel as the low octane part. The difference is the timing of fuel 
injection. With RCCI the diesel fuel is injected at 60 and 30 BTDC and thus the 
charge is rather homogeneous at the time of combustion. With dual fuel the diesel 
injection is close to TDC as in a classical diesel. The third one is diesel pilot in which 
the diesel is injected as in the classical dual fuel but the natural gas is injected after 
the combustion started. Thus the combustion will be much like the classical diesel 
with all the pros and cons of that processes. If a 100% natural gas engine is needed 
the prechamber SI engine is an option. Here a rich mixture is ignited in the 
prechamber, a flame is propagating though the prechamber during which jets are 
shooting out into the main combustion chamber. Here the jets ignite the very lean 
premixed charge.  
 
The presented results are from a study with different volume of the prechamber and 
hole sizes from prechamber to main chamber. The results were from a Scania truck 
size engine with 130 mm bore and 160 mm stroke The Engine and prechamber 
layout are shown in Figure 2.  







 


 
 
Figure 2: Engine and prechamber layout. 


The test matrix is shown in Figure 3 together with the pressure buildup in the 
prechamber with different hole sizes. It is clear that small holes enable a larger 
pressure difference between prechamber and main chamber. This gives a significant 
effect on the main combustion duration (10-90% HR) as shown in Figure 4. The early 
combustion (0-10%) is more affected by the size of the prechamber. A large 
prechamber gives more ignition energy and hence faster early combustion. With a 
larger prechamber more NOx was generated but combustion was also more stable 
enabling a leaner mixture.  


A B C D E
Pre-chamber�volumes�[cm3]


2,68 3,65 4,64 5,84 7,25
%�Vc 1,40 1,90 2,40 3,00 3,70


Area�ratio
Apc/Vpc


Hole�diameters�[mm]


1 0,025 1,0 1,2 1,4 1,5 1,7
2 0,030 1,1 1,3 1,5 1,7 1,9
3 0,035 1,2 1,4 1,6 1,8 2,0
4 0,040 1,3 1,5 1,7 1,9 2,1
5 0,045 1,4 1,6 1,8 2,0 2,3


Rc 12.1 12.04 11.98 11.92 11.84  
 
Figure 3: Experimental setup and pressure buildup with different hole sizes.  


 
Figure 4: Early combustion and later parts affected by volume and hole size. 
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Threshold photoelectron spectroscopy to trace chemistry in 
molecular beams and flames 
Thomas Gerber, Patrick Hemberger 
Molecular Dynamics Group, Paul Scherrer Institute, 5232 Villigen PSI, Switzerland 
thomas.gerber @psi.ch 
 
The Molecular Dynamics Group investigates chemical reaction mechanisms using spectroscopic 
techniques. We apply non-linear laser spectroscopies in the frequency domain and time domain, 
time-of-flight mass spectrometry and tunable synchrotron radiation to characterize short-lived 
intermediates relevant in combustion. Our efforts aim at establishing  thermochemical data and 
dissociation patterns of radicals. To achieve this objectives three fundamental tasks have to be 
solved: 
 


• Preparation of radicals in reactors and molecular beam – sources with a sufficient density. 
• Adaptation of reactors and sources in the test rigs at the Swiss Light Source, Vacuum 


Ultraviolet Beamline (SLS / VUV) and the laser laboratory. 
• Development of linear and nonlinear spectroscopic techniques in combination with 


photoionization and photoelectron spectroscopy. 
 
For a correct modelling of combustion processes that goes beyond a purely random 
phenomenological description, detailed knowledge of the involved short-lived intermediates are 
necessary. It is not sufficient to describe molecules with the same function, e.g., Alkyl radicals 
together as one class of reagents. Rather, each radical must be broken down to its individual 
isomers, since each isomer can have its own reaction channels and reaction rates. Such isomer 
specific dependency show, for example, the xylene isomers, we investigated intensively in the past 
two years. 
The enormous number of issues that arise in the context of assessing individual species and their 
behaviour in flames appears at first sight, as a task without end. A strategy to rank the individual 
questions in terms of their urgency, cannot be clearly defined despite many studies. Interest in a 
particular species must be weighed against the feasibility of a corresponding experiment and the 
associated costs. Furthermore, the success of many experiments is still uncertain and requires a 
steady development of experimental methods. 
 
An approach according to the following criteria proved useful: 
 


• Development of measurement techniques with groups of molecules already often studied, 
e.g., substituted benzenes. 


• Characterization of species that have been identified with other methods as important 
intermediates in flames and whose accurate thermochemical quantities must be determined 
for their kinetic modelling. 


• Direct measurements in flames and reactors with the now available isomer-specific methods 
to break down to individual intermediates what so far has been described by summarily 
lumped reaction mechanisms. 


 
It is clear that this extensive work can only be addressed in association with several research 
groups. In fact, increased efforts are underway to organize elaborate experiments across groups. 
Many of these joint efforts centre around the SLS / VUV and other similarly equipped beamlines. 







The demand for beam time is currently very high, since worldwide essentially only four beamlines 
provide relevant equipment for combustion research: 
ALS, (USA), Soleil (France), LVD, (China), SLS / VUV (Switzerland). 
 
According to the strategy outlined above, our recent work comprised the following parts: 
 


• Development of the isomer-specific mass spectrometry based on well-known species such 
as C4H6-, C5H8- isomers and xylenes. Although the xylenes were often studied in other 
contexts we succeeded with the isomer-specific detection to unveil some new aspects of 
their role in combustion. In particular, it was shown that the para- and ortho-xylyl radicals 
after loss of a hydrogen atom form as expected para- and ortho-xylylene but that the meta-
xylyl isomerizes to para-xylylene in the same reaction. This rearrangement changes the 
burning behaviour of meta-xylyl compared to the other isomers. 


• We responded on questions emerging in other groups with our own and with cooperative 
investigations. Furans, currently raise much interest as oxygenated fuels that can be 
produced from biomass. Measurements at the SLS/VUV beamlines were carried out in 
cooperation with the DLR Stuttgart. More measurements are in preparation together with 
Barney Ellison, University of Colorado, as well as fs-pump-probe experiments in our laser 
laboratory on the unimolecular dissociation dynamics. 


• Researchers from other groups use our experimental facilities. Since SLS/VUV experiments 
cannot be run without our expertise, we are usually also involved with the scientific 
background of these experiments. With a flat flame burner attached to the PEPICO (Photo-
Electron, Photo-Ion Coincidence) endstation we measured concentrations profiles of 
individual, isomerically resolved, intermediates. Isomer-resolved species detection offers a 
significant improvement over conventional methods. The profiles can be compared with 
detailed kinetic models. 


 
An ARPES-PIMS experimental setup (Angle Resolved Photo-Electron Ionization Mass 
Spectrometry Spectroscopy- Photo-) was made available in the laser laboratory to study inter-
molecular dynamics across their bound and dissociative states. The ARPES-PIMS apparatus is 
similar to the imaging-PEPICO set up. However, the electrostatic optics were designed for highest 
possible temporal and spatial resolution. In combination with available fs-pump probe techniques, 
molecular dynamics can be followed on the femtosecond time scale. Earlier measurements of 
ethylbenzene and o-xylene were extended to the ionic system. Though the ionized species find less 
interest with combustion researchers, ionic states and the temporal evolution of their population is 
essential for the evaluation and interpretation of mass spectrometric measurements. Since these data 
are often not available, models must be used, which cannot be trusted a priori. An investment in the 
dynamics of ions and their dissociation is thus quite important for the reliable interpretation of 
experimental data. 
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Abstract. The nanostructure, morphology and oxidative reactivity of the 
soot produced in both conventional and low temperature combustion (LTC) 
modes are studied in a single-cylinder heavy-duty diesel engine. Comparison 
of the diesel soot produced in two aforementioned combustion modes shows 
that the LTC soot is consist of smaller primary particles, agglomerated in 
clumps of carbonaceous materials with irregular shapes. LTC soot also 
exhibits lower carbon to hydrogen ratio and higher oxidative reactivity 
compared to conventional mode soot. The soot produced during mode 
transition from LTC to conventional mode is also studies by use of Raman 
micro-spectroscopy. Results indicate that soot produced during mode 
transition has a larger graphitic portion compared to both conventional and 
LTC regimes which in turn suggests lower oxidative reactivity of the mode 
transition soot. It is shown that through implementation of proper injection 
strategy during mode transition, soot nanostructure can be altered toward 
less graphitized and more reactive structure.  
 
 
 


Background and objectives 
 
Low temperature combustion (LTC) regime has been widely researched in few past 
decades due to its benefits in terms of soot and NOx emissions. However, because of load 
limitation LTC mode can only be applied in dual-mode operation where engine operation 
mode switches back and forth from LTC mode in lower loads to conventional mode in 
higher loads. In order to understand after-treatment requirements of such dual-mode 
operating engines, the characteristics of the soot generated in LTC mode, conventional 
mode, as well as mode transition period, should be investigated.  
 
Experiments 
 
Research was performed in a single-cylinder naturally-aspirated research engine with 
commercial diesel as fuel. The collected soot was analyzed using a variety of technics 
including Scanning Mobility Particle Sizer (SMPS), Transmission Electron Microscopy 
(TEM), Thermo-gravimetric Analysis (TGA). Elemental analysis and Raman micro-
spectroscopy.  
 
Results 
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The soot produced in LTC and conventional modes and well as the soot produced in mode 
transition condition show distinctive differences in nanostructure, morphology and 
oxidative reactivity. The average size of primary particles is found to be 17 nm for LTC 
mode and 32 nm for conventional mode. Results of elemental analysis shows that LTC soot 
has lower carbon to hydrogen ration which indicates more immature state of the soot. As 
observe in TEM images, the LTC soot is in form of clumps of carbonaceous materials with 
irregular shapes while the conventional soot morphology is in form of distinctive primary 
particles agglomerated in chain like structures [1]. 
 
 


 
Figure 1. Morphology of diesel soot generated in a) low temperature combustion mode and b) conventional 


diesel combustion mode 
 
 


Results of Raman micro-spectroscopy analysis on the soot generated during mode 
transition shows that mode transition soot has a different nanostructure compared to both 
LTC and conventional soot. The mode transition soot is found to poses a larger of graphitic 
portion which indicated lower reactivity of the soot which is deemed to be due to delay in 
evacuation of EGR as well as retarded phasing during the mode transition, which 
suppresses in-cylinder oxidation of the soot. However, applying a proper injection strategy 
[2] could reduce the graphitic portion of the soot through reduction of the equivalence ratio 
and regulating combustion phasing during mode transition. 
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The present report illustrates the results of an experimental investigation carried out in a prototype optically accessible 


compression ignition engine fuelled with different blends of commercial diesel and n-butanol. Thermodynamic analysis and 


exhaust gas measurements were supported by optical investigations performed through a wide optical access to the 


combustion chamber. UV-visible digital imaging and 2D chemiluminescence were applied to characterize the combustion 


process in terms of spatial and temporal occurrence of auto-ignition, flame propagation, soot and OH evolution. 


Results of the spray combustion for diesel and n-butanol-diesel blends at 20% and 40% volume fraction, exploring a single 


and double injection strategy (pilot+main) from a common rail multi-jet injection system, are illustrated. Tests were 


performed setting a pilot+main strategy with a fixed dwell time and different starts of injection. For the diesel case, the 


whole amount of injected fuel and injection pressure were set at 22 mg/str and 80 MPa corresponding to a medium load 


regime for an automotive light duty diesel engine. The fuel amount for the butanol-diesel blends was changed to get the 


same chemical energy of the delivered fuel as the reference diesel case (935J/str). The investigation was carried out at two 


EGR rates, 0% and 50% , corresponding to a concentration of O2 at intake of 21 and 17%, respectively. 


Taking advantages of the higher resistance to auto ignition of the butanol-diesel blends, the results showed a transition from 


the conventional to a partial premixed combustion for the BU40 in the single injection case. The combined effect of two-


stage injection and EGR increased the ignition delay and the switch to the partial premixed combustion was enhanced. 


Improvement in NOx-soot trade-off was obtained activating the double injection strategy particularly with the butanol 


blends. 


Optical diagnostics allowed to detect and feature the spatial distributions due to the flame luminosity and OH emission at 


autoignition and to estimate of the lift-off length. A high concentration of OH radicals was detected for all the test cases 


without EGR that corresponded to an enhanced oxidation phase and a fast soot reduction. Further, the soot oxidation phase 


resulted more significant for the higher butanol volume fraction in the blends. 


Introduction 


Recently, a great interest has been devoted in use of butanol within compression ignition engines as a way to reduce 


emissions. Butanol, a 4-carbon alcohol, can be produced from biomass (as “bio-butanol”) as well as fossil fuels without 


difference in the chemical properties. Bio-butanol, obtained from the same feedstock as ethanol including corn, sugar beets, 


and other biomass feedstock containing cellulose that could not be used as food and would instead go to waste, has more 


advantages than ethanol, such as higher energy content, lower water adsorption and corrosive properties. Moreover, it has 


better solubility with diesel allowing to avoid the additive use; its viscosity is similar to diesel fuel and it has a relatively 


high cetane number compared to ethanol.  


The use of butanol within diesel fuel blends is expected to enhance the mixing mechanism due to the longer ignition delay 


and faster evaporation. Further, the higher latent heat of evaporation can reduce the in-cylinder temperature while the 


oxygen within the molecule may inhibit soot formation because of leaner mixture regions. On the other hand, blends of 


diesel/butanol need an accurate control of the air/fuel mixture that plays a fundamental role on combustion efficiency and 


exhaust emissions within compression ignition engines. As consequence, an appropriate control of injection is crucial for 


improving engine performance for fully taking advantage of Diesel/Butanol blends considering that differences on viscosity, 


density and surface tension may produce modifications to the mixture formation process and auto-ignition mechanism  


To this aim, the present report illustrates the results obtained by the spray combustion of n -butanol blending in diesel (20% 


and 40%) characterized within a prototype single cylinder high swirl compression ignition engine, equipped with a common 


rail multi-jet injection system. Thermodynamic analysis and exhaust pollutant measurements were correlated to UV-visible 


digital imaging and chemiluminescence in the optically accessible combustion chamber.  
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Test Conditions and Main Results  


The investigation was carried out within a single cylinder 2-stroke compression ignition engine, whose main engine 


specifications are reported in Table 1. An external high swirl optically accessible combustion bowl (50 mm in diameter and 


30 mm in depth), equipped with a high pressure common rail injection system, is connected to the main cylinder through a 


tangential duct generating a counter clockwise swirl flow that reproduces a fluid dynamic environment similar to a real 


direct injection diesel engine. The combustion chamber provides two optical accesses: the first one is circular (50 mm 


diameter) and it is placed in front of the injector, used to collect images; the second one has a rectangular shape (size of 10 x 


50 mm), is mounted on a side of the chamber, at 90°with respect to the bowl axis, used for the laser illumination input.  


The injection equipment includes a common rail injection system with a solenoid controlled injector located on the opposite 


side of the circular optical access. The nozzle is a micro-sac 7 hole, 0.136 mm diameter, 148° spray angle nozzle. An 


external roots blower provided an intake air pressure of 0.107 MPa with a peak pressure within the combustion chamber of 


4.3 MPa under motored conditions. The engine was warmed-up by an external heat exchanger system to keep constant the 


engine thermal regime during the tests. 


Tests were carried out comparing the reference commercial diesel fuel to blends of diesel and n-butanol at two different 


volume fractions, 20% and 40%. Two EGR rates (21 and 17% of O2 at intake) and two injection strategies were tested: a 


single and a double injection (pilot+main) making a sweep of the start of injection from 14 to 2 CAD BTDC with a step of 3 


CAD for the single injection case. The same injection timing was set for the main injection throughout the double strategy 


and the pilot was advanced 7 CAD before the start of the main: the dwell time between pilot and main was kept at 7 CAD. 


These conditions and the amount of injected fuel were selected from the ECU data of a commercial 4-stroke light duty 


diesel engine under investigation to examine the effect of diesel-butanol blends on performance and emissions.  


For the diesel case, the whole amount of injected fuel and injection pressure were set at 22 mg/str and 80 MPa, respectively, 


corresponding to a medium load regime for an automotive light duty diesel engine. The injection interval for the single 


injection strategy was 867 µs, corresponding to 2.6 CAD, while an interval of 333 µs and 833 µs, corresponding to 1 and 


2.5 CAD for pilot and main injection, respectively, was set for the double injection strategy. Engine tests were carried out at 


constant chemical energy of delivered fuel, therefore the injection duration was set to achieve, for all the investigated 


blends, the same energy content as the reference diesel (935 J/str).  


The spray combustion process was recorded through the quartz window using an intensified CCD camera (PiMAX 3) with a 


78 mm focal length lens (Nikkor). The camera was featured by a 1024x1024 pixels sensor with 13x13 μm pixel size, 16-bit 


pixel digitization and 1MHz sustained repetition. The ICCD was employed in full-chip configuration. The set-up allowed a 


resolution of 83 μm per pixel. In addition to the broadband acquisition that exploits the high quantum efficiency of the 


ICCD in the spectral range 250-700 nm, two 50x50mm band-pass filters (Asahi Spectra Inc.) were used to selectively 


record flame emissions at 310 nm (OH) and 690 nm (Soot). 


The main outcomes may be summarized as in the following: 


 The combined effect of n-butanol and EGR delayed the autoignition resulting in reduction of local fuel-air equivalence 


ratio and combustion temperature with a decrease in NOx emission. The oxygen content within the butanol molecule 


enhanced the soot oxidation and limited the smoke emission at the exhaust compared to the reference diesel. This result 


was also highlighted by the UV-visible flame emission with a lower emission intensity given by the butanol blends 


compared to the reference diesel fuel. 


 The higher resistance to auto ignition of the butanol-diesel blends accomplished a transition from the conventional to a 


partially premixed combustion for the butanol blend at higher volume fraction (BU40) in the single injection case with a 


reduction in the exhaust soot emission. Further, it is noteworthy that this result was highlighted by the higher OH 


radicals detected by the flame emission measurements meaningful of an enhanced oxidation phase.  


 The double injection strategy reduced the NOx but caused an increase in the exhaust soot emission because of the lower 


combustion temperature which reduced the soot oxidation rate as demonstrated by the temporal distribution of soot 


luminous signal and drop in OH concentration . 


 The lift-off length that is an indicator of the percentage of stoichiometric air entrained up to the lift-off length for the 


spray jet flame was evaluated from UV-visible, OH and soot emissions. For each fuel injection strategy it denoted 


increasing values for higher n-butanol volume fraction and with the EGR activation. 





