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Nitric oxide measurements in DME flames using lasduced fluorescence
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CESAR ALVAREZ
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Chalmers University of Technology

ABSTRACT

The aim of the work described in this report isthow and understand the nitric oxide
(NO) formation in a dimethyl ether combusting spriyorder to achieve it, optical
measurements using laser induced fluorescence (h#éfive been performed in a
combustion chamber.

The measurements have been carried out usirX 40, 1) excitation around 226 nm
using a dye laser pumped by a Nd:YAG. The fluoneseehas been mainly detected
in A—X (0, 2) bands using an intensified charge-coupkgglvice camera.
Measurements at different times after the staihjeiction and at different distances
from the nozzle have been executed. Later, injpgbieessure has been increased to
quantify its effect on NO formation, measuring #fedlent times at 90 mm from the
nozzle. Images from the fluorescence have beenepsed, using experimental
models and corrections for attenuation of the lagsam.

The results show that the NO maximum fluoresceacel thus concentration) takes
place around 7-8 ms after start of injection atasises far from the nozzle, where the
spray is fully developed. The results also show tha NO formation is uniform
along the flame, although more fluorescence candtieed on the lean sides of the
flame. Increasing the injection pressure resultel@ss remaining NO at that distance
from the nozzle.

The presence of atomic oxygen in the DME molecsiidnought to be the cause of the
NO uniform formation. On the other hand, althoulgé tesults showed a reduction of
NO when increasing injection pressure, it is thduglat the overall formation must

be higher.

Key words: Nitric oxide (NO), dimethyl ether (DMEgmission, absorption, laser
induced fluorescence (LIF).
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Notations

Roman upper caseletters

A
Ao 1

O w o
N

Xp

m m

<

0Tz Z <«

Q.1
T

Tr
W,

21

[X]

Area of the laser beam/sheet. Attenuation
Spontaneous emission rate

Rotational constant of the molecule

Einstein coefficient for stimulated absorption
Experimental constant

Energy

Fluorescence

Laser excitation irradiance
Light intensity

Rotational quantum number
Population at theenergy level
Number of molecules
Predissociation rate
Collisional quenching rate
Temperature
Transmittance

Photoionization rate

X concentration

Roman lower caseletters

b, .,
b24>1

X DT Q@ =

t

\

Stimulated absorption coefficient

Stimulated emission coefficient

Speed of light

Boltzmann fraction

Degeneracy. Overlap integral

Planck constant

Boltzmann constant

Length of the beam/sheet from which fluorescesabserved
Time

Vibrational quantum number

Greek upper caseletters
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Q

Collection optics solid angle
P Stern Volmer factor

Greek lower caseletters

o Collisional cross section

v Frequency

Yo, Density

X Molar fraction

Other symbols

- Direction of the electronic transition (emission)
- Direction of the electronic transition (excitat)o

VIl CHALMERS, Applied MechanicsMaster’s Thesis 2011:08



1 M otivation and objectives

Nowadays, engine manufacturers have to fulfil legisn requirements about local
emissions like nitric oxide and soot; thereby mafsthe research in combustion is
focused on reducing these. On the other hand, nels fike dimethyl ether are

becoming more important in this field since thelpwlreduction in emissions. DME

provides a good reduction in particle matter, whileeping a relatively good

performance in Diesel engines comparison with fdsgls. The NO production in

DME combustion needs to be reduced as well to niakesuitable substitute for

diesel fuel.

In order to reduce NO emissions, understanding tabow it is formed is required.
Optical methods have been used for several yeaech@ve that, as they provide
information without interfering in the combustiomopess. However, these methods
require optical access to the combustion envirorinfengine, bomb...) and need
physical understanding of the phenomena to getratxuesults.

Therefore, the aim of the work is to know how witixide is formed in a DME flame,
using an optical method like laser induced fluoeese. The objective is to analyze
where and when this formation occurs within thenggand how some parameters like
injection pressure affect it.
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2 Background
2.1 IntroductiontoLIF

Laser induced fluoresce (LIF) spectroscopy is aroherent diagnostic techniq
which allows detection and rasurement of species in chemical environment
consists of illuminating a sample with light comifigm a laseisourct and catching
the fluorescence emitted by the sample with a recordinge.

It has widely been used in investigation of comimmssecies formation since it is
non intrusive measurement method, linear and vengisve Howeverit has some
drawbacks: it is necessary opticacess to the combustion proceand as a great
amount of intermediatespecies is formed during the combun process,
interferences usually occur as it wie explained later in the reporf][1

2.1.1 LIF physical basis

LIF is based on rotational and vibrational eneng@nsitions between an electroi
excited and a ground state of a molecule. The Uyidgrprincigle is thatmolecules
can only absorb and emit radiation (photoat very specific and characteris
wavelengths (energieggccording to quantum theon3]. When the molecule |
excited at a fixed wavelength, it can absorb phetoy changing iteotational and
vibrational energy levelsThis energy absorption is followed by an emissair
photons ina wide range ¢ wavelengthshence decaying its energy stal, 2]. All
processes take place in art amount of time (picoseconds).

In order to use LIF fomeasurements the emission spectra of the molecust be
known, which is not always possible because prediagon is prone to happen in t
excited level [1].

In conclusion, energy transitions and moleculacspéhave to be studied previou

2.1.2 Molecular energy levels

In order to understand the energy transfer bet different statest is necessary t
know how the energy levels are distribt in a molecule (in this case N:

Potential energy (eV)

1.0 1.5 2.0 25
Internuclear distance (A)

Figure 1. Distribution okenergy states in a nitric oxide molec. [Adapted fron4]
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The molecular energy is composed by electronicratibnal and rotational energy,
where the amount of an energy transition in eacél s approximately given by the
next correlation [5]:

AE

electronic = AE\/ibrationel D'Og = AE D'O6 (1)

rotational

Two electronics states, ground and excited, areesepted in Figure 1. These states
are usually represented by an expressiorffik&*; where:

» S:Resultant spin of the molecule. Possible values®P, 3/2...

= /: Total electronic orbital angular momentum quantaomber. Possible
values are 0, 1, 2, 3... represented by Greek lefief§, A, ®... respectively.

= x: Values + or — depending whether the electronic evdunctions are
symmetric or antisymmetric.

Then an example of an electronic state coul@elt is common to represent the
ground state of a molecule preceded by the lettanithe excited states by an A'(1
excited state), B (¢ excited state), C (Bexcited state), etc. if they have the same
multiplicity as the ground state (spin-allowed s#ions) or a, b, c, etc. if they have
different multiplicity (“forbidden transitions”). Aus, in the previous example,
assuming that it is the ground state of a giveneqgwde, the ground electronic level

can be written as follows¢1 .

On the other hand, vibrational and rotational Is\ake represented by their respective
quantum numberg andJ, and a prime or double prime symbol depending bather
they are in the ground electronic stat®,(J”) or the excited onev{, J’). These
quantum numbers achieve integer valwesl, are not only useful to represent
transitions, but also quantify the amount of enexggording to Planck theory:

E =hcBJI(J +1) (2)

rotational

!
Evibrationd =h V(V + 2) (3)

It needs to be remarked that these transitionsale decoupled in molecules with
permanent dipole moment [1].

Depending on the increase in the rotational qguamumber {) between the ground
and excited state, rotational transitions are Uguadpresented by capital letter
according to Table 1:

Table 1. Nomenclature of rotational transitiongmolecules.

Transiton | P | Q| R
AJ=J-J" | -1 |0 |1

As it was introduced in the previous paragrapheradixcitation and absorption, the
molecule spontaneously emits a photon (fluoresgeseece the molecule energy can
decay to more than one rotational/vibrational lette¢ fluorescence might be emitted
in a different wavelength from the stimulating agand therefore be easily detected
after filtering [3]. Nevertheless, other competpigenomena happen when exciting a
molecule, such as:

» Predissociation: the molecule fragments at enelgiger than the dissociation
limit if the energy states overlap. The dissociatinit is a constant energy
above which a diatomic molecule spontaneously diases.
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» Photoionization: the incoming light takes out omenmre electrons.

= Collisional quenching: the fluorescence intensigalys because of the contact
with other molecules in a combustion environmenhisTis the main
competing state in NO fluorescence at high pressufgure 2 shows how
guenching interacts with laser excitation and faszence:

= £ N, EET
[11 < \
||| Illr EET A
||| |||| N \¥ V'
@ [} ~ Dt
. = st o -
2 2 §||| sl ATY 2
S © Q ] VET
§ 8 1 :
= S 0
|l Q i Q Q
U1 Il 11
(A 4 A 4 3
¢I I LI ]II
e i 2
Il A v fver R v 1
N - 0

=
<=

Figure 2. Energy transfer paths between severdéstaf a molecule. [3]

2.1.3 Rotational and vibrational spectra

The energy levels named above correspond withrdiffewavelengths according to
Quantum Theory. Therefore another representationbeauseful. This consists on
representing the wavelength vs. the excitationfgdt®m/emission fluorescence
intensity as it is shown in Figure 3:

A

Tiono, B

Normalized Fluorescence Signal

T T o T N
225.8 259 226.0 226.1 226.2

Excitation Wavelength, nm
Figure 3. NO excitation spectra (A) and €xcitation spectra (B) [6]

At the given resolution, the vibrational transisoare represented by peaks in the
spectrum. Inside the vibrational transitions thitional transitions can be visualized
by zooming in. When a mixture of several speciesstigdied, as it happens in

combustion analyses (and also in Figure 3), thpecsa interfere. However, by

knowing their spectra separately, it is possibleettbgnize each one.
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In an ideal case the peaks would be infinitely ghlut broadening phenomena t:
place. This broadening can

= Doppler broadening due to DoppEffect, especiallyat low pressur¢, around
atmospheric pressu

» Pressure broadening. It haps as absorption and emission radiations
interrupted by collisions at high pressy, like the pressures in a combust
environment The higher the pressure, the stronger the braagl.

» Predissociation broadeni, caused when some molecules disso before
rotational energy transfers occ

Gaussian (Doppler) and Lorentzian (Pressure) leygst have already been usel
modelling these effecia the spectr. When more than one phenomenon is consic
(especiallyat medium pressures), a Volineshape, convolution of a Lorentzi and
a Gaussian profile&san be adjustefor the total broadening [1, 2, 3].

2.1.4 Population distribution

If the intensity of the fluorescence emitted is swrad, it is possible to determine
numker of molecules in thexcited Nuppe) State since both variables are proporti.

In most experiments, more than one rotational leveracs, yet in order to give

simplified overview let 8 summarize the two level model proposed by Echt

4
: [?

Figure4. Two energy levimodel and transitions.
According to Figure dequations that govern the population distribuio& derivec

dN

d_tl =-Np, ,+ Nz(bzal +A Lt Qzﬁl) (4)

dN, _

T = Nlbbz - Nz(bzﬁl + AZal + QZal +P +W2ﬁi ) (5)

Assuming that, before the excitation there is npytation in the excited level in tt
beginnng and that excitation irradiance is low enougltdasider a linear regime,
relation between the fluorescence and the initplytation is derive [1]:
hy Q

F= TEIAN{’BLZIVCD (6)

Although in this simplified model the initial grodrpopulation N;°) matches the tot:
population Ny) as there is no other competing state, in moreptexrmodes this fact
does not occur and both population are linked kyBbltzmann fractiol

~E /KT
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2.2 NO detection

There is notonly one scheme foexcitation-detection in N@nalyses ar several
methods have beetudied ancdeveloped so far. The majority of these methods
based in A—X and D—X excitation schemes. Therefore, explanations @sé
methods are given in the next paragra

2.2.1 D<«X excitation

Only DX excitation between vibrational levels 0 and 1 basen used in resear
until now. NO B—X (0, 1) system, as it is shown in Figl5, excites the sample

wavelengths between 1nm and 195nm which can be achieved with a tunable

laser. M@t experiments have been carried out at a wavdled§8.38 in the
R1(26)+Qu(32) level, firstly reported by Andreseet al. [7]. Another excitatior
scheme was proposed by Brugman et al. at 193.58%ik,(23.5)/C; (29.5) bands.
The radiation was detected in the—»X (0, 3) at 208nm (Figuré6). The main
drawbackwhen using this methtis the attenuation of the laser signal due to H@,,

scattering, soot particles and yaromatic hydrocarbons (PAH). [8]

Intensity [a.u.]

ol e e b e b b b e b v b v b L s
18050 182000 18350 14500 19660
wavelength [nm]

Figure 5. Nitric Oxide B—X excitation spectrum simulation using -Base.

L L e e M R EEE R R R EER R R
oo o1 2] o AT 2] TOET (%] ]
f I I I I I f I f

Intensity [a.u.]

I

Lol o b b b b e v b b b
1880.0 2000.0 21500 2300.0 2430.0
wavelength [nm]

Figure 6. Nitric Oxide BD»X emission spectrum simulation using —Base

CHALMERS, Applied MechanicsMaster’s Thesis 2011:08



2.2.2 A<X excitation

Regarding the A-X excitation,three differenschemes have been used siin NO
detection. Thosare NO /—X (0, 0), certainly the most widely used technique;
A<—X (0, 1) and NO A-X (0, 2).

R RN R LR R R RN ARl AR AR RARR RARRN RERRS RRRRR AR

[E.00 4.7 3.0 (] [1.0] i0.0)
f I I I

Intensity [a.u.]

SEEE N

o b b b b b b b b b b b b Lo b Ly 1
1750,0 1900,0 22000 2350,0

20500
wavelength [nm]

Figure 7. Nitric Oxide A-X excitation spectrum simulation using +Base.

R R R R R N R R RN R R RN R RN R
(2.0 | Al .21 0.3 [[0.4] .51 .61 .71 0.8
T T f I I f T T f

Intensity [a.u.]

1850.0 20000 21500 2300.0 24500
wavelength [nm]

Figure 8. Nitric Oxide A>X emission spectrum simulation using —Base

2221 A<X(0,0)

This scheme usesxcitation wavelengs of 224227nm according to the excitati

spectra in Figure 5. The resulting fluorescencéeayatwavelengths between 220
300nm [§, therefore detection can be performed using eomabandpass around t

(0, 1) and (0, 2emission 9]. In these transitions, the signal is stronger #red C;

interference can be minimizeTable 2 summarizes somkiustrative experiments
carried out using A-X (0, 0) excitation irmethane premixed flames:
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Table 2. A—X (0, 0) excitation schemes. [11]

Researcher Aexcitation(NM) Rotatll(é:llzllsexmted Vibrational collection
. R1+Q21(26.5)
Bessler (High T) 224.82 Qr+R)(34.5) (0,1-2)
Bessler (Low T) 226.87 PQ15(1.5-4.5) (0,1-2)
Sick 225.25 R+Q21(21.5) (0,1-2)
Laurendau 225.58 426.6) (0,1-2)
P1(23.5)
DiRosa 226.07 Q1+P21(14.5) (0,1-5)
Q2+Ri15(20.5)

There are many other excitation techniques, mosherh using the same excitation
levels or wavelengths but with different fuels.

It is worth to mention the model proposed by DiR¢6& since it achieves an

important reduction in oxygen interference: Thecatbed Schumman-Runge bands
(B—X vibrational transitions) of the Ooverlap the wavelength range of the NO
emission. These interference needs to be quantifiedrder to achieve reliable

measurements.

This strategy offers an acceptable signal streagith is suitable for high pressure
combustion environments, with small flames [11]efdfore this is the method used
in the current work.

2222 A<X(0,1)

A<—X (0, 1) excitation strategy uses wavelengths iea #83-237nm region. The
detection is usually performed either in:

-  A—-X (0, 0) band using a bandpass filter between 2t7282nm or
- A-X (0, 2) and A->X (0, 3) bands using a bandpass filter betweendB
263nm.
Table 3 gathers some experiments carried out Withstheme:

Table 3. A—X (0, 1) excitation schemes. [11]

Rotational excited
levels
R1+Q21(16.5)
P2+Q12(32.5)
P,1(22.5)
012(40.5)
P1(25.5)
R1+Q21(11.5)
Q1+P21(17.5)
R1+Q21(22.5)
Q1+P21(8.5)
Q+R41(17.5)

Researcher | Aexcitation(NM) Vibrational collection

Bessler (A) 235.55 (0,2-3)

Bessler (B) 235.87 (0,2-3)

Jametteet al. 236.22 (0,2-3)
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Although this excitation-detection strategy has bheén very popular, its increased
wavelength compared<AX (0, 0) results in a lower attenuation, providiedatively
strong signals (about one third of<AX (0, 0)). Nevertheless it can increase
interferences from PAH [11].

2223 A<X (0,2
Here the excitation is around 248nm, collectingssioins can be done in the:

- A—-X (0, 0) and A>X (0, 1) bands using a bandpass between 220 amth240
or
- A—-X (0, 3) and A~>X (0, 4) bands using a bandpass between 255 anth275

Table 4. A—X (0, 2) excitation schemes. [11]

Researcher | Aexcitation(NM) Rotatllzczllsexmted Vibrational collection
Schulz 247.95 Q (0,0-1)
Hildelbrand 247.94 Q (0,1)

The major drawback in this method is the weak digtrangth. However, it reduces
attenuation and interference from PAH [11].

2.3 NO formation
2.3.1 Basicsabout Diesel combustion

Combustion in a Diesel spray is a complicated m®davolving thermodynamics
(heat release, heat transfer...), chemistry (ardf@D0 species and 1000 reactions)
and fluid motion (turbulence, spray development...)

When the needle of the injector lifts up the higassurized liquid fuel comes out. At
some distance from the nozzle tip, the liquid dmeaks up resulting in small droplets
which is known as atomization process. These diepteix with the air in the
combustion chamber, increasing their temperatuectdihe heat transferred from the
hot surrounding gases and the droplets start tonzgp As soon as they reach the
ignition point, the mixture starts to burn. Thiseo&ll process that spans from start of
injection to ignition is known as ignition delay.

Ignition first takes place in those areas wherewuhgorized fuel is properly mixed
with air. This is called premixed combustion.

After the premixed phase the temperature rises m@wade fuel vaporizes, the
combustion continues in the flame as far as thé fueets air to react with. The
burning rate is then controlled by the ability oifing the fuel and air, thus this phase
is called mixing controlled phase. Increasing tlghaoes helps to speed up this stage.
The process goes on, until all the fuel has beent pL3].
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2.3.2 NO formation in Diesel sprays

There are mainly three ways of NO formation in castton namely, thermal NO,
prompt NO, fuel NO and N{decomposition.

Scale (mm)

I Liquid Fuel [ Fuel-Rich Premixed Flame
[ Rich Vapor- [ Initial Soot Formation
Fuel/Air Mixture

[ Thermal NO Production Zone

Diffusion Flame = Soot Oxidation Zone

Low ) High
Soot Concentration

Figure 9. Spatial distribution of thermal NO ancbsan a diesel spray. [12]
2.3.2.1 Thermal NO

Thermal mechanism, also known as Zeldovich mechariskes place in those zones
of the flame where the temperature is high enowgloxidize N. This formation
process occurs through the next three reactions:

Table 5. Thermal NO reactions and reactions ratestant [13]

Reaction Reaction rate constant
k* = 7.6 10" exp(— 38000/ T)
k- =16010"
k™ = 6.410°T exp(-3150/T)
k™ =1.500°T exp(-19500/T)
k'=4110°
k™ = 2.010" exp(- 23650/ T)

O+N, » NO+N

N+0O, - NO+O

N+OH - NO+H

As can be noticed, the temperature dependenceyshigh so the formation mainly
takes place in the slightly lean regions of thenawhere the oxygen concentration is
still important.

The first reaction requires a big activation eneipys it is the one that controls the
overall formation. On the other hand the last rieacs not very significant, so that it
is usually neglected. Then, the combination offits¢ and second equations leads to:

N, +0, = 2NO (8)

and the NO formation rate is given by:

d[NO] _ 6010° exp(‘6$°9°j[02]£2[N2]e ©)

dt TV?

It needs to be marked that these concentrationesymnd to equilibrium. However,
in internal combustion engines (ICE), as the NOmfation happens very fast,
considerable quantities are frozen during the esipanstroke, when the combustion
gases are cooled down.
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2.3.2.2 Prompt NO

Also known as Fenimore NO formation. It happenseauridel rich conditions near the
flame. In these zones, the intermediate radicastreith N producing amines and
cyanocompounds, which are oxidized into NO in #&enkr region, through complex
reactions [3]. This mechanism is governed by the neaction stated by Browman
and Stone [2]

CH+N, - (HCN,) -~ HCN+N (10)
whose formation constant is:
k* = 4.3M10% exp(-11060/T) (11)

2.3.2.3 Fuel NO

Commercial fuels usually contain species like amitieat include nitrogen in their
molecular formulas. During the combustion procetbgs nitrogen can be first
discomposed into other intermediates and finaligiaed into nitric oxide.

Efforts to reduce the number of these nitrogengexies are being carried out, for
example improving fuel distillation processes.

2.3.2.4 NO, decomposition

Interactions between NOand NO have to be taken into account when trymg t
quantify NO formation. This process is governedhsyfollowing reaction:

NO+OH, — NO, +OH (12)

However, formation of atomic oxygen and hydrogenirduthe combustion process
leads to N@ decomposition:

NO, +O - NO+0O, (13)
NO,+H - NO+OH (14)

These two reactions are more likely to happen tharprevious one leading to bigger
amount of NO than N® Thereby, the NQ emissions during combustion are
represented only by NO.

2.3.3 Characteristics of NO formation in DME flames

The main difference between dimethyl ether androfibels used in Diesel sprays is
the presence of C-O bonds instead of C-C bond$ereiit researches have been done
in comparing the NO formation between DME and ragdliesel in engines.

D. Cipolat compared the NO emissions in a Diesgliren at a range of speeds
comparing DME with regular fuel keeping the sameeraping conditions. DME
showed bigger emission rates at low speeds andsalegual at medium and high
speeds. High injection pressures resulted in sdnaplets which vaporized very fast,
leading to high NO formation rate, especially in BEMThe lower equivalence ratio
when fuelling with DME led to lean mixtures, thugieasing Zeldovich NO [15].

Other researchers (Zhen Huagtgal) have shown that NO emissions can be reduced
for DME in a given engine it the operating condigo(injection timing...) are
optimized to run with DME. Moreover, the performanaf the engine was kept the
same. EGR was reported as a great contributor imedQOction [20].
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Finally, Changeon Lee compared NO formation it non premixed flame, usir
DME and an ethane/oxygen mixture containing thees&n O, H composition ¢
DME, in order to quantify the importance of th«O bond. It was found that ti
major production path (Figure 10) of NO w

N, — HCN - COH - N - NO (15)

This reaction was believed to happen through coxjiteractions between thern
and prompt mechanisms. However these reactioneedteed due to partial burnii
characteristics of DME and other NO reactions wlaoh activated by the-O bond
[14]. Themain formation paths are shown in Figure
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Figure 10. Paths of NO formation in DME combustion. |
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3 Experimental methodology

3.1 Experimental set-up

3.1.1 Equipment
The equipment used in the experiments is desciibdte next paragraph:

Cell G

The experiments have been performed in a high pressombustion chamber (Cell
G) which is provided of several quartz windows tsualize the sprays inside. The
quartz windows have a good light transmittanceafavide range of wavelengths. It
can withstand pressures up to 100 bar and tempesatyp to 650°C. The air flow is
provided by a compressor and three heaters (twbediters and a surfaces heater)
regulate the air temperature. It is cooled by aew#low pressurize at 2-3 bar. The
inner dimensions are 100mm diameter by 150 mm heigh

Figure 11. Combustion chamber.
The cell is used in its four window configurationiacan be seen in Figure 11.

DME injector

The injector used is a Volvo-Delphi DME common raijector for heavy duty
engines. It was used in it single orifice configima. It is connected to a high
pressure pump that provides injection pressuresté8&0 bar.

The injector is connected to a high pressurizedrsomrail. This pressure is supplied
by a DME pump connected to the common rail withesavhoses.

Figure 12. DME injector.
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Laser

The laser source consists of a dye laser manuéttoy Quantel International fed
with Rhodamine 590, suitable for the operation eaag it can be seen in the Figure
13:

R590

40

a4

ENERGY PER PULSE (mJ)

az T
20 =0

WAVELENGTH (nm)

Figure 13. Laser intensity distribution for differedyes and wavelengths.

In order to get a more stable range, it was thotghtld small amounts of Rhodamine
610.

This dye laser is pumped by a Nd:YAG laser. Nd:YAsSer is supplied by a flash

lamp, accomplishing an output wavelength of 1064 8ome of this light is doubled

in a crystal arrangement, achieving wavelengthsiraddb32 nm. These two beams
(infrared and green) are led into the dye laser.

The green light is led into a dye cell (oscillatevhich is connected to a tunable
grating. The tunable grating can be leant providdngange of wavelengths: around
552-584 nm when using Rhodamine 590 as a dye. Timenlight beam passes
through a preamplifier and an amplifier (dye ceflsmped by the green light beam,
where the power is greatly increased.

In a final stage, this wavelength is doubled (iDP@C-3 crystal) getting wavelengths
about 267-295 nm. This beam is mixed (in a MCC-3asted) right after with the
infrared light from the Nd:YAG achieving a final walength about 217-245 nm.

However, in order to obtain as much energy as plesshe green light has to be
delayed through some internal reflections. The aifmdoing so is to get phase
matchingbetween both light beams, increasing the efficieotyhe mixing crystal.
There are several layouts for the delay path. énctlirrent experiment, the delay path
is not optimized for the output wavelength busitised because of its simplicity.
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Figure 14. Dye laser Stage 1: oscillator and amgidifor.
Intensified charge-coupled device (ICCD) camera

The visualization of fluorescence is performed Wy trecording cameras (LaVision
DynaMight). Each one is equipped with a CCD sengtr 1024 x 1024 pixels. The
CCD sensor emits one electron when receiving agohdor further readout and
digitalization. However the electric signal has awvlpower and it needs to be
intensified in an amplifier.

( - . e o
Figure 15. CCD camera (left) and intensifier (right

In order to cut off the scattered light (and theissmon at different wavelengths if
necessary), bandpass filters are attached tonise Tde filter is attached to the lens of
the camera as it can be seen in the picture above.

High speed camera

In order to visualize the spray atomization andnffadevelopment a high speed
camera is used in a former experiment without ldkenination. The camera used is
a Phantom Digital High Speed camera v7.3. It hagsslution of 800x600 and
captures 222.222 frames per second. The imagddaamteand white.
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Figure 16. High speed video camera.

3.1.2 Experiment layout
3.1.2.1 Expreriment 1: fluorescence detection
A top view of the experiment devices is shown igure 17:

Intensifier-2 Scatterer

CCD-2

[ Filter
Intensifier-1 | I
CCcD-1
| Bomb
; Photodiode
/
Stage 1 Stage 2
Nd: YAG 552
584 nm
7 PrT 0+G |—|AL|A2
-—D e | Delayline '—

218.1-238.1 nm
rd|

Figure 17. Experiment 1 top view.

The laser source emits the light beam. By usingsarpthe beam is deflected 90° and
redirected into the chamber. It travels through fthene and when it goes out it is
scattered by a tilted mirror. CCD camera 1 (CCId3 a filter attached and it detects
images the fluorescence when receiving a signaéreds CCD camera 2 (CCD-2)
detects the laser beam shape to know its distabudind the attenuation along the
chamber. Both images are intensified and display@dcomputer.

3.1.2.2 Experiment 2: spray visualization
The layout of the spray visualization experiment ba seen in Figure 18:
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High speed
video camera

_ Bomb

I I HNlumination

Figure 18. Experiment 2 top view.

The spray is illuminated on one side by two lightiges. The high speed video
camera is placed on the opposite side of the chaodmuring images of the spray
and showing them in the computer. Images of thmdléduminosity are also captured
with the same arrangement, but switching of thepam

3.1.3 Equipment synchronization

It was necessary to synchronize the laser, thetioje event and the ICCD camera.
This is done by triggering the laser pulse and@@D camera with the logical signal
to the injector. In order to take pictures at difet times after the start of injection,
the laser pulse and the camera were delayed iecegpthis logical signal.

Due to the long time to read out the data fromI@@D device, it is not possible to
take more than one picture per injection. Thuspaage is taken every 10 s, which is
the time between two consecutive injections.

3.2 Calibration

3.2.1 Laser frequency and irradiance

As it has been reported earlier, it was necessatyrte the laser beam to wavelengths
around 226 nm, in order to excite the N©-X (0, 0) bands. Since no wavemeter was
available to adjust the laser, the calibration d@se by an arrangement consisting of
a photomultiplier, a monochromator, a detectiorsserand an oscilloscope.

First, the monochromator had to be calibrated bygguan UV lamp whose spectrum
was known. By tuning the scale in the monochromadta oscilloscope showed that
the peak at 253.65 nm in the UV lamp matched 2651%3he display. Hence, a
constant offset of 12.00 nm was assumed for thecderegardless the wavelength.

After this, a low power laser beam was led intooaigh mirror to induce its

dispersion. Some of this scattered light was captusy the photomultiplier and
monochromator. By adjusting the grating manuah, wavelength could be switched
to different values in short steps. The angleshefftequency mixing and doubling
crystals were modified at the same time. A wavelergd 226 nm (238 nm on the
display) was finally achieved.

Nevertheless, in NO excitation a finer tuning icessary, so that the laser beam
frequency matches one strong rotational transitiche NO spectrum. In order to get
a more specific wavelength the arrangement in Eid9rwas used.
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Figure 19. Top view of the wavelength tuning layout

The laser beam was directed into a gas cell cantaid, seeded with 300 ppm of NO
and pressurized at 2 bar. The fluorescence wasddtand the signal was collected by
the photomultiplier and the power of the outgoiagdr beam was measured in a
powermeter. Then, those steps where the relatidwele® the signal from the
photomultiplier and the powermeter is higher cquoesl to the peaks in the spectrum
(high fluorescence and low power due to the absbr)pt

However, when optimizing the wavelength to get blest signal, there are other two
facts that have to be considered.

First, the laser, according to Figure 13 does moit @t the same power for every
wavelength. Since at higher pressures the attemuetimuch stronger, it is necessary
to keep the power as high as possible.

Second, small changes in the temperature of thetatsyinside the laser device can
vary the output wavelength. Due to this fact, advisable to match a relatively stable
peak. Besides, the NO spectra at the cell conditemmd the bomb conditions are
different and the peaks broaden out and get unif@mad of course reduced), so that
getting the wavelength corresponding strongest pedie cell is not that critical:

8e05 45
\ I'\rw N A I\
TV |
6e05| 35 “ ’ _/\H\, [ |‘”
" : [ ‘I\I‘ | ‘\ “ ,‘
g ' : “ll\"‘“\\\w-‘“ ‘
#4e05 32.5‘,‘*\‘ H“j_“ I \ “
o 2 ATATE! ks -
2e05 ! m 15 |
|‘ ‘ M ‘aug
” Al | "MM r
DG
225 226 225 226 227

Excitation wavelength [nnl Excitation wavelength [nnl

Figure 20. NO excitation spectrum at 2 bar, 300Kl & atmosphere (left) and at 50
bar, 2300 K and air atmosphere (right) simulatedhwLIFSIM, a LIF spectra
simulation tool that uses three-level non-transiénéar models and spectroscopic
data [16].

Finally, although in the current experiment it was possible since no wavemeter
was available, @interference has to be taken into account. Oxy@gumann-Runge
excitation bands overlap the-AX (0, 0) bands as it can be seen in the next figure
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Figure 21. Q Schumann-Runge excitation bands (A) and NO (@xc€ijation bands
(B) [17].

So the excitation wavelength must reduce then@rference as much as possible in
order to have accurate measurements. In the cuesgrdriments @is a source of
error hard to quantify.

3.2.2 Opticsselection

First, using LIFSIM software a simulation of the ission spectrum was carried out,
setting similar conditions expected in the flame ar; 2000 K).

The filter selection was performed according touFrég8. An ideal filter should have
no transmittance at the laser wavelength (226 nma) E00% transmittance at the
fluorescence wavelength.

Sine no ideal filters exist, filters with a centemvelength of 248 nm and 254 nm were
considered. Furthermore, a UG5 (Appendix) filtersvevailable as well. In order to
achieve the wavelength vs. transmittance graphicthe filters (not provided) a
spectrometer was used. A sweep was carried outhrendtensity was measured at
each wavelength. The background light was subulaated the transmittance was
calculated using Eq. 16:

I I

_ !filtered
Tr=

background
16
"2 (16)

not_filtered - background
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The graphics are shovim Figure 2
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Figure 22 Transmittance of the 248 nm filter (left) and 26 filter (right).
Scattered light (0, 0) marked in black and (0, (D, 2), (O, 3), (0, 4) and (O, !
transitions, in red (from the left to the rig.

As it can be seen the 248 nm filter blocks mucheaedficiently the scattered light,
transmits the florescence worse though. It can also be noticetl dhashort
wavelengths the signal is very noisy since the tspewter signal was too lo
Combinations of thee filters with th UG5 were also tested:

245 nm + UGS 254 nm + UGS
n2sr : ‘ : : ! ‘ 1 ozsf ‘ ; ; i
o2k 4 0z
) ) : :
c c : :
= = : T :
£ E : : :
2 09 - 2 09
2 2
= =
005 - — 005 -
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Figure 23. Traasmittance of the 248 nm filter coined with the UGX(left) and 254
nm filtercombined with the UG(right). Scattered light (0, 0) marked in black a(tq
1), (0, 2), (0, 3), (0, 4) and (0, 5) transitiomsyed (from the left to the rigt.

All the combinationsexcept the 248 nm + U(, seemed to transmit some scatte
light, so hat combination was chos¢or the experimentsThe detection will tak
place mainly in the A>X (0, 2) band (T ~ 10%) and the-AX (0, 3) band (T ~
1.5%), which have strong enough emissivity (Fig23 left).

The quartz windowsf the chambewere tested as well in order to ensure that the
not attenuate the signal so muAll showed a transmittance of 80% at 200— 300
nm.
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3.3 Measurements

3.3.1 Performance

In order to get a good understanding about how NGormed in DME flames,
measurements were taken with different configuretioThe laser beam path was
moved from 10 mm below the injector nozzle tip,ta®0 mm below the tip in steps
of 20 mm, in order to have spatial information aftbe nitric oxide formation.

Then, measurements were taken at different tintes tife start of injection. Starting
at 3 ms aSOI and delaying it in steps of 1-2 m® [Bgical injection duration for all
the measurements was set to 15 CAD at 1200 rpmi(gippately 2.1ms).

The conditions in the chamber were kept the samalfdthe measurements, working
with an injection pressure of 300 bar, a chambesgure of 50 bar, a temperature of
560-570°C and a constant air flow of 15-17 I/s.

Finally another set of measurements was taken atrielow the nozzle but with an
increased injection pressure of 360 bar, in ordeurnderstand the NO formation
dependence with injection pressure.

Ten images were taken in each measuring point. righ¢ matrix gathers all the
points.

Table 6. Experiment matrix. Each cell shows theatipn pressure in MPa. ND: No
Data

Time aSOI [ms]

3] 4] 5] 6] 7] 8] 9] 10 14 14 1p
Z-T10[ 30 30] 30 30/ 30 3d 30 3p 30 3J0 ND
EE |30[ 30| 30] 30 30| 30 3d 30 30 30 30 ND
<2 [50] 30 30| 30/ 30] 30 3¢ 30 30 30 30 ND
2o 70|30 30| 30| 30/ 30 39 30 30 30 do ND
&5 |oo] 30| 30| 30| 30/ 30] 30 30 30 30 30 ND
5% lo0| 36| 36| ND| 36| ND 36 ND 36 ND 36 36

Background images without any flame were taken @siw order to reduce the noise
and scattered light coming from reflections of ldmer beam inside the chamber.

3.3.2 Post processing

The sets of ten pictures from both cameras wereaged and the mean background
was subtracted. Afterwards, the averaged images ttienmed in order to keep only
the part where the excitation and fluorescence takece to minimize the
computational time.

In order remove the scattered light from the laset have smoother images, filtering
was carried out in images from CCD-1. The filtensisted of a weighted average in
every pixel using the pixels placed in mpixel radius circle centered in the initial
pixel. The radius of this circlex), in other words the strength of the filter, was s
intending to reduce the noise as much as possitle Weeping the initial distribution

in the picture.
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Once the images were filtered, the next step ctatsif a vertical integration of th
fluorescence. This way it was possible to knowvéation in fluorescnce along the
flame (along the beam pat|

25':":' T T T T T T T T T T

L
]
=
=
=

T

|

1500 .
1000 .

500 |

Fluorescence [a.u.]

|:| | | | 1 1 | | | | |
0 oo 200 3F00 4000 SA00 BOO YOO 800 [00 1000
Distance [px]
Figure 24. mage from the CC-1 camera (A and spatial integratio (B) without

filtering. The point corresponds to the averagés@tmm from the nozzle, 8 ms a¢
at 300 bar.10 mm = 193 pixel
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Figure 25.Filtered image from the CC-1 camera (A spatial integratio of the

fluorescence withoutorrectior (B, blue curve) and corrected ,(Bed curve). Thi

point corresponds to the average at 50 mm froomtiezle, 8 ms aSOI at 300 k 10

mm = 193 pixels. Thielack line shows thcenter line of the nozzle.

The standard deviation of every set of 10 images wadcuated for the integrate
images.

A change in the scale was also made in order tgerbthe pixels into dimensions. -
do that a grid was introduced inside the chambdriarages were taken, correlati
pixels and dimensions. The relation turned outéalD mm = 193 pixels. The ne
scak was introduced in graphics, setting icenter line of the nozzle orifice
reference (0).

Since the fluorescence is proportional to the isitgnof the laser beam and tl
suffers a big attenuatioduring its way through the chamber,correction forthe
attenuation was introduced. This was done usingleat— Beer’s lav:

| =1 &™ (17)

Lambert —Beer's model was developed for homogeneous envieotnHowever
despite the flame is a highly heterogeneous enmeon, tlis model was used cause
of its simplicity. ThesN parameter was adjusthaving in mind that in an ideal ca
the distribution must be symmetrical. The resuit ba seen in Figu 25 (red curve).

Nevertheless, this coefficient is temperature ddpeo, which means that

correction that could work well for a measuremera given time could not be goi
at a different time. TheN parameter was then chosen to give a good corr¢ in
most of themeasurement
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The total fluorescence for each measurement wasititegrated obtaining plots for
the NO fluorescence variation with time aSOI atrgveelative position from the
nozzle. The same was done for the measurementseatwo different injection
pressures.

Regarding the images from camera CCD-2, no filtewas carried out. The intensity
of the beam was integrated to verify that the |dsm=am profile did not show any
irregularity. This information can be used for attation correction models.
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4 Results and discussion
4.1 Spatial-timedistributions

The variation of the NO forescence for different times aSOIl at all the possd
measured is shown Figure 6:

3 ms a SOl 4 ms a SOl

5 ms a SOI 6 ms a SO

7 ms a SOl 8 ms a S0I

om [ N
o [ I
somm I I
Chl  ~—— )~ ——

0 mm I — N M
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9 ms a SOI 10 ms a SOl

12 ms a SOl

10 mm

30 mm

Figure 26. NO fluorescence in filtered images aergvmeasured point for an
injection pressure of 300 bar.

26 CHALMERS, Applied MechanicsMaster’s Thesis 2011:08



The graphics of the integrated and integratedcorrected NO fluorescence give
better understanding about the NO forme and it is shown in Figure7:
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Figure 27.Vertical integrationof the fluorescence of theages in Figure 24. Blac

line represents nonerrected data. Red line represent corrected (

Most of the integrated graph, especially after 7 ms aSGihow two peaks almo
equally distancedrom the nozzl center line.These two peaks correspowith the
areas where the nitric oxide is mainly formed, whare the contours of the DN
flame plume In these areas there are two facts that congilbmaitthe nitric oxide
formation via the thermal mechanism: on one haedemperature is high aion the
other,the concentrations of nitrog (from the air)and oxygen (both from the air a
from the fuel) are high. Thfeature that the left peak is mustronge than the right
one relies on the fact thtite laser beam travels from the left to the ridde. Some of
the laser intensity is absorbed by the NO, and siemest attenuated by the gase:
high pressuremainly hot C(, intermediate species and probabBiE. Thereby,
when the light beameaches the right contour of the flaithe excitatio is much
lower, thus generating less fluorescence, andth®asecond canr be distinguishe:
in some casesA good modl for correcting attenuation mustift up” this peak,
making it equalon the left and right hand si and resulting in a symmetric
fluorescence distribution.

The fact that the DME molecule contains atomic @xygcontributes not only i
reduce soot and therefore attenuation, butseems to maktde NO formation mor
uniform than inother fuel [2]. This oxygen may be involved notlgrin the regulal
combustion process, but also in thermal NO reastwhen meeting , molecules
(Table 5: reaction 1).

The imageshow that most of the N is formed7 ms aSOI and at distances relativ
far from the nozzleAfter 9 ms aSOl, it can be sedémat the NO distributioistarts to
be more uniform which can be due molecular diffusionphenomen. NO
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concentration drops later (dissociation) due to fihecrease in temperature.
Nevertheless, an important amount remains. ThisbeEaseen in Figure 28, which
shows the overall integrated fluorescence:
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Figure 28. Total integrated fluorescence for evergasured point at;f=300 bar.

According to Figure 28 above, the further from tiezzle the bigger the peak is,
because at these distances the initial fuel dreopdee smaller, allowing good air
entrainment and leading to a rapid fuel vaporizaiad mixing with air. These facts
make combustion to happen faster in these areasgaising gases temperature and
making easier thermal NO formation.

Besides, combustion occurs during a longer timéhese areas, so thab @nd N
have enough time to react.

After the point of maximum NO fluorescence, the @amtration decays, reaching a
constant value, as it was reported before. Thetfattan important concentration of
NO (frozen NO) remains after the combustion hassliied is the reason why NO
emissions must be reduced. This frozen NO is exgelough the exhaust system of
an engine or burner to the atmosphere, unlespieigously reduced into N
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Images from the high speed video camera help ttyzn&ow the formation occu
within flame developmer

SOl 3 ms a SOl 4 ms a SOI 5 ms a SOI

10 MM —

30 MM —

50 mm —

70 MM —

90 MM —

6 ms a SOI 7 ms a SOl 8 ms a SO 9 ms a SOI

Figure 29 Images from the flame taken by the high speexbvwidmer:

10 MM —

30 MM —

50 mm —

70 MM —

90 MM ——

The NO formation rate becomes maximum between Ganas7 m. As it can be
noticed, the combustidmas moved c at that time and the temperature is maxir.

Another significanfact is that the laser beam placed at 10 mm doehinthe flame
until 6 ms aSOl, and a peak is observed in thegrated measuremerat very early
times This may correspond to scattered light from #eet hitting the liquid co,

since the combustiohas ton starte. However, the peak appears again later in
combustion, this time the light fluorescence from NO since the beam is pas
through thenow developecdlame. The laser beam placed at 90 mm does not «
through the flamesither,before 3 ms aSOIl. The integrated laser lumin helps to
explain these facts:
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Figure 30. Integrated laser intensity from CCD-2.

Since the laser is not passing through the flan ras at 90 mm, the attenuation is

low and a high intensity comes out. In the begigmmost of the curves are relatively

flat, and at a later time (5-6 ms), the intensibgg up. This could be caused by a drop
in the formed C@temperature and the extinction of some attenuatitegmediates.

Figure 30 is a good starting point to develop atéion models that would provide

more accurate results.
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4.2 Rail pressure comparison

The NO fluorescence variation within time for twifelent rail pressures is shown
the following set of image

3 ms a SOl 4 ms a SOl

6msa S0l 8ms a SOl

10 ms a SOI 12 ms a SOI

14 ms a SOI

300 bar

360 bar

Figure 31 NO fluorescence at 90 mm below the nozzle for [B0and 360 ba
Injection pressures.
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The integrated fluorescence is shown in Figure 32:
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Figure 32. Total integrated fluorescence at+300 bar and R;=360 bar. Distance
from the nozzle: 90 mm.

As can be seen, increasing the injection pressoes dot have a significant effect at
early times. At late times, increasing the injectmessure results in a decrease in NO
formation in respect to a lower injection pressuBesides during the high pressure
experiments one of the windows cracked and the rupae fell interfering the laser
beam path. This would have led to a bigger intgnkiss so that the difference
between the red and blue curves might be larger.

This behavior contradicts previous experiments wlifferent fuels, showing higher
NO fluorescence when increasing injection presge].

However, from this data, it cannot be concluded ihereasing the injection pressure
will result in smaller amounts of NO formed, siram@y NO formation at one distance
Is being considered. Fuel penetration and pluméiposould have been modified as
well due to the larger differential pressure (sggife 33). Some zones in the bottom
of the chamber (lower than 90 mm from the nozzie} tid not reach the conditions
for NO formation, may reach them now. More meagugaints are necessary to draw
conclusions.
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Figure 33. Temperature distribution at 1.6 ms aS@®la Diesel and a BDFc
(biodiesel from cooking oil) flame at two differemection pressures [19].

On the other hand, the standard deviation can & iseFigure 34. All measurements
show an important uncertainty, which means thatemclusions can be drawn about
the effect of increasing the injection pressureBau
e O
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Figure 34. Integrated raw fluorescence and deviativom CCD camera 2 at
Pinj=300 bar and ;=360 bar. Distance from the nozzle: 90 mm.

Finally, it can be noticed in Figure 32 that NO centration seems to drop after
reaching the maximum without reaching a constahteveSome measurements later
in time would show nitric oxide fluorescence steation.
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5 Conclusions

In the light of these results, first it can be doded that attenuation represents a
major problem in NO laser induced fluorescencehdtitstronger laser signals or
better attenuation correction models are necessaryperform more accurate
measurements in the<AX (0, 0) excitation bands. As it was reported, otbehemes
can reduce attenuation, but the fluorescence aimgteeaker.

The oxygen atom of the DME molecule might play arportant role in the nitric
oxide formation, making it more uniform along thanfie plume than in other fuels.
However, the main formation areas are placed inghe regions in the contour of the
flame, far from the nozzle, due to the presenceritobgen and oxygen from air. The
spray at that point is fully developed and the mixand vaporization is faster.

Most of the NO is formed late after start of injent when the combustion process
has almost finished. At this point, the temperaturehe flame is very high and

chemical reactions have had some more time to odénwam all this, it can be

concluded that Zeldovich mechanism seems to beptedominant NO formation

mechanism in the DME flame

No conclusions can be drawn about the effect akesing the injection pressure in 6
MPa because of the high uncertainty in the measemesnMore measurements are
necessary to reduce this and quantify the effect dfigher pressure in the NO
concentration.
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6 Futurework

First, models have to be developed to correct ttenaation reported as the main
problem in the measurements. Reducing the signabie ratio of the measurements
is important as well to draw more conclusions. @Qoed way to do this is to proceed
as it was shown in Figure 21, so that the oxygesrii@rence can be reduced.

A qualitative study like the one described in ti@port, which tries to explain how the
NO is formed in a DME flame, is only a starting mipi but it provides good
understanding. The next step must be correlatingith other variables and a
guantitative analysis of the data to extract the dkhsity from the fluorescence
intensity.

In order to do that, several models have alrea@y loeveloped relating fluorescence
and NO population (like the one shown in Equatipn/6 good model proposed, to
derive it, is governed by the following equation:

F =Cpo(A) (DT, P) [0(S s (T, P), Sass) [ LALF (T) [0 (18)

However, it involves knowing parameters hard tordifya like the local temperature
in the flame T), the quenchers molar fraction)(along the flame and their collisional
cross sectionss{), etc. in order to calculate the Stern-Volmer dadtd). This can be
measured using advanced optical methods or CFD Iaions with chemical
combustion models.

On the other side, as it has been reported, NOedoence is affected by combustion
conditions such as injection pressure (studiedhia teport), chamber pressure or
mean temperature in the chamber. Further expersmshould be performed to
understand how these parameters affect its formati®ME flames.

The next step would be performing bringing thospegnents to an optical engine
where the conditions differ so much from the conionschamber, and comparing
DME with other fuel to see if it can replace therhile meeting legal requirements
regarding local emissions. Understanding how thiutamts are formed is the first
step to reduce them.
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7 Appendix
7.1 UGS5filter

UG5 is the commercial designation for the optidatif whose spectrum is shown
Figure 35:
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Figure 35. Transmittance of a UG5 filter: The grdere corresponds to the internal

transmittance, whereas the red line correspondiédaotal transmittance.

7.2 Pictureof the experiment layout
A picture of the experimental layout is shown igue 36:

Figure 36. Corner view of the experiment layout.
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