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CHAPTER 1  THE FATE OF FORGOTTEN FUEL?

The photo shows a tractor tuned for maximum power. Note the 
pitch black smoke: evidence of poor combustion quality and ef-
ficiency losses. Still, this tractor delivers more power compared 
to its standard trim. The Fate of Forgotten Fuel optimizes the 
balance between efficiency, emissions and power. Photo details: 
Sony D6503, 5 mm, f/2 and 1/1600s.
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1.1 A history of oil and engines

Transportation by land, sea or air generally re-
lies on the use of liquid (hydrocarbon) fuel. The 
chemical energy stored in these fuels is usually 
converted into useful work by some kind of in-
ternal combustion engine. Clean and efficient 
combustion in the various power sources, with 
power outputs ranging from only one kilowatt 
(moped) to megawatts (marine engine), is of ut-
most importance in the present world and its 
global economy, given the smog problems in ur-
ban areas, and the finite oil reserves.

Ever since the discovery of crude oil in Penn-
sylvania and the first practical vehicles based on 
it, men started to rely more and more on liq-
uid fuel as energy carrier. Having faced some 
competition with electrical propulsion systems 
for a short period of time in the early twenti-
eth century, the internal combustion engine is 
nowadays again heavily competing with (partial) 
electrification of the light-duty fleet. This com-
petition is not present in the heavy-duty sector. 
A show-stopper is the energy density of current 
batteries. In the short term the only option for 
heavy transport (i.e., marine, aviation and com-
mercial road transport) is to continue the use of 
energy-dense liquid fuels and internal combus-
tors like reciprocating and jet engines. There-
fore, various studies project that the world will 
still largely depend on fossil fuels “for the fore-
seeable future” [1]-[4]. Moreover, reducing car-
bon dioxide (CO2) emissions (decarbonization) 
requires massive investments in fleet renewal or 
aftertreatment solutions. The latter option is 
commonly known as CCS: carbon capture and 
storage; it is practically impossible for on-road 
applications. Another approach is to decarbon-
ize the fuel; renewable (bio-)fuels are the way to 
go there. Power-to-liquid fuels (PtX or e-fuels) 
could also reduce the carbon footprint, provided 
that the electricity is generated in a renewable 
fashion.

Generally speaking, there is simply no consensus 

Despite the growing focus on alternative 
sources of energy, transportation will 
continue to rely heavily on (fossil-based) 
liquid energy carriers. The superior energy 
density of liquid fuels like diesel and gasoline 
compared to alternative energy carriers (e.g. 
batteries) almost inevitably implies that the 
heavy transport sector has no alternatives 
but a continuation of the use of liquid 
fuel, be it mostly in internal combustors. 
Clean and efficient use of these fuels is of 
utmost importance, and is thus one of the 
drivers behind the present dissertation.

The work presented herein is part of 
TTW project  13330 (Work Package I) 
and co-funded by Shell Global Solutions.  
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on how the world will look in 2050, but undeni-
able trends like population growth, the rise of 
global CO2 concentration (see Figure 1.1 [5]), 
combined with the inevitable depletion of fos-
sil resources, warrant some concern for future 
welfare.  

Acting on these observations and/or predic-
tions, researchers try to forge hardware solutions 
for emissions, but simultaneous optimization 
of fuel conversion efficiency is probably more 
important, again to reduce the overall carbon 
dioxide emissions. As a greenhouse gas, carbon 
dioxide is often linked to global warming. Even 
if global warming is caused by other effects, the 
least we attain is a longer life span of fossil fuel 
availability, which buys us some time to devel-
op proper alternatives for future mobility and 
transport.

Historically, the industrial and scientific efforts 
have focussed on curbing hazardous emissions 
for on-road applications because of the use in 
the vicinity of human beings. Over the last de-
cades, order-of-magnitude reductions have been 
achieved for both the light- and heavy-duty 
fleet. This reduction was obtained via either “in-
ternal” measures such as improved fuel-air mix-
ing or “external” add-ons such as catalysts.

Air and sea transportation have shown less of 
such investments in dedicated engine technolo-
gies, as the hazardous emissions are produced 
far from populated areas. Nevertheless, after 
market solutions have recently become widely 
available for marine engines [6], and alternative 
fuels (e.g., liquified natural gas (LNG)) are also 
deployed, as evidenced by the new Rotterdam 
LNG terminal [7].

Let us now go back some four decades and dis-
cuss the evolution of compression ignition (die-
sel) engines in more detail.

Compression Ignition Engines

Despite being sometimes named after its inven-
tor, Rudolf Diesel, the term compression igni-
tion (CI) suits the principle of such engines 
better. Intake air is compressed and close to 
top-dead-center relatively non-volatile fuel is 
delivered into the cylinder. After a rather short 
period, the fuel ignites and burns in a diffusion-
like manner. The heat released is converted into 
mechanical power during the work stroke. The 
exhaust gases are then flushed out after which a 
fresh intake charge is inducted again. The cycle 
repeats itself and this is a reciprocating internal 
combustion engine.

Four decades ago, CI engines were simple cast 
iron structures with mechanical fuel control. Its 
superior reliability and relatively high brake effi-
ciency compared to spark-ignition counterparts, 
made them interesting power sources for heavy-
duty transport where power density was (at least 
historically) no issue.

Before the introduction of emission legislation 
truck manufacturers had worked on increasing 
power density (for economic reasons; “more 
and faster”) and improving driveability, whilst 
at least maintaining comparable fuel economies 
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Figure 1.1 Evolution of the monthly-measured 
carbon dioxide concentrations at Mauna Loa, HI. 
Reproduced with permission of dr. Tans (NOAA’s 
Earth System Research Laboratory, Boulder, CO).
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(Figure 1.2). The use of air management and the 
improvement of engine breathing in particular 
allowed for larger fuel injection quantities, rais-
ing the engine loads significantly. 

Environmental impacts of the known diesel 
emissions, i.e., particulate matter (PM) and 
nitrogen oxides (NOx), forced several govern-
ments to act on that, most notably in the United 
States and the European Union. A pivotal mo-
ment was the first European limit (EURO I) 
enforced in 1993 (0.36 g/kWh of PM and 8.0 
g/kWh of NOx, respectively) and subsequent 
legislation has stepwise reduced these limits by 
about 95% (EURO VI; 0.01 g/kWh and 0.4 g/
kWh for PM and NOx, respectively). The mag-
nitudes of reduction are shown schematically in 
Figure 1.3. In urban areas, with pollution from 
older mopeds, a modern heavy-duty powertrain 
is said to act as a filter!

To lower the emissions, solutions were sought 
amongst various engine hardware components. 
The first massive decrease of PM was merely ef-
fected by improved fuel injection equipment. 
The subsequent increase of injection pressure 
and the gradual transition to direct-injection 
fuel delivery again lowered smoke (i.e., PM) 
emissions. Having tackled smoke first, the focus 
shifted late in the nineties more towards reduc-
ing NOx. Nitrogen oxide emissions were easily 
curbed by modifying the temperature history 
in-situ by just burning late, which is, however, 
- from a thermodynamic point-of-view - det-
rimental to the fuel economy. 

The introduction of dilution strategies (i.e., re-
introducing exhaust gas) has resulted in a fur-
ther noticeable drop in NOx emissions. With-
out changing the combustion mode, however, 
it is practically impossible to comply with the 
newest EURO VI NOx legislation. Applying 
exhaust gas aftertreatment became inevitable. 
Nowadays, any North American or European 
truck uses selective catalytic reduction (SCR) 
with urea dosing [8].

Upcoming legislation is expected to focus on 
carbon dioxide emission, which is obviously di-
rectly coupled to fuel conversion efficiency, and 
fuel composition in terms of H/C ratio for that 
matter. Alternative combustion modes, such as 
Partially Premixed Combustion (PPC) [9] and 
Reactivity Controlled Compression Ignition 
(RCCI) [10][11], tend to raise efficiency, but do 
compromise on controllability and other emis-
sions like carbon monoxide. Also, fuel definition 
is still subject to research [12]. 

From an on-road engine manufacturing point-
of-view building a clean engine is one thing, but 
doing so without compromising fuel conversion 
efficiency is another story. Typically, extra com-
ponents somehow negatively affect the efficiency 
of the engine. To give an example, regeneration 
of the Diesel Particulate Filter (DPF) requires 
some extra fuel to raise exhaust temperatures, 
which  harms fuel economy. 

This work seeks improvements in the late phase 
of conventional diesel combustion, often called 
burn-out phase. Conventional diesel combus-
tion is characterized by a short ignition delay, 
followed by a relatively long, spray-driven phase, 

Figure 1.2 Evolution in engine rating in brake horse 
power (bhp) from the 1950s onwards. Per original 
equipment manufacturer (OEM) only the most 

powerful rating has been included. The data stems 
from the specification sheets provided by OEMs.
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of which the duration heavily depends on load 
demand. During the final stage of the heat re-
lease, remnants of the initial fuel fragments are 
expected to be burning. This stage has not been 
studied extensively, resulting in some remaining 
questions. First, physical and chemical process-
es, although coupled, have to be distinguished. 
Physical processes involve evaporation and mix-
ing, and the latter could be responsible for a 
slow burn-out phase. On the other hand, chem-
istry governs ignition and combustion. Finally, 
engine technologies evolve steadily. Modern 
engines utilize multi-pulse injection strategies 
[13], or even dynamic injection pressures [14], 
like in the old days with mechanical fuel con-
trol. It is an undeniable fact that these on-going 
developments also impact on the shape of the 
heat release, and thus inherently on the overall 
efficiency.

1.2 The role of laser diagnostics in 
engine development

Light emitted by flames is a source of infor-
mation [15] on for instance the combustion 
mode (premixedness, sooting propensity, etcet-
era). This information is contained in the ‘fin-
gerprint’ of the molecule, i.e., its spectrum. To 

capture the physicochemical processes in more 
detail, the electronic structure of certain species 
can be manipulated to force them to emit light, 
which is called fluorescence. 

With the advent of laser technology species-
selective excitation became feasible for engine 
combustion. Several mechanisms incur diffi-
culties with the interpretation of the captured 
fluorescence. As such, spectral analysis of the 
collected light is often required to understand 
the event fully. Nevertheless, these “active” tech-
niques yield crucial information on the spatio-
temporal behavior of certain species. This in-
formation then needs to be translated to engine 
improvements. 

From a practical diagnostic point-of-view, there 
is always a trade-off between ready-to-use infor-
mation, fundamental  understanding and prac-
tical relevance. Besides, novel diagnostics, or 
new applications of existing techniques have to 
be developed first. In this dissertation (newly-)
developed techniques are shown to increase fun-
damental understanding, without losing sight of 
practical relevance.

1.3 Fuel aspects of CI engines

For many years diesel fuel has been produced in 
a similar fashion, only “correcting” for renewed 
legislation, e.g., lowered sulphur limits (current-
ly below 10 mg/kg), and increasing the manda-
tory bio-content [16]. Despite numerous efforts 
to balance the mismatch in diesel demand and 
supply, for example by running compression ig-
nition engines on gasoline [17], a vast majority 
of those engines will continue to burn diesel-
like fuels. On top of that, the demand for diesel 
distillates also increases because of the advent of 
Sulphur Emission Control Areas (SECAs) off-
shore [18]. An attractive option is thus to make 
the process still more efficient in order to reduce 
the diesel demand and consumption, meanwhile 
curbing carbon dioxide emissions. A complete 
re-invention of the oil refinery industry seems 
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impossible, although an alternative might be 
to utilize so-called specialty additives (<1%) or 
drop-in components (>1%), rather than heavily 
modifying the base fuel and thus the refinery. 
When keeping the amount of added dopant 
low, physical parameters, e.g., density, remain 
more-or-less unchanged, whereas the working 
principle, if any, can be sought in chemical as-
pects of the added substance.

Nonetheless, the assessment of the efficacy of 
those additives is impossible without establish-
ing a detailed understanding of diesel bench-
mark fuels first, both in terms of composition 
and how they burn, particularly late in the cycle. 
The reason for directing attention to the late cy-
cle burn is obviously because we strive to speed 
up this phase. An additional reason is that the 
prevalent Dec model [19] stops when the spray 
has matured, i.e., no information on the burn-
out is incorporated.

The benchmark: real-world fuel consumption

A large share (up to 1/3) of total transport ex-
penses originate from fuel costs1 [20]. This fact 
implies that every haulier is intrinsically more in-
terested in real-world fuel economy rather than 
fuel consumption claims of engine manufactur-
ers and researchers. A comprehensive overview 
of realistic, on-road fuel consumption is given 
by Zeitzen et al. [22]. They have tested several 
trucks on a realistic test road since 1966. Clear 
milestones are discernible in Figure 1.4: from 
the introduction of turbocharger, via intercool-
ing to enforced emission legislation. Since the 
introduction of EURO II in 1996, however, no 
further improvements in fuel consumption were 
observed. The explanation here is the trade-off 
between a clean, and an efficient engine. Only 
the newest EURO VI types seem to break this 
trend again. 

To substantiate the observed trends on differ-
ent routes, a Dutch haulier was asked to pro-
vide fuel consumption data from EURO V and 
VI tractor/trailer combinations (gross vehicle 

weight above 16 tonnes, engine displacement 
volumes between 10 and 13 liters). The dataset 
shows a mean fuel consumption of around 31 
L/100 km for three consecutive years. It is noted 
that individual (new) EURO VI combinations 
have already achieved fuel consumption figures 
below 30 L/100 km [23], highlighting the con-
tinuously reducing fuel consumption. Keep in 
mind, however, that  these reductions do not 
necessarily originate from higher engine effi-
ciencies; aerodynamics and driver training play 
a role as well. In particular, the aerodynamics of 
European tractors can be improved. It might be 
the low hanging fruit that can reduce the carbon 
footprint. Whether the European legislatures 
are overlooking this straightforward solution re-
mains unclear (Thesis II).

1.4 Objectives within the Fate of 
Forgotten Fuel project

The approach taken in this work differs from 
other approaches targeting higher engine effi-
ciencies in the sense that it does not require a 

1The exact share depends on local fuel prices, loading and axle configuration of the truck, and driver wages.
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Figure 1.4 Historical overview of fuel consumption 
of typical heavy-duty vehicles, as measured on a test 

route in Germany [22]. This route was (slightly) 
changed in 2010, explaining the increase in fuel 

consumption. The break in fuel consumption reduc-
tion around 1990 is induced by emission legislation 
(EURO I); the grey lines indicate the years in which 
the respective EURO limits became effective. Recent 
(modern) fleet (N=36, 39 and 46) data of a Dutch 
haulier is included to set the contemporary scene. 
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change in engine control mechanisms. Engine 
manufacturers often rely on the first phases 
of combustion for control, i.e., from the igni-
tion point up to the point where 50% of the 
heat has been released (in engine terminology 
CA50, which is derived from the first law of 
thermodynamics, see Heywood’s definitions 
which will be used throughout this dissertation 
[21]). If combustion beyond CA50 can be ac-
celerated without altering the coupling between 
injection and combustion, significant gains are 
expected, originating from an improved ther-
modynamic cycle. The typical region associated 
with burn-out has been indicated in Figure 1.5. 
The indicated efficiency gain should obviously 
be accompanied without a penalty in engine-out 
emissions.

To initiate this concept of faster “burn-out”, la-
ser diagnostic equipment and optically-accessi-
ble combustion systems are used to study spray 
flame processes. Some well-established tech-
niques will yield basic understanding of the rel-
evant phenomena and eventually, (novel) laser 
diagnostic techniques will be applied, enabling 
the study of root causes for the relatively slow 
burn-out.

The main questions to be answered are:   

• Which optical techniques could improve 
understanding of the burn-out stage?

• What is actually releasing heat, and where?

• How does fuel composition impact on the 
late combustion phase?

• Can we speed up this heat release in a chemi-
cal way? If so, does it come with a gain in 
thermodynamic efficiency?

It is expected that these four questions can not 
be answered in an unambiguous way. Never-

theless, pathways of potential gains shall be 
explored and new diagnostics that can increase 
understanding and thus fuel development may 
originate from this dissertation. 

1.5 Outline of this work

First, the experimental methodology is present-
ed in Chapter 2. To set the scene, some baseline 
experiments are described in this chapter as well, 
using conventional diesel fuel (EN590 specifica-
tion [16]) or surrogates (n-dodecane like). Then, 
optical experiments using lasers and cameras 
are conducted on two different setups, aiming 
to track the presence of certain species late in 
the cycle (soot, carbon monoxide and formalde-
hyde) and their contribution to the late phase. 
The results are presented in Chapters 3, 4, 5 and 
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6, respectively. The ultimate goal is to speed up 
the late stage via chemicals. To that end, more 
single-cylinder engine experiments with burn-
out enhancing additives are analyzed and dis-
cussed in Chapter 7.
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CHAPTER 2  EXPERIMENTAL APPROACH

The photograph shows the optical heavy-duty engine “in ac-
tion”. Details: Nikon D7000 with Nikkor AF-s 35 mm 
at f/20, ISO 100 and 10 s. The explanations and setup de-
tails given in this chapter stem from several publications and 
have been modified and streamlined to highlight the in-
trinsic differences between respective experiments required 
for this dissertation. The support of all technicians was and 
is indispensable for the results produced by the lab setups. 
Thesis 3 refers to this chapter.
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2.1 Experimental line-of-thought

The philosophy within the combustion labora-
tory at Eindhoven University of Technology is 
to translate fundamental understanding towards 
real-world applications. To this end, the experi-
mental laboratory covers the whole range from 
near production-type equipment to fundamen-
tal prototype builds. Three setups cover the full 
range for heavy-duty engines: a single-cylinder 
full-metal engine, a single-cylinder optical en-
gine and a spray vessel. All setups are further 
discussed in the subsequent sections.

The basic rationale is that, in an ordinary full-
metal engine, you do not see what you are doing, 
in an optical engine you do not know what you 
are doing, and, finally, in a spray vessel, you do 
not produce any useful work (that is: it is not an 
engine). The interaction between different set-
ups, with identical hardware where possible, is 
inevitable for a complementary and deepened 
understanding of combustion processes (Thesis 
III).

This chapter briefly addresses setup-specific 
details of the three setups that have been used 
throughout this work. For more specific infor-
mation the reader is directed to other (open ac-
cess) sources,  where procedures and setup de-
signs are  explained in much more detail.

2.2 Thermodynamic “full metal” 
engine

Controlled experiments are conducted on a sin-
gle-cylinder “full metal” heavy-duty engine. This 
single-cylinder engine is based on a DAF XEC 
engine, but with contemporary fuel injection 
equipment and piston geometry; its layout and 
capabilities have been described in numerous ar-
ticles and some dissertations before (e.g., [24]). 
A concise summary of the most important mea-
surements devices is given here.

Gaseous exhaust composition (CO2, O2, CO, 

Multiple setups and fuels have been 
utilized to complete this dissertation. In this 
chapter, the properties and capabilities of 
each are described in detail, and limitations 
of the respective setups are also addressed. 
The last section discusses fuel definition and 
selection, and it briefly addresses limitations 
of practical fuels for optical diagnostics.  
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total hydrocarbons (THC), NOx) and in-
take CO2 concentrations are measured using a 
Horiba Mexa 7100 DEGR system. Particulate 
matter (PM) emissions are detected by an AVL 
415s smoke meter using the paper filter method 
and particle size information is acquired using a 
TSI EEPS system. In-cylinder pressure is mea-
sured by an AVL GU21C uncooled transducer 
at 0.1 CAD resolution and fuel consumption is 
recorded by a MicroMotion CMF010M mass 
flow meter. A schematic of the setup is depicted 
in Figure 2.1.

The heat release analysis is based on the first law 
of thermodynamics, with a (simple) tempera-
ture-dependent ratio of specific heats (γ) follow-
ing the equations below:

Tcyl is the bulk temperature of the charge, in-
ferred from the indicated pressure (pcyl ) using 

the ideal gas law and a cylinder volume (Vcyl ) 
model. This approach yields the so-called appar-
ent rate of heat release (aROHR); apparent in 
the sense that it is inferred from the measured 
in-cylinder pressure, so heat losses, blow-by and 
fuel evaporation are taken into account. The 
applied EGR rate is calculated from the intake 
and exhaust concentrations of carbon dioxide. 
Smoke emissions are measured in filter smoke 
number (FSN) units; an appropiate correlation 
to translate this number to mass must be select-
ed. Despite the impact of modern hardware on 
the signature of soot particles, the correlation by 
Christian is used in this work. For more details, 
the reader is referred to the extensive compari-
son by Northrop et al. [25]. 

2.3 Optically-accessible engine

The optical engine experiments are conducted 
on a similar single-cylinder, heavy-duty CI en-
gine, based on a Ricardo Proteus design [26]. 
The elongated piston assembly, cylinder head 
and liner, and fuel injection equipment have 
been modified in order to mimic contempo-
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rary diesel engines, and to allow for flexibility 
in terms of compression ratio and piston-injec-
tor combination. The cylinder head, electronic 
control unit (ECU) and injector are based on 
recent DAF MX engine technology. The same 
model of pressure transducer as in the metal rig 
is installed, and together with a crank encoder 
and fuel pressure sensor it monitors engine op-
eration. The contemporary cylinder head also 
enables that the injector can be interchanged 
freely, resulting in some freedom for nozzle pa-
rameters, such as the number of holes, hole sizes 
and umbrella angles. The manufacturer also 
supplies asymmetric  nozzles (“3+1” or “4+1”). 
The isolated spray is then available to study: the 
accessibility is either used to translate spray ves-
sel experiments to an engine environment, or 
to enable proper side-imaging. An overview of 
(geometrical) properties is given in Table 2.1. To 
have this full optical access, a wide-open piston 
crown and liner inserts have been fabricated out 
of fused-silica. The crown is glued into a tita-
nium holder, which is bolted onto an aluminum 
piston extender. Theoretically, the piston crown 
- holder combination can be altered, although 
several parameters also change when doing so.

Table 2.1 (Geometrical) specifications of the heavy-
duty optical engine.

Engine base
Ricardo Proteus with  

DAF MX head, DI die-
sel, 4-stroke, 4-valve

Swirl ratio near - quiescent

Bore 130.4 mm

Stroke 156.0 mm

Geometric com-
pression ratio 14.7 -

Bowl shape wide-open, M-shaped

Bowl width 93.5 mm

Fuel injector Delphi DFI5

The stainless steel liner houses three inserts, 
which are also glued into the holder. The inserts 
are made out of black-anodized aluminum or 
ArF-grade fused-silica, as mentioned before. A 
graphical schematic of the present injector-pis-
ton combination is shown in Figure 2.2

Imaging is either done from below, or from the 
side, depending on the parameter of interest. A 
45-degree turning mirror is installed between 
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Figure 2.3 Typical pressure history of an experi-
ment targeting “Spray A” conditions (dashed line). 

Important events are indicated by text arrows.

Figure 2.2 The optical piston bowl mimics a typical 
heavy-duty configuration. Two fuel sprays (with an 
umbrella angle of 151 degrees) have been indicated; 
similarly, a (red) vertical laser light sheet is represen-

tative for the typical alignment. 
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Figure 2.4 Photo of spray combustion event with 
relevant events in snapshots below. From left to 

right: pre-combustion (early), pre-combustion (late), 
igntion and mature spray flame. Photo details of  

overview photo: Nikon D7000 with AF-S 18-200 
mm at 46 mm, F/18, ISO 250 and 4s. 

the “legs” of the piston extender. Effectively, it 
results in a field-of-view that covers the full pis-
ton bowl and part of the squish region.  

2.4 Spray Vessel

Some experiments presented in this disserta-
tion have been conducted on a high-pressure, 
high-temperature spray vessel using a single 
fuel spray. The thoroughly validated boundary 
conditions, combined with the absence of mov-
ing parts, makes this setup perfectly suitable 
for somewhat more fundamental studies. To 
create the desired engine-like thermodynamic 
conditions, a lean premixed charge of acetylene 
and oxidizer (O2, N2 and Ar) is ignited by two 
spark plugs. This event is called pre-combustion. 
Temperature and pressure increase rapidly, as il-
lustrated in Figure 2.3. Diesel surrogate fuel is 
injected after a relatively long cool-down period 
(~2 seconds, also indicated in the same graph). 
The thermodynamic target conditions at start-
of-injection have been set within the Engine 
Combustion Network consortium; in this case 
the target condition is  “Spray A”: 22.8 kg/m3 
and 900 K. Ambient oxygen concentration can 
be varied from 0 to 21 vol-%, with the “Spray 
A” baseline case representing EGR operation (at 
15 vol-% oxygen). Both in-vessel pressure and 
common rail pressure are monitored using high-

Table 2.2 Specifications (as measured) of the base fuels. 

EN590 GTL

Cetane Number (DIN EN15195) 51.6 79.8 -

Higher Heating Value (DIN 51900-1) 45.28 47.12 [MJ/kg]

Lower Heating Value (DIN 51900-2) 42.52 43.67 [MJ/kg]

Distillation curve (DIN EN ISO 3405)

Initial Boiling Point 134.3 180.2 °C

% (V/V) at 250 °C 40.8 35.9

% (V/V) at 350 ° C 94.1 >98

Final Boiling Point 363.4 344.1 °C
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speed pressure transducers (Kistler 6045A and 
4067E3000, respectively). 

An injector with a single orifice of 90 μm is cen-
trally mounted in one of the faces of the vessel. 
The five other faces of the (cubic) vessel house 
optical inserts of either fused-silica (SiO2; for 
enhanced UV performance) or sapphire (Al2O3; 
for higher strength). This configuration allows 
for imaging from multiple sides, and, if re-
quired, entrance of laser light from the top. An 
overview photo of a typical experimental setup 
is shown in Figure 2.4.

2.5 Fuel Definition and Selection

Diesel fuel has to meet certain specifications be-
fore it can be sold. These specifications can vary 
from summer to winter and from place to place. 
All diesel blends are relatively heavy in terms of 
molecular weight, and the corresponding (typi-
cal) distillation curves range from 150 to 360 
°C. It is expected that such a base diesel fuel will 
remain the same for, again, the foreseeable future. 
Hence, the use of additives is preferable when 
changing and typically optimizing fuel proper-
ties. 

Another approach is the use of so-called gas-
to-liquid (GTL) fuels, produced via Fischer-

Tropsch synthesis. The chemistry of this re-
action and its variants has been extensively 
studied, see for example van Dijk [30] and more 
recently by Choi et al. [31]. The availability and 
price of natural gas have pushed the advent of 
this fuel. During production the yield can be 
tailored by tuning the partial pressures of the 
feedstock (synthesis gas, i.e., CO and H2), reac-
tor temperature or changing the catalyst [30]. A 
nearly pure paraffinic stream can be produced. 
To make this stream suitable as automotive fuel, 
or to change its desired properties the ‘GTL-
crude’ can be upgraded by isomerization or hy-
drocracking [32].

GTL diesel, often also called synthetic diesel,  
has been analyzed in a gas chromatograph – 
mass spectrometer (GC-MS; Shimadzu GCMS-
QP5000). First, species are separated based on 
boiling point and column adsorption, after 
which they are fragmentized in a mass spec-
trometer. Characteristic molecular fragments are 
subsequently detected and the total composition 
can be reconstructed. It was not the intention 
to find all species or to determine any specific 
content; the goal was rather to globally assess the 
typical GTL composition w.r.t. standard Euro-
pean diesel (EN590). For example, the aromatic 
content is known to be higher for EN590, but 
sulphur levels should be negligible for both fu-
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els, once EN590 has been desulphurized after 
refining.

Figure 2.5 indeed proves that GTL consists of 
many n-paraffins. The noise-like signal in-be-
tween the high peaks represents mildly-branched 
alkanes of the same molecular weight. Note the 
repetitive structure, which is indicative of similar 
branching levels independent of chain length.  
An intrinsic consequence of more n-paraffins 
in diesel fuel is a reduction in ignition delay. 
Saturated hydrocarbons by default also raise 
the heating value. Ignition delay (in terms of 
cetane number) and lower heating value have 
been measured according to DIN EN 15195 
and DIN 51900, respectively. All relevant fuel 
properties are listed in Table 2.2.

Diesel and GTL are expected to be far from 
spectral grade specification1. In the end, this 
implies that both fuels at some point start to 
absorb and possibly, fluoresce when illuminat-
ed with high power laser light. To estimate the 
absorbance apriori, an UV-VIS spectrometer 
(Shimadzu UV-1650) is used at standard pres-
sure and temperature. A single drop of fuel is 
dissolved into methanol in an UV-transparent 

cuvette and placed next to a reference cuvette 
filled with spectral grade methanol only. As no 
strong absorbing features were found in the vis-
ible and near infrared, the absorbance is only 
displayed from 450 nm down to 200 nm, which 
is a typical range of interest for spectroscopy (see 
Figure 2.6).

The ultraviolet part of the spectrum did show 
significant differences from fuel to fuel. Three 
species with known absorption features (as dis-
cussed by Schulz [27]) were also measured, i.e., 
spectral grade 3-pentanone (also known as di-
ethylketone), n-heptane and toluene. 

In the spray vessel experiments the problem of 
undesired fluorescence is circumvented by using 
spectral grade n-dodecane, which is an excellent 
GTL surrogate. On top of that, n-dodecane is 
one of the four prescribed fuel blends within the 
Engine Combustion Network, as is detailed on 
the ECN website [28]. Earlier, it has been ob-
served that n-dodecane changed its color after 
numerous tests; the effect on the experiments 
was not completely clear. Finally, so-called 
“aged” n-dodecane was compared to fresh n-
dodecane (spectral grade). Figure 2.7 represents 
the aged comparison w.r.t. GTL and EN590, re-
spectively. The conclusion - as expected - is that 
diesel fuel is not suitable for experiments looking 
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at (deep-)UV excitation of specific constituents, 
probably because of the presence of olefins and 
aromatics. Even when using less absorbing fuels, 
such as n-alkanes, results might be affected. Oxi-
dation reactions (formation of peroxides [29]) 
can occur because of long residence times in the 
(small) tank. UV laser diagnostics may thus re-
quire tailored (and often fresh) fuel surrogates.

2.6 Setting the scene with EN590 
and GTL diesel fuel.

As a starting point, baseline experiments are run 
to find suitable operating conditions  for further 
study in the optical engine. To this end, two 
loads and a wide range of combustion phasings 
are studied. Here, the relative low load (~25%) 
condition is shown for two Exhaust Gas Recir-
culation (EGR) rates (0 and 30%). With this 
preliminary study, the goal is to compare the 
two base fuels qualitatively over a wide range 
of conditions with emphasis on the burn-out 
phase.

According to this work there is basically no (sig-
nificant) effect of fuel composition and/or fuel 
reactivity on the burn-out phase during conven-
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tional diesel combustion (as depicted in Figure 
2.8) The author acknowledges the possibility of 
fuel composition effects on ignition delay and 
eventually burn-out. For higher loads as well, no 
differences in the late phase could be noticed. 
This late phase cannot unambiguously be de-
fined. A good indicator is the last local maxi-
mum; its CAD position often relates to the end-
of-injection event. 

An a priori conclusion could be that the exact 
fuel does not matter too much for future work 
on the burn-out phase, although the use of GTL 
in the optical engine could be beneficial as it is 
spectrally purer (no aromatics, fully paraffinic). 
The aim should still be to compare fossil diesel 
fuel with a more modern GTL variant. Well-
to-wheel and tank-to-wheel efficiency are im-
portant drivers for this comparison. The latter 
efficiency can (partially) be studied in our lab, 
and often GTL outperforms diesel in terms of 
indicated efficiency at constant NOx. For the 
results presented in Figure 2.8, the trade-off 
between indicated specific fuel consumption 
(ISFC) and indicated specific NOx (ISNOx) 
emissions clearly confirms the increased indi-
cated efficiency of GTL.  

The occurrence of the burn-out phase is barely 
dependent on EGR rate and combustion phas-
ing. For that reason, initial optical work could 
be done at the 6 bar load point with no EGR 
(21 vol-% O2) at “any” combustion phasing. 
This operating point will represent conventional 
operation (mixing-controlled burn). Besides, 
since some OEMs do not have an EGR system 
[33], this operating condition is also practically 
relevant. 

2.7 Summary

Three distinct experimental setups with particular 
capabilities have been introduced and discussed. 
The combination of the three enables to trans-
late fundamental findings (spray vessel) to close-
to-real-world applications (in the metal engine).  

Fuel effects on diagnostics were also briefly ad-
dressed, highlighting the intrinsic issues related 
to selecting the right fuel surrogate for optical 
diagnostics. Of the commercially available fuels, 
GTL was shown to be a potentially low-fluores-
cent fuel, which is required for demanding laser 
diagnostics using ultraviolet excitation sources.
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CHAPTER 3  DEVELOPING HIGH-SPEED LII

This contents of this chapter are based on Robbert Willems’ 
master thesis and have been published as Bakker, Willems and 
Dam, SAE 2016-01-0725. The image depicts the visible LII in 
an ordinary candle flame. Photo details: Nikon D3100 with 
AF-D Micro-Nikkor 60 mm, F/32 at 1/125 s and ISO 200.
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Soot and particulates are harmful to 
the human health and the environment. 
Legislative acts have forced engine 
manufacturers to cut total emitted particle 
mass, albeit with a (small) fuel economy 
penalty. Moreover, less mass does not 
necessarily mean fewer particles, leading to 
yet additional particle number legislation. 
Besides that, knowledge on in-cylinder 
soot formation and oxidation is important, 
because of the heat loss caused by radiation 
and its effect on combustion. To shed light on 
these phenomena, multi-kHz laser-induced 
incandescence is applied, in conjunction 
with natural luminosity cinematography. 
Particular emphasis is put on the late burn-out 
phase, i.e., after the final bit of fuel has been 
injected. The famous Dec model stops when 
the spray has matured [35]. Extensions to this 
model are available albeit for low-temperature 
and light-duty applications only [36]. 

3.1 Fundamentals of soot diagnos-
tics

Introduction

The rationale of Laser-Induced Incandescence  
(LII) is heating particles, after which these heated 
particles start to glow more intensely. The result-
ing radiation (incandescence) can be accurately 
described with Planck’s law for black bodies, and 
detection hereof is relatively straightforward. LII 
can be regarded as a “brute-force” method, in a 
sense that it modifies the object of study. On top 
of that, it is not a species-selective method; any 
particle that absorbs the radiation can thus be 
studied: from soot to dust. Given the bluntness 
of the technique and the undefined properties 
of soot, it is hard to perform quantitative mea-
surements in terms of (local) particle size and 
number. It is possible, though, to visualize cold 
soot, and to retrieve two-dimensional structures. 
Before addressing experimental details, previous 
work of LII is discussed.

A brief history of LII

As said, soot emissions by CI engines have 
dropped more than an order of magnitude over 
the last decade, but in-cylinder soot processes 
are still of interest. In this work, the LII tech-
nique is used, at a high-repetition rate. Conven-
tional LII work, i.e., at lower repetition rates, by 
Eckbreth [37] and Melton [38] focused mainly 
on the origin, the application and implementa-
tion of the technique. The spectral dependency 
of signal (SLII) on number density (N) and par-
ticle size (Dp) was one of Melton’s most impor-
tant conclusions:

.
S ND

x 3 0 154
LII p

x+

m
= +

In the bottom equation, λ represents the cen-
ter wavelength of the detection band. Bladh 
et al. [40] extensively validated Melton’s work 
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speed LII measurements. Surprisingly, Sjöholm 
et al. could not correlate their LII images to 
variations in engine-out soot, which was possi-
bly a consequence of their limited crank-angle 
domain. 

On the other hand, (too) low fluences with lon-
ger gating times also yield problems. Boxx and 
co-workers used a diode-pumped solid-state la-
ser in the green at 3 kHz [43], but they could 
not retrieve useful data in the high-pressure part 
of the engine cycle, rendering their approach 
unsuitable for the present work. Most likely, the 
poor signal-to-background ratio was caused by 
the relatively long gating time of 100 ns.  

The present work tries to optimize this high-
speed LII approach by using a diode-pumped 
Nd:YAG system at the fundamental (infrared) 
wavelength of 1064 nm that produces pulses at a 
rate of 4 – 10 kHz. By using infrared excitation, 
experimental (detection) problems originating 
from 532 nm excitation can be circumvented. 
The two main issues that can (partially) be miti-
gated are crosstalk from poly-aromatic hydrocar-
bons and C2 fluorescence as described by several 
groups [44]-[47], and the intense background 
contribution as a consequence of long gating 
times [48]. To that end, the increased incan-

and concluded that this dependence is related 
to conduction and sublimation losses, which 
scale with the particle surface area rather than 
its volume. They also constructed experimental 
guidelines on how to cope with all these physical 
and/or practical issues. Such guidelines are often 
contradictory, e.g., a long detection wavelength 
reduces the influence of particle size on LII sig-
nal levels, but, on the other hand, the intense 
background radiation in diesel engines pushes 
the desired detection wavelength to (shorter) 
blue or even ultraviolet wavelength ranges. 

Conventional LII at low repetition rates (with 
pulse separations in the order of 10 to 100 ms) 
has been used before to study spray development 
and soot processes. It is important to note that 
each laser pulse probes a “fresh” soot sample; 
each measurement is independent of the previ-
ous one. The implementation of a high-speed 
technique increases the intrusiveness of LII, as a 
lot of energy is dumped into the system, and the 
sample soot sample might be probed multiple 
times. 

Lately, the influence of post injections on soot 
emissions gained interest. O’Connor and Mus-
culus [41] were able to pinpoint some of the 
mechanisms reducing the in-cylinder soot quan-
tities. Although they utilized high-speed lumi-
nosity measurements to back-up their single-
shot LII measurements, the need for high-speed 
LII measurements is evident. Particularly late in 
the cycle, where events are stochastic because of 
the diminishing spray momentum, crank-angle 
resolved information should be acquired in a 
single cycle. 

Sjöholm et al. have reported modifications to 
the soot when introducing eight closely-timed, 
high-power pulses [42]. They measured a reduc-
tion in signal of 30% when the pulse separation 
is shorter than 20 ms, i.e. at repetition rates 
higher than 50 Hz, with a fluence of approxi-
mately 0.15 J/cm2. Soot sublimation is thus one 
of the key problems when performing high-

Figure 3.1 Schematical representation of the 
feasibility experiment using a co-flow propane-fueled 

burner. The microphone (Knowles EK) was used 
to record sound intensity, but these results are not 

presented in this dissertation.
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descence is recorded by an intensified CMOS 
camera, capable of gating times down to 40 ns. 

3.2 Feasibility study on a co-flow 
burner

Relatively little work is usually devoted to se-
lecting the right laser fluence. High-speed LII is 
potentially more intrusive than LII at low-repe-
tition rate, since there is a significant possibility 
of repeated measurements on the same soot par-
ticles [42]. In order to avoid excessive modifica-
tions to the soot itself, selecting the proper laser 
fluence is thus crucial.

Employing a high fluence, typically within the 
so-called plateau regime of LII, reduces varia-
tions in signal levels because all particles reach 
the same temperature. The LII signal thus be-
comes independent of fluence, and hence the 
signal is no longer affected by (spatiotemporal) 
fluctuations in laser light intensity. However, 
soot agglomerates will undoubtedly be modified 
after one exposure.

The specific setup used for the flame investiga-
tions is given in Figure 3.1. To investigate mul-
tiple exposure effects, transient recordings have 
been recorded on a co-flow diffusion-flame 
burner, fueled with propane (C3H8), using an 
unfocused laser beam. Three fluences were se-
lected to identify different effects that may occur 
when soot particles experience multiple expo-
sures; the fluence was determined by averaging 
the laser pulse energy and then dividing the val-
ue by the beam size (8x3 mm2 in this case). The 
transient behavior of the spatially-integrated LII 
signal for various fluences is compared in Figure 
3.2.

For the lowest fluence of 44 mJ/cm2, the effect 
of local gas heating is evident as the signal in-
creases over the first five pulses. This effect was 
previously reported by NordstrÖm [49]. The 
signal level increase is attributed to increasing 
bath gas temperatures, as the gas surrounding 

the soot particles does not have sufficient time 
to conduct its heat away from this neighbor-
ing gas before the next laser pulse arrives. The 
transition from local gas heating to sublimation 
can be clearly seen with increasing fluence, as for 
higher fluences a decrease in signal is observed 
rather than an increase. Still, after five consecu-
tive laser pulses using this setup, a quasi-steady-
state is reached as fresh particles enter the probe 
volume and other particles exit the probe vol-
ume simultaneously. This effect is there for all 
fluences. 

A general conclusion on the specific fluence to 
be used cannot be drawn, since the fluence de-
pendency in engine environments differs from 
atmospheric conditions. It is believed that the 
local gas heating effect should be marginal in the 
engine due to enhanced conduction rates;  sub-
limation should still be avoided to reduce modi-
fications to the soot aggregates. This increased 
conduction provides a bit more margin from a 
fluence point of view, as more light needs to be 
absorbed to arrive at sublimation conditions. 
Moreover, the relative heat input is negligible 
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Figure 3.2 LII signal for the first 10 pulses for the 
three fluences under study. The error bars represent 

standard deviations based on four independent 
repetitions. Note the initial increase in signal for the 
low fluence case (local gas heating) and the decrease 
for high fluence (sublimation). After five consecutive 
pulses, a quasi-steady state is reached for all fluences.
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with respect to the heat from combustion (say 
the laser input during the combustion event (~1 
J) is one thousandth of the released heat (~1000 
J), at least in the case of heavy duty cylinder).

One of the causes of the aforementioned varia-
tions in signal intensity is beam steering. This 
effect occurs as the beam traverses through (lat-
eral) gradients of the refractive index inside the 
combustion environment. Sun et al. [39] found 
that beam steering is enhanced by turbulence, 
which is strongly present in compression igni-
tion engines. Additionally, inhomogeneity of 
the spatial beam profile is another cause of spa-
tial variations in the signal yield, and this may 
be either enhanced or reduced by beam steering. 
Temporal fluctuations in the signal levels origi-
nating from pulse-to-pulse fluctuations of the 
laser system are of concern as well. As a final re-
mark, the laser power is  governed by the pump 
diode current, which can be used to control the 
effective fluence. The temporal profile of the 
pulse changes slightly with power. To assess the 
impact of such changes on the LII result, a fast 
Si photodetector (Thorlabs DET010a, rise time 
1 ns) is connected to a fast oscilloscope (LeCroy 

WaveRunner 44MXi-A, analog bandwidth 400 
MHz). The temporal laser light intensitiy for 
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Figure 3.3 Normalized measured laser pulse profiles 
for four different laser powers. The diode currents 

are 34, 35, 37 and 40 A, respectively. Pulse durations  
(in full width half maximum (FWHM)) noticeably 

shorten for increasing laser power. The applied 
camera gate has been indicated for reference.

Figure 3.4 Photos of the unaltered co-flow flame 
and the flame affected by laser light. Note the 

visibility of the laser profile and the occurrence of 
soot annihilation (indicated by the white arrow). 

The laser profile as measured by EdgeWave GmbH 
has been included in the photo as well (top left of 
bottom photo, in white box). Photo details: Nikon 

D7000 with AF-S 18-200 mm at 200 mm, ISO 
100. Top: f/18 and 1/40 s. Bottom: f/29 and 1/80 s.
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3.3 Optical engine experiments - 
methodology

The specific engine settings will be addressed in 
this section; the reader is referred to Chapter 2 
for more details about the optical test rig.

The present experiments are conducted at 1200 
rpm and an intake temperature and pressure of 
358 K and 1.48 bar, targeting a top-dead-center 
temperature and density of approximately 900 
K and 20 kg/m3, respectively.

Table 3.1 Overview of start-of-actuation (SOA) and 
duration of actuation (DOA) for the selected operat-

ing points on GTL using the 5-hole injector.

800 1200 1600 bar

SOA1 -13 -7 -3 CAD

SOA2 -5 -1 +1 CAD

DOA1 481 371 321 μs

DOA2 1900 1500 1350 μs

Table 3.1 gives an overview of the  fuel injection 
strategies; a double injection sequence was se-
lected to reduce the premixed burn of the main 
injection. With the injector nozzle for the pres-
ent study being asymmetric (4 + 1; see Figure 
3.6), values for load and combustion phasing 
are purely indicative, as the heat input is highly 
asymmetric. The aim was to run at (5.5±0.5) bar 
IMEP with CA50 phased at (15±1) CAD after 
TDC.

Initial experiments are run with GTL; eventu-
ally, EN590 and GTL will be compared back-
to-back. Injection timings and durations were 
slightly adjusted to account for differences in 
cetane number, hydraulic behavior and heating 
value. The resulting strategies for EN590 are 
given in Table 3.2.

several pump currents is depicted in Figure 3.3. 
Given the gating time of 40 ns and the use of 
prompt detection, the full heating of the particle 
is definitely captured. Only the high power case, 
with a full-width half-maximum pulse duration 
of 7.8 ns, could result in (somewhat) particle-
size dependent images, because prompt detec-
tion is not fully prompt anymore. The trends 
observed in Figure 3.2 are not affected by tem-
poral pulse profiles, as consecutive pulses (sepa-
ration 100 μs) are compared with each other, 
while keeping fluence constant. 

At lower repetition rates, operation in the pla-
teau regime of LII eases the interpretation of 
the signal. Nevertheless, the morphology of the 
particles can be heavily altered by sublimation 
and annealing, which essentially makes the tech-
nique intrusive. As the present work involves 
high-speed LII measurements and morphologi-
cal changes will affect the next frames (cf. Figure 
3.2), a fluence lower than this “plateau” value 
was selected in order to keep the degree of in-
trusiveness low, while still maintaining reason-
able signal levels. The lower fluence also implies 
that care must be taken when interpreting the 
temporal LII signal because peak temperatures 
of particles will differ throughout the cycle. The 
intrusiveness of a high-fluence laser beam can 
easily be observed by the naked eye. To illustrate 
this intrusiveness, the unperturbed co-flow dif-
fusion flame is shown in the top of Figure 3.4, 
with the laser on in the bottom of the same fig-
ure. A high fluence is obtained using the unal-
tered laser beam with the laser running at full 
power. The beam profile of the laser is clearly 
discernible. Moreover, the occurence of soot an-
nihilation is also visible (dark ‘stripes’ which are 
indicative of the absence of soot).
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Table 3.2 Similar to Table 3.1, the selected operating 
points are given for operation on EN590 using the 

5-hole injector.

800 1200 1600 bar

SOA1 -10 -4 -3 CAD

SOA2 -4 0 +1 CAD

DOA1 400 380 320 μs

DOA2 1600 1200 1075 μs

Two cameras were used: a Lambert HiCam5000  
with S20 intensifier for LII imaging and a 
Photron SA-Z for the high-speed luminosity re-
cordings. The gating and shutter times were 40 
(LII) and 250 ns, respectively. To suppress the 
contribution of background radiation, a short-
wave pass filter of 450 nm was used for LII, 
resulting in a pass band between 385 and 450 
nm. The high-speed luminosity images were also 
filtered by a neutral density filter (OD2).

3.4 Engine data processing

To collect intermediate images that are used for 
background subtraction, the camera is run at 
twice the laser repetition rate. The 0.7 CAD or 
0.1 ms image separation at 1200 rpm is found to 
be acceptable, although the way how the back-
ground images are treated is of importance. The 
approach for background correction averages the 
frame before and after the frame with pulse. This 
arithmetic mean is expected to be helpful during 
the spray-driven phase, where local velocities are 
high and soot clusters move rapidly; the delayed 
recording of the background image will result in 
left-overs that are not necessarily laser-induced. 
An example of the steps is given in Figure 3.5. If 
two subsequent spontaneous luminosity images 
are subtracted from the image involving a laser 
pulse, the remaining residue fluctuates, but its 
mean value is found to be more-or-less constant 
during combustion. 

Threshold selection

Applying no threshold reveals the ‘mismatch’ 
between images induced by the 0.7 CAD de-
lay. Conversely, excessive thresholding would 
remove faint LII signal. The effect on actual 
outcome can be bothersome and one should 
be cautious if intending to compare data semi-
quantitatively. The integrated LII signal is a 
summation over all pixels,

( ) ( )I t I tjkjk
= /

The resulting temporal evolution is plotted 
in Figure 3.9 for various choices of low-clip 
threshold, after having corrected with a single 
frame after the one with the laser pulse. A low 
threshold (for example 5 counts) clearly reveals 
the mismatch during combustion, in particu-
lar around 20 CAD aTDC. At this point in 
the stroke, luminous soot clouds are visible 
throughout the combustion chamber, but no 
laser-induced signal is observed at all. A small 
increase in threshold value efficiently suppresses 
this ‘false’ LII signal. When using the average 
laser-off frames, less thresholding is required as 
shown in Figure 3.8.

Figure 3.5 Overview of the background correction 
approach. From top to bottom: laser off, laser on 
(arrow), laser off, on - offaverage and the final result 
with thresholding to remove residual artefacts. 
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The spikes are probably induced by small shot-
to-shot variations. All experiments are expected 
not to reach the aforementioned plateau regime. 
This would imply that soot particles reach dif-
ferent end temperatures, induced by variations 
in initial temperature (T0) and excitation pulse 

energy. A certain pulse energy results in a spe-
cific ΔT, which implies that with varying T0 
different end temperatures are reached. Thus, if 
the initial temperature or pulse energy fluctuate 
or vary, the observed signal strength will be af-
fected directly.The varying ambient temperature 

10 CAD aTDC

Figure 3.6 Still image at 10 CAD after TDC from 
a high-speed natural luminosity movie showing the 
spray-driven phase at 10 CAD aTDC. The red line 

indicates the laser light sheet alignment.

24 CAD aTDC

Figure 3.7 Cf. Figure 3.6, at 24 CAD aTDC. This 
snapshot depicts how the soot clouds have evolved 

after spray momentum has receded (end of fuel 
delivery occurs around 13 CAD aTDC).
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Figure 3.8 The arithmetic correction approach 
reduces the amount of ‘mismatching’, which is most 

notably visible before TDC. Axes limits are kept 
identical to Figure 3.6.

Figure 3.9 Visualization of the effect of threshold-
ing on signal yield for the 800 bar case with 

conventional background subtraction (i.e., only 
using a single frame after the one with laser pulse). 
Thresholds (in counts) are given in the legend. The 

left peak originates from the isolated spray; the right 
peak from the four balancing sprays.
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is also one of the major reasons why soot lumi-
nosity vanishes at some point during the cycle; 
it does, however, not necessarily mean that soot 
has been oxidized! 

Finding an objective method to select the 
threshold value is not straightforward. The back-
ground luminosity differs throughout the cycle, 
and there is probably a cycle-to-cycle effect as 
well. Moreover, it depends on the selected op-
erating point. To ease the comparison between 
the different engine settings and recordings, 
identical (target) combustion phasing and load 
are used, and camera settings are purposely not 
changed. This chapter is essentially pioneering 
in the field of high-speed LII at engine condi-
tions, as to the author’s knowledge it is one of 
the very first successful implementations of HS-
LII in such an environment. An attempt is made 
to see whether effects of fuel injection pressure 
on soot can be tracked. In this work, a constant 
threshold of 8 counts after background subtrac-
tion is applied, although a more justifiable ap-
proach can be envisaged, like for instance ad-
justing the threshold throughout the sequence.

To globally assess the combustion event and 
fluid motion, the LII experiments imaged from 
the side are complemented with high-speed lu-
minosity measurements, taken from below via a 
turning mirror. Figure 3.6 and Figure 3.7 depict 
two stills from the high-speed sequence. Indicat-
ed are the bowl rim (inner circle), outer field of 
view (outer circle) and the laser sheet orientation 
(red line). Obviously, the sheet slices through 
the isolated spray during injection and passes in 
between the two opposing sprays (at 10 CAD 
aTDC). From 20 CAD aTDC onwards, the 
soot clouds originating from the isolated spray 
have left the laser sheet, whereas the opposing 
soot clouds have merged, resulting in a second 
peak in LII signal. The full image sequence can 
be found at the end of this chapter (Figure 3.17 
and Figure 3.18). 

3.5 HS-LII engine data

As the present chapter aims to demonstrate the 
capabilities of the technique, two engine cases 
will be analyzed in more detail: a fuel pressure 
variation combined with two different fuel 
blends. First, the fuel pressure study is discussed. 

Fuel pressure effects on LII signal yield

At each condition mesurements were run three 
times to get some feeling for repeatability. The 
mean and standard deviation of the ‘soot area’ 
are indicated in Figure 3.10. Here, the integrat-
ed soot area is used to track the presence of soot 
throughout the cycle. This quantity is calculated 
by multiplication of the total number of  pixels 
containing LII signal (after thresholding) by the 
surface area projected onto a single pixel. The 

projected surface area is derived from separate 
recordings of a grid with known dimensions.
Evidently, the side-on LII experiments yield  
repeatable results: trends are captured and ab-
solute numbers are reproduced to within ~15% 
for peak values. This binary soot area method 
is frequently used [42][43], for sake of conve-
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Figure 3.10 The mean soot area (solid line) with 
variances (dashed lines) for the 800 bar case, derived 

from side-imaging LII. This graph proves that 
experimental results can be reasonably well repeated.
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nience and ease of implementation, and can be 
seen as a qualitative measure for the spatial evo-
lution of soot. Two humps appear for all selected 
fuel pressures; the first one can be attributed to 
the isolated spray under investigation, whereas 
the second hump stems from the four balanc-
ing sprays as visible in the luminosity stills pre-
viously shown. The alignment of the laser with 
respect to these balancing sprays, along with the 
turbulence in the combustion chamber, causes 
the soot produced by the four sprays to appear 
later in the cycle. It is  difficult – if not impos-
sible – to find the origin of the observed dif-
ferences induced by the fuel pressure variation. 
Trends can, however, be individually compared. 
The projected area of the soot clouds does not 
really change with increasing injection pressure. 
The signal duration does change and it is known 
from full metal engine experiments that engine-
out soot mass can vary orders of magnitude for 
different fuel pressures. Probably, the signal in-
tensity has to be taken into account, even though 
the shapes of the curves are more or less identi-
cal. The integrated area signal, i.e. soot area mul-
tiplied by the counts in that area, is shown in 
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Figure 3.12 The integrated area signal incorporates 
both the size of the soot island and intensity. The 

800 bar case still behaves in another way that prob-
ably leads to more engine-out soot.
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Figure 3.13 Apparent rate of heat release rates (top) 
combined with cumulative LII signals as a function 
of CAD with injector currents (bottom) indicated 
for reference. Although it has no physical mean-
ing, it could potentially relate to engine-out soot 
emissions, if a representative illumination plane is 

chosen.
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Figure 3.11 The high fuel pressure cases do not 
reveal significant differences in temporal evolution 

of the soot area. The low fuel pressure case does have 
a longer tail; details are given in the main text. A 
threshold of 8 counts was applied for all cases and 

the indication of the spread between cycles has been 
omitted for sake of clarity.
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Figure 3.12. Similar trends are observed, with 
the 800 bar case showing LII signal up till 40 
CAD aTDC. The higher injection pressures 
do not show remarkable features, which might 
be attributable to the relative low load case of 
5.5 bar gross IMEP. At some point increasing 
fuel pressure does not lead to soot reduction 
any more. These effects are more prominent at 
higher loads, but the optical engine used is not 
capable of handling loads above ~10 bar IMEP. 

The cumulative soot signal is also compared. 
This quantity is calculated by summing the spa-
tially-integrated LII signal, after correction and 
thresholding, over the crank angle domain. The 
interpretation of the outcome, depicted in Fig-
ure 3.13, is not straightforward. It appears that 
higher fuel pressures result in less cumulative LII 
signal. Typical full metal engine measurements 
give a similar response, as for example shown by 
Fischer [50]. This conclusion, however, should 
be seen in context. First, only a small part of 
the combustion chamber was illuminated by the 
laser, and soot could be formed outside of this 
illumination plane. Secondly, the extreme tem-
perature dependency of LII (dependencies up to 
T14 are reported by Donkerbroek et al. [51]) is 
strengthened by the rapidly changing bulk tem-
perature, and will thus result in differences in 
recorded intensity.  

A third problem hides in assigning changing 
signal levels to formation or oxidation phenom-
ena. Disappearing soot cannot be directly inter-
preted as oxidizing soot, because an out-of-plane 
movement of 1 mm will remove the soot parcel 
from the plane of illumination. This displace-
ment relates to a velocity of 5 m/s, which is not 
uncommon in engines. Several mechanisms are 
hypothesized to cause the drop in signal yield 
after 40 CAD:

• The in-cylinder temperature rapidly de-
creases at around 40 CAD. The extreme 
temperature dependency of the signal (up 
to T14), depending on conditions and detec-

tion equipment (most notably filter choice), 
might explain the fall-off in LII yield. Re-
lated to this is the so-called detection lim-
it. This limit is governed by the detection 
wavelength window. If the maximum tem-
perature reached by a particle is too low, 
its black-body radiation is ‘too red’ to be 
detected. The presence of background lumi-
nosity in the short-gated images implies that 
temperatures around 2000 K are ‘accessible’ 
with our set-up. 

• As mentioned before, at 40 CAD aTDC the 
piston is rapidly moving down. The result-
ing increase in volume dilutes the mixture. 
As a consequence of this the detection limit 
is reached more easily since it is governed by 
the local volume fraction.

• Fluid motion can induce the drop in signal 
as well. The presented luminosity stills1 indi-
cate low levels of swirl, which can be trans-
lated to a small, or even negligible, effect of 
tangential motion. To assess the vertical mo-
tion, more experiments at different height 
below the head are required. Or, equivalent-
ly, bulk illumination from below can provide 
enough information, as in “does soot disap-
pear or does it survive until the exhaust valve 
opens?”.

These considerations end up in the conclu-
sion that the presented technique for now can 
be seen as a qualitative method, rather than a 
quantitative one.

Impact of fuel composition

An important share of this dissertation is de-
voted to understanding how fuel definition gov-
erns the burn-out phase; can HS-LII combined 
with high-speed luminosity imaging track dif-
ferences? To that end, the combined LII + lu-
minosity experiments are also run for European 
diesel (EN590 specification). Several publica-
tions mention that GTL systematically reduces 
tailpipe smoke [52], regardless of the emission 
specification of the engine (EURO). The ques-

1the absence of swirl is better visible in the corresponding movies
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tion here is whether the origin can be found, 
and whether the optical data also show a consis-
tently lower figure. Figure 3.14 is a comparison 
of the ensemble-averaged intensity for all fuel/
injection pressure combinations, inferred from 
the high-speed luminosity recordings. Three 
main observations are made:

• The luminosity intensity is higher and the 
onset is earlier for EN590 regardless of the 
selected injection pressure; this can be in-
dicative of higher soot formation rates. The 
reason could be that ordinary diesel fuel 
contains (more) soot precursor-producing 
compounds such as aromatics and olefins.

• The rate of intensity increase is higher for 
EN590, and for higher fuel pressures. Again, 
these steeper increases hint at an impact on 
soot formation.

• During the burn-out phase differences be-
tween fuels and fuel pressures seem to van-
ish; apparently, the influence of intial fuel 
composition is not so important there. 

One might now conclude, based on the lumi-
nosity intensity data, that EN590 is indeed the 
dirtier fuel. This claim must be brought with 
care, as the respective contributions of soot con-
centration and temperature are unknown. The 
temperature dependency of the luminosity sig-
nal is undoubtedly less severe with only a grey 
filter (OD2) being applied. Thus, if it is some 
physicochemical fuel effect inducing the inten-
sity differences, the LII results should amplify 
these, provided that a ‘representative’ slice of the 
combustion chamber is probed. Therefore, both 
the soot area and signal intensity are compared, 
both for the 800 bar case only.

In Figure 3.15 the mean soot areas are depicted, 
which have been inferred from side-on LII im-
aging. In basically all presented graphs up till 
now the onset of LII signal is observed earlier for 
EN590, and much earlier than can be explained 
by the slightly adjusted injection timing.
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Figure 3.15 Comparison of the mean soot area 
inferred from the side-on LII recordings. An earlier 
onset of LII signal is observed for EN590 (cf. the 

luminosity onset in Figure 3.14) for both the 
isolated as the balancing sprays. During the burn-out 

phase, the rate of fall-off is similar for both fuels.
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Figure 3.14 Mean luminosity intensity as function 
of crank angle for both fuels (GTL and EN590 

(“D”)) and the three injection pressures, based on 
10 recordings per fuel/injection pressure combina-

tion. The temporal behavior is nearly identical, 
with GTL clearly having a delayed ramp-up, and 

less peak intensity. The fall-off, allegedly belonging 
to the burn-out, is similar. Data is inferred from 

images taken from below the piston, simultaneously 
with the side-on LII images, while using the 5-hole 

injector.
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How this advanced onset looks (artistically) is 
shown in Figure 3.16. In this figure areas where 
only EN590 luminosity is observed are white, 
areas where luminosity for both fuels is observed 
are grey and the regions with only GTL inten-
sity are shown in black. The effect of fuel pres-
sure is particularly visible in the 23 CAD frames, 
where the observed soot area is smaller than for 
the lower fuel pressure cases. Fuel composition 
seems to be a secondary effect, although dur-
ing the spray-driven phase EN590 LII signal is 
found upstream that of GTL. As the liquid jet 

is also seen for EN590, it cannot explicitly be 
attributed to “earlier soot formation”. However, 
given the lower CN of EN590 compared to 
GTL, and the known benefits of GTL in terms 
of smoke, one could speculate that the chemi-
cal composition has a stronger effect than the 
enhanced mixing (higher CN - longer ignition 
delay), at least for the conditions under study.

3.6 Summary and conclusion

• The HS-LII signal dependency on fluence 
was studied on a flame. The trade-off be-
tween sublimation and local gas heating was 
clearly observed. The latter one is probably 
less important in an engine environment, 
given the high heat release rate compared to 
laser power input.

• High-speed laser-induced incandescence 
was developed and found feasible in an en-
gine environment, with the right combina-
tion of excitation wavelength and detection 
system being key to success.

• Some variations in temporal behavior were 
captured for three different fuel pressure 
(800, 1200 and 1600 bar). How these varia-
tions relate to engine-out soot or radiative 
heat losses cannot unambiguously be con-
cluded for several reasons that are listed in 
the main text.

• The comparison between GTL and EN590 
revealed the delayed onset of soot luminos-
ity (related to soot formation). The fall-off in 
luminosity is quite similar and differences, 
if observed, are much harder to connect to 
engine-out levels.
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Figure 3.16 Artist impression of soot mean area dif-
ferences between EN590 (white) and GTL (black). 

Grey regions represent the areas where both fuels had 
luminous clouds. First column: ensemble-averaged 
results at 8 CAD aTDC for 800, 1200 and 1600 

bar. Second column: like the first column, but at 23 
CAD aTDC, i.e., during the tail-end of combustion. 
Bowl rim and edge of the field-of-view are indicated 

by the red circles; the white dashed line indicates 
the laser light sheet orientation. The black arrow in 
the bottom left panel shows the strong effect of laser 

light scattering off the liquid core for EN590.
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3.7 Outlook

There are some remaining questions that need 
to be answered before this high-speed diagnostic 
can be maximally utilized:

• How can the temperature dependency be 
properly incorporated without setting up a 
completely different experiment?

• How can LII or luminosity measurements 
be correlated to engine-out measurements?

• Why is the signal disappearing after 40 
CAD? Is it fluid motion or just dilution?

• How does heat release shape impact the spa-
tiotemporal evolution of soot? 

Some of these questions are to be addressed in 
the next chapter. An extension to the high-speed 
technique will therefore be utilized: two-color 
detection to enable an approximate temperature 
correction. The correlation between heat release 
shape and temporal evolution will be studied as 
well by extensive post-injection work. 

References
[35] Dec, J.E. “A Conceptual Model of DI Diesel Combustion 

Based on Laser-Sheet Imaging,” SAE Paper 970873 

[36] Musculus, M.P.B., Miles, P.C. and Pickett, L.M. “Conceptual 

models for partially premixed low-temperature diesel combus-

tion,” Progress in Energy and Combustion Science, Volume 39, 

Issues 2–3, Pages 246-283, doi:10.1016/j.pecs.2012.09.001.

[37] Eckbreth, A. C., “Effects of laser-modulated particulate incan-

descence on Raman scattering diagnostics,” Journal of Applied 

Physics, 48:4473–4479, 1977.

[38] Melton, L.A, “Soot diagnostics based on laser-heating”, Ap-

plied Optics, 23(13):2201–2208, 1984.

[39] Sun, Z.W., Alwahabi, Z.T., Gu, D.H., Mahmoud, S.M., Na-

than, G.J. and Dally, B.B. “Planar laser-induced incandescence 

of turbulent sooting flames: the influence of beam steering and 

signal trapping,” Applied Physics B, Volume 119, Pages 731-

743, 2015, doi:10.1007/s00340-015-6080-6.

[40] Bladh, H., Johnsson, J. and Bengtsson, P.E. “On the depen-

dence of the laser-induced incandescence (LII) signal on soot 

volume fraction for variations in particle size”, Applied Phys-

ics B: Lasers and Optics, 90(1), 109–125, 2008. doi:10.1007/

s00340-007-2826-0



39

Figure 3.17 Sequence of still images from the high-speed natural luminosity recording with GTL fuel at 800 
bar of fuel pressure. The dashed line indicates the field-of-view; notice that curvature of the bowl rim causes 

the dark band between the bowl and squish region. The time stamps (CAD domain) are given in the top right 
of each panel.
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Figure 3.18 Sequence of still images from the high-speed natural luminosity recording with GTL fuel at 1600 
bar of fuel pressure (cf. Figure 3.18). Combustion starts around 5 CAD later with CA50 phased similarly; lu-
minosity also vanishes earlier compared to the 800 bar case, allegedly due to faster mixing and thus burn-out. 
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CHAPTER 4  TWO-COLOR LII AND 
 

POST-INJECTIONS

The work presented in this chapter is part of Jelle Vervaet’s and 
Robbert Dreezen's master theses. The photo visualizes the effect 
of using an image doubler and two different filters on a co-flow 
diffusion flame (427 nm (left) and 510 nm (right)). Note the 
relative differences in local intensity, which relates to local soot 
temperature. Photo details: Nikon D7000 with Nikkor AF-D 
60 mm,  F/7.1 at 0.5 s and ISO 100.
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4.1 Rationale

Ordinary 2-D laser-induced incandescence 
measurements provide a luminescence intensity 
distribution in a single detection wavelength 
band. This allows to identify regions in which 
soot particles are present, but it is impossible to 
quantify the measurements, unless the measure-
ments are supported by complementary data 
(from line-of-sight attenuation or any equiva-
lent [54]). To allow for semi-quantification, 
temperature fields are required, which can be 
reconstructed from either spectrally resolved, or 
two-color techniques.

In an engine environment, with strongly fluctu-
ating ambient temperatures, the latter approach 
must be followed, particularly when measure-
ments throughout the whole cycle need to be 
compared. This chapter introduces the addi-
tional components and the required calibration 
steps. Thereafter, the technique is put to test in 
an engine environment, with particular empha-
sis on post-injections. The objective is to study 
whether the two-color extension contributes to 
ordinary LII. For the post-injection investiga-
tion, it is tried to visualize which mechanism 
causes the frequently reported soot reduction 
capabilities.

4.2 Background of two-color meth-
ods using Planck’s law

Under the assumption that soot particles behave 
like a perfect black-body, the soot temperature 
can be deduced from a comparison between 
the emission spectrum and Planck’s law. To do 
so, two methods can be distinguished: fitting 
Planck’s law to the measured spectrum using a 
spectrograph or measuring the intensity in at 
least two different wavelength bands (i.e., col-
ors). The first approach is preferable from an ac-
curacy point of view, although the spectrograph 
is limited in terms of spatial resolution (one di-
mension only). 

The second approach, on the other hand, allows 

The feasibility and potential pitfalls of 
high-speed laser-induced incandescence were 
discussed in the previous chapter. Basically, 
a second measurement is required to solve  
the problem of its excessive temperature 
dependency. In this chapter, a second 
detection channel is used to measure black-
body temperatures after illumination. With 
that, a correction can be applied, potentially 
improving the interpretation of high-
speed laser-induced incandescence data. 

The approach is applied to different 
post-injection strategies. Such strategies 
are primarily used to reduce engine-
out soot. The mechanisms are not well-
understood and soot diagnostics may shed 
light on the underlying processes. Proper 
scheduling of the post-injection can also 
speed up the burn-out phase, which runs 
as the red thread through this dissertation.
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for two-dimensional imaging, albeit with poten-
tial errors with calibration during set-up, and 
during post-processing. Yet, the 2-D capabilities 
are irreplaceble, and careful filter selection and 
calibration reduces the risk of erroneous calcula-
tions and interpretation.

Derivation of temperature information

Planck‘s law for a perfect black-body reads
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In this equation, I(λ,T) is the spectral irradiance, 
h Planck’s constant, c the speed of light, T tem-
perature and kB Boltzmann’s constant. Applying 
optical filters effectively selects a portion of this 
curve, thus after integration one obtains the ir-
radiance for a certain temperature when using a 
certain filter (i.e., wavelength range). Care must 
be taken to include the spectral sensitivities of 
all components within the detection path in the 
total effective transmission characteristic. For 
example, when using image intensifiers, or when 
other absorbing species are in the optical path, 
these should be included in the effective filter 
curve that is applied to Planck's law. For two-
color thermometry, the integrated luminosity is 
recorded separately for two wavelength ranges, 
chosen in such a way that the signal ratio is a 
unique function of temperature.

In the end, by taking all spectral dependencies 
into consideration for a range of temperatures 
a look-up calibration curve can be constructed, 
where the signal ratio of the two detection chan-
nels is stored as a function of temperature.

Filter selection and resulting sensitivity

Theoretically, the two detection wavelength 
bands should be sufficiently separated, but the 
current engine (LII) application imposes some 
limitations:

• the temperature range of interest is roughly 
between 1500 and 4000 K

• typical (and thus available) detectors are sen-
sitive in the visible spectral range, thus from 
~380 to ~700 nm, albeit with differences in 
spectral response.

• High-speed cameras have limited bit depth 
(say 8- or 12-bit). To obtain sufficient sig-
nal on both channels and taking into con-
sideration the spectral response of the whole 
optical path, filters cannot be chosen freely. 
Otherwise, one channel might be saturated 
whereas the other channel is barely seeing 
anything! The latter criterion only plays a 
role when, as in this case, the two detection 
channels are recorded simultaneously on the 
same detector (so that detector settings are 
unavoidable the same for both channels).

Image doublerPhotron SA-Z Lambert HiCatt

FiltersNikkor AF-D 100 mm f/2 DC 

Al mirror

Figure 4.1 Schematic of the optical setup. Engine components have been left out for clarity. 
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These criteria have resulted in numerous “filter 
band combinations” in literature. A non-ex-
haustive overview is given in Table 4.1. 

4.3 Methodology and calibration

Two  approaches exist for two-color detection, 
i.e. using two detectors equipped with different 
filters and a beam splitter, or using a single cam-
era in conjunction with a so-called image dou-
bler. This component splits the image in two, 
allowing to collect two raw images on a single 
camera chip. To give an example, the cover pho-
to of this chapter depicts the co-flow diffusion 
flame in true color (filtered around 427 (left) 
and 510 (right) nm, respectively).

The image doubler approach is chosen for this 
campaign to reduce the effect of timing errors1. 
A suitable image doubler is available in the prod-
uct range of LaVision. To have more resolution 
(1 megapixel), more bit depth (12-bit), shorter 
gating times (down to 3 ns) and higher tempo-
ral resolution (20 kfps) compared to the results 
presented in the previous chapter, a Lambert 

HiCatt (GaAsP image intensifier) is combined 
with a Photron SA-Z CMOS camera. Similarly, 
the laser is run at half the camera frame rate to 
have a representative background (dT estima-
tion!) in between two frames with LII.

Many optical components are present between 
the flame and CMOS chip of the camera; all 
have different spectral characteristics that have 
to be taken into account.

Filter selection

To select a proper filter combination, the follow-
ing  criteria have to be met:

• Ratio (R) of 1 in the middle of the tempera-
ture range of interest in order to load the two 
halves of the camera chip sufficiently.

• Sensitivity (dR/dT) preferably linear and 
high enough. The ratio can, however, not 
be too large or too small at the limits of the 
range. 

• To avoid possible interference from C2 flu-
orescence (Swan bands), some regions in 

λexc λband 1 λband 2
Remarks

Cignoli [55] N/A 409/140 721 long-wave pass

Lehre [56] 532 450/40 650/40

De Iuliis [57] 1064 450 600 No details on filter

Snelling [58] 532 400/40 780/20

Boiarcuic [59] 1064 442/10 650/50 in diesel engine

Kock [60] 1064 550/10 684/10 in 2-stroke diesel engine

Bougie [61] 1064 370/40 560/50
To find particle size distribu-

tions in diesel engines

De Iuliis [62] 1064 500/10 647/9 Saturated regime (4000 K)

Hofmann  [63] 532 550/10 694/12
particle size distribution at 

elevated pressures

He [64] 532 425/50 590/30

Goulay [65] 1064 spectrally-resolved using spectrograph

Bladh [66] 1064 445 575

This work 1064 510 680 high repetition rate

Table 4.1 Literature overview of 2-color applications in combustion. The detection bands follow the notation 
center wavelength / filter width (not necessarily FWHM). All wavelengths in nm. 

1Recall prompt detection. Given the temperature dependency, a 1-ns-mismatch can already result in large errors.
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range of interest. This drop is unwanted, as one 
channel (in this case red) will saturate before 
decent signal is obtained on the other channel. 
One might try to correct this by adding neutral 
density filters, but this method is unfavorable as 
the method is likely to be signal-limited (cf. the 
results presented in CHAPTER 3).

All 50 mm, narrow-band (FWHM 10 
nm) filters in the visible that were avail-
able in the laboratory are now included to 
study the response of these combinations. 
In Figure 4.3 the outcome is depicted. Unfor-
tunately, the sensitivity of the combinations is 
a bit low; small experimental errors and/or un-
certainties are likely to reduce the accuracy and 
precision of the results. 

Accuracy and precision of the method

The contribution of various uncertainties on the 
eventual deduced temperature remains unclear.  
To verify absolute accuracy, the method should 
be put to test on a system with a well-known 
temperature, for example the sun (surface tem-
perature 5772 K [67]) or a light bulb (~2400 - 
3200 K, depending on conditions and bulb gas). 
The effective temperature of the source is prefer-

the green spectral range should be avoided 
(around 473, 510 and 550 nm).

• The filters should block elastically-scattered 
1064-nm laser light.

To understand how the filters impact on the 
ratio and dR/dT, imaginary filter combinations 
are created. The resulting ratios and sensitivities, 
obtained from numerical integration of Planck's 
law over the appropiate wavelength ranges, are 
shown in Figure 4.2. As a rule of thumb, one 
can say that, for decreased separation between 
the detection bands, the ratio reaches unity at 
lower temperatures. Second, keeping the sepa-
ration constant but moving it blue results in a 
tremendous drop in ratio in the temperature 

Figure 4.2 The obtained ratio (blue/red) and 
sensitivity for five different filter sets combined with 

a GaAsP intensifier and LaVision image doubler. 
Notice that these responses are unique in combina-

tion with this intensifier. 
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Figure 4.3 Three available combinations have 
non-ideal behavior. The 510/680 couple seems most 
promising, given its order of magnitude change in 
ratio between 2000 and 4000K (from 0.1 to 1).
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ably in the range of interest, i.e., between 2500 
and 3500 K. For this purpose, a halogen calibra-
tion lamp (Osram Xenophot HLX 24V/250W) 
is selected. The manufacturer specifies a color 
temperature of 3450 K, which of course holds 
in the visible; outside of the visible the “color 
temperature” is slightly higher.

Several detector combinations have been tested 
to assess the robustness of the approach. Two 
different intensifier types and filter combina-
tions were studied, as was the effect of the image 
doubler. A temperature of (3108 ± 16) K was 
found, which is around 350 K lower than speci-
fication. The value is reproducible, even with 
different detection equipment. It seems that ei-
ther the specification is wrong or a systematic 
error is present. Two likely explanations found: 

ageing of the lamp (see Figure 4.4) resulting in 
metal deposits on the inner glass surface and the 
wavelength-dependent emissivity of the wire 
(i.e., not a pure black body). 

In a recent work, Hessel et al. [68] described 
how to take this emissivity into account. The 
big unknown remains the local soot volume 
fraction (fv) along a certain line-of-sight (L). 
Hessel et al. report a typical fvL value of 1 μm 
(50 ppm; line-of-sight of 20 mm). Soot emis-
sivity (1 - exp(1-kλ λ)) can be derived from the 
Beer-Lambert-Bouguer law, assuming homoge-
neously dispersed particles and multiple scat-
tering being absent. The value of kλ can then 
be treated using the empirically-established 
“alpha equation”, originally proposed by Gray 
and Muller [69]. Eventually, one arrives at
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with the wavelength specified in μm. This di-
mensionless value is used in a modified relation 
for emissivity (ε):
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For g the Gray and Muller value of 6.3 μm-1 is 
often taken. More details on the use of this pro-
cedure are clearly described in Musculus’ work 
[70]. Adding this wavelength-dependency to the 
processing algorithm changes the outcomes sig-
nificantly, particularly in the blue spectral range. 

Figure 4.4 Side-by-side comparison of fresh (left) 
and aged (right) calibration lamp (Osram Xenophot 
HLX 24V 250W). The foul glass undoubtedly affects 

the results; to what extent remains as yet unclear. 
Photo by Jelle Vervaet.

Image 
doubler

λband 1 [nm] λband 2 [nm] Rmod [-] Rexp [-] Rmod/Rexp Texp [K]

S20 No 427 510 1.47 1.25 1.176 3120

GaAsP Yes 427 510 0.79 0.67 1.179 3090

GaAsP Yes 427 680 0.78 0.53 1.472 3115

Table 4.2 Obtained calibration lamp temperatures (Texp) for different detector combinations. All filters have 
a full-width half-maximum (FWHM) of 10 nm. Essentially identical temperatures are inferred, although the 

deviation from manufacturer specification is about 13%.  
Rmod is the predicted ratio based on the manufacturers specification.
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However, the morphological properties (fvL) 
of soot depend on various parameters, such as 
fuel type, combustion regime (with or without 
EGR) and the time in the combustion event it-
self; for this reason, the equation was left out of 
the post-processing as both assumptions justify-
ing the use are too coarse. Dedicated fvL values 
(i.e., for this setup and fuel) should be estimated 
or calculated by other means to arrive at mini-
mum uncertainty. It is therefore key to combine 
multiple setups, diagnostics and numerical sim-
ulations to approach the situation in the engine 
in terms of soot concentration and temperature. 
Still, the results might be biased towards the 
hotter soot or soot that is closer to the detector. 
The latter can be visualized as follows. Imagine 
a candle flame that is placed behind thick soot 
clouds (cover photo Chapter 1); the flame is not 
visible at all!

Regardless of the soot properties, once the local 
temperature is known, one can still (partially) 
correct for the temperature-part of the observed 
signal. An example of the impact of this correc-
tion is shown in Figure 4.5. Note that even af-
ter correction line-of-sight effects are still there 
and that no signal does not imply the absence of 
particles (they can be cold!). Both issues can be 

overcome by utilizing laser-induced incandes-
cence, albeit with the penalty of adding more 
uncertainties and sources of error.

4.4 Increased incandescence

As a next step, it is necessary to check whether 
the increased incandescence and corresponding 
temperature of the soot particles can be retrieved 
inside the engine. Given that the physical prop-
erties of solid black carbon result in an upper 
temperature limit of ~4000K (above this value 
sublimation sets in [71]), no temperatures high-
er than this value are expected. Actually, model-
based estimation shows that the achievable ΔT 
is about 1500 K for the (expected) engine condi-
tions (Figure 4.6). Beam steering, attenuation, 
window reflections and additional (elastic) scat-
tering will most likely reduce the effective flu-
ence: lower temperature increases are expected. 
During the spray-driven phase, the expected 
temperature window thus ranges from  3000 to 
4000 K.

Figure 4.5 Luminosity signal as recorded (top) and 
temperature-corrected semi-quantative soot concen-
tration (bottom). The circle indicates the location of 
the nozzle; edges of the bowl rim are shown as well.

0 50 100 150 200
2000

2500

3000

3500

4000

t [ns]

T
em

p
er

at
u
re

 [
K

]

Figure 4.6 Evolution of particle temperature 
including the temporal laser pulse profile. Ambient 
conditions: 50 bar and 2500 K. Laser parameters: 
peak fluence of 0.2 J/cm2 at 1064 nm with a  pulse 

width ~ 8 ns.  Sublimation and absorption have been 
taken into account.
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Figure 4.7 depicts a sequence of three consecu-
tive frames, with the middle one capturing the 
laser-induced temperature increase. The laser-
induced frame clearly shows a very localized 
increase in temperature of about 500 K (see 
frame bottom row). The peak temperature of 
the laser-heated soot is found to be around 3400 
K, which is more-or-less in accordance with the 
model, assuming some extra loss terms (recall 
the offset during calibration). It is concluded 
that the retrieved temperatures are within a rea-
sonable range, even in the engine! However, the 
images themselves suffer from various artefacts, 
of which some are highlighted in the figure as 
well. For example, the edges of the burning soot 
clouds show a temperature increase as well (even 
outside of the illumination plane). It is caused 
by the small time difference between frames and 
the inherent inward motion (towards the noz-
zle). Furthermore, the background temperature 
is also not distributed homogeneously, with the 
top of frames showing elevated temperatures. 
This unexpected behavior is possibly induced by 
the error-prone optical path; many optical com-
ponents and optical restrictions are present (cf. 
Figure 4.1). Particularly, vignetting effects from 

all viewing holes can be bothersome. Notice that 
the image doubler adds to the vignetting. On 
top of that, although placed at quite a distance, 
the two channels of the doubler have different 
viewing angles; the consequence is altered filter 
characteristics that are barely correctable. Lastly, 
a persistent moon-like structure is found, which 
is attributed to (unwanted) reflections stem-
ming from the edges of, or near, the bowl rim 
(see red arrow in left panel).

All of these observations point out that it is im-
portant to know where the light is coming from.
It seems that using an image doubler to infer 
temperature information is far from optimal; 
the cure might be worse than the ailment!

4.5 Assessing post-injection efficacy 
by means of luminosity and LII.

Contemporary compression ignition engines of-
ten apply multiple injection events per cycle. 
Enhancing soot oxidation is an important fea-
ture when applying a relatively small injection 
after the main injection event. How post-injec-
tions exactly enhance oxidation is not fully un-

Figure 4.7 Example of three consecutive temperature fields after processing. The bottom row image depicts 
the temperature increase between a laser-on and laser-off frame. Red lines indicate the approximate laser sheet 

width in the middle top frame (laser on). White arrows point to the most discernible temperature increase 
because of LII; the orange arrow points to apparent temperature increase (time effect due to frame rate of the 

camera). Artefacts arising from reflections are seen in all frames (indicated by red arrow).
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optical rig, it was proposed to mimic the impact 
of oxygen concentration and changing heat ca-
pacity by altering the global air-excess ratio, al-

derstood as the reported results are diffuse. The 
differences merely occur in the amount of fuel 
that is put in the post-injection (“split”) and the 
phasing relative to the main injection (“dwell”); 
both variables have a strong response as a func-
tion of the applied EGR rate, i.e., ambient oxy-
gen concentration and temperature. A subset of 
experiments on the full-metal test rig sets the 
scene for the optical experiments [72].  

In the optical engine, the studies are conducted 
at fixed intake temperature, engine speed, and 
injection pressure. The variables under study are 
intake pressure (thus global air-excess ratio), and 
dwell. As a realistic EGR system is absent on the 

Intake temperature 85 °C

Geometric CR1 13.7

[O2] 21 vol-%

pfuel 1025 bar

nozzle geometry
7 x 0.195 mm @ 
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bowl shape wide-open

fuel EN590

fuel quantity ~83 mg
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Figure 4.8 Percentual effects of applying a post-
injection on ISPM (top) and ISFC (bottom) for a 
wide variation of dwell-split combination at 1200 
rpm and ~25% load. More details are given in the 

main text and corresponding paper.

Table 4.3 Overview of engine hardware and settings 
for the post-injection study

Figure 4.9 Graphical representation of the situation 
in the combustion chamber (with 7-hole injector). 
The grey dotted line is the area that is seen through 

both filters; the dash-dotted area will be used for 
analysis. 

1The effective compression ratio is significantly lower in an optical engine because of substantial blow-by losses.
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though this followed approach is obviously not 
identical to the introduction of EGR. Moreover, 
it was decided not to pursue a fuel split study, 
given the intrinsic issue of getting the fuelling 
right (fluid dynamics in common rail).

For sake of simplicity, the start of actuation of 
the main event is kept constant at 5.5 CAD 
before TDC. The shortest dwell is about 7.5 
CAD after the end of the main injection, and 
this dwell period is increased in steps of 5 CAD 
until the maximum dwell value of 27.5 CAD is 
reached. Each injection strategy is tested at three 
intake pressure levels: 1.0, 1.1 and 1.2 bar. These 
roughly correspond to global λ-values of 1.6, 1.8 
and 2.0, respectively. 

4.6 Capturing post-injections

Following the advance of fuel injection equip-
ment, multiple injection events in a single cycle 
became mainstream. Calibration of the injec-
tion scheduling is crucial to reduce engine-out 
emission levels without hampering indicated 
efficiency. Actually, within the scope of this the-
sis, improving engine efficiency is as important 
in view of CO2. Some first insights are given in 
Figure 4.8, in which both indicated specific PM 
emissions (ISPM) and fuel consumption (ISFC) 
response plots are given. These plots predict the 
response of a certain variable based on design-
of-experiments measurements on the single-
cylinder metal engine, the one introduced in 
Chapter 2. Details about procedures and post-
processing are presented in the corresponding 
paper [73].

The key findings of this work are:

• Phasing of the post-injection relative to the 
main injection has a stronger impact than 
the amount of fuel in the post (split). 

• The region with lower smoke emissions 
is small, particularly if also boundaries in 
terms of ISFC and ISNOx are imposed.

By mimicking the applied conditions and set-

tings in the optical engine, post-main flame 
interactions can be visualized (using natural lu-
minosity) and temperatures might be inferred 
(using the two-color approach with or without 
LII).

Split will be kept constant (see Table 4.3), as 
will fuel pressure, engine speed and target fuel-
ing quantity. Only the dwell time (in CAD) and 
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Figure 4.10 Comparison of three post-injection 
schedules (black solid line 12.5 CAD, red dash-
dotted line 17.5 CAD and blue dashed line 22.5 
CAD dwell) at three intake pressure levels (top to 

bottom: 1, 1.1 and 1.2 bar(a)). 
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Figure 4.11 Subset of the results presented in Figure 
4.10 (short dwell case). Post-flame luminosity 

intensity changes as a function of intake pressure, as 
can be particularly seen around 25 CAD.
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boost pressure are varied; the latter one to mim-
ick effects of air-excess (absent EGR). Following 
this one-at-the-time approach, differences in ef-
ficacy of the post-injection should be revealed 
(by either temperature variations or signal dis-
tributions). In order to resolve the full combus-
tion chamber, high-speed luminosity recordings 
at 40 kHz is performed as well; that is without 
image doubler and Nd:YAG laser. 

Analogous to Figure 3.14, integrating the re-
corded signal over the field of view gives some 
first insight in ongoing events. Selective cases 
will be analyzed further using the 2-color tech-
nique. Figure 4.10 compares nine individual 
recordings broken down by intake pressure (3 
levels). Each panel shows a specific injection 
scheduling, with the post-injection being retard-
ed from 12.5 CAD aTDC to 22.5 CAD aTDC. 
Retarding the post-injection will change the 
moment of interaction. Combustion of the post 

fuel might also result in significant soot forma-
tion, visualized by a second hump in nearly all 
curves. Comparing the same injection strategy 
at different ambient conditions (Figure 4.11), 
altered behavior after the post-injection is ob-
served, revealing the importance of the ambient. 
Note that the luminosity falls off more rapidly 
for the higher ambient densities and air-excess 
ratios. This luminosity decay time was shown to 
correlate to engine-out levels by Gallo et al. [74]. 
For this work, the question is how adding post-
injections reduces engine-out soot. Often, two 
mechanisms are hypothesized: (1) enhanced 
mixing by post-jet momentum and (2) in-
creased temperatures due to the post flame. The 
latter one can theoretically be verified using 
the two-color approach; enhanced mixing can 
only be inferred indirectly from the luminous 
soot clouds. Nevertheless, the results indicate 
that soot formed in the post flame likely ex-
plains the twofold increase in engine-out soot 

Figure 4.13 Mean temperature profile including standard deviation in the region of interest for two intake 
pressure levels, both with (red) and without (black) post-injection. Lower ambient densities (pin = 1.1 bar(a) in 
bottom panel versus 1.2 bar(a) in top panel) impact the behavior of the post flame resulting in a higher local 
temperature later in the cycle. The oscillations in temperature originate from the contribution of laser-heated 

soot (recall the frame rate settings). Before 35 CAD the recorded signal is dominated by line-of-sight luminos-
ity. Note that soot is measured just below the cylinder head as late as 60 CAD aTDC.

2Diesel engines operate with air-excess ratios greater than 1.3 to mitigate smoke, implying surplus availability of oxygen.
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(Figure 4.8) for longer dwell times. Possibly, 
some of the main soot is oxidized faster, but 
the increased formation outweighs the gains.  
Short dwell - high boost cases (e.g., solid black 
line in bottom panel of Figure 4.10) do not 
show such an increase in luminosity; is this a 
condition where the post is doing its duty? The 
metal engine experiments confirm low smoke 
emissions at short dwell settings (for various 
speed and load points [73]). This analysis is also 
visually confirmed by Figure 4.12, where the 
lack of interaction is shown for the long dwell 
case (32.5 CAD). For such a situation, the post 
flame should add heat to speed up the oxida-
tion process. On the other side of the spectrum, 
the shorter dwell schedule reveals how the com-
bustion is shaken up by post-fuel (compare the 
frames around 30 CAD, indicative of enhanced 
mixing). In conclusion it seems that the (poten-
tial) enhanced oxidation of the soot formed by 
the main spray flame is easily overwhelmed by 
soot formed in the post flame itself. By means of 
the two-color method, the 17.5 CAD dwell case 
is now further analyzed in a comparison against 
one without injection.

Temperature evolution

Figure 4.13 compares the in-cylinder tempera-
ture evolution for two cases (with (17.5 CAD 
dwell) and without post-injection) at two differ-
ent intake pressures. The region-of-interest was 
indicated in Figure 4.9. Trends as well as abso-
lute values are similar during the main flame (15 
- 30 CAD); well beyond post fuel delivery (from 
40 CAD onwards) differences are observed:

• the oscillations (laser on, laser off) are more 
pronounced for the single injection case. 
Two hypotheses are formulated: (1) the 
properties of the soot particles might differ 
from those formed with a post-injection, 
effectively resulting in particles reaching 
higher temperatures as a consequence of 
enhanced absorption and (2) the spatial lo-
cation of soot clouds might vary because of 
the added momentum by the post fuel pulse. 

As such, line-of-sight luminosity may be re-
corded, even if the illumination plane is void 
of particles. 

• the lower intake pressure case with post in-
jection results in higher mean temperatures 
late in the cycle compared to a single injec-
tion event. For post-injections, it is often 
said that the post flame pushes fresh air into 
the burning soot clouds, which would then 
locally elevate temperature again. If so, it is 
maybe not about getting enough air in2, but 
rather about utilizing the available air well 
(eventually with post-injections). 

• the relative difference in mean temperature 
is small throughout the whole CAD range.  
Regardless of the applied boost, the signal is 
dominated by line-of-sight luminosity be-
fore 35 CAD. Furthermore, given the un-
certainties within the technique, it is hard to 
unambiguously draw conclusions about the 
presence of a temperature effect in the work-
ing principle of post-injections.

• Laser-induced signal disappears at an ear-
lier stage for the low boost case. This dis-
appearance is evidence of either improved 
soot oxidation or other flow patterns in the 
cylinder. The altered flow behavior depletes 
the illumination plane of particles. Hence, it 
cannot be concluded that engine-out levels 
are lower, which highlights the importance 
of ambient conditions once more.

4.7 Summary and discussion

This chapter addressed an extension to standard 
LII measurements: the well-known two-color 
method. After an initial calibration exercise, the 
method is put to test on the actual case of post-
injections. 

The calibration efforts yielded consistent out-
comes regardless of the selected filter combi-
nation and intensifier. A systematic, persistent 
offset of 400K was explained by aging of the 
lamp (and potential other broadband absorb-
ing effects). Retrieved soot temperatures in an 
engine environment were as expected (around 
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2800 K), but the images generally suffered from 
reflections and other engine peculiarities. It is 
remarked that the presented temperature results 
have intrinsic uncertainties that cannot be calcu-
lated or derived from the experiment itself. The 
main reason for this issue hides in the optical 
thickness of the combustion clouds, as was re-
cently explained in a structured manner by Hes-
sel et al. [68]. An optically-dense system results 
in a certain, yet a priori unknown, contribution 
of luminosity originating from outside of the il-
lumination plane. Enhanced filtering and gating 
could not remove such artefacts. Additionally, 
the optical setup with image doubler is not op-
timal for engine imaging applications via a turn-
ing mirror. The limited optical access reduced 
the versatility of collecting the images on a sin-
gle camera chip (different viewing angles). As a 
result of that, it is impossible to have a 100% 
overlap. To make it even worse, the contribu-
tion of luminosity is then also different for both 
halves of the chip (different viewing angles). To 
correct for this alignment, one needs either ex-
pensive calculations or dedicated and expensive 
calibration equipment (see for example Westlye 
et al. [54]). Finally, the laser as used in this work 
is short on power: only a fraction of the combus-
tion chamber could be illuminated in order to 
have sufficient signal-to-background ratio. This 
limitation was considered not to be a problem 
during the phase of “technique development”; 
for practical implementations, however, the  la-
ser light sheet should be enlarged while main-
taining the kHz repetition rate. Recently, such 
systems have become available [75][76].

The technique was eventually applied to post-
injection cases. The results, supported by high-
speed luminosity and metal engine data, showed 
that poorly-phased post-injection can easily 
elevate engine-out soot levels. This increase is 
explained by more soot formation in the post 
flame relative to the gains in the main flame. 
Evidence was also found that post-injection 
calibration should always take the ambient (in 
terms of density and composition) into account, 
given the altered behavior upon increasing boost 

pressure, or adding EGR [73].

All in all, it is concluded that the two-color ap-
proach alone is not suited for the intended pur-
pose of retrieving temperature and absolute soot 
volume fraction. To mitigate errors originating 
from approximations and numerical simula-
tions, an independent diagnostic (i.e., not rely-
ing on black-body radiation) for temperature 
is desirable; the most promising technique for 
soot-laden environments, however, is practically 
as difficult as well (two-line atomic fluorescence 
or TLAF [77]).
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CHAPTER 5  TRACKING CARBON MONOXIDE

The picture shows the visible fluorescence (CO B→A) in a gas 
cell filled with pure CO after two-photon excitation. Photo 
courtesy of Robin Doddema (Canon 450D with EF-S 18-55 
mm at 18 mm, f/5.6 at 25 s and ISO 100).
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5.1 Spectroscopy of CO

An overview of current understanding

Carbon monoxide is a di-atomic, stable mol-
ecule and not surprisingly its spectroscopy has 
been well characterized. Scientists like Ång-
ström, Deslandres, Hopfield and Birge did their 
pioneering spectroscopic work more than a cen-
tury ago. Their work was later extended by many 
others, resulting in a detailed characterization of 
the band spectrum of CO. Krupenie summa-
rized the present knowledge in 1966 [78]. 

The advancement of laser technology enabled 
new diagnostic possibilities, e.g., laser-induced 
fluorescence (LIF). Typically, single-photon ex-
cited LIF at particular wavelengths is a proven 
technique for di-atomic molecules such as the 
hydroxyl radical (OH∙) and nitric oxide (NO∙). 
CO is special in the sense that many of its transi-
tions out of the electronic ground state lie with-
in the vacuum ultraviolet spectral range (VUV; 
say λ < 190 nm). It is virtually impossible to ac-
cess such transitions in a combustion environ-
ment. There is only one feasible, single-photon 
electronic transition, but this singlet-triplet 
transition still lies within the deep-UV (around 
206 nm). Additionally, these so-called Cameron 
bands [79] offer extremely weak signal yield due 
to the fact that the transition is spin-forbidden. 
Using this system for (semi-)quantitative mea-
surements is thus not feasible in practice. 

Researchers started applying two-photon excita-
tion schemes in the 1980s, at first for atomic 
oxygen and hydrogen (e.g., [80],[81]). The 
group of Hanson described this non-linear ex-
citation approach for CO in two publications 
([82],[83]). They described the feasibility of the 
ground (v’’=0) to B-state (v’=0) transition within 
the Hopfield-Birge system and concluded that 
subsequent B→A fluorescence (also known as 
the Ångström system) can be used for detection. 
As an intrinsic consequence of the technique 
(high laser light intensity), they observed sig-

Although carbon monoxide (CO) is 
generally considered to be a minor species in 
diesel exhaust, it is definitely an intermediate 
compound during spray flame combustion. 
The oxidation of CO late in the cycle could 
be one of the (many) causes of the slow burn-
out. This chapter will address some of the 
pitfalls associated with tracking CO. First, 
the spectroscopic properties are discussed, 
after which the two-photon excitation scheme 
(see Figure 5.1) is put to the test on several 
flames. Finally, the technique is applied in 
an engine enviroment, i.e., at high pressure 
and temperature, where excitation issues and 
signal crosstalk are expected to complicate 
the interpretation of the obtained data.

90000

X1Σ

A1Π

C1Σ

0

E (cm-1)

r (Å)
0.8 2.81.8

B1Σ

45000

Figure 5.1 Graphical representation of two-photon 
excitation out of the ground state and the subse-

quent multi-line fluorescence.
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spectroscopic properties of carbon monoxide, 
and especially the transitions of interest, allows 
for a priori simulations in spectroscopy software 
(PGOPHER). A sample file of a part of the C2 
emission spectrum, commonly referred to as the 
Swan bands, is available from the PGOPHER 
website [85]. Spectroscopic constants in this 
C2 sample file are taken from Lloyd et al. [86]. 
For carbon monoxide, the spectroscopic data is 
taken from, and checked against, a combination 
of sources ([87]-[89]). Figure 5.2 depicts the 
relative spectral positions of the band systems of 
interest.

Given that blue detection is preferred over red 
detection in strongly sooting environments, one 
can indeed argue that C→A detection (see Fig-
ure 5.2), might be favorable, and especially the 
(0,2)-band around 410 nm for maximum fluo-
rescence yield without interference from other 
chemiluminescent species (e.g., chemically-ex-
cited methylidyne (CH*) around 430 nm). If, 

nificant photo-ionization and photo-chemical 
effects; the latter mainly resulting in C2 (d3∏g 
- a3∏u) fluorescence. Crosstalk with C2 fluores-
cence can generally be expected when studying 
hydrocarbon flames, and narrow-band filtering 
is inevitable. Additionally, “on- and off-resonant 
excitation” measurements of CO can improve 
the signal-to-background ratio significantly, 
because the photo-chemical effect is allegedly 
wavelength-independent.

Dreizler et al. compared the C1Σ+←←X1Σ+ 

scheme to the aforementioned B1Σ+←←X1Σ+ 
excitation scheme [84]. They mentioned the 
possible advantages of the former method: a 
stronger absorption cross-section, less crosstalk 
from C2 fluorescence (C→A fluorescence is 
blue-shifted compared to the Ångström bands) 
and less quenching because of shorter lifetimes. 
Although a lower fluorescence quantum yield 
is expected, overall this could potentially be a 
more efficient excitation scheme. A closer look 
on this comparison is provided below. It should 
be mentioned that the C1Σ+ state is only about 
5000 cm-1 higher in energy than the B1Σ+ state; 
more spectroscopic constants are given in Ta-
ble 5.1. Owing to the nearly identical rotational 
constants (Be) for the C-, B- and ground state, 
the excitation spectrum must be (extremely) 
narrow. Conversely, the resulting fluorescence 
spectrum, be it C-A or B-A, is expected to have 
a broader signature. The availability of nearly all 

Table 5.1 Some spectroscopic constants of the C-, 
B-, A- and ground state (X) of CO.  Constants taken 

from multiple sources, i.a., Krupenie [78].

X1Σ+ C1Σ+ B1Σ+ A1Π

E [cm-1] 0 91916 86918 64747

ωe 
[cm-1]

2170 2176 2113 1515

Be 
[cm-1]

1.9313 1.9533 1.9612 1.6116
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Figure 5.2 The Herzberg (C←←A) and Ångström 
(B←←A) systems of CO are compared against the 
Swan bands (C2). Over the years the interest in CO 

has resulted in a vast amount of literature on its 
spectroscopic properties. For the present simulation, 

most of the constants have been taken from [78]. 
The ambient temperature is set to 300 K, and typical 
line broadening coefficients of 0.4 cm-1 (excitation) 

and 4 cm-1 (emission detection) are used.
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later on, one of the Ångström bands yields more 
signal, that specific (0,1)-band should be select-
ed for similar reasons (see Carlson et al. [88] for 
the Franck-Condon factors for both systems). 
It remains key to filter out the C2* emission 
around 473 and 511 nm. 

Combustion applications

Several research groups have worked on the ap-
plication of the two-photon CO technique, fac-
ing all the challenges related to practical combus-
tors, i.e., a high pressure and high temperature 
environment. The advent of sensitive equipment 
has even enabled single-shot measurements. 

Initially, research focused on atmospheric flames 
[90] and enhanced characterization ([91],[92]) 
of the spectroscopic properties of CO. The first 
engine measurements were done in the expan-
sion stroke of a spark-ignition engine, as such 
engines are known for high engine-out CO con-
centrations. Richter et al. [93] showed the feasi-
blility of the two-photon technique on a single-
shot basis at moderate pressures. 

Miles et al. investigated sources of CO and their 
locations with a combination of methods [94] 
and fuels ([95],[96]). Miles’ group also added 
a detailed, but not thoroughly validated, de-
scription of engine conditions affecting the 
laser-induced parameters, such as absorption 
and quenching rates, and total expected signal 
strength.

From all data, the Sandia group was able to re-
construct fields of CO inside the bowl and in 
the squish region, at pressure levels ranging from 
roughly 10 to 40 bar, for operating conditions 
applied during Partially Premixed Combustion 
(PPC). Equally important, trends in engine-out 
CO levels for different fuel blends were also cap-
tured, which strengthened the claim that 2-pho-
ton CO-LIF might be a feasible technique. The 
main difference with this work is the presence 
of soot-laden spray flames. These optically-thick 

clouds inhibit deep-UV light to penetrate, and 
equally important, may cause the fluorescence to 
be overwhelmed by background light. For this 
reason, the only option is to get rid of the opti-
cally-thick environment by suppressing soot for-
mation: the goal is to have a spray-flame without 
soot. As such, diesel fuel should be replaced by 
a suitable surrogate. GTL is a viable option, but 
the earlier HS-LII experiments (Chapter 3) were 
still showing significant luminosity. To prevent 
soot formation, oxygen must be contained with-
in the fuel. Such oxygenated fuels are known to 
(typically) suppress soot formation on a molecu-
lar scale and Müller and co-workers [106] pro-
posed to use tri-propylene glycol methyl ether 
(TPGME). This highly-oxygenated compound 
was found to burn with virtually no luminosity, 
whilst keeping ignition delay identical to that of 
common GTL blends.

The present chapter focusses on the application 
of two-photon CO-LIF in an earlier stage dur-
ing the combustion process: the conversion of 
CO in the burn-out phase. This point intro-
duces more challenges and pitfalls. Not only 
the higher pressure and higher temperature will 
significantly impact absorption and quench-
ing rates, but the burning and thus radiating 
environment increases the background signal, 
also when filtered properly. The main sources 
of background are broadband black-body radia-
tion (soot, despite the use of TPGME) and as 
aforementioned, specific green bands originat-
ing from photo-chemically produced C2*. Off-
line or spectrally-resolved measurements are in-
herently indispensable as a correction method. 

5.2 Methodology

A Spectra-Physics Quanta-Ray Pro 270 Nd:YAG 
laser1 is used to pump a Sirah PrecisionScan 
dye laser. To obtain deep-UV radiation around 
230.1 nm (B←←X) and 217.5 nm (C←←X), 
so-called blue dyes are needed, after which the 
emitted laser light can be frequency-doubled. 
Blue dyes are typically pumped with the 3rd har-

1A Continuum Surelite-III was used for the engine measurements
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monic of the Nd:YAG laser (around 355 nm). 
Two different stock dye solutions, both with 
ethanol as solvent, have been prepared: Couma-
rin 47 (0.25 g/L) and Coumarin 120 (0.25 g/L), 
emitting around 460 and 440 nm, respectively. 
Pumping with approximately 400 mJ yields 
around 10 mJ or 5 mJ, respectively, at the target 
wavelength (that is, after frequency doubling). 
The dye laser wavelength is monitored with a 
HighFinesse wavemeter (WS6). 

Initial calibration of the excitation scheme is 
done on a gas cell filled with carbon monoxide 
of 2.0-quality and followed by temperature- and 
crosstalk studies on atmospheric flames. The 
excitation strategy will ultimately be put to test 
in an optical engine. Spectrally-resolved data is 
obtained with an Acton SpectraPro-300i or 500i 
combined with a PI-MAX 3 with Unigen(II) in-
tensifier. A 150 grooves per mm grating, blazed 
at 500 nm, is used, resulting in a spectral range 
of roughly 200 nm that can be recorded at once. 
For more detailed spectra, a 2400 grooves per 
mm grating is available, resulting in a spectral 
coverage of ~7 nm. As signal levels are expected 
to be low, CO imaging in the engine is done 
with an Andor DH320T-18U-63 (1024 x 255 
pixels of 26 μm). The quantum efficiency of the 
image intensifier of this camera is higher than 
45% in the wavelength range of interest (450 
- 550 nm). 

A typical excitation scan is started just red of 
the Q-branch head of both transitions, as the 
other branches (O and S) are weak [97]. Both 
excitation spectra are quite narrow (in the order 
of 0.1 nm), attributable to the nearly identical 
rotational constants for the C-, B- and ground 
states (see Table 5.1). For this reason, a low scan 
speed is selected (0.02 nm/min). 

The two proposed two-photon excitation 
schemes are first studied in a back-to-back 
comparison. A gas cell filled with pure carbon 
monoxide is used as test specimen. The beam is 
entering the gas cell via a window under Brew-

ster’s angle. For atmospheric conditions and 
sufficiently high concentrations of carbon mon-
oxide, the resulting blue-green fluorescence can 
be quite visible to the naked eye, as illustrated 
by the cover photo of this chapter. The spectro-
graph is positioned in front of the viewing win-
dow, and the laser beam is imaged onto the en-
trance slit by a 105-mm UV-Nikkor objective. 
The grating is positioned such that it captures 
six of the relevant Ångström bands (in the range 
of 450-650 nm). 

5.3 Two-photon spectra of CO

To validate the transitions reported in literature, 
excitation scans are performed in a gas cell with 
pure CO (2.0 quality) at ambient temperature 
(293 K).

Excitation scans of the 2-photon 
B1Σ+←←X1Σ+(0,0) transition

Figure 5.3 shows part of an excitation-emission 
spectrum, recorded with a 150 lines per mm 
grating on ca. 200 mbar of CO in the closed gas 
cell. The excitation wavelength range (horizontal 
axis) covers the Q-branch of the B←←X(0,0) 
band, the emission wavelength range covers sev-
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Figure 5.3 Excitation-emission spectrum as recorded 
in the gas cell filled with pure CO. The presence 
of the Swan bands is indicative of multi-photon 

photolytic C2 production from CO. 
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eral bands in the B→A Ångström band system. 
At the right of Figure 5.3, an emission spectrum 
following excitation on the wavelength indi-
cated by the white dashed line is shown. The 
emission spectrum contains two main features, 
attributed to the Ångström bands of CO and 
the Swan bands of C2. The fluorescence wave-
lengths of the Swan bands are essentially inde-
pendent of the excitation wavelength, whereas 
those of the Ångström bands are seen to shift to 
the blue with decreasing excitation wavelength. 
The fluorescence blue shift is considerably larger 
than the corresponding excitation wavelength 
shift; from the figure it follows that a change 
in excitation wavelength of 0.02 nm (3.8 cm-

1) elicits a change in fluorescence wavelength of 
about 3 nm (130 cm-1). The fact that the fluo-
rescence wavelength shifts with excitation wave-
length, that is, with J quantum number of the 
excited transition, indicates that, at least under 
the conditions in the gas cell, relatively little 
rotational relaxation occurs in the excited state 
B(v’=0)-state before it fluoresces down to the A-
state (or loses its excitation in a non-radiative 
channel). To substantiate this claim, a higher 

resolution spectrum (grating of 2400 1/mm) 
is recorded, resolving only 7 nm of the fluores-
cence spectrum of a single band (B→A (0,1)) 
in this case). This excitation-emission scan (see 
Figure 5.4) clearly shows the band head, but also 
the respective branches (P, Q and R) are visible. 
Particularly, the blue-shift in fluorescence for 
higher rotational quantum numbers (J) is dis-
cernible. The agreement with simulated spectra 
is good (right panel of Figure 5.4). A band head 
is visible in the P-branch (running to the red). 
The J quantum number at the band head can 
be derived from the rotational constants of the 
upper and lower electronic states, given that the 
branch changes direction at the band head (i.e., 
dv/dJ = 0). Since the band head is located in the 
P-branch, it can analytically be shown that

For the Ångström system, it means that the 
bandhead is located at J = 5. All found values 
and spectra are in accordance with literature, 
which confirms that CO can readily be visual-
ized using this appraoch. 
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Power dependence

Having compared the excitation-emission spec-
tra, which has already proven to stem from CO, 
one could do an additional check by finding the 
signal-fluence response. Given the two-photon 
process under study, a quadratic dependency on 
laser light intensity should be found. Any devia-
tion from quadratic behavior is attributed to a 
“loss channel”, e.g., three-photon photo-ioniza-
tion or photolytic processes (cf. the Swan bands 
in Figure 5.3). Fortunately, the results in Figure 
5.5 are fairly close to two-photon response.

An alternative approach using C1Σ+←←X1Σ+ 

(0,0) excitation

Carbon monoxide has another singlet state 
close to the B-state: C1Σ+. It can be relatively 
easily accessed using a different dye (Coumarin 
120), and excitation around 217.5 nm. Pos-
sible advantages, as discussed by Dreizler [99] 
and Rosell [100], include a larger two-photon 
absorption cross section and (potentially) less 
C2 crosstalk. The C→A system has been named 
after G. Herzberg. 

Without internal relaxation and/or energy trans-

fer only C→A fluorescence should occur. In the 
spectra, the Ångström bands are unambiguously 
visible as well, as shown in Figure 5.7. The only 
pathway to reach the B-state is by internal relax-
ation from the directly probed C-state, which 
is apparently happening in this system. It must 
be noted that the spectrum of Figure 5.7 was 
acquired in an atmospheric CO-air flame (de-
picted in Figure 5.8; the hot CO scan in Figure 
5.6 was also measued on this setup); the envi-
ronment in such flames increases the likelihood 
of collisional effects to occur compared to low 
pressure gas in a closed cell at room temperature. 
The following (practical) reasons, summarized 
below, rule out the C←←X excitation scheme 
for the eventual engine application:

• Electronic relaxation to the B-state is not 
only expected, but also observed to occur in 
high-temperature systems, probably owing 
to the similarity of the C- and B-state. The 
recorded fluorescence yield is thus distrib-
uted over more bands, which likely makes it 
harder to isolate the signal of interest.

• Coumarin 120 is used off its peak efficiency, 
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Figure 5.5 Signal dependency on laser fluence 
as measured in the gas cell. The red dashed line 

represents pure two-photon behavior.
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reducing the achievable pulse energy, which 
is so badly needed for 2-photon LIF strat-
egies. Moreover, the resulting wavelength 
(around 217 nm) is near the practical limit 
of the dye laser (limits of the doubling crys-
tal and absorption in Pellin-Broca prisms).

5.4 Application to hydrocarbon 
flames - crosstalk assessment

With this conceptual understanding, and the 
spectroscopic evidence that CO is really ob-
served, the technique can now be applied to a 
hydrocarbon flame. This stepwise approach is 
mainly followed to assess the impact of crosstalk. 
To this end, a propane-fuelled Bunsen burner is 
set up to assess this crosstalk (mainly from C2). 
Dicarbon is often found in slightly rich regions 
of flames; fuel is broken down in those zones. 
The laser beam is traversing the flame horizon-
tally at different heights above the burner. The 
presented result is recorded just below the re-
gion where the first soot luminosity is observed, 
see Figure 5.9 and Figure 5.10. Higher in the 

flame, similar spectra are obtained, yet without 
the strong line around 390 nm. As the signal is 
clearly laser-induced, the corresponding species 
must have a resonant transition at 460 or 230 
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Figure 5.8 Photograph of the bright, blueish, 
and broadband luminescence originating from a 

CO-air flame at atmospheric pressure (cf. Gaydon 
[65]. For this flame, CO fluorescence is not visible 

without image intensifiers. Photo courtesy of Robin 
Doddema (Canon 450D with EF-S 18-55 mm at 55 

mm, F/5.6 at 1/10 s and ISO 100).
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nm, and is most likely di-atomic. An a-priori 
guess would be that this signal either stems from 
CH or CN because of the location in the flame 
(richer side of the reaction zone). Higher elec-
tronic states of CH cannot be accessed with such 
light; on top of that, a less intense band near 
420 nm is seen which does not belong to CH. 
For CN, the electronic energy of the B-state is 
about 25752 cm-1 [101], so fluorescence out of 
this state could be causing these two lines. This 
observation hints at excitation of hot CN by 
fundamental dye laser light (460 nm). Other 
databases confirm this possibility [102]; the in-
tensity ratio of these two bands is around 10, 
which is acceptably close to reported literature 
values. It is thus concluded that the bands at 390 
and 420 nm originate from CN. 

The Swan bands are still unequivocally present 
(around 470, 510 and 550 nm) and the most 
likely source of crosstalk in the engine experi-
ments.
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Figure 5.10 Integrated fluorescence signal along the laser beam (cf. Figure 5.9) in the Bunsen flame. The slop-
ing CO bands are clearly discernible; notice that the band head is also visible. Most crosstalk stems from C2, 
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Figure 5.9 Photograph of the faintly visible 
laser-induced fluorescence in the lower part of a 

propane-fuelled Bunsen flame. Photo details: Nikon 
D7000 with Nikkor AF-D 60 mm, f/4.5 at 1/3 s 

and ISO 200.
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5.5 Implementation in the burn-
out phase of conventional diesel com-
bustion

So far, experiments have been conducted with 
conventional fuels that are nowadays avail-
able at fuel stations. Such fuels introduce chal-
lenges when applying laser diagnostics, as the 
combustion event is soot-laden. The optically-
thick sprays not only obscure the illuminated 
area; also the laser sheet suffers from absorp-
tion and scattering. These phenomena were also 
impacting on the LII experiments, and things 
get worse with molecular techniques, especially 
given the non-linearity of two-photon LIF. Now 
the question arises how to deal with this. First, 
the combustion mode can be altered such that 
soot formation is mitigated. Within the scope 
of the project, this approach is definitely not 
favorable. The second approach is to alter the 
fuel such that its sooting propensity is reduced 
without significantly affecting the spray and ig-
nition delay. Manin et al. showed the impact of 
fuel definition on soot optical thickness in their 
combustion vessel [103]. The practical imple-
mentation in an engine was recently published 
by Mueller et al. [104]. For this investigation, 
such high-cetane oxygenated fuels are utilized to 
have representative diesel-like combustion with 
little or no influence of soot and its luminosity. 
More details are provided in the next section.

Methodology

The experimental apparatus was described in 
Chapter 2. For this campaign, the nozzle geom-
etry was changed to one with a 3 + 1 nozzle to 
reduce line-of-sight effects while imaging from 
the side. As the goal is getting the technique to 
work rather than finding optimal engine oper-
ating conditions, the engine settings are chosen 
such that the signal yield is affected the least. 
The deep-UV excitation wavelength is quite de-
manding with respect to the fused-silica com-
ponents. To reduce loss terms induced by the 
piston crown, initial experiments are conducted 

after top-dead center (TDC) and just below the 
cylinder head. 

To increase the amount of recorded fluorescence, 
the detection system is optimized by means of 
the following hardware:

• a highly-efficient photocathode. Current 
GenIII intensifiers (GaAsP) reach over 50% 
quantum efficiency in the green (480 - 550 
nm),

• a low f-stop objective, 
• a tailor-made interference filter. This cus-

tom-built filter should reject laser light, soot 
luminosity and all fluorescence except that 
of CO.

A fast Nikon AI-s 50 mm f/1.2 objective is 
mounted onto an Andor DH320T-18U-63 
camera (1024x255 pixels). This camera was 
originally designed for time-resolved spectros-
copy; the corresponding limited vertical field of 
view is no concern for the present experiment, 
as the intrinsic nature of the two-photon tech-
nique only allows for 1D measurements. Even-
tually, the previously-introduced spectrograph 
was also used, to distinguish between on- and 
off-resonant signals.
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Figure 5.11 The transmission bands (in blue) of the 
custom-made Chroma Technology filter overlap with 
the first five bands of the Ångström system. Dashed 

black lines belong to a measured (typical) CO 
fluorescence spectrum at ambient conditions.
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oxygen content, and, depending on size, the 
right boiling point as well. From an environ-

The custom interference filter was designed and 
built by Chroma Technology. It was designed to 
capture the B→A (0, v'' = 0 - 4) fluorescence 
(cf. Figure 5.3). The filter transmission specifica-
tion is given in Figure 5.11.  

Fuel selection

To select the right low-sooting diesel surrogate, 
the following criteria should be met:

• Cetane Number (CN) between that of 
EN590 and GTL, i.e., roughly between 50 
and 80;

• boiling point or range within that of EN590 
(180 - 360 °C), and preferable in the center 
thereof;

• an O/C ratio of at least 0.3 with the oxygen 
sites well-distributed throughout the mol-
ecule2

• compatibility with injector internals and 
fuel lines (e.g., lubricity).

Following this list, the class of so-called glymes 
(glycol methyl ethers) seems to be optimal. Such 
molecules show high reactivity with appropiate 
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λon-resonant 230.1 nm

λoff-resonant 230.2 nm

Pulse energy ±6 mJ

Pulse stability ±8%

Gate 30 ns

Intensifier gain 100%

Spectral resolution 0.56
nm/
pixel

Accumulations 100

Table 5.2 Laser and camera settings for the engine 
experiments. The off-resonant wavelength has just 
been used to verify the off-resonant capabilities; all 
figures presented are based on on-resonant spectra 

only.

Figure 5.12 The left panel depicts a typical spectrum after background subtraction and flatfielding; details are 
discussed in the main text. The lateral distance is aligned with the graphical representation of the laser beam 
and piston (shown on the right). The purple beam represents the laser alignment and the arrow indicates its 

propagation direction. Note that only the center of the combustion chamber is resolved.

2



68

mental, health and safety point-of-view, these 
substances are readily biodegradable and do not 
show acute toxicity and carcinogenicity [105]. 
Eventually, tri-propylene glycol methyl ether 
(TPGME) has been selected because of avail-
ability, and proven low-sooting behavior [106].  

5.6 Two-photon LIF in a heavy-
duty engine

The initial engine settings targeted low(er) load 
conditions, with a top dead center environment 
of 40 bar and 900 K, respectively, and a combus-
tion phasing of approximately 15 CAD aTDC; 
fuel pressure was nominally set to 1000 bar, and 
speed to 1200 rpm to attain proper engine-laser 
synchronization (10 Hz firing rate). At a later 
stage, fuel pressure and load are varied to assess 
the influence of (over-)mixing and in-cylinder 
temperatures, respectively.

The laser beam is focussed down with a spheri-
cal lens (f = +200 mm); the beam traverses the 
combustion chamber 10 mm below the cylinder 
head. Because of liner window limitations (cf. 
the cover photo of Chapter 2) only the central 
portion of the combustion chamber can be im-
aged: 25 mm left of the nozzle and some 35 mm 

right of the nozzle. This limitation implies that 
squish or wall effects are mostly not captured; 
differences between the isolated spray and the 
spray with confining, neighbouring jets can be 
resolved. A typical spectrum (100 accumula-
tions) is shown in Figure 5.12, with a graphical 
representation of the alignment with respect to 
the piston bowl. More settings of the detection 
system are provided in Table 5.2.

Spectral structure in an engine environment

Figure 5.13 shows a typical (low load) heat re-
lease rate in the top panel, and five spectra in 
the bottom panel. The spectra have been color 
coded and the time stamps are indicated in the 
top panel. All spectra have been recorded be-
yond the point where most of the heat has been 
released (CA90), as it was not possible to acquire 
spectra during combustion. Several features are 
discernible, which are now briefly discussed:

• The Ångström bands (0, v''= 0-5) of CO are in-
disputably present, albeit overlapping with, 
or on top of, other laser-induced signal. 

• Most notably, four (Swan) bands of dicarbon 
are observed around 430 (weak and overlap-
ping with CH), 470, 510 (overlapping) and 
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550 nm (relatively weak and overlapping). 
The latter two partially overlap with two of 
the CO bands, i.e., B-A (0,2-3).

• One peak originates from scattered laser 
light: around 532 nm (second harmonic 
Nd:YAG). The width of this peak is caused 
by the relatively wide-open entrance slit.

• The sodium D-lines occur in a single peak 
around 589 nm. Sodium is indisputably 
fuel-borne, as the peak is absent with injec-
tion switched off. Other studies have seen a 
similar peak in their spectra [107]. 

• In the blue and UV, as far as can be resolved, 
the broadband signal rapidly increases. Sup-
posedly, small poly-aromatics (2- to 3-ring) 
emit in this range, or potentially hot CO2.

• Barely noticeable, and only present in con-
junction with C2, is a band around 390 nm 
(cf. Figure 5.10). Different from the Bun-
sen burner results is the absence of a peak 
around 415 nm; the engine spectra show a 
clear band at 430 nm. This band is partially 
attributed to dicarbon, but given its rela-
tive strength another species is also emitting 
there. CH (A→X (0, v''= 0,1)) could be re-
sponsible for the peak.

• Irregularly, a strong band around 490 nm 
occurs. A possible, but rather exotic, reason 
could be water photolysis using the deep-UV 
laser light (H2O + hv → OH. + H.), which 
results in one band of the Balmer series (Hβ 
(4-2)) at 486 nm. Fortunately, the band does 
not interfere with the analysis.

Fitting procedure to extract semi-quantitative 
values

Analogous to  methods used by Miles et al. [94] 
a procedure is used to extract the CO contribu-
tion from the raw spectra. Here, the following 
steps are taken:

• Raw spectra are flatfielded and background-
corrected.

• These spectra are subsequently corrected for 
grating efficiency and quantum efficiency 
(QE) of the photocathode, which have been 

derived from the manufacturer's specifica-
tion.

• To get a representative spectrum for the 
balancing sprays (rich side) and the isolated 
spray (leaner side) effectively, the left and 
right half of the field of view are separated 
and postprocessed independently.

• The broadband baseline signal is construct-
ed from datapoints that lie in between the 
bands of carbon monoxide, C2, and those 
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Figure 5.14 Example of the remaining spectrum 
after baseline subtraction. The CO and C2 Gaussian 
fits have been included. The intensity scaling is based 

on the normailized spectrum.

0

20

40

60 0
1000

2000
3000

0

0.5

1

T [K]p [bar]

Figure 5.15 Estimated signal level as a function of 
pressure and temperature; data courtesy of dr. Paul 
Miles. Within the range of interest (10 < p < 30 bar 
and 600 < T < 1400) the signal level only differs by 

a factor of 3.
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originating from laser scattering. This base-
line is then subtracted from the QE-correct-
ed spectrum.

• Gaussian curves are fitted to bands of the 
species of interest (see Figure 5.14), provided 
that the bands do not overlap. For that rea-
son, the (0,1)-band at 480 nm is selected for 
CO, and the d→a (∆v = +1) band around 
470 nm for C2.

• Integrating now yields qualitative temporal 
evolutions of the species; to correct for ex-
pansion, and thus number density, a simple 
volumetric correction is applied, assuming a 
homogeneous concentration of CO. Addi-
tionally, pressure and temperature effects  on 
signal yield are also corrected using Miles' 
model (see Figure 5.15). Both pressure and 
bulk temperature are inferred from the indi-
cation system.

Temporal trends and load effects

To assess the relative contribution of CO to the 
tail end, the location and amount as a function 
of crank angle are studied. The selected crank 
angles are well beyond CA50 on regular inter-
vals of 10 CAD, including one instance just 
before the exhaust valve opens. Following the 
procedure that has just been discussed, Figure 
5.16 depicts the fully-corrected evolutions in 
CAD domain for CO and dicarbon, at the low-
est engine load. Despite the clear difference in 
temporal evolution, interpretation hereof is not 
straightforward for a number of reasons:

• The limited field-of-view (FOV) along the 
laser beam is likely not representative of 
the full combustion chamber. The CAD 
locations of transients and peak values are 
expected to change if the full bore were re-
solved, as local conditions (equivalence ratio, 
T) undoubtedly vary during the late phase.

• Several mechanisms are used to explain the 
occurrence of C2 fluorescence; most of these 
processes are multi-photon and thus highly 
dependent on local conditions and laser 

beam variations. 
• Each post-processing step introduces un-

certainties; the subsequent signal (for CO) 
and dilution correction (for both) further 
increases the uncertainties. 

Thus, the question arises what can be learnt from 
Figure 5.16. The increase in C2 intensity is alleg-
edly due to “precursors” of that species enter-
ing the FOV, most notably soot clouds and late 
fuel from the nozzle sac (also known as dribble). 
These “precursors” are photo-fragmented result-
ing in excited C2 fragments, which eventually 
fluoresce. The relative intensity of C2 is about 
10 CAD advanced with respect to that of CO. 
These results furthermore indicate that carbon-
rich fragments have largely disappeared (in the 
FOV) beyond 50 CAD. Accordingly, the rate 
at which CO intensity increases decreases. The 
apriori hypothesis that CO is one of the main 
contributors to the tail-end can be confirmed. It 
is, however, a statement that must be read with 
care, as the presented results still indicate the 
formation of smaller carbon-rich fragments late 
in the cycle (around 100 CAD), which eventu-
ally fill the CO pool again. For that reason, it is 
important to understand out of what, and where 
CO is formed, knowing that the conversion of 
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CO to CO2 is highly temperature-dependent.

Whereas Figure 5.16 only compares relative in-
tensities within the FOV (cf. Figure 5.12), the 
location in the combustion chamber is probably 

as important, in particular because of the asym-
metric (3+1) injector. This nozzle design gives 
rise to a (richer) confined spray downstream 
of the laser beam propagation direction, and a 
lean, isolated spray (semi-free jet) on the oth-
er side. C2 and PAH (broadband background) 
seemingly occur together on the lean side; the 
concurrent presence is evidence of a slightly-rich 
premixed combustion event. On the other hand, 
lack of mixing mitigates late cycle oxidation, as 
CO is found after the dicarbon peak (Figure 
5.17). This behavior is more strongly visible on 
the rich side of the chamber (i.e., with the three 
balancing sprays). Could it be that the process 
is mixing-limited, resulting in oxygen-depleted 
regions? 

Based on the slopes of CO intensity increase, 
one would say so. If CO is still formed late in 
the cycle where temperatures are dropping rap-
idly, it would largely impact on the late com-
bustion phase, as CO oxidation is slowly ceasing 
because of declining bulk temperatures. The late 
formation and consequent slow oxidation are ar-
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Figure 5.18 Comparison of the baseline case (~1 bar gross IMEP, solid black line) with two higher load cases 
(~4 bar (1888 μs, dashed grey line) and ~6 bar (3000 μs, red dash-dotted line), measured at an increased 

intake pressure of 1.4 bar(a). The value between brackets indicates the crank angle of image recording; note 
that the mid-load case has been recorded at a slightly advanced angle. Each spectrum is integrated along the 
total FOV and  has been normalized to its own peak value. Vertical lines guide the eye to the bands of CO. 

Qualitatively, the spectra can be compared with details given in the main text.

3The decrease depends on the selected boost pressure / EGR combination. For 
the engine and conditions used, air-excess ratios drop with increasing load.
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Figure 5.17 Spatial distribution of the CO B-A 
(0,1) band relative to d→a (∆v = +1) Swan band 
for the lean side (isolated spray) and the rich side 

(balancing sprays). Intensities have been normalized 
individually.
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guably the most plausible cause for the relatively 
long tail end of combustion. 

For higher loads, ignition delays tend to shorten 
which lead to more diffusion-controlled com-
bustion. Inherently, richer zones are burning, 
and on average higher in-cylinder temperatures 
are reached as global (and local) air-excess ratios 
decrease3. The asymmetric injector makes that 
the absolute engine load inferred from pres-
sure indication is not meaningful, with injec-
tion durations being relatively long compared 
to the achieved engine load, and the heat being 
released in an asymmetric fashion.

Figure 5.18 depicts three spectra correspond-
ing to three different injection durations (see 
legend), aiming at 1 bar, 4 bar and 6 bar gross 
IMEP. All spectra were recorded beyond CA90, 
and the CAD-value is indicated between brack-
ets. The relative weight of the spectrum shifts to 
the red when increasing load (cf. red dash-dot-
ted line and black solid line). This shift is caused 
by the contribution of soot LII, even though a 
TPGME-based blend is used. Often, LII over-
whelms any fluorescence; in these experiments, 
the Ångström bands of CO are still visible on 
top of the LII background. The hypothesis is 
that the conversion rate of carbonaceous par-
ticles increases during the first part of the laser 
pulse (LII) quickly followed by two-photon ex-
citation of the freshly-formed CO molecule(s) 
(2-photon LIF). 

A strong peak from the sodium D doublet is ob-
served at higher loads only. According to Gay-
don [108] based on his flame studies,

“This chemiluminescence (i.e., Na* - author) is 
associated with an abnormally high population of 
free atoms and OH radicals in and close to the re-
action zone;”

which is in line with the occurrence at higher 
engine loads (higher number densities of H, O 
and OH).

For the lower loads, the signal peaks in the ult-
taviolet region, with signal allegedly stemming 
from small PAH, or other partially-oxidized fuel 
fragments. Some structure is observed (most 
notable in the mid-load case), but the exact ori-
gin remains unclear. Nevertheless, similar peaks 
were observed in the Bunsen flame calibration 
experiments; the B-X system of CN would be 
the most likely cause. 

TPGME-GTL unmixing

Depending on the 'freshness' of the low-sooting 
fuel blend, some irregular ignition behavior was 
observed, i.e., with nominally identical condi-
tions the ignition delay changed. Some fuel was 
sampled from the fuel system; the sample flask 
was then closed off and put aside to stabilize. Af-
ter an initial opaque appearance, two clear layers 
started to establish, roughly in a volume ratio 
of 1:4. Lighter components in GTL (see Figure 
2.5) might unmix because of the difference in 
dipole moment and density; combined with the 
complex stereochemistry of TPGME this is a 
study on its own. How much the experiments 
have been influenced by this effect remains to 
this day unknown.

Figure 5.19 A TPGME/GTL fuel sample just after 
sampling (left), a few minutes (middle) and hours 

(right). Note that the amount of fuel above the layer 
does not correspond to the blending ratio.
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5.7 Summary

Two excitation schemes for CO have been in-
troduced and compared on various setups. The 
most efficient scheme was also tested in an opti-
cal engine. Although signal yield was expected 
to be low, the characteristic fluorescence bands 
of CO could be resolved unambiguously. The 
main findings and results of this investigation 
are listed here:

• The B1Σ+←←X1Σ+ strategy was found to be 
more efficient and convenient, particularly 
because C1Σ+←←X1Σ+ excitation resulted in 
fluorescence over more bands.

• Fluorescence spectra matched the theoretical 
emission spectra; six of the Ångström bands 
were compared, of which the rotational 
structure of the (0,1)-band was resolved in 
detail.

• The two-photon technique proves to be 
workable in flames, albeit with several chal-
lenges at elevated pressures, which happen to 
be present in an engine environment.

• Line measurements (combined with strong 
spectral filtering) in the engine did not yield 
reasonable signal-to-background ratios. For 
that reason, a spectrograph is indispens-
able to sufficiently distinguish between the 
on- and off-resonant signal. The recorded 
spectra showed the presence of CO in the 
central portion of the combustion chamber, 
with distinct behavior for the isolated spray 
compared to the three balancing sprays. 
Moreover, C2 and CO are spatially separat-
ed, hinting at lack of mixing. The oxidation 
of fuel left-overs depends on the accessibility 
of the excess oxygen, resulting in CO signal 
adjacent to dicarbon signal.

• The evolution through the cycle was studied 
for both CO and C2 using a fitting proce-
dure to infer semi-quantitative numbers. 
Dicarbon signals are peaking and then fall-
ing off again; no C2 intensity is found just 
before the exhaust valve opens. CO levels, 
on the other hand, increase and then level 

off; the signal correction procedures play an 
important role in this. It seems that CO is 
the main contributor to the slow burn-out 
phase.

Recommendations

For engine applications, laser linewidth is of 
little concern. For that reason, it allows for the 
use of an Optical Parametric Oscillator (OPO) 
system with a typical linewidth in the order of 
1 cm-1. As such, problems related to the limited 
lifetime of blue dyes are overcome. Particularly, 
the degradation results in slow drifting of effec-
tive laser power, which is particularly bother-
some in the case of two-photon LIF. 
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CHAPTER 6  FORMALDEHYDE IMAGING

Hybrid image of visible formaldehyde fluorescence and a typical 
reacting spray in the constant volume combustion vessel. Photo 
details of fluorescence image: D3100 with Nikkor AF-S 35 mm  
at ISO100, F/8 and 30 s. Photo details of the reacting spray: 
Nikon D7000 with Nikkor AF-S 18-200 mm at 200 mm at 
ISO 100, F/16 and 1/100 s.
The work presented in this chapter has been a joint effort be-
tween Noud Maes and the author. The contents of this chapter 
are based on two publications: 
Bakker, Maes and Dam, “The Potential of On- and Off-Reso-
nant Formaldehyde Imaging Combined with Bootstrapping in 
Diesel Sprays”, Combust. Flame 182, 2017; and 
Maes, Bakker, Dam and Somers, “Transient Flame Develop-
ment in a Constant-Volume Vessel using a Split-Scheme Injec-
tion Strategy”, SAE Int. J. Fuels Lubr. (10)2:2017.
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6.1 Rationale and introduction

Tracking formaldehyde in combustion processes 
proves to be valuable, not only for numerical 
work, but also to  understand the spatiotempo-
ral evolution from initial ignition towards main 
heat release. Unfortunately, practical combus-
tion systems complicate the available diagnostics  
and many research groups rely on the use of a 
tripled Nd:YAG laser with a wavelength close 
to 355 nm. As such, a system is generally avail-
able in any (combustion) laboratory. Despite the 
relatively high feasible pulse energies (above 100 
mJ/pulse), two severe objections against this ap-
proach can be formulated. First of all, the third 
harmonic does not excite formaldehyde efficient-
ly, which is further discussed in the next section. 
Second, an ordinary Nd:YAG laser lacks tun-
ability. At first glance this seems acceptable, but 
non-premixed flames, as present in diesel com-
bustion, form poly-aromatic hydrocarbons and 
soot, which are also excited by the intense ultra-
violet light; their excitation spectra, however, 
tend to be broadband. Thence, the idea arises to 
enable “on- and off-resonant” imaging with po-
tentially more efficient H2CO excitation. Still, 
such an approach ideally asks for simultaneous 
recordings of the on- and off-resonance channel. 
Since it was impossible to lay-out such a system, 
a - to the author’s knowledge  - new approach is 
proposed, based on bootstrapping. The benefit of 
this novel tool is the ability to pinpoint persis-
tent structures, i.e., structures that are allegedly 
due to repeating features rather than to chaotic 
turbulent effects.  First, the fundamentals of the 
spectroscopy of formaldehyde are discussed and 
validated in experiments on both cold formalde-
hyde vapor and hot formaldehyde in a Bunsen 
flame. Based on the outcomes, the on- and off-
resonant wavelengths are selected. Subsequently, 
the diagnostic is applied on a burning diesel-fuel 
jet. The bootstrapping method is then used to 
mitigate interpretation issues related to crosstalk 
from other combustion species. 

Chemists often divide the combustion 
event in two parts: low-temperature and high-
temperature reactions. The former mainly 
occur prior and during the ignition event, 
whereas the latter reactions occur in the main 
flame front. Diagnostics on the chemically-
excited hydroxyl radical (OH*) are often 
considered representative for this reaction 
zone. Similarly, low-temperature heat release 
can be traced via formaldehyde (H2CO), 
which happens to be the key indicator species 
for low-temperature reactions. This chapter 
explains and shows the merits of a somewhat 
alternative approach for formaldehyde 
visualization in high-pressure combustion 
systems. Experiments have been conducted 
in a constant-volume combustion vessel.
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6.2 Spectroscopy of formaldehyde

Typically, the electronic structure of poly-atom-
ic molecules is relatively complicated. Formalde-
hyde (H2CO), nevertheless, has quite extensive-
ly been studied and a non-exhaustive summary 
of current understanding is given below.

From a diagnostic point of view, unambigously 
detecting H2CO is not straightforward. Typi-
cally, experimentalists use the third harmonic 
of a Nd:YAG laser (around 355 nm) to excite 
the 41

0 transition of H2CO [109][110]. Here, 
the recommended spectroscopic notation of 
Ma

b is followed, with vibrational mode M, and 
a and b quanta in the upper and lower state. The 
Nd:YAG approach suffers from two issues: the 
excitation wavelength is far from optimal, and 
the laser wavelength cannot be altered, which 
inhibits the application of a more selective ‘on-
off’ approach, where off-resonant tuning of the 
laser enables correction for broad-band laser-in-
duced signal not originating from the species of 
interest. Despite the relatively high pulse energy 
available at 355 nm, formaldehyde signal yield 
is generally low. Also problematic is the excita-
tion of other species, of which poly-aromatic 
hydrocarbons (PAH) are the most notable. Such 
poly-aromatics vary in size and shape, but all 
with a carbon number between approximately 
14 and 24 emit in the same range as formalde-
hyde [111].

A detailed study of the spectrum of (thio)form-
aldehyde was performed by Clouthier and Ram-
say [112]. They provided a coherent overview of 
all absorption bands within the system of inter-
est (Ã1A2 - X

1A1), which has its transitions mostly 
in the near ultraviolet. Some of the bands  in this 
systems that have been utilized for combustion 
studies are summarized in Table 6.1, and part of 
the available literature will be discussed now. 

For example, more efficient formaldehyde ex-
citation can be achieved just blue of the third 
Nd:YAG harmonic (around 353.2 nm), but 
within the same vibronic band. Various groups 

[114][115] followed this path using the side-
band of an excimer laser, running on XeF. 

Similar to the work of Böckle [114], the work 
presented in this chapter aims at improving 
the excitation efficiency while also allowing for 
‘on-off’ measurements. Burkert et al. [115] did 
use the tunability of the XeF excimer, but the 
limited tuning range did not allow for full off-
resonant measurements. Yet another method 
was followed by Donkerbroek and co-workers 
[116]. They applied the third harmonic of a 
Nd:YAG laser, which was compared to dye la-
ser excitation using a potentially more effective 
scheme, which was priorly shown by Paul and 
Najm [117]. The goal of Donkerbroek et al. was 
to ease interpretation of the images, but the rela-
tive gains turned out to be only marginal. For 
sake of robustness, they still employed a tripled 
Nd:YAG laser. The same vibrational band (i.e., 
41

02
1

0) as Donkerbroek et al. utilized was ap-
plied by Schießl et al. [118] in the end-gas of a 
two-stroke SI engine, to perform semi-quantita-
tive measurements. They found their approach 
suitable to measure absolute number densities, 
even under the adverse conditions in an engine. 
Bäuerle et al. [119] had shown two-dimensional 
formaldehyde distributions before, although 
they applied a different excitation scheme.

Higher rovibrational levels are populated at in-
creased temperature. It could potentially hinder 
the interpretation of the signal. To alleviate this 
issue, Klein-Douwel et al. [120] proposed to uti-
lize one of the so-called hot bands of formalde-
hyde (i.e. 40

1), which is weaker but less sensitive 
to temperature. For the present work, however, 
signal yield is far more important than the re-
duced temperature sensitivity.

On the detector side the advent of multi-band 
interference filters enables tuning of the filter to 
specific emission bands. Angle-tuning of such a 
multi-band filter also allows for off-band imag-
ing, which could potentially eliminate a signifi-
cant part of background fluorescence. Thering et 
al. [121] described the implementation of this 
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method for formaldehyde with 355-nm excita-
tion on a slightly rich ethylene flame. 

Poly-aromatic hydrocarbons are the major 
source of interference in formaldehyde-LIF 
studies. Whether poly-aromatic hydrocarbons 
are formed or not depends on the combustion 
mode of a specific internal combustion engine. 
Certain engines or modes, for example spark-
ignition and homogeneous charge compres-
sion ignition (HCCI) engines, generally do 
not form these species during combustion, as a 
consequence of their premixed operation. This 
fact implies that 355nm-LIF can be used with-
out too many interpretation issues, which was 
shown in several articles [122]-[124].

Diagnostics on conventional compression igni-
tion engines with spray-driven combustion, on 
the other hand, are unavoidally affected by the 
aforementioned PAH formation during com-
bustion. The current understanding of such 
sprays is best described using the Dec model 
[125]. Diagnostics for such engines suffer from 
multi-component fluorescence, which compli-
cates interpretation of the laser-induced signal. 
In the case of H2CO, it implies that the formal-
dehyde signal cannot be separated from that of 
other species (PAH or soot). The use of a correc-
tive approach is thus inevitable.

In this work, a tunable light source (dye laser) 
is used to enable both on- and off-resonant 
excitation. The excitation scheme is based on 

Setup Fuel λexc [nm] band

Harrington  [113] flame methane 353.2 41
0

Donkerbroek [116] CI engine n-C7 339.017 / 355 41
0 2

1
0 / 4

1
0

Bäuerle [119] SI engine i-C8/n-C7 353.2 41
0

Paul [117] flame di-methylether 338.1 41
0 2

1
0 

Schießl [118] SI engine i-C8/n-C7
339.3 41

0 2
1

0

Klein-Douwel [120] flame methane 370 40
1

Thering [121] flame ethylene 355 41
0

Paa [126] flame di-ethylether 342.95 20
0 4

3
0

Skeen [143], Bruneaux [142] CVC diesel surrogates 355 41
0

Hubschmidt [128] flame methane 352.5 41
0

This dissertation CVC n-dodecane 353.16 41
0

Table 6.1 A selective summary of the available excitation strategies for imaging formaldehyde in combustion 
systems. Included are the combustion system, fuel, laser and excitation wavelength (λexc). The notation of the 
respective bands follows the recommended notation of Ma

b with vibration of mode vM, and a and b quanta in 
the upper and lower state, respectively. 
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spectroscopic measurements on heated formalin 
and a Bunsen flame, after which the technique 
is applied to study a diesel-surrogate spray in an 
engine-like environment (900 K and 22.8 kg/
m3). Additionally, a statistical bootstrap method 
is proposed to improve interpretation of the re-
sults, which is to be introduced in section 6.4.

6.3 Methodology

Engine-like conditions are created by using a 
pre-burn constant-volume combustion vessel. A 
lean, premixed charge of acetylene, oxygen, ni-
trogen and argon is burnt to achieve the desired 
end-gas composition in terms of oxygen con-
centration. During a relatively long cool-down 
period a single, n-dodecane fuel spray is injected 
in the target thermodynamic vessel conditions. 
These desired conditions (“Spray A”) resemble a 
diesel spray at moderate load, and correspond 
to one of the benchmarks within the scope of 
the Engine Combustion Network (ECN) [129]. 
Several parametric variations have been pro-
posed, and in this work emphasis will be put on 
the baseline case (15 vol-% O2) and the higher 
oxygen case (21 vol-%).

Lasers and detectors

To probe the formaldehyde spectrum around 
355 nm, a frequency-doubled Nd:YAG laser is 
used to pump a frequency-doubled Sirah Preci-
sionScan dye laser operated on Pyridine 1, ef-
fectively resulting in a scanning range of 360 to 
335 nm (27700 to 29850 cm-1). The dye laser 
wavelength is monitored with a HighFinesse 
WS6 wave meter. 

A Nikkor AF-D 50 mm f/1.4 objective with 
two filters (WG360 and a short-wave pass with 
a cut-off wavelength of 500 nm) images the full 
spray (approximately 90 mm) onto the pho-
tocathode of an intensified CCD camera (PI-
MAX 3 with Unigen II intensifier). A similar 
camera is mounted behind an imaging spectro-
graph (Acton SP-500i) to resolve the spectrum 
from 380 to 470 nm using a 300 lines per milli-

meter grating. The required formaldehyde vapor 
was created from formalin solution, containing 
37 wt-% of H2CO by weight. 

Two cylindrical lenses are used to form a laser 
sheet of approximately 30 mm x 0.5 mm at the 
location of the spray. The sheet is aligned along 
the spray axis and covers the downstream region 
from 10 to 40 mm, where the typical formalde-
hyde and PAH features are found under Spray A 
conditions [127]. As the onset of formaldehyde 
is expected to approach the nozzle for the high-
oxygen case, the sheet was re-aligned for these 
experiments, resulting in a span from 6 to 31 
mm. During all measurements the gating time 
was set to 60 ns to ensure all fluorescence was 
captured. With this 10 Hz repetition rate laser 
system, only one PLIF image could be recorded 
per injection event, implying that on- and off-
resonant images have not been recorded simul-
taneously. After each set of measurements, form-
aldehyde vapor was used to visualize and record 
the laser sheet intensity distribution.

Supplementary to the formaldehyde single-
shots, and to have a better indicator of flame 
location and propagation, OH* is recorded at 
high-speed (40 kHz) using a Photron SA-Z with 
a LaVision IRO intensifier (S20 photocathode). 
To suppress soot luminosity and laser scattering 
efficiently, two filters are mounted onto the UV-
objective (B. Halle Nachfl 100 mm f/2): one 

f = +500 mm

f = -50 mm

Figure 6.1 Schematic of the imaging setup used for 
the contents of  this chapter an ICCD camera for 
the LIF images and a high-speed intensifier (IRO) 
with a high-speed CMOS camera (Photron SA-Z) 

for OH* imaging.
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with a center wavelength of 315 nm and full-
width half-maximum (FWHM) of 15 nm and 
one with a center wavelength of 300 nm and 

FWHM of 80 nm. For the luminosity experi-
ments, a Sigma 105 mm objective with a 600 
nm short wave pass filter is used; this combina-
tion effectively results in a pass-band between 
380 and 600 nm. The relevant vessel condition, 
laser and camera settings are listed in Table 6.2 
and Table 6.3.

6.4 Results

First, some acquired spectra will be discussed 
and the selection of excitation wavelengths will 
be justified. After that, the method is put to test 
on different cases.

Spectroscopy of H2CO

The dye laser is scanned at a rate of 0.2 nm/
min around the 41

0 band (360 nm down to 335 
nm). Only the spectrum from 356 to 350 nm is 
shown here, as several grounds justify the choice 
to excite H2CO in this lowest vibronic band 
(41

0):

• Pre-dissociation occurs following excita-
tion  with wavelengths lower than 320 nm, 
as shown and discussed by Klein-Douwel 
[120].

• Hansen and Lee [130] showed that all linear 
aldehydes but formaldehyde start to absorb 
just blue of the 41

0 band. To circumvent the 
occurrence of fluorescence from other par-
tially-oxidized fragments, it is advisable to 
use the 41

0 band.
• Given the vicinity of the lowest vibronic 

band to 355 nm, widely available mirrors 
can be used for the whole range (356 - 350 
nm).

The excitation-emission spectrum at atmospher-
ic pressure is shown in Figure 6.2. Although 
this detailed structure is expected to vanish 
under engine conditions, this scan can be used 
to apriori estimate the most efficient excita-
tion wavelength in this band, which is found 
to be 353.16 nm. Compared to the 354.82 nm 
wavelength of a tripled Nd:YAG laser, the exci-

Gas temperature 900 K

Gas density 22.8 kg/m3

[O2] 15 / 21 vol-%

pfuel 1500 bar

nozzle hole diameter 90 μm

Fuel n-C12H26

Fuel temperature 363 K

Table 6.2 Overview of relevant (target) boundary 
conditions (“Spray A”). More specifications are avail-

able on the ECN website [129]. 

H
2C

O
-L

IF

λon-resonant 353.16 nm

λoff-resonant 350.00 nm

Pulse energy ±20 mJ

Pulse stability ±7 %

Gate 60 ns

Intensifier gain 100 %

Spatial resolution 10
pixels/
mm

O
H

* Gate 20 μs

Spatial resolution 12.5
pixels/
mm

Lu
m

in
os

it
y

Gate 0.25 μs

Table 6.3 Laser and camera settings for the present 
study. Objective and filters were changed prior to the 

luminosity experiments.
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tation efficiency increases with a factor of 2.5, 
approximately. Equally important, the apparent 
band head around 352 nm indicates the region 
(350-352 nm) with significantly reduced, or 
even no, formaldehyde excitation. Nonetheless, 
as a consequence of the poly-atomic structure 
of formaldehyde many ro-vibrational transitions 

are possible and partially overlapping, making 
full off-resonant excitation at high temperature 
practically impossible. Under significant pres-
sure broadening (e.g., see the work by Schulz 
et al. [131]) the spectral structure is expected 
to smear out. The off-resonant wavelength was 
therefore set to 350.00 nm, which has 259 

Excitation wavelength [nm]

F
lu

o
re

sc
en

ce
 w

av
el

en
g

th
 [

n
m

]

 

 

350 351 352 353 354 355 356

400

450

500

550

600
min

max

Excitation wavelength [nm]

F
lu

o
re

sc
en

ce
 w

av
el

en
g
th

 [
n
m

]

350 351 352 353 354 355 356

400

420

440

460

 

 max

min

Figure 6.2 Excitation-emission scan around the 41
0-band  at atmospheric pressure and 90 °C in pure form-

aldehyde. Vertical dashed lines indicate the selected on- and off-resonant laser wavelengths. The fluorescence 
spectrum was constructed from the integrated signal between 352.5 and 353.5 nm.

Figure 6.3 Excitation-emission scan in the lower part of a propane-fueled Bunsen flame. The grating was set 
to 495 nm in order to capture the spectrum from 400 to 600 nm. The formaldehyde bands are unambigu-

ously present (cf. Figure 6.2), but superposed on a strong, and structureless, laser-induced background. Here, 
vertical dashed lines indicate the selected most efficient on- and off-resonant laser wavelengths. The on-

resonant wavelength seems to be slightly off-peak, but after the scan it was found to be due to a small offset in 
the dye laser.
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cm-1 and 162 cm-1 offsets compared to the on-
resonant wavelength and apparent band head, 
respectively. Using this approach, an estimated 
on-off signal ratio of larger than 100 seems fea-
sible.

To assess the impact of different collisional 
partners, temperature and crosstalk of PAH, 
an identical scan was performed on a propane-
fueled Bunsen burner. As pressure broadening 
can be estimated (say 10 MHz/Torr, yielding 
linewidths of approximately 15 cm-1 at the con-
ditions under study), and temperature effects 
not that easily, an atmospheric Bunsen burner is 
assumed to represent the excitation spectrum at 
the conditions under study. Because of severely 
reduced signal, the spectrograph was changed to 
a faster 0.3-m variant (Acton SP-300i) with a 
coarser grating (150 grooves/mm, blazed at 500 
nm). Despite the relative loss of signal because 
of the lower H2CO concentration and the loss 
of spectral resolving power, the spectral struc-
ture of the formaldehyde fluorescence can still 
be recognized in Figure 6.3, albeit on top of a 
faint broadband background. This broadband 
fluorescence likely stems from 3- to 4-ring poly-
aromatics [132]. 

More importantly, no significant fluorescence 
that can be attributed to formaldehyde is ob-
served near the off-resonant excitation wave-
length of 350 nm. No additional ro-vibrational 
modes appear to become accessible around this 
wavelength. Thus, the likelihood of efficiently 
exciting formaldehyde with 350 nm radiation at 
higher temperatures and pressures is negligible.

“Spray A” baseline case: 15 vol-% O2

Available 355-nm formaldehyde measurements 
for the baseline case span the timing window 
from 0.2 ms after start-of-injection (aSOI) to 
4.7 ms aSOI (quasi-steady). An overview and 
discussion are provided in a joint publication by 
ECN [133]. As this work primarily highlights 
the selectivity of the applied approach, experi-
ments will only focus on a quasi-steady spray, 

i.e., sufficiently long after start-of-injection 
(aSOI). All presented single-injection experi-
ments have been conducted at 2.5 ms aSOI. The 
left two panels of Figure 6.4 show representa-
tive single-shot cases for both the on- and off-
resonant excitation wavelengths. Note the faint 
onset in the top image, compared to the strong 
signal further downstream (allegedly due to un-
wanted fluorescence or luminosity). Generally, 
aggressive filtering is applied to suppress this 
soot luminosity and PAH fluorescence for the 
355-nm approach. Because of the option for off-
resonant correction, background suppression is 
less of a concern here, and thus wide-band filter-
ing is applied (360 to 500 nm).

Fifteen on-resonant and ten off-resonant experi-
ments are conducted. Based on linear LIF, i.e. 
with the fluorescence signal linearly dependent 
on laser intensity, the averages are corrected for 
the laser intensity distribution over the illumi-
nation sheet. The average off-resonant signal is 
subtracted pixel-by-pixel from the average on-
resonant distribution; the result is depicted in 
the top right panel of the same figure. Close to 
the spray axis, two high-intensity lobes are vis-
ible, which eventually merge at the axis around 
20 mm. Further downstream only random spots 
without any specific structure remain. More rep-
etitions might remove these artefacts complete-
ly, although it is hard to deduce “convergence” in 
terms of spatial formaldehyde structure.

Bootstrapping to improve interpretation

Based on the typical structure of diesel spray 
flames [125], PLIF signals in the case of 15 vol-
% O2, starting around 25 mm downstream of 
the nozzle, are not expected to be due to H2CO. 
Preferably, however, one would be able to draw 
such a conclusion (or another one) from just the 
data themselves. Various methods are available 
to evaluate the convergence of a data-set, among 
which so-called bootstrapping [134]. With 
bootstrapping, subsets of the total population 
are compared, which have been obtained from 
random sampling from the measurement pool, 
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with replacement of the selected samples. Fol-
lowing this approach, “new” ensemble averages 
are constructed that might contain some experi-
ments multiple times, and some experiments 
not at all. This method can be used to assess the 
persistence of observed structures in a qualita-
tive, yet objective way. If structures persist, even 
when the average is based on a different subset 
of images and given the randomness of the ap-
proach, these structures are in this case consid-
ered to be a structural formaldehyde feature in 
the images. 

The following procedure is used to assess the 
persistence of structure: 

• Establish a new combination of the available 
on- and off-resonant experiments using ran-
dom drawing with replacement.

• Calculate a new laser- and background-cor-
rected average (similar to the top right panel 
of Figure 6.4); this is called a bootstrap rep-
licate.

• The above two steps are repeated a num-
ber of times; for this work ten replicates are 
made. This number is based on large-eddy 
simulations  that converge after ten to fifteen 
realizations [135].

• Compare the ten bootstrap replicates on a 
pixel-to-pixel basis and retain the minimum 
value for each pixel in this set.

• The final result is made up of the minimum 
pixel values.

The result of this bootstrapping method is 
shown in the bottom right panel of Figure 6.4. 
This result shows persistent signal intensity only. 
This bootstrapping approach smoothens outliers 
by averaging, and by putting random emphasis 
on individual experiments. By afterwards retain-
ing only the minimum pixel values, spurious 
features that pop-up in individual experiments 
only are suppressed. Obviously, the final result 
is not suitable for quantitative analysis, but that 
is also not the purpose of this work. Alterna-
tive methods of interpreting the bootstrap rep-
licates can be envisaged, which could render a 
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Figure 6.5 Spray A; 21 vol-% O2, typical on- and 
off-resonant single-shots (left panels; identically 
scaled). Top right panel: Laser and background 

corrected image based on averaging 12 on-resonant 
and 10 off-resonant images. Bottom right panel: 

effective spatial H2CO structure after bootstrapping, 
with superposed flame contour based on the average 

OH* distribution. The colorbar also applies to all 
panels here, but with different maximum values for 

the right two panels.

On

 

 

Off

0 10 20 30

On−Off

 

 

Bootstrap

Distance from nozzle [mm]

 

 

0 10 20 30

maxmin

Figure 6.4 Spray A; 15 vol-% O2, typical single on- 
and off-resonant experiment with identical scaling 

(left panels), laser- and background corrected image 
based on 15 on-resonant and 10 off-resonant images 

(top right), and bootstrap-result (bottom right). 
Note the clear fading of the signal around 25 mm 

for the bootstrap-result. An ensemble-averaged OH * 
contour (15% of maximum value) is superposed 
to illustrate the location of the high-temperature 

reaction zone. The colorbar applies to all panels, but 
the maximum value in the right panels is lower than 

that of the left panels.
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more quantitative result. An example of such a 
method would be binarization of bootstrap rep-
licates, followed by taking the average signal of 
non-zero pixels. Ten different bootstrap results 
using different random draws are shown in Fig-
ure 6.7 for reference.

Higher oxygen concentration case (21 vol-%)

Analogous to the 15 vol-% case, images are re-
corded at 2.5 ms aSOI. The single shots (two 
panels on the left in Figure 6.5 highlight the 
intrinsic difference between the present and the 
diluted case (15 vol-% O2).

Chemistry arguments suggest that the transi-
tion from low-temperature to high-temperature 
reactions should take place more rapidly with 
increasing oxygen concentration. This translates 
into a fainter formaldehyde signal and more 
rapidly fading thereof, which is readily visible in 
the top right panel of Figure 6.5 as compared to 
the corresponding panel in Figure 6.4. At first 
sight, a spatial structure can be recognized that 

can be appropriately described as superset sym-
bol (⊃), although some structureless islands are 
seen downstream of this structure. Despite the 
selectivity of the new excitation approach, the 
question again arises whether these islands can 
be attributed to formaldehyde, or not. Via the 
same bootstrapping method - as introduced in 
the previous subsection - the bottom right panel 
is constructed. Compared to the initial result, it 
clearly shows the lack of reproducibility down-
stream of the superset symbol. To further support 
this claim, ten bootstraps are presented below in 
Figure 6.7. All in all, it can be concluded with 
confidence that, in the quasi-steady-state with 
high oxygen, formaldehyde has been fully con-
verted into other species from 18 mm onwards.

Comparing the different dilution levels

Having established detailed spatial formalde-
hyde structures for both situations, the impact 
of ambient oxygen concentration on ignition 
and the transition to high-temperature reac-
tions can be assessed. Therefore, the high-speed 
OH* movies and in-vessel pressure data are fur-
ther analyzed according to the ECN guidelines 
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Figure 6.6 Comparison of the IXT-plots for both dilution cases (15 vol-% O2 (left) and 21 vol-% O2 (right)), 
using the averaged high-speed OH* movies. The dashed line indicates the moment of formaldehyde image ac-
quisition. The colormap has been adjusted to enhance the visibility of upstream differences in OH* intensity.
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[134]. An overview of some important, global 
combustion parameters is provided in Table 6.4. 

Two ignition delay periods have been calculated. 
The first one (τOH*) is derived from the high-
speed OH* data and equals the time when the 

intensity equals 50% of so-called “knee”-value, 
i.e., the typical first local maximum that occurs. 
Second, τp is the speed-of-sound-corrected ig-
nition delay based on a 30 mbar pressure rise 
inside the vessel after SOI. As expected, both 
methods yield shorter ignition delays for the 21 
vol-% O2 case. This shorter period also trans-
lates to the flame lift-off length (FLOL), which 
is found to be 5 mm shorter than in the baseline 
case (15 vol-% O2). 

The spatiotemporal evolution of OH* intensity 
for both dilution cases is shown side-by-side in 
Figure 6.6. The timing where an H2CO image 
was obtained is indicated for clarity. As can be 
seen from Figure 6.6, the global flame develop-
ment differs significantly. First, the diluted case 
(15 vol-% O2) shows evidence of premixed burn 
(intense, distributed OH* signal at an axial dis-
trance of about 20 mm), which is absent in the 
case 21 vol-% case. Moreover, the latter one 
shows a gradual, but more rapid transition to 
higher intensity; the contribution of soot can 
not be neglected. This observation is in accor-
dance with the early fading of the H2CO sig-
nal (at 18 mm from the nozzle) that must be 
followed with PAH formation. Overall, both 
conditions seem to reach a quasi-steady state in 
terms of lift-off length from 1.5 ms onwards. So, 
the selected instance of LIF-image acquisition 
(at 2.5 ms) is indeed representative for a quasi-

15 vol-% O2 21 vol-% O2

τOH* 0.519±0.038 0.403±0.029 ms

τp 0.39±0.02 0.23±0.03 ms

FLOL50% 17.08±0.84 12.05±0.31 mm

H2CO 13 - 27 11 - 18 mm

Table 6.4 Global ensemble-averaged flame features including 95% confidence intervals (using a t-distribu-
tion) where possible. Two ignition delays have been inferred: one based on OH* intensity (τOH*) and the other 

based on pressure indication (τp). The formaldehyde region is derived from the bootstrap-result (integrated 
radial intensity along the spray axis), with a threshold of 5% of peak intensity, as depicted in Figure 6.8.
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Figure 6.7 Ten bootstrap results based on differ-
ent sets of replicates (21 vol-% O2). Dashed lines 

indicate the boundaries of the laser sheet and white 
arrows point to the persistent features of interest.
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steady diesel spray.

With robust formaldehyde and OH* structures 
at hand, both are integrated along the vertical 
axis to find the spatial intensity along the spray 
axis, according to the equation below (for OH*):

, ( , , )I x t I x y t dyxt

y

y

min

max

=^ h #

Eventually, Figure 6.8 depicts the spatial evolu-
tion of the two species of interest for both oxy-
gen concentrations. The separation between the 
onset of high- and low-temperature reactions is 
clearly visible for the 15 vol-% O2 case, but 
about the same for the 21 vol-% environment. 
Moreover, the disappearance of H2CO seems to 
correlate with the first local maximum (“knee”) 
of the integrated OH* chemiluminescence sig-
nal, and also here a more gradual spatial decay is 
visible for the diluted case.

6.5 Recession and ignition in a 
double-injection strategy

As discussed in Section 4.5, multiple injection 
strategies are applied to reduce smoke, noise and 
nitrogen oxides. With an optimized configura-
tion of injection and dwell timing, small injec-
tion pulses prior to the main fuel delivery (also 
known as “pilot injections”, cf. “post-injecions”) 
have been proven capable of reducing fuel con-
sumption, particulate matter, and CO and NOx 
emissions in different load regimes [136]-[140]. 
Alternatively, a small pulse can be scheduled af-
ter the main event, which is known as a post-in-
jection. These post-injections may significantly 
reduce engine-out soot and unburnt hydrocar-
bon (UHC) emissions [141], but the reported 
efficacies of this differ significantly, which was 
already discussed in Chapter 4.

The scheduling of multiple injections has a pro-
found influence on the characteristics of emis-
sion formation, and potentially fuel consump-
tion, through the interplay between mixing 
and combustion [142]-[143]. Practically, an 

enormous calibration effort is required, with the 
optimal scheduling likely depending on nozzle 
and combustion chamber geometry, but also 
on thermodynamic conditions and possibly 
also fuel. Adding to the non-exhaustive post-
injection summary given in Chapter 4, global 
observations for consecutive injections can be 
summarized as follows: 

• For early pilot injections, density and tem-
perature are relatively low, which increases 
liquid penetration and thus the risk of fuel 
impinging on the cylinder wall. Additional-
ly, ignition delays are expected to be relative-
ly long. Generally, an increase in unburnt 
hydrocarbons can be expected.

• For the main injection, limiting the injec-
tion duration may effectively reduce the 
contact duration between flame and wall or 
bowl, which could reduce heat losses. Igni-
tion delay and initial lift-off may be mark-
edly shorter when the injection takes place 
into the combustion products of a pilot in-
jection. The concomitant lack of mixing will 
alter the spray morphology.

• After the main fuel delivery, post-injections 
can (re-)introduce high-temperature reac-
tions in a region near the injector or push 
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OH* and H2CO-LIF intensity (at 2.5 ms aSOI) as a 
function of axial distance. Non-zero OH* intensity 
close to the nozzle is an artefact caused by scattering 
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fresh oxidizer into the remnants of the main 
fuel delivery. The scheduling of post-injec-
tions is particularly important and seems to 
be hardware dependent. If scheduled cor-
rectly, reduced engine-out soot levels have 
been reported, without necessarily compro-
mising on fuel economy.

• The end-of-injection (EOI) results in two 
well-known effects: “slip-streaming” and 
“combustion recession”. Locally lower den-
sities and the wake of a previous injection 
increase penetration speed (slip-streaming 
effect) [143],[146]-[147]. Additionally, 
the end-of-injection entrainment wave can 
cause the fuel-air mixture to rapidly lean 
out [145]. If specific regions after injection 
become too lean, incomplete combustion 
with high unburnt emissions can be ex-
pected [148]. Normally, however, the late-
introduced fuel burns in a process known 
as combustion recession, because the flame 
travels towards the injector.

The importance of understanding ignition and 
combustion recession transients is clear given 
the aforementioned considerations. Particularly 
the latter event could be of interest within the 
scope of this project as well.

To increase understanding of multi-pulse inter-
actions, the ECN also proposed some double in-
jection strategies. One of these is implemented 
and the same techniques as introduced in Sec-
tion 6.3 will be applied, albeit without the ad-
ditional bootstrapping step. Luminosity movies, 
bandpass-filtered between 400 and 600 nm, are 
also recorded at high speed (70 kHz). These lu-
minosity images will be merely used to assess the 
soot contribution to the OH* movies. 

The proposed strategy applies two (true) injec-
tion pulses with a duration of 0.5 ms, separated 
by 0.5 ms dwell time. The injection duration is 
true in the sense that the start and end of fuel 
emerging from the nozzle have been verified 
by high-speed backlight imaging. To arrive at 
the 0.5/0.5/0.5 strategy, the resulting actuation 

duration was found to be 0.311 ms / 0.660 ms 
dwell / 0.340 ms. Skeen et al. [143] were the 
only researchers who have published data on a 
similar strategy and setup so far. A remarkable 
difference with the present work is the change in 
actuation; they scheduled the pulses as follows: 
0.355 ms / 0.645 ms dwell / 0.365 ms. Given 
the fact that the injectors should behave nomi-
nally the same, the difference in scheduling is 
indicative of significant injector effects for short 
pulses, which is not uncommon for somewhat 
exotic nozzle designs (e.g., single-hole [149] or 
asymmetric [150]).

Temporal evolution of H2CO, OH* and soot

Formaldehyde images using on- and off-res-
onant excitation, but without bootstrapping, 
were recorded at four different timings aSOI. 
These time instances were largely based on the 
most interesting cases where formaldehyde was 
reported by Skeen et al. [143]. A brief explana-
tion of the respective timings with respect to in-
jection scheduling is given below:

• 0.0 ms aSOI: Fuel starts to emerge from the 
nozzle.

• 0.5 ms aSOI: The first injection event comes 
to a halt and coincidently, the spray momen-
tum drops off.

• 0.7 ms aSOI: During the dwell period, the 
entrainment wave spreads-out the late fuel of 
the first pulse. One could also consider this 
point of relevance for the burn-out phase, as 
it is clearly after the end-of-injection.

• 1.0 ms aSOI: The second injection event 
commences.

• 1.2 ms aSOI: Just after ignition of the second 
pulse, some interaction with remainders of 
the first injection is expected, but most of 
the left-overs of event 1 have traveled further 
downstream.

• 1.5 ms aSOI (at EOI of the 2nd pulse): The 
momentum of the second injection is about 
to recede, and the second and first injections 
have started to interact. Only a single on- 
and off-resonant experiment have been con-
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ducted at this time instance.
• 1.7 ms aSOI: In principle, this experiment is 

identical to the one at 0.7 ms, although the 
spray velocities are expected to be slightly 
higher because of the “slip-streaming” effect 
and altered upstream conditions (T, species). 

Combined with stills from OH* and high-speed  
luminosity movies, the formaldehyde results are 
shown in the left column of Figure 6.9 (with 
the time axis on the right). With exception of 
the 1.5 ms case, the ensemble average of off-
resonant recordings is subtracted from the on-
resonant ones. For the different cases, the laser 
sheet was moved either up- or downstream, and 
therefore laser sheet intensity distributions have 
been included in the top of each H2CO image. 
These distributions were recorded similar to the 
procedure used to obtain the spectrum depicted 
in Figure 6.2. The correction procedure ampli-
fies noise in regions of low laser-light intensity. 
If the corrected signal exceeds twice the original 
value, the pixel is set to zero because it is likely to 
be an artefact of the laser light sheet correction.

The various phases during both injections will 
be separately discussed below, and the accompa-
nying high-speed OH* and natural luminosity 
data is used to aid interpretation. To relate the 
columns to each other, white contours at 15% 
of the displayed OH* intensity are superim-
posed on the formaldehyde figures. Similarly, 
red contours from natural luminosity recordings 
are superimposed on the OH* stills to identify 
regions which are likely to merely originate from 
soot incandescence.  

The 1st injection pulse until 1.0 ms

Just before the introduction of the second fuel 
pulse, an intense blob of OH* intensity is ob-
served; its onset lies around the typical flame 
lift-off length of standard single injection Spray 
A (~17 mm). No combustion recession is vis-
ible, but a clear ‘tail’ (between 6 and 25 mm) 

of formaldehyde is  observed. Additionally, far 
downstream, i.e., around the tip of the spray,  
there is some evidence of H2CO presence, al-
though this could also be an artifact stemming 
from the on-off subtraction. The signal intensity 
close to the nozzle is more reasonable, especially 
when comparing the region with peak intensity 
here to that of single-injection Spray A as shown 
in Figure 6.4. The tail is visible as close as 6 mm 
from the nozzle, which is indicative of low-tem-
perature reactions prior to the main combustion 
recession. The combustion recession event is vis-
ible in the two OH* panels at 0.9 and 1.0 ms 
aSOI, with OH* signal ultimately reaching the 
nozzle. A faint onset of luminosity close to 40 
mm downstream is visible around 0.9 ms aSOI; 
soot is apparently already formed, even for this 
small pulse.

Ignition of the 2nd injection and interaction 
between both pulses

The onset of ignition occurs approximately 0.1 
ms aSOI of the second pulse (at 1.1 ms); no 
soot luminosity attributable to the 2nd injection 
pulse is observed, but the luminosity intensity of 
the first event has ever increased since its onset 
around 0.9 ms. 

Compared to Skeen et al. [143], a shorter igni-
tion delay time is found for the second event, 
which is only 1/4th that of the first injection. 
This reduction is attributed to the relatively 
hot end gas in the vicinity of the nozzle, and 
there is possibly a strong injector effect as well. 
Subsequently, the entrainment of fresh ambient 
gas (of around 900 K) causes some downstream 
travel of the flame lift-off. This downstream 
movement can be seen when comparing the 
OH* panels at 1.1, 1.2 and 1.5 ms aSOI. The 
averaged formaldehyde PLIF image (at 1.2 ms) 
resembles that of previously-published ignit-
ing single injection experiments by Skeen et al. 
[143] Figure 6.9 shows how the typical spatial 
H2CO structure with distinct lobes above and 
below the spray axis is present in conjunction 
with OH*, indicating pre-mixed auto-ignition 
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Figure 6.9 Transient evolution of the spray flame in terms of formaldehyde, OH* and luminosity (the camera 
was tuned to soot here). Left column: PLIF images of formaldehyde; middle column: still images of ensemble-
evaraged high-speed OH* movies; right column: stills from averaged high-speed luminosity movies. The PLIF 
images at 1.5 ms are single-shot. Red and white bounding boxes indicate the contribution of soot in the OH* 
stills and flame contour based on OH* in the PLIF images, respectively. The OH* intensity during ignition of 

the first and second injection has been amplified for clarity. More details are given in the main text.



90

of a significant share of the fuel present in that 
region. Formaldehyde is not demonstrable in 
the wake of the first injection, downstream of 
25 mm. The remainder of signal of the primary 
spray in the OH* recording at this time nearly 
fully overlaps with the natural luminosity data, 
indicating a significant, if not exclusive, con-
tribution of soot luminosity within the down-
stream region during the burn-out phase.

Upon the second end-of-injection event (at 1.5 
ms) only two single-shot PLIF images were tak-
en: one on-resonant and one off-resonant. The 
upper half of the on-resonant recording is placed 
in the top half of this image. The upper half of 
the off-resonant recording is mirrored along the 
spray axis and displayed in the lower half; this 
minimizes potential effects of laser sheet attenu-
ation. The results seem to confirm the analysis 
by Skeen and co-workers, who argue that signal 
beyond 20 mm most likely corresponds to PAH 
fluorescence. Whereas they base their analysis 
on the estimated location of PAH at a later time 
instance, the present off-resonant result directly 
shows strong similarity of the downstream struc-
ture compared to that of the on-resonant image. 
Only a faint formaldehyde structure is found 
between  15 and 20 mm. 

Analogous to the situation at 0.7 ms an entrain-
ment wave is rapidly dispersing the late fuel at 
1.7 ms aSOI. For the second injection, however, 
flow conditions are slightly different compared 
to the quiescent conditions just before the first 
injection. Both spray and flame penetration 
have vastly increased due to the reduced local 
density, as discussed above. 

The tip of the second spray has now just reached 
the soot cloud of the first event. An apparent 
merger of the soot formed in both pulses occurs, 
with the red contour reaching upstream to 30 
mm from the injector for the first time. Even 
further upstream the spatial extent of the form-
aldehyde signal seems to be limited by the laser 
light sheet location (see the indicative colorbars 
above the individual left-column panels). 

6.6 Summary and conclusions

The advantages of on- and off-resonant mea-
surements were shown for improved identifica-
tion of formaldehyde in diesel-surrogate sprays. 
Compared to conventional 355-nm excitation, 
additional postprocessing based on bootstrap-
ping was shown to further improve the interpre-
tation of the obtained data, in both conditions 
under investigation (15 and 21 vol-% O2, re-
spectively). The most pronounced outcomes of 
this chapter are:

• The excitation efficiency increased by a fac-
tor of 2.5 by exciting just blue (353.16 nm) 
of the conventional excitation wavelength 
(around 355 nm; to be more precise 354.82 
nm) and interfering background signal (e.g., 
PAH-LIF) was reduced by subtracting the 
off-resonant contribution (upon 350.00nm-
excitation).

• In the first part of this chapter, each condi-
tion was evaluated using a bootstrap meth-
od to find the persisting features that can 
be attributed to H2CO. Even though the 
number of the available experiments for the 
respective conditions is small compared to 
typical statistical datasets, the authors have 
shown that bootstrap is an asset here, where 
it enables to differentiate between persistent 
structures and random high-intensity flakes, 
aiding interpretation of the PLIF images.

• Accurate values for the formation onsets 
have been obtained for both formaldehyde 
and OH* under “Spray A’’ conditions. The 
values found are in accordance with ECN 
data [129][133]. New in this bootstrap ap-
proach is the ability to distill the presence 
of formaldehyde in an objective way, even 
when a strong luminous background is pres-
ent. This ability gave sharp truncation dis-
tances, both up- and downstream, for both 
cases under investigation.

• For higher oxygen concentrations, the flame 
location (evaluated from OH*) approaches 
the region where low-temperature reactions 
start. The relatively identical onset of form-
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aldehyde and OH*, and the clear spatial de-
limitation of the formaldehyde distribution 
for elevated oxygen concentration are taken 
as evidence that the transition from low- to 
high-temperature reactions is stimulated by 
an increased oxygen fraction, whereas low-
temperature ignition seems less influenced. 

• Highly transient events are occurring for the 
double pulse strategy (0.5 ms / 0.5 ms dwell 
/ 0.5 ms), even though thermodynamic con-
ditions are identical to those of the previ-
ously discussed “Spray A” baseline case. The 
short energizing durations seem to introduce 
significant dynamics;  distinct patterns are 
observed in the described region, attributed 
to the initial rate increase due to needle lift, 
and to the sudden drop in spray momentum 
upon needle closure (“entrainment wave”).

• The second pulse experiences hot end gas of 
the preceding combustion event, which re-
duces the ignition delay down to 0.11 ms, 
compared to ~0.4 ms for the first pulse. 

• The lift-off length of the second injection, 
although not reaching a quasi-steady state, 
is also located closer to the injector orifice. 
The entrainment of 900 K oxidizer causes 
the lift-off length to slowly progress down-
stream after ignition of the second fuel jet. 
This process continues until the lift-off starts 
progressing upstream during the subsequent 
combustion recession event.

• The time evolution of the formaldehyde 
PLIF distribution further illustrates the dif-
ferences between the first and second injec-
tion event. For the initial injection a pro-
nounced, but little-structured formaldehyde 
distribution is found at 0.7 ms, which is just 
after end-of-injection. On the other hand, 
the subsequent second fuel delivery experi-
ences fast ignition and presumably rapid 
transition towards high-temperature reac-
tions that consume formaldehyde. For this 
reason, the resulting structure at 1.7 ms is 
significantly smaller and less intense com-
pared to the corresponding structure after 
the first pulse. 

• Potentially equally important is that during 

the second injection, no remnants of H2CO 
attributable to the first injection are found. 
This finding implies that left-overs are either 
located far downstream, or are not present 
at all. Additional experiments in an optical 
engine, with its time-dependent geometry 
and conditions, could shed light on the im-
portance of hydrocarbon diagnostics within 
the scope of “Fate of Forgotten Fuel”. An 
apriori hypothesis, based on the outcomes of 
the spray vessel work, would be that formal-
dehyde diagnostics are useful in the soot-free 
regions late in the cycle (often the center of 
the combustion chamber).
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CHAPTER 7  FUEL ADDITIVE EFFECTS

Will retail stations look the same in the future?
Photo details: D3100 with Nikkor AF-S 35 mm  at ISO100, 
F/8 and 30 s. Photo details: Nikon D7000 with Nikkor AF-S 
18-200 mm at 48 mm at ISO 100, F/10 and 1/100 s. Some 
of the results presented in this chapter have been submitted to 
SAE PFL 2018 as Bakker, Willems, Wakefield, Cracknell et al., 
“Investigation of Late Stage Conventional Diesel Combustion - 
Effect of Additives”.
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7.1 Rationale

Despite all efforts in finding a suitable renew-
able fuel, diesel-like fuels, derived from fossil 
sources, will remain the dominant energy car-
rier in the heavy-duty transport sector. Still, it is 
believed that species added in minor quantities 
- so-called additives - could improve fuel conver-
sion efficiency. Moreover, such an approach is 
preferable over a completely new fuel definition 
because the global oil sector is a relatively stiff 
system, i.e., refineries cannot be changed from 
one day to the other to produce the new fuel 
blends. This chapter addresses the efficacy of 
two additives in two base diesel blends. First, the 
fuel properties and the experimental outline are 
discussed in detail. Results are then presented in 
two separate parts and analyzed with particu-
lar emphasis on effects of the added species on 
the burn-out phase (inferred from heat release 
analysis). 

7.2 Physicochemical fuel properties 
and experimental outline

Two contemporary base fuels have been selected 
and to these, two similar additives will be blend-
ed. The first base fuel is European diesel without 
bio-content, whereas the second base fuel is pro-
duced from syn-gas via Fischer-Tropsch synthe-
sis [152]. Syn-gas can be retrieved from several 
feedstocks using steam reforming; natural gas 
and coal are often used.

To cover a wide range of speed-load combina-
tions, several points of the European Stationary 
Cycle (ESC) are selected. To reduce drift effects, 
and to get some feeling for repeatability and 
measurement uncertainties, each point is run 
five times, and the points are run in random 
order. Within the ESC procedure, three speeds 
(A, B and C) and idle are run, which have to be 
calculated based on the rating of the engine. For 
the EURO VI DAF MX-13 engine, the A, B 
and C speeds equal 1200, 1425 and 1700 rpm, 
respectively. In a full ESC procedure, each speed 
is run at four loads (25, 50, 75 and 100%), and 

The previous chapters addressed (several) 
diagnostics for intermediate, or even 
exhaust, species. From a practical point-
of-view, the step from these species to a 
consumer fuel, and the said influence of 
burn-out phase, is of critical importance. 
As such, extra experiments are run on a 
metal engine focussing on the potential 
gains of specific additives in two base fuels 
(European diesel (EN590) and gas-to-liquid 
diesel (GTL)). The respective additives were 
previously identified and patented [151].
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extra random points are added. To limit the 
number of experiments, and to be in the prac-
tical range of interest, a subset of all possible 
speed-load combinations is selected, as graphi-
cally depicted in Figure 7.1. 

For each experiment (at a certain load-speed 
point), 70 consecutive cycles are recorded that 
contain the fast changing variables (in-cylinder 
pressure, intake pressure, rail pressure and in-
jector current); slowly changing variables will 
be averaged over 40 seconds. Lastly, five smoke 
samples are collected and particle size informa-
tion is averaged over 60 seconds.  The corre-
sponding operating conditions are based on a 
current EURO VI calibration of a similar engine 
and have been listed in Table 7.1. This calibra-
tion targets 3 g/kWh of engine-out NOx, which 
can be brought below EURO VI limits with the 
available aftertreatment technologies.

Often, efficiencies are reported as a function of 
the midpoint of combustion (CA50). Here, with 
the contemporary engine calibration, CA50 was 
not actively adjusted to see this effect. Because it 
is hard to observe minor differences in the heat 
release curve, one has to rely on derived metrics. 
A single metric, however, does not tell the full 
story. Hence, a new metric is introduced com-
prising CA10, CA50 and CA90:

BR CA CA
CA CA

50 10
90 50= -

-

This so-called burn ratio (BR) is a measure for 
the duration of the late phase relative to that of 
the initial phase, whilst not taking the exact heat 
release shape into account.
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Figure 7.1 Schematic overview of the ESC-points (in grey) and the selected conditions (in orange). The 
“outlier” in orange (“D30”) was added at a later stage to alter the temporal evolution of in-cylinder condi-

tions. The red line is representative of the load curve of a contemporary DAF MX-13 engine. Notice that 30% 
points were run instead of the ESC-prescribed 25% load points; this choice was made based on the supplied 

calibration data.
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can be produced. Without going through an in-
depth analysis of the applied engine settings, the 
claims available in literature can be confirmed, 
as shown in Figure 7.2 and 7.3. In these figures, 
all 30 and 50% load points for the A, B and C-
speed have been included. 

From an emission point-of-view, EURO VI is 
always met for carbon monoxide, and only on 
particular occasions for HC and PM. NOx is 
even beyond EURO IV for several points, which 
is not considered a problem given the nowadays  
high efficiency of contemporary SCR systems 
(>90% deNOx efficiency is commonly achieved 
in hot conditions [7]). Such available conver-
sion efficiencies imply that even with moderate 
engine-out NOx, let us say ~6 g/kWh, tailpipe-
out levels can reach levels way below EURO VI 
(~0.4 g/kWh) or EPA13 (~0.2 g/kWh) legisla-
tion. Still, the calibration was initially said to 

7.3 Results part I: GTL versus 
EN590 blends

The performance of GTL relative to ordinary 
fossil diesel - here without bio-content - is sub-
ject to discussion, and relative results are not 
always consistent [154]-[158]. Still, it is gener-
ally reported that GTL reduces noise, HC, PM 
and CO emissions, while being slightly more ef-
ficient, but leading to a higher volumetric fuel 
consumption owing to its lower mass density. 
For NOx the results are more diffuse, as are the 
reported engine settings where the improve-
ments occur.

Low and mid-load operation

If the behavior of GTL-based and diesel-based 
blends is compared, without taking into consid-
eration the effect of dopants, several scatterplots 

Table 7.1 The nominal engine operating conditions are based on a contemporary EURO VI calibration 
targeting 3 g/kWh of brake specific NOx emissions.

SOA DOA pfuel pin pexhaust mfuel EGR

CAD bTDC μs bar bar bar g/s

A30 5.77 910 1550 1.60 1.77 0.91 28%

A50 4.54 1310 1900 2.30 2.67 1.45 26%

A100 4.03 2720 1900 3.60 3.90 2.86 20%

B30 8.78 910 1600 1.60 1.92 1.16 27%

B50 11.15 1350 1750 2.40 2.75 1.71 28%

C30 5.83 790 1750 1.50 1.83 1.19 21%

C50 5.02 1220 1800 2.60 2.96 1.86 20%

D30 5.34 790 1750 1.50 1.97 1.25 21%

idle 1.00 320 400 1.00 1.08 0.05 33%
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removed from the closed system at regular in-
tervals. Compared to the temperatures reached 
in practical EGR coolers of about 80 °C, where 
condensation does not really occur, the removal 
of water implies that the specific heat capacity 
of the charge is expected to be lower, which ex-
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Figure 7.2 HC versus CO emissions (left) and PM versus NOx emissions (right) for all blends and speeds at 
30% and 50% load. Red circles belong to GTL blends and black squares to EN590 blends, respectively. The 

dashed blue line (left panel) represents the EURO VI limit on HC emissions, wheras the purple, blue and 
pink boxes in the right panel indicate EURO IV, V and VI legislation.

target 3 g/kWh NOx, and  structurally higher 
values are found. The explanation for this be-
havior is based on the EGR path in the test rig 
compared to that of a typical engine. The ex-
haust gas is cooled down to 30 °C resulting in 
significant condensation. This condensate is 
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Figure 7.3 Fuel conversion efficiency improves at constant NOx (left) for virtually any 30% or 50% load 
point at all speeds. This observation (improvement at constant NOx) is of crucial importance, as higher 

efficiency at higher NOx is easily achieved, but, more importantly, comes with the penalty of higher urea (also 
known as Diesel Exhaust Fluid (DEF) or AdBlue) consumption. Red circles belong to GTL-based blends and 
black squares to diesel-blends. Base GTL has been left out because of an offset in the fuel flow measurements. 

The same gross indicated efficiency plots as a function of the “Burn Ratio” reveal the importance of a short 
late burn phase (that differs from operating point to point), although similar ratios are obtained at same 

operating points regardless of the blend (e.g., see the clouds of points all centered around 1.2).
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plains the slightly higher NOx levels (a conse-
quence of the higher in-cylinder temperatures). 

On the fuel economy side, GTL proves to be 
more efficient over a wide range of conditions, 
with on average 1 to 2 percent point improve-

ment. As this dissertation is devoted to the late 
phase of combustion, a new metric (BR) was 
introduced, which compares the combustion 
duration after CA50 to that before CA50. So, 
when BR = 1, the late phase takes as long as the 
initial phase. A clear trade-off is observed (see 
Figure 7.3), with efficiencies peaking upon ap-
proaching a “symmetric” burn ratio, i.e., BR = 
1. Intuitively, this optimal value is logical, as 
the limits (BR << 1 and BR >> 1) will result in 
excessive heat losses or a poor thermodynamic 
cycle, respectively.

Idling and full load

Idle conditions are included as well. This point 
(600 rpm with no load) was selected because 
a truck engine spends quite some time idling, 
particularly in the USA, and, the weighting 
factor in the ESC cycle amounts up to 15%. 
The current fuel metering setup is not capable 
of measuring extremely low fueling rates; thus, 
indicated efficiencies cannot be derived or cal-
culated. Emission levels can be compared, as 
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Figure 7.6 . A minor gain in efficiency is observed 
(right), which is probably attributable to lower in-

cylinder heat losses as a consequence of reduced soot 
formation. Still, engine-out soot levels are compa-
rable, highlighting the efficient oxidation process. 

The reason for the poor performance combined with 
high variation for base GTL is a faulty fuel return 

line. 

−10 0 10 20 30 40
0

100

200

300

400

500

600

Crank Angle [CAD]

aR
O

H
R

 [
J/

C
A

D
]

Figure 7.5 Heat release rates at A100 overlap, apart 
from the constant rate during the spray-driven 

phase, which is - on average - somewhat lower for 
GTL (red lines). The lower mass density is solely 

responsible for this lower level.

10 15 20 25 30 35 40
0

0.05

0.1

0.15

0.2

0.25

0.3

0.35

0.4

ISNOx [g/kWh]

IS
P

M
 [

g
/k

W
h
]

Figure 7.4 GTL (red circles) reduces the smoke 
emissions at idling conditions (600 rpm) by 50%, 
as compared to regular diesel (black squares). The 

spread in ISNOx originates from setup-related 
EGR contrallability issues; PM emissions are barely 

affected (globally over lean).
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Figure 7.7 Indicated efficiencies plotted as a 
function of burn ratio show a particular trade-off 

again. Base diesel is represented by the squares, M1 
by triangles and M2 by the left triangles.

shown in Figure 7.4. At idling, all GTL blends 
produce only half (!) of the PM emissions of 
diesel blends, which reduces the loading of the 
Diesel Particulate Filter. This reduction could 
in its turn reduce the fuel consumption, as less 
regenerative cycles are required. The exact rea-
son for less engine-out soot remains obscure, 
but the most likely reason is chemical, resulting 
in less soot formation, rather than to enhanced 
soot oxidation. The air-excess ratio was namely 
around 9 during these conditions, leaving abun-
dant oxygen available for oxidation. Tempera-
tures are, as a consequence of the globally-lean 
conditions rather low, but no particular differ-
ences in heat release shape is observed (similar 
CA50 and ignition delay).

For full load at the A-speed (A100), all differ-
ences vanish (see Figure 7.5). It is attributed to 
the hot environment, with on average higher 
piston temperatures, resulting in convergence of 
ignition delay times for any fuel. This effect is 
particularly known in PPC research, where said 
low-reactivity fuels burn like conventional die-
sel at full load. Additionally, air-excess ratios are 
low, fuel pressures high and injection durations 
long, which ultimately lead to near-identical 
heat release patterns, even if the cetane number 
differs by more than 25 points (see Table 2.2).

GTL - EN590 Concluding remarks

• GTL blends generally emit less PM at constant 
NOx and lower HCs at constant CO engine-out 
levels, respectively. 

• Idling conditions enlarge the differences in 
sooting propensity; running on GTL reduces 
the PM emissions by as much as 50%. 

• Higher indicated efficiencies are obtained for 
GTL, at constant or even lower NOx. From a 
practical point of view, lower volumetric fuel 
consumptions will probably not be obtained 
given the density difference. 

• A strong correlation between indicated ef-
ficiency and the newly-introduced burn ratio 
(BR) is found. Efficiency peaks around a burn 
ratio of 1, which is hinting at the importance 
of fast burn-out. This is exactly the target of the 
additives, discussed next.

7.4 Part II: Dopants and their ef-
ficacy

This campaign was started to assess the efficacy 
of certain burn-out enhancing additives at 0.5 
m-% initially (called M1 and M2). The com-
mon names of M1 and M2 are 2-ethylhexyl-
para-dimethylaminobenzoate and benzophe-
none-3, respectively. The corresponding patent 
indicates a speed-up during the late combustion 
phase [151]. Hence, we are going to look for 
earlier CA90s, or, equivalently, a reduction in 
CA50 to CA90 burn duration relative to the ini-
tial duration (CA10 to CA50), which has been 
introduced before as burn ratio. In the previous 
section, full load was ruled out as a condition 
where differences in late-burn played a role, and 
idling is in general not interesting from an effi-
ciency point of view. The remainder of this sec-
tion will thus be devoted to the 30% and 50% 
load points at the respective A, B and C-speeds.
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Given the number of operating points, and the 
differences amongst them, it is important to es-
tablish or find the most interesting points, and 
the most promising fuel blends. Because start-
of-actuation at a certain point was kept con-
stant, CA50 and CA90, including their stan-
dard deviations, might indicate the direction to 
go in terms of fuel definition. The grey-shaded 
points in Table 7.2 show significant difference 
(i.e., an advance in CA50 or CA90) w.r.t. the 
corresponding base blend. Generally speaking, 
no significant differences are seen for the GTL-
based blends. With European diesel, on the 
other hand, M2 seems to cause an advancement 
in CA90, and sometimes CA50, particularly at 
higher engine speeds. This latter observation 
might have been expected, given the reduced 
time available for combustion to occur, at least 
on a crank angle basis. The M1 additive seems 
less effective, but on average CA90-CA50 dura-
tions shorten.

The attention is now directed towards the higher 
speeds (B and C) and diesel blends only. Simi-
larly to Figure 7.3, indicated efficiency is pre-
sented as a function of burn ratio (Figure 7.7) 
and ISNOx (Figure 7.8) and burn ratio, re-
spectively, including standard deviations for the 
former. Although significant differences in burn 

ratio per operating point are observed, this does 
not directly impact on the indicated efficiency 
in a specific point. What does (again) seem to 
correlate are efficiency and burn ratio, particu-
larly taken into account the variations in EGR 
rate applied (see Figure 7.8; standard deviations 
in ISNOx). 

If the (normalized) cumulative heat release pat-
terns of C30 and C50 are examined, which 
happen to be the conditions with the most sig-
nificant advance in CA50 and CA90, a steeper 
slope between CA50 and CA90 is observed. If 
so, why is this not visible in the efficiency then? 
Two hypotheses can be formulated.

• The impact on indicated efficiency is “too 
small to measure”, i.e., the fuel flow meter in 
combination with pressure sensor introduces 
measurement uncertainties (say ± 0.5% on aver-
age, depending on condition)

• Higher heat release rates (i.e., steeper slopes 
in cumulative heat release plots) are typically 
coupled with higher heat losses. Possibly, the ad-
vance in combustion phasing is counterbalanced 
by increased wall heat losses.

Additionally, emissions do not really show any 
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Figure 7.8 Indicated efficiencies for the diesel-based 
blends as a function of ISNOx. Base diesel is 

represented by the squares, M1 by triangles and M2 
by the left triangles.

Figure 7.9 Normalized cumulative heat release for 
the three diesel blends at C30. The advance for M2 
is clearly visible. Injection current has been included 

for reference only.
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difference between the blends, substantiating 
that differences are subtle. Despite the fact that 
the gravimetric measurement does not reveal 
significant changes, particle size distributions 
are different at the two conditions with more 
rapid burn-out. Again, differences are small, but 
the distribution seems to shift towards smaller 
particles for M2. The exact cause remains un-
clear; is it because of shorter burn duration or 

because of the addition of molecules with a spe-
cific (oxygenated) structure? 

Table 7.2 Combustion phasing including standard deviations for all blends at all conditions but idle. The 
shaded fuel/condition combinations show statistically significant evidence of advance in CA50 and CA90.

GTL GTL M1 GTL M2

CA50 CA90 CA50 CA90 CA50 CA90

A30 5.5±0.10 14.5±0.30 5.5±0.10 14.4±0.35 5.4±0.04 14.2±0.15

A50 7.5±0.11 16.3±0.17 7.6±0.0 16.5±0.11 7.6±0.07 16.3±0.13

A100 12.1±0.09 22.4±0.16 12.1±0.07 22.3±0.24 12.1±0.05 22.4±0.22

B30 4.4±0.11 14.3±0.14 4.4±0.1 14.3±0.29 4.4±0.05 14.0±0.22

B50 3.6±0.0 13.0±0.16 3.6±0.07 12.9±0.13 4.1±1.02 13.8±0.98

C30 8.8±0.04 20.6±0.11 8.9±0.07 21.0±0.30 8.7±0.07 20.6±0.30

C50 11.2±0.13 20.7±0.26 11.3±0.08 22.3±0.24 11.3±0.09 20.6±0.22

EN590 EN590 M1 EN590 M2

A30 5.7±0.0 14.9±0.20 5.7±0.09 14.7±0.22 5.7±0.08 14.7±0.21

A50 7.8±0.0 16.7±0.11 7.8±0.13 16.8±0.24 7.7±0.07 16.6±0.33

A100 12.2±0.04 22.6±0.22 12.1±0.05 22.3±0.11 12.1±0.04 22.3±0.14

B30 4.6±0.0 14.8±0.08 4.4±0.14 14.4±0.24 4.4±0.09 14.1±0.19

B50 3.8±0.05 13.6±0.07 3.6±0.15 13.3±0.13 3.6±0.04 13.1±0.29

C30 8.9±0.04 20.9±0.33 8.9±0.15 21.3±0.59 8.7±0.13 19.6±0.78

C50 11.4±0.05 21.2±0.25 11.4±0.05 21.1±0.38 11.4±0.05 20.5±0.13
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Figure 7.11 Grouped points belong to a certain 
speed-load combination, with A30 and B30 having 

identical phasing of CA90 (bottom left group). Note 
the advance of CA90 for the doped blend at higher 
speeds (i.e., when CA90 occurs relatively late in the 

cycle)
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Figure 7.12 Particle size distribution comparison for 
the C30 point. Note the shift towards smaller and 

fewer particles for M2.

Figure 7.10 Example of a typical transient cycle of a heavy-duty truck engine for on-road application. Idling 
(around 600 rpm) equals 0% speed and 100% speed is typically about 2000 rpm. Taken from Directive 

2005/55/EC.
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7.6 Extension to higher speeds and 
dopant concentrations

The second part of this chapter compares the 
most “promising” fuel with base diesel at a num-
ber of conditions that is a subset of the initial 
matrix. Only the 30% and 50% load points are 
to be run, including D30, i.e., at 1900 rpm. The 
concentration of the dopant was increased from 
0.5 to 2 m-%.

Many of the selected conditions show a subtle 
advance in CA90, yet (again) without any mea-
surable impact on efficiency. Also the difference 
in load is small. In Figure 7.11 gradual “split-
ting” of the data points is observed. The groups 
of blue pentagrams and black squares at higher 
loads and speeds is promising, and reconfirms 
the trends shown in Table 7.2. 

Performance at higher speeds (1900 rpm)

A heavy-duty engine normally operates in the 
range between 1000 and 1500 rpm; this range is 
obviously dependent on route and application. 
Generally, one could say that load changes occur 
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Figure 7.13 Mean indicated efficiencies including 
standard deviations for the two fuels under investiga-
tion at the high-speed operating point (1900 rpm). 
The individual measurements have been included 

as well. The burn ratio is significantly lower for the 
doped fuel (blue pentagrams).

7.5 Discussion and observations

So far, this chapter has described an extensive 
campaign trying to locate the effectiveness of 
previously-identified additives in two base fuels 
(GTL and EN590). Different loads and speeds 
were run on a full-metal heavy-duty engine. The 
obtained results can be summarized as follows:

1. The initial comparison confirms the known 
benefits of paraffinic over ordinary fossil diesel 
and a 1-2 percent point increase in indicated ef-
ficiency is measured for virtually all operating 
points (at constant ISNOx).

2. Soot and HC emissions are generally lower 
for GTL, at constant ISNOx and constant 
ISCO, respectively. 

3. Some differences were seen while using the 
doped blends, particularly for M2 in EN590 at 
particular speed/load combinations, most nota-
bly the B- and C-speed (see Table 7.2). Unfor-
tunately, this advance in CA90 did not yield an 
increase in indicated efficiency, but possibly the 
measurement equipment is not sensitive and ro-
bust enough (+/- 0.5% point spread). 

4. The particle size distributions for the diesel 
doped blends revealed minor differences, i.e., 
M2 showed a shift towards smaller particles, but 
this effect cannot be indisputably attributed to 
the (small) advance in CA90. It could as well 
be a molecular effect stemming from benzophe-
none-3.

Combustion, or more specifically any chemi-
cal reaction, is inherently time-dependent. The 
results showed a dependency on engine speed. 
To possibly amplify the differences, the engine 
speed should be further increased. Comple-
mentary to the higher engine speed, the dopant 
concentration should be increased as well (to 
2 m-%). Rerunning a subset of the previously 
pinpointed (contemporary diesel engine) condi-
tions might increase the visibility of the working 
principle of adding burn-out improvers.
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frequently, whereas speed is often more-or-less 
constant (cf. the differences in the top and bot-
tom panel of Figure 7.10 ). 

The added load-speed combination (D30) is 
thus of little practical relevance, despite the fact 
that it could reveal the time-dependency of the 
dopant efficacy. If this behavior is really there, 
the targeted application area might be changed 
to light and medium-duty engines, as such ICEs 
operate at nominally higher engine speeds.

Two trade-offs are of importance: fuel consump-
tion or indicated efficiency versus engine-out 
NOx, and engine-out smoke versus engine-out 
NOx. Lower smoke emissions provide more 
margin in fuel pressure calibration and the num-
ber of regenerative cycles for the DPF is reduced 
as well. These two features combined will ulti-
mately lower fuel consumption again, because 
parasitic losses decrease. Figure 7.13 depicts 
(again) the indicated efficiency as a function of 
the burn ratio; shown here are the mean values 
including standard deviations, and the individu-
al measurements for the D30 point.

It must be noted that indicated efficiency is not 
(measurably) affected; the gains could be too 

small to measure, or the expected gains are coun-
terbalanced by other effects (f.i. heat losses). The 
burn ratio, on the other hand, is clearly closer to 
unity, so the relative duration of the late phase 
reduces when M2 is added to the fuel. Lastly, a 
small improvement in engine-out smoke at con-
stant NOx is observed (Figure 7.14), which is 
probably attributable to a combination of fuel-
bound oxygen and a slightly shorter burn-out 
phase.

7.7 Concluding remarks and out-
look

In spite of measurable advances in CA90, es-
pecially at higher speeds, the efficacy of the 
dopants seems to be low , even at an elevated 
concentration of 2 percent on a mass basis. The 
question now remains what really happens. It 
would be somewhat surprising if certain spe-
cies in the fuel survive a significant part of the 
combustion process without being altered. The 
two aryl groups in benzophenone-3 (M2) might 
result in partially-oxidized aromatics (e.g., phe-
nol, benzaldehyde). Would these affect late cy-
cle combustion because of their low reactivity?  
The indirect observation of a marginal impact 
on CA90 leaves this question most likely unan-
swered. Nevertheless, the performance at higher 
engine speeds opens the way to application in 
light-duty engines. Given the mean higher en-
gine speeds, fast burn-out is even of greater im-
portance than it is in heavy-duty engines (cf. 
Figure 7.11).

For future work, it is recommended to conduct 
brake measurements in order to decouple heat 
release parameters from the efficiency measure-
ment (independent based on torque and fuel 
flow, i.e., measuring the aforementioned fuel 
converison efficiency, also termed brake effi-
ciency).
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Figure 7.14 Semi-logarithmic scatter plot of the 
individual smoke-NOx datapoints. Note the group 
of points in the top-left which correspond to the 

D30-point. For reference the EURO IV PM/NOx 
boundary is indicated.
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CHAPTER 8  DISCUSSION AND OUTLOOK

Abandoned fueling station in the village of Doel, Belgium.
Retail stations all around the world will gradually change, but 
the remaining “energy stations” will undoubtedly have a tap 
for liquid fuel for the foreseeable future1. Photo details: Nikon 
D3200 with Tokina SD 12-24 mm at 19 mm, f/9, ISO100 
and 1/80 s.

1This text was written in summer 2017.
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8.1 Discussion of the project

The original project proposal reads: 

“Our goal is to provide an improved fundamental 
understanding of the fate of late-burning fuel, to 
improve engine efficiency by more economic use of 
the injected fuel, and to complete the last steps to-
wards a full numerical engine combustion model.”

Whereas the latter is not part of this disserta-
tion, the first two objectives have been met, 
although not necessarily via the intended path-
ways. What has been achieved, and how, is sum-
marized below.

As a first step, baseline measurements were 
conducted in order to set the scene for optical 
experiments in terms of engine operating con-
ditions and fuel definition. Unfortunately, sig-
nificant differences in burn-out that might be 
attributed to chemical effects were not observed. 
On the contrary, if differences in burn-out dura-
tion or heat release shape did occur, those origi-
nated from altered ignition behavior (cf. CN of 
EN590 and paraffinic GTL). With this knowl-
edge that fuels seemingly have identical burn-
out behavior from a heat release point-of-view, 
the focus shifted towards understanding what 
really happens in that burn-out phase, and how 
injection strategies impact on burn-out.

Three different species, said or known to be 
present during the late combustion phase, were 
studied: carbon monoxide, formaldehyde (rep-
resenting partially-oxidized fuel fragments) 
and soot. These species have a mutual tempo-
ral history of partial oxidation and several other 
reactions. Yet the way how they arrive at their 
(final) form is way different. The most impor-
tant, fundamental difference is the unique mo-
lecular composition of CO and formaldehyde, 
enabling highly-selective excitation strategies. 
Such approaches do not exist for soot due to 
its undefined structure. From a practical view, 
relatively complicated setups are required to ar-

The results presented in this dissertation 
have been acquired on multiple setups 
with different diagnostic techniques. This 
final chapter summarizes the work and 
the most pronounced outcomes. Future 
directions for (laser-based) diagnostics in 
optical engines are also sketched and it is 
eventually concluded that the focus will 
shift from how-to-burn to what-to-burn 
(or generically: what-to-use as an energy 
carrier for (future) commercial transport). 
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rive at species-selective detection, or to retrieve 
(semi-)quantitative information, both at partic-
ular (limited) engine conditions. It thus remains 
doubtful whether these strategies really yield the 
relevant information (Thesis VI).

To detect soot in the burn-out phase, a high-
speed system was set up; the reason being that 
stochastic events are potentially more present 
in aforementioned phase. High repetition rates, 
however, do not really ease interpreting the re-
cordings because of the temperature dependen-
cy. Still, by using a high-speed Nd:YAG laser at 
its fundamental wavelength (1064 nm), in-cycle 
differences, induced by altering injection pres-
sure from 800 to 1600 bar and changing fuel 
composition, could be retrieved from the mea-
surements. European diesel (EN590) has seem-
ingly higher rates of soot formation as inferred 
from both the luminosity and the LII images. 
How both signals relate to engine-out emissions 
remains unclear, although extensions to the 
approach can be envisaged. The most obvious 
extension is to record temperature information 
within the HS-LII measurements and that can 
be achieved if two color channels are recorded 
simultaneously. Calibrating for the spectral re-
sponse of camera, filters, and other hardware 
with a certain transmission is straightforward; 
the wavelength-dependent behavior of soot 
is unfortunately less well defined, which is (of 
course) related to the undefined molecular struc-
ture and composition of soot. To overcome this 
issue, model-based approximations had to be 
introduced, but the step to (semi-)quantitative 
results remains hard, if not impossible without 
adding a second diagnostic. This complemen-
tary ‘diagnostic’ may be an experimental extinc-
tion technique, but also high-fidelity numerical 
simulations could prove valuable when one tries 
to implement luminosity or LII images.

Conversely, CO is a well-characterized linear 
molecule with a distinct spectroscopic finger-
print. Virtually all of its electronically-excited 
states require excitation wavelengths in the vac-

uum UV; this fact of life renders single-photon 
LIF approaches useless. A two-photon LIF ap-
proach is thus the solution here. This technique 
has its own challenges and pitfalls, which were 
first studied in pure, atmospheric CO (gas cell), 
a Bunsen flame, and an atmospheric CO-air 
diffusion flame. Two excitation strategies were 
compared: B←←X and C←←X. The B←←X 
strategy was finally selected; merely for practi-
cal reasons. The step towards the optical engine, 
or more general any high-pressure combustor, 
proved challenging and all bells and whistles had 
to be brought together (e.g. a custom-built opti-
cal filter and fast camera lens). With close to 10 
mJ of 230 nm radiation entering the cylinder, 
focused down to get enough local fluence, rela-
tively strong signal is obtained at both the on- 
and off-resonant excitation wavelength, even 
with dedicated filtering. The conclusion here 
is that the emission must be resolved spectrally. 
For that reason, a spectrograph with a 150 lines 
per mm grating was used together with the same 
camera and objective - without the interference 
filter. The spectrum undoubtedly had features 
corresponding to CO and other carbon-rich 
species (most notably C2). Temporally-resolving 
a single condition showed an increase in CO 
signal between 20 and 40 CAD, after which the 
signal seems to level off. Dicarbon (C2), on the 
other hand, peaks and then falls off, which is 
more-or-less concurrent with the levelling off in 
CO yield. Although generally seen as a fact of 
life, CO yield from carbon-rich fragments was 
seen at richer conditions, with intensifying CO 
signals in CAD domain following soot luminos-
ity and high-intensity C2 bands. All in all, the 
result should be interpreted with care, as only 
three quarters of the bore was resolved at a single 
height below the cylinder head. The latter is also 
the weak point of the technique: averaging is in-
evitable to attain decent signal-to-noise ratios. 
Additionally, the only way to construct two-
dimensional CO fields is by “stepping” through 
the combustion chamber. The stochastic events 
in the tail-end of combustion render this ap-
proach less powerful. 
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Which other species could be present? Partial-
ly-oxidized fuel fragments might be there, for 
which formaldehyde is an excellent representa-
tive, given the known presence of formaldehyde 
in diesel exhaust, and the spectral properties of 
that species. This species can thus service as an 
unburnt fuel (or UHC) indicator late in the 
cycle. To that end, an on-off resonant excitation 
strategy was applied in the spray vessel. Proper 
separation between formaldehyde and poly-aro-
matics was obtained, and interpretation was fur-
ther improved by a new method, based on boot-
strap analysis. This statistical method was used 
to retrieve persistent (RANS-like1) structures, 
which can serve as high-fidelity input for nu-
merical models. Formaldehyde was also found 
just after the end-of-injection event, during the 
so-called “combustion recession”. The obtained 
spray-vessel results are promising, but a spray-
vessel is not an engine (Thesis III). Ultimately, 
similar tests are required in an optical engine, 
particularly to find formaldehyde in the vicinity 
of the late-burning soot clouds as well.

Finally, to close the experimental circle, new fuel 
tests were conducted in the full metal engine. 
The same base fuels as those presented in Chap-
ter 2 were studied for a wide range of speed-load 
combinations, applying a contemporary EURO 
VI engine calibration. For virtually all condi-
tions run, the paraffinic diesel blend (GTL) 
outperforms ordinary fossil diesel in terms of 
thermodynamic efficiency and emissions. The 
measured efficiency increase was about 1 to 2 
percent points (indicated efficiency) at constant 
engine-out NOx levels. A small reduction in 
UHC, CO and smoke emissions was also re-
ported. If GTL can be produced with about 
the same well-to-tank CO2 emissions, this fuel 
is a viable option for short-term gains (i.e., 
lower CO2 emissions and better use of chemi-
cal fuel energy). The recent establishment of an 
equivalent European norm for paraffinic diesel 
(EN15940 [159]) can trigger manufacturers to 
pick this low-hanging fruit.

A metric was introduced to capture the impact 
of heat release shape (and thus the presence of 
a long tail end) on efficiency. The measured ef-
ficiency shows a distinct response as a function 
of the “burn ratio”, with the efficiency peaking 
around a burn ratio of 1.  A burn ratio of 1 cor-
responds to symmetric combustion duration 
with respect to CA50. More experiments are re-
quired to validate the robustness of this metric.

To further speed-up the late stage of combus-
tion, certain burn-out enhancing chemicals, 
identified by Shell, were added to both base 
fuels. Limited evidence was found that these 
chemicals led to a faster burn-out phase; only 
the high engine speed cases showed an advance 
in CA90, and only for benzophenone-3. The 
fact that the advance occurred at higher engine 
speeds was explained by the altered temporal 
evolution. Chemical reactions are inherently 
connected to physical time, whereas an increase 
in engine speed stretches out heat release (i.e., 
the CAD/ms ratio changes). To validate whether 
the observed advance is real, more experiments 
were conducted at an even higher speed and in-
creased dopant concentration (from 0.5 to 2.0 
wt-%). This experimental campaign resulted 
in a more noticeable advance at 1900 rpm, al-
though no significant advance, or reduction in 
burn duration, was measured at other condi-
tions. In the end, no efficiency increase caused 
by the doped fuels was observed; the dependen-
cy on engine speed should receive more atten-
tion, which means that the idea of burn-out en-
hancing chemicals has not been written off yet.

1Reynolds-Averaged Navier-Stokes simulations apply time-averaging resulting in figures absent fine structures (“smooth”).



113

8.2 Outlook for the decade to come

Legislation and societal pressure will boost the 
quest for efficiency; many different ways of in-
creasing fuel conversion efficiency, and thus re-
ducing CO2 emissions (or greenhouse gas emis-
sions in general), are going to be seen in the near 
future. For light and medium-duty vehicles elec-
trification seems to be the way to go; heavy-duty 
transport requires compact (per L) and light (per 
kg) energy carriers to realize maximum uptime 
and payload. Studies on improving truck engine 
efficiency are thus still relevant; some (future) 
steps are discussed now.

Even though not the topic of this dissertation, 
but at least as powerful, are specific (hardware) 
solutions to enhance efficiency, which are – as 
we speak – more-and-more deployed. Volvo 
Group has recently demonstrated that they 
can still improve the engine by improving the 
combustion system. The burn-out duration was 
reduced by altering the flow patterns in-situ, 
after radically changing the bowl shape [160]
[161]. More of such hardware solutions are ex-
pected to be deployed in the coming decades; 
most of them will be devoted to repairing the 
drawbacks of internal combustion engines.  
Two main “schools” are discernible: (1) systems 
that are installed to reduce heat losses or to 
extract waste heat and (2) systems that are de-
signed to keep the engine as long as possible in 
an efficient operating point. The latter systems 
basically require no extra understanding of the 
combustion process itself; on the other hand, 
the systems related to heat losses do require 
more studies. To give an example, combustion 
chamber insulation is an obvious approach to 
“keep the heat in”. The increase in mean in-cyl-
inder temperatures will undoubtedly affect igni-
tion and emission formation. The development 
of an insulated combustion chamber thus needs 
optical engines or equivalent; if it only were to 
understand how the flame behaves near an adia-
batic wall. Diagnostics should be developed for 
accurate temperature measurements; two-color 
pyrometry is not the way to go as was shown 

in Section 4.4. Rather, one could try to infer 
temperature information from the ro-vibration-
al distribution of specific (excited) molecules; 
NO might be used to that end because of its 
strong temperature-dependent formation rate. 
Combined with wall surface measurements (via 
either thermocouples or phosphor coatings) to 
estimate wall heat losses, the coupling between 
insulation and efficiency can be made. Along-
side these thermodynamic improvements, fuel 
injection can be further tailored as well. Par-
ticularly, how to schedule multiple injections, 
or more generically, how to “shape” the fueling 
rate becomes more and more important. Hav-
ing seen the impact of dwell on the combustion 
event, it is highly recommend to check the inter-
nal behavior of the injector when applying more 
than a single injection per cycle. The group at 
Argonne is well known for the X-ray diagnostics 
for the internal flow of (metal) diesel injectors 
[162][163]. Their work has not yet been cou-
pled to combusting sprays using a double injec-
tion scheme, which seems to be a vital next step. 
In the end, thermodynamics limit the achievable 
fuel consumption (and thus CO2) reductions. 
Further decarbonization, as adopted by the Paris 
Agreement, can be attained via the fuel-side; 
Fischer-Tropsch synthesis is the way to go there, 
provided that the required building blocks hy-
drogen and CO are produced in a renewable 
manner. Conversion of natural gas into syngas 
(the first step of GTL production) is relatively 
energy intensive, and consequently this step has 
an adverse effect on the well-to-tank CO2 figure. 
Exchanging natural gas for biomass (“BTL”) 
could be the first step until using water and car-
bon dioxide as the feedstock has become eco-
nomically feasible (Power-to-Liquid or “PTL”). 
For the latter also holds that the power must 
come from a renewable (wind, solar, hydro), or 
at least carbon-free (f.i. nuclear), source.

Energy-dense liquid energy carriers will 
dominate the heavy-duty transport sector for 
many decades to come.
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Dissertation summary

Fate of Forgotten Fuel

Today’s heavy-duty transport sector fully relies on the use of liquid energy carriers in internal 
combustion engines. This dependency is not expected to change in the foreseeable future, 
simply because there is no alternative at hand in terms of energy density and flexibility. To 
reduce the impact on climate and environment, it remains key to further improve these power 
sources, particularly in terms of efficiency. 

In this dissertation conventional diesel combustion is studied using several setups and fuels. 
Despite the availability of a vast amount of literature, one key aspect of a combustion event has 
received relatively little attention: the late or so-called “burn-out” phase. The last remnants of fuel 
fragments are burning in this phase and an increase in conversion rate would improve (thermody-
namical) engine efficiency. A potential pathway could be the addition of specific chemicals which 
support the combustion process in the phase where available oxygen is depleted and temperature 
goes down. However, to design those chemicals it is vital to know which fuel fragments are the root 
cause of this “burn-out” phenomenon. 

To set the scene, two contemporary baseline fuels are run in an all metal engine. The results are 
used to select relevant operating conditions in the other two setups: an optically-accessible engine 
and a constant volume combustion vessel. High-speed laser diagnostics (laser induced incan-
descence (LII)) are applied in the optical engine to track the evolution of soot late in the cycle. 
Distinct temporal evolutions were found for the two baseline fuels under study, which confirms 
that – for the selected conditions - it is not only important how you burn fuel, but also what kind 
of fuel it is. The high-speed LII technique is promising, although an intrinsic challenge of soot di-
agnostics makes interpreting the images challenging: the strong temperature dependency of black-
body radiation. To mitigate the impact on the results, a two-color detection methodology is setup 
in order to retrieve temperature information that can be used to correct the recorded signal. This 
two-color approach is found to be less feasible, given the numerous calibration steps and inherent 
uncertainties. 

A known rate-limiting step in the combustion of hydrocarbon fuels is the conversion of carbon 
monoxide (CO) to carbon dioxide (CO2). CO is undoubtedly present, but to what extent does it 
contribute to the relatively slow “burn-out” phase? An answer to this question is found by applying 
other laser diagnostics, now tuned for CO, on flames and in the optical engine. The results indicate 
slow conversion of CO (still present just before gas exchange) and replenishment of CO levels 
via the conversion of other precursors (i.a. soot). The formation of precursors is largely governed 
by local conditions (equivalence ratio and temperature). From an engine point-of-view, the local 
equivalence ratio (and eventually temperature) depends on the amount of in-cylinder mixing. The 
impact of (lack of ) mixing on precursor (C2*) and CO concentrations is experimentally confirmed. 

These precursors seem to play a key role in the eventual duration of the “burn-out” phase. There-
fore, a new experimental method is developed for formaldehyde (H2CO), which happens to be a 
known constituent of untreated diesel exhaust. To cancel out interference from other species, two 
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(averaged) images are statistically compared: the first image contains the formaldehyde information 
and the second image all but the formaldehyde information. With a procedure based on a “boot-
strap” algorithm detailed formaldehyde structures could be inferred from an isolated fuel spray in 
the combustion vessel. The next step is to find the contribution of unburnt hydrocarbons (in the 
form of H2CO) during the late phase. 

To close the experimental circle, two burn-out enhancing molecules added to the baseline fuels 
have been tested in the all metal engine. One of the two substances has evidence of the intended 
speed-up of the “burn-out” phase, particularly at higher engine speeds where time scales shorten. 
This latter observation implies that application of specific chemicals might improve engine efficien-
cy, although further studies are needed. Light-duty diesel vehicles and their mean higher engine 
speeds could particularly benefit from the fuel additive approach. 

This dissertation is finalized with a general discussion on the outcomes of the work presented and 
an outlook for the future of (heavy-duty) transportation.
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