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Abstract

Greenhouse gas emissions and their climate impact are forcing the combustion industry to devise
clean and more efficient solutions. Contrary to conventional flame configurations, Inverse Diffusion
Flames (IDF) combine benefits of premixed and diffusion flames, exhibiting extended lean flammability
range and low soot production. Hydrogen, in turn, when blended with hydrocarbon-based fuels, can
significantly enhance combustion processes and reduce emissions due to its unique properties. In this
thesis, an experimental study was conducted to assess the impact of Hy enrichment on the flame
structure and emissions of a methane IDF in a multi-slit rectangular burner, under fuel-lean conditions.
Fuel blends containing 0%, 25% and 50% H, were tested, the global equivalence ratio was varied
between 0.2 and 1.0 and flame power fixed at 236 W. A PIV (Particle Image Velocimetry) analysis was
performed and measurements of the COy, CO, UHC and NO, emissions were attained. Two distinct
flame structures were identified (Type I and II). It was found that H, addition does not create new
flame structures but affects the stability range of Type I and II. PIV analysis demonstrated that a
significant fraction of the central air jet escapes combustion in flame structure II. Efficiency was found
to be dependent on flame structure, with Type I exhibiting better performance overall. Hydrogen
enrichment lowered carbon-related emissions for both flame structures and reduced NO, for flame
Type I whereas the opposite was found for flame Type II. Finally, hydrogen enabled to maintain flame

structure Type I for leaner conditions.
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1. Introduction

The impact of greenhouse gases on global warming
[1] and the fast pace at which energy demand is
increasing [2] are imposing the energy industry to
reinvent itself. Notably, energy systems are striving
to be cleaner and more efficient. In this context, a
new flame configuration has been captivating more
attention - the Inverse Diffusion Flame (IDF). IDF
is a flame in which a central fuel jet is surrounded
by outer fuel jet(s). If the air jet velocity is high
enough, the outer fuel jet(s) are entrained by the
air jet, mixing with each other, to form a partially
premixed flame. It consists in a combination of dif-
fusion and premixed flames, with wider range of
stability than the premixed flames and lower pollu-
tant emissions plus higher efficiency than diffusion
flames. First studies of IDF featured a co-annular
burner, as the one depicted in Figure 1 (a). Mikof-
ski et al. [3] studied the effect of the Reynolds
number of the central air jet (Reg;) on IDF height
and structure, pointing out a double flame struc-
ture with a partially premixed flame base, followed
by a normal diffusion regime with higher levels of

soot production. Recently, a burner configuration
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Figure 1: Co-anullar burner (CoA) and burner with
circumferentially arranged fuel ports (CAP).

with Circumferentially Arranged fuel Ports (CAP),
illustrated in Figure 1 (b), has been deserving more
consideration. Sze et al., followed by others [4-
7], reported improved flame stability and reactants
mixing due to significant fuel entrainment by the
central air jet. Dong et al. [6, 7] argued that flame
structure is mainly dependent on Re,; and velocity



ratio between air and fuel (V, = Vair /Viyer), report-
ing a very wide range of Reg;, and V,. with stable
IDF. A dual structure flame was identified, with a
flame base and a flame torch similar to a premixed
flame, connected by a "neck like” structure with
flow recirculation. This dual flame structure was
also reported by Elbaz and Roberts with methane
fuel [8]. Most of these studies were based on Lique-
fied Petroleum Gas (LPG) as a fuel [4-7, 9].
Regarding temperature and emissions of IDF, Dong
et al. [6] reported maximum temperatures lower
than 1800 K for lean conditions, with small depen-
dency on Reg;, for fixed V.. NO, emissions in-
creased with decreasing V,. due to temperature in-
crease while CO exhibited and opposite trend.
Recently, Ribeiro et al. [10] performed an extensive
study in a multi-slit burner, such as the one repre-
sented in Figure 2. Ribeiro et al. used methane as
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Figure 2: Schematic top view of the multi-slit rect-
angular burner.

fuel and focused on characterizing the IDF mor-
phology. Chemiluminescence and Particle Image
Velocimetry (PIV) analysis were performed. Three
main flame structures were identified (lean, stoi-
chiometric and rich). V. showed great impact on
flame structure, with higher velocity ratios result-
ing in enhanced mixing of air and fuel. A recircu-
lation zone at the flame neck was found to be the
main agent in stabilizing IDF with very low global
equivalence ratios!.

Hydrogen has great thermal and molecular diffu-
sivity, high burning speed and low ignition energy
[11-14]. When added to other fuels, it may in-
crease flame temperature and enhance the heat re-
lease rate [15, 16]. Since it has no carbon, theoret-
ically, its combustion leaves only water vapor be-
hind, making it attractive as a possible substitute
for carbon based fuels. A viable way of taking ad-
vantage of these hydrogen properties is to burn it
along with a traditional hydrocarbon fuel [17].
Zhang et al. [18] proved that hydrogen improves
stability of premixed methane-air flames. Kumar
and Mishra [19] reported reduced laminar diffusion
flame lengths with hydrogen addition to LPG fuel.

LGlobal equivalence ratio is dictated by the relative
amounts of air and fuel supplied to the flame. Section 2
provides an important remark about the difference between
global and local equivalence ratios throughout this text.

Recent studies depict an increase in laminar burn-
ing velocity of premixed flames with H, addition
[17, 20-22].

Concerning the impact of H, on emissions, stud-
ies point to soot reduction with H, addition to
ethylene-air jet diffusion flames [23, 24]. CO emis-
sions seem to reduce with Hy, addition [25]. Emis-
sions of NO_ may reduce with H, addition, in spite
of increased temperatures, according to Kumar et
al. [19]. Han et al. [26] observed that methane-
air H, enriched premixed flames exhibit lower NO,,
emissions than diffusion flames in the same operat-
ing conditions.

Miao et al. [27-30], made experiments with LPG-
H, fuel IDF in a CAP burner. These studies report
a significant increase in the flame stability range
with small H,%. IDF with 50%H, and with 0%H,
seem to have the same structural changes as the
global equivalence ratio varies [27]. Further stud-
ies by Miao et al. [28] mention that LPG-H, IDF
can hold stable with lower energy consumption than
LPG IDF. Studies regarding emissions show that
NO, emissions may reduce with H, addition, for
lean conditions. In general, very low global equiva-
lence ratios are associated with high CO and UHC
emissions. NO,, formation was associated with both
Fenimore and Zeldovich mechanisms [30].

This work studies the impact of hydrogen addition
to methane fuel in an IDF under fuel lean condi-
tions and constant power, using a multi-slit rectan-
gular burner. The only study found in literature
related to hydrogen combustion through an IDF,
until the date this thesis was written, features vari-
able power and uses a CAP burner, which originates
a completely different flame morphology compared
to the multi-slit rectangular burner [6, 10]. Fur-
thermore, there is also lack of information regarding
flow velocity fields of IDF with hydrogen enriched
fuels. The main goals of this work are to study the
influence of the H, fuel proportion on flame mor-
phology and emission characteristics. Namely, it is
intended to understand if new flame morphologies
are created through H, addition and if H, alters
flame structure within the flame structures already
present without it [10]. A velocity vector map of
the flame flow is analyzed, to understand the mech-
anisms triggering flame structure changes through
H, addition. Emissions of CO, CO,, unburned hy-
drocarbons (UHC) and NO, are extensively ana-
lyzed within a wide range of global equivalence ra-
tios and three H, percentages. The emissions’ re-
sults are cross-correlated with the flame structure’s
results so to investigate if the emission behavior of
the flame is correlated with its morphology.



2. Experimental Analysis

This work is based on three main experiments:
flame photography, flow velocity analysis and anal-
ysis of the flue gas released by the IDF. The ex-
perimental setup, for all of the experiments made,
comprises a burning system, common for all exper-
iments, and an acquisition system.

2.1. Burning System and Conditions

Figure 3 schematically represents the burning sys-
tem. There are four flow meters for the fuel blend
(Alicat Scientific, MC series). Two for methane (5
SLPM?2) and two for hydrogen (1 SLPM). Hydro-
gen and methane are drawn from the research gas
bottles (Alphagaz™ model, with a purity higher
than 99.95% (v/v)). Each flow splits in two and
enters the flow meter. One of the hydrogen flows
then mixes with one of the methane flows in a mix-
ing chamber and the same happens for the other
two flows. After mixing, each of the two fuel flows
is then conducted into the lateral channels of the
burner. Atmospheric air is fed to the flow meter by
a compressing line, after passing through a filtering
and drying process. It is then directly conducted to
the central channel of the burner. The burner used
is a two dimensional burner with three rectangular
slits at the top (each slit: 38 mm x 2 mm), as illus-
trated in Figure 2. Based on most of IDF’s studies
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Figure 3: Scheme of the burning system.
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in literature [4-7, 9, 27-31], a global equivalence
ratio, dictated by the relative amounts of fuel and
air supplied to the flame, will be used throughout
this text (Equation 3). When the symbol ”¢” or
the term ”equivalence ratio” are used, they concern
to the global equivalence ratio. Conversely, if the
local equivalence ratio is to be mentioned, the text
will explicitly remark that the mentioned equiva-
lence ratio is a local one, and not the global.

Volumetric percentage of H, on the fuel mixture
was varied, keeping a constant power supplied to
the flame - 236 W. The volumetric percentages of
H, tested were 0%, 25% and 50%. The range of ¢

2Standard litter per minute

tested was 0.2 < ¢ < 1.2. The power supplied to
the flame is given by:

P = pcn,Qcu, - LHVcu, + pu,Qu, - LHVH, (1)
where p is the density, Q is the volumetric flow rate
and LHYV is the the lower heating value of the core-
spondent fuel component. For a certain power, the
values of QCH4 and Q.H2 are found by defining the
hydrogen’s volumetric proportion on the fuel.

Qu,

e — 2
Qu, + Qcn, ®

xp, (volume) =
For each zy,, Equation 2 is substituted on Equa-
tion 1 and the values of QCH4 and QH2 are ob-
tained. Since, for each Hy% (= @y, x 100), Ofuel
(@ree = QCH4 + QH2) is constant, the equivalence

ratio is varied by changing the volumetric flow rate
of the central air jet, Q.i;;- The equivalence ratio is

calculated by:
Q fuel st

)

Q fuel

where the subscript st stands for stoichiometric.
As already mentioned, Qgue is obtained from the
H,% and flame power. The Reynolds number of

the central air jet Reqr, is calculated by the follow-
ing equation:

3)

airVair-D
Regin= Pair air Zh (4)
Hair

where piqir is the air viscosity, pgir is the air den-
sity and Dy, is the hydraulic diameter of the cross
section of the air jet flow, calculated based on [32].
Properties used to compute Equations 1 to 4 were
evaluated at 0°C, 1 bar.

2.2. Flame Photography

Figure 4 illustrates the experimental setup used for
flame photography. The acquisition system involves
a camera, lens and a computer. The burner was in
a fixed position, aligned with the camera.

The camera used was a JAI CV-M9-GE, 3-CCD
RGB with a resolution of 1074x768 pixels. The lens
used were the Nikon AF NIKKOR 50mm f/1.4D
lens. Images were acquired in RAW format, with
null gain values. Lens aperture was set to its maxi-
mum, /1.4, and minimum focus distance. Distance
and alignment from the camera to the burner were
kept constant for all burning conditions.

2.3. Particle Image Velocimetry

Particle Image Velocimetry (PIV) is a quantitative
velocity measuring technique.  This technique
uses small tracer particles (alumina in this case)



Figure 4: Scheme of the experimental setup for
flame photography.

immersed in the flow under study. These particles
that travel with the flow will then be illuminated
by a double pulse laser in the area under study.
The laser produces a planar sheet of green light,
with a 532 nm wavelength. The laser is syn-
chronized with a high speed camera, through a
synchronizer connected to the central acquisition
system. This camera will acquire two frames of the
particles illuminated by the laser, such that each
frame is taken at the exact moment in which the
particles are illuminated by the laser pulse. Having
two consecutive frames of the same illuminated
particles and the time between the two laser pulses
(At), allows for the determination of velocity. The
final result is a 2D velocity field of the area under
study.

Figure 5 schematically illustrates the experimental
setup for the PIV analysis. The setup encompasses
a camera, lens, filter, laser, synchronizer, computer,
tracer particles, two magnetic stirring plates and
rods and three bottles containing the particles. The
particles (Logitech 5 micron Calcinated Aluminium
Oxide Powder) are stirred through a magnetic rod
which, in turn, is agitated by the electromagnetic
stirrer (Roth MH 15 magnetic stirrer and Velp
Scientifica ARE Aluminum). The flow of fuel/air
passes through the correspondent bottle and drags
the particles. This particles travel with the flow all
the way up to the flame and are then lit by the laser
and photographed by the camera. The camera
used was the HiSense Zyla sCMOS, with a 40 fps
frame rate and a resolution of 2560x2160 pixels.
Attached to the camera was a Nikon AF NIKKOR
60 mm £/1.28D lens. A Meller Griot 532 nm optical
filter was used. The laser utilized was a Dantec
Dual Power 65-15 Yag, with two laser cavities,
each with a maximum laser pulse frequency of 15
Hz and a wavelength of 532 nm. The synchronizer
of these two devices was a BNC 575 Series Pulse
Generator. Camera, laser and synchronizer were
controlled by the software Dantec Dynamic Studio
5.1.

Electromagnetic Stirring Plates

Figure 5: Scheme of the PIV experimental setup.

After the acquisition, a correlation between each
pair of images acquired, to calculate the 2D veloc-
ity field has to be employed. Each image is divided
into smaller rectangular interrogation areas (IA).
The correspondent IA from each frame, are cross-
correlated with each other to generate one velocity
vector per [A. This correlation method is designated
by cross correlation. Depending on the characteris-
tics of each PIV experiment (type of flow, seeding
system, etc), some variants of the cross correlation
can be applied. In the case of this experiment, the
average correlation was used. In the present study,
only ¢ =1 and ¢ = 0.3 were analyzed. ¢ = 1 is as-
sociated to lower air velocities, so a At = 200us
was used. Conversely, ¢ = 0.3 is associated to
higher air velocities, therefore, a At = 60us was
required to achieve a reasonable resolution. The TA
size used was constant: 16 px (horizontal) x 32 px
(vertical). Vertical velocity components were much
higher than horizontal, hence, vertical dimension of
the TA is bigger than the horizontal. The overlap-
ping factor, that overlaps adjacent IA so that par-
ticles near the border of the IA in the first frame
aren’t lost in the second frame [33]was set at 50%
x 50%.

Table 1: Summary of PIV parameters.

200

16x32

60 us and 200 ps
Average Correlation
50% x 50%

Image pairs per acquisition
TA size (px)

Time between pulses
Correlation

Overlapping factor

2.4. Flue Gas Analysis

Emissions from unburned hydrocarbons (UHC),
CO, CO,, and NO, were analyzed. Figure 6
schematically illustrates the experimental setup of
the acquisition system for the analysis of the flue
gas species concentration. The system starts by col-
lecting the flue gas sample with an L-shaped probe,



placed inside the hood’s opening. The sampling
gases are cooled as they travel within the probe. Af-
terwards, the sample passes through a condenser, a
silica dryer and a cotton filter - moisture, particles
and other condensates are removed. This circuit as-
sures that a clean and dry sample will enter the gas
analyzers so that they can properly present the con-
centration values in an Orsat (dry) reference basis.
After the cotton filter, the sample passes through
the pump and then through the flow meter, ensur-
ing that the probe aspirates a constant flow of flue
gas, that is adequate to enter the analyzers. Fi-
nally, the sample passes through the analyzers. The
analyzers send an electric analogue signal to an ac-
quisition board - Data Translator DT 9802 12 bit -
which converts it to digital, at a sampling frequency
of 100 Hz. The acquisition board is connected via
USB to a computer, which runs the software HP
VEE-LAB v5.02 to collect the data regarding the
gas species concentration. The sampling period is
30 seconds for each measurement.

Flue gas measures directly read from the gas an-
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Figure 6: Scheme of the experimental setup for the
flue gas analysis.

alyzers need to be further processed, in order to
account for the dilution effect created by the exte-
rior ambient air aspirated by probe. Since power
supplied to the flame is constant, flue gas measures
directly read from the gas analyzers were computed
into kg (or g) of species emitted per MJ of burned
fuel, as Turns suggests [34]:

__ EI;
Fuel energy supplied ~ Ah,

Massof species i

(5)

where Ah. is the heat of combustion of the fuel
and FI; is the emission index for species i, defined
as the ratio of the mass of species 7 emitted to the
mass of fuel burned by the combustion process [34].
Assuming that all of the carbon fuel appears in the
combustion products in the form of CO, CO, and
UHC, EI; is given by [34]:

Xi wMWz>
EI, = 6
(XC02+XCO+XUHC> (MWf (6)

where the ys are the volumetric fractions of the
species analyzed (measured by the gas analyzers),
2 is the number of moles of carbon in a carbon
fuel CzHy, and MW; and MW} are the molecular
weights of the species ¢ and the fuel, respectively.
Using equation 5, emissions are reported in mass of
species ¢ emitted per amount of fuel energy supplied
to the flame. Table 2 summarizes the fuel constants
used to calculate the emission indices and the heat
of combustion of the fuel.

Table 2: Summary of the fuel constants used to
calculate the emissions.

%H, x y MW, (kg/kmol) Ah. (kJ/kg)

0 i 4 16 50000

25 0.75 3.5 12.5 52830.7

50 0.5 3 9 57800.6
3. Results

3.1. Flame Structure

Two distinct flame types were identified, Type I
and Type II. Figures 8 (a) and (b) illustrate the
visual appearance of flames Type I and II, respec-
tively. The range of ¢, for each H,%, in which each
flame type holds stable is represented in Figure 7.
Flame Type I has an "M” shaped body and fea-

0 01 02 03 04 05 06 07 08 09 1
(0]

11 12 13 14

Flame Type Il Transition flame Flame Type |

Figure 7: Equivalence ratio range for each type of
flame, for each Hy%.

tures two important flame regions, as indicated in
Figure 8 (a). Flame Region A (FRA) is the main
flame region, in which most of the fuel is entrained
by the low pressure, high velocity central air jet. Its
intense blue light shows that there is a good mix-
ing of the reactants due to this entrainment effect
[5, 9, 27, 31]. The second flame region, Flame Re-
gion B (FRB), corresponds to the burning of the
fuel particles, that did not follow the air jet, with
the adjacent ambient air [10] and features small lu-
minosity. Flame length is roughly constant, for each
H,%, in flame Type 1.

As Reg;, is increased, flame Type IT will eventu-
ally be formed. It features a "neck-like” structure,



(b) Flame Type II -
Flame regions (¢ = 0.3;
Vi = 63; 0%H,).

(a) Flame Type 1 -
Flame regions (¢ = 1;

Vi = 19; 0%H,).

Figure 8: Flame types - description.

as reported by many other authors. [6, 7, 10, 27, 28].
The mass flow rate of air is so big that it creates a
shear lifting force on FRA, shifting its position to a
higher one, and making its luminosity and area be-
come notably lower, as illustrated in Figure 8 (b).
Miao et al. [28] reported three effects associated
with escalating Reg,;,, which seem to apply in the
present case: entrainment force on fuel due to nega-
tive pressure difference (1); shear lifting force acting
on FRA (2); air jet momentum (3). Starting with
Flame Type I and increasing Reg;r, even if 1. pro-
motes better mixing of the reactants and enhances
combustion in FRA| effects 2. and 3. will prevail
over 1. and flame structure will change to that of
Flame Type II. High Re,; (and velocity) leads to
a shear lifting force, pushing FRA upwards, stabi-
lizing it downstream and reducing its area. The air
jet is cold and has high momentum (high mass flow
rate). FRA Type II is small and its reaction rate
is not enough to preheat and ignite most of the air
jet (and its entrained fuel).

In terms of flame structure, the effect of H, addi-
tion is divided in two possibilities: either it changes
the flame type or it does not. Focusing on the case
in which flame type does not change, consider, for
example, Figure 9. Hydrogen, with small density
and high thermal diffusivity, increases the reaction
rate of the mixture [11, 35-38]. Therefore, even if
flame structure is the same, stability is improved
and flame length and width decrease. Furthermore,
radiation within the visible region of the emission
spectrum of the 0%H, flame tends to diminish with
H, addition because hydrogen combustion emits ul-
traviolet radiation, not visible.

V, = 19| 0%H,

V, = 15| 25%H,

V, =12 | 50%H,

Figure 9: Evolution of flame Type I (¢ = 1) with

H, addition on fuel.

\

V, = 63| 0%H,

V, = 52| 25%H, V, =40 | 50%H,

Figure 10: Evolution of flame Type II (¢ = 0.3)
with H, addition on fuel.

Going through the case in which flame structure
changes, consider, for example, Figure 10. Due to
its high heat of combustion and high thermal dif-
fusivity, Hy, promotes a higher reaction rate and
has lower ignition energy than CH, alone. Ignition
of reactants is faster, temperature increases and so
does reaction rate. The small FRA of flame Type
IT ignites the high momentum cold air jet and en-
trained fuel. FRA increases its area to form flame
Type I and anchor the center of the flame.

3.2. PIV Analysis

Naturally, major changes of the flow velocity fields
occur for the case in which flame structure is af-
fected by hydrogen. Therefore, the main subject of
this analysis is the discussion of the effects of hy-
drogen when it converts flame Type II into flame
Type L.

3.3. Flame Type I vs Flame Type 11

(a) Vector mapping - flame (b) Vector mapping - flame
Type II (¢ = 0.3, 0%H,, Type I (¢ = 0.3, 50%H,,
At = 60ms, A = 16232). At = 60ms, A = 16232).

Figure 11: Vector mapping of flames Type I and II.

Figure 11 (a) shows the vector mapping of flame
Type II (¢ = 0.3, 0%H,). As Figure 11 (a) il-
lustrates, first, by continuity and due to boundary
layer effects, the air jet slightly expands after exit-
ing the central slit. Immediately after the exit of
the slits, the fuel jets are entrained by the low pres-
sure central air jet. Subsequently, a narrow section
arises, in which air and fuel improve their mixing
quality due to high momentum diffusion from the
central air jet to the fuel jets. Finally, that nar-
row section expands when it reaches FRA on the
sides. It expands because FRA, being a combus-
tion zone, is hot and releases the hot flue gases that
expand and accelerate due to their decreased den-
sity [10, 39]. Recalling section 3.1.2, this flame is



highly inefficient - along that narrow section just
mentioned, the entrained fuel mixes with the cen-
tral air and, part of it, escapes combustion by pass-
ing in between the two FRAs.

Figure 11 (b) illustrates the vector mapping of flame
Type I, with the same ¢, but now with 50%H,. By
increasing the reaction rate, hydrogen will cause the
flame to anchor in the burner and reduce its length.
As soon as the air jet leaves the burner, it expands
and mixes with the fuel entrained. Since now FRA
Type I is present, combustion starts right after the
exit of the burner and the combustion area is much
higher. There is much more fuel being burned, by
FRA Type I. Therefore, instead of having the nar-
row section that was seen in flame Type II, now
there is FRA Type I in that zone. The reactants
are very hot due to preheating and the flue gases are
even hotter. By continuity, the hot, less dense gases
will accelerate and expand. As it can been seen in
the vector mapping, the flow field from flame Type
I is much wider and adhered to the burner in con-
trast to the narrow and stretched flow field of flame
Type II. The portion of air and entrained fuel that
was escaping combustion is now being burned in
FRA Type I and contributing to anchor the flow
on the burner and to extend it laterally. Although
this flame is actually much more efficient than Type
II, it should be remarked that there is still a small
fraction of the central air jet and, probably, some
entrained fuel, that does not take part in the com-
bustion process.

3.4. Flue Gas Analysis

Recalling that this work is focused on fuel lean con-
ditions, the analysis in this section will, in general,
start from stoichiometric conditions (higher ¢) to-
wards leaner conditions (lower ¢). Since each dis-
cussion will be divided in flame Type I and flame
Type 11, it is important to recall Figure 7 and to
consider the range of ¢ for the flame type under
study, according to each H,%.

The results for the emissions of UHC, CO and CO,
are presented in Figures 12 (a), (b), and (c), respec-
tively. UHC and CO have very similar evolutions
since both of them are associated with incomplete
combustion. In general, when ¢ decreases, the UHC
and CO emissions increase. Conversely, CO, is as-
sociated with complete combustion, thus having an
opposite trend - ¢ decreases, its emissions decrease
too. Combustion is less efficient for leaner air-fuel
mixtures. Miao et al. [30] also verified similar evo-
lutions for UHC, CO and CO,.

When Re,;, increases, velocity of the air jet and
entrained fuel also increases. Residence times are
lower and there is less time for complete combus-
tion. Combustion starts to be more incomplete
and the emissions of CO and UHC slightly increase
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Figure 12: Variation of UHC, CO, CO, and NO,,
emissions with ¢ for 0%, 256% and 50% of H,. High-
lighted sections of the plots correspond to emissions
of flames Type I and II.

[4, 9, 30]. In contrast, but for the same reasons,
CO, slightly decreases as Reg;, increases.

To study the consequences of the fuel mixture’s
H,% on flame Type I, consider, again Figures 12
(a), (b) and (c). The addition of Hy reduces the
carbon content of the fuel. Therefore, carbon re-
lated emissions, in general, are also reduced with
H, addition. As Figure 12 (c) shows, there is a sig-
nificant and expectable loss in CO, emissions as the
H, content of the fuel increases. However, analyz-
ing the emissions of UHC and CO from flame Type
I, Figures 12 (a) and (b) do not show a significant
decrease of those gases with Hy%. Consequently,
H, does not seem to increase the efficiency of com-
bustion. Miao et al. [30] also found that H,% does
not affect the emissions of CO and UHC for per-
centages lower than 60%.

Consider now the range of ¢ of flame Type II, ac-
cording to each Hy,%. As Re,;» grows, there is an
equivalence ratio, for each Hy,%, triggering a steep
increase of both UHC and CO, and a steep decrease
of CO,, which is the onset of the formation of flame
Type II. Air jet velocity is higher, residence times
are lower and combustion is incomplete. As for the
case of flame Type I, for the case of flame Type II,
increasing Hy,% promotes a decrease of CO,, UHC
and CO emissions, due to reduction of the carbon
content of the fuel.

Figure 12 (d) presents the variation of NO, emis-



sions with the equivalence ratio for 0%, 25% and
50% of hydrogen on the fuel blend. Just like in the
case of CO,, UHC and CO, starting from ¢ = 1.2,
when ¢ decreases, there is a value of ¢ (for a spe-
cific H,%) triggering a sharp decrease of the emis-
sions and marking the transition from flame Type
I to flame Type II. Consider, again, the range of ¢
of flame Type I, according to each H,%. Starting
from the lower equivalence ratios, there is a general
decrease of NO_, emissions with ¢ until, ¢ = 1. Pre-
vious studies [5, 6, 9] show that temperatures inside
IDFs under fuel lean conditions are less than 1800
K, which cannot provide enough energy to activate
the thermal-NO (Zeldovich) mechanism. In the pre-
vious section, it was reported that UHC emissions
increase as Reg; also increases. The increase of
UHC emissions, as stated before, is associated to
incomplete combustion. Hence, its increase is asso-
ciated to the rise of CH radicals in the flame, which
can initiate the Fenimore mechanism [34]. There-
fore, for flame Type I, NO, emissions are higher
for lower equivalence ratios, just like with UHC
emissions in flame Type I. When ¢ increases from
¢ = 0.3 (50%H,), ¢ = 0.5 (25%H,) and ¢ = 0.8
(0%H,) to ¢ = 1, NO, emissions tend to decay
since the same happens with UHC - when UHC
emissions decrease, combustion tends to be more
complete and the amount of CH radicals in the
flame decreases, impeding the formation of NO, by
the Fenimore mechanism. Miao et al. [30] also re-
ported a decrease of NO, emissions from ¢ = 0.3
to ¢ = 0.7, and a further increase for richer condi-
tions due to temperature rising which activates the
Zeldovich mechanism and increases NO, emissions.
As Figure 12 (d) illustrates, in general, hydrogen
addition tends to decrease the the amount of NO,
emitted for flame Type I. As stated before, for
¢ < 1, NO, emissions seem to be dominated by
the Fenimore mechanism. As H, is added to flame
Type I, the carbon content of the fuel reduces, re-
ducing, in turn, the CH radicals produced. If CH
radicals are reduced, the same happens to the NO,,
emissions linked to the Fenimore mechanism. For
¢ > 1, even though Zeldovich mechanism comes
into play, Fenimore mechanism still has importance
[34]. Therefore, the reduction of the carbon content
of the fuel by the hydrogen addition will also reduce
the NO,, emissions for ¢ > 1.

Recall the range of ¢ of flame Type II, according
to each H,%. As transformation from flame Type I
to Type II takes place, most of FRA Type I extin-
guishes, CH radicals stop being emitted and NO,
emissions from the Fenimore mechanism decay.

4. Conclusions

The two main goals of this work were to characterize
the impact of fuel’s hydrogen content on the flame

structure and emission characteristics, under fuel
lean conditions. To achieve this, a working range of
stable flames was established. Global equivalence
ratio varied from 0.2 to 1.2 and hydrogen content
of the fuel was set at 0%, 25% and 50%H, by vol-
ume. For each H,%, equivalence ratio and, hence,
velocity ratio, was varied by varying Reg;,.. Power
supplied to the flame kept at a constant value of
236 W. A summary of the most important findings
of this thesis is presented below:

1. Based on its structure, two distinct flame types
were identified, with two main flame regions:
an inner flame region, FRA, where fuel burns
with the central air jet and an outer flame re-
gion, FRB, where fuel burns with the exterior
air. Flame Type I exhibits a luminous FRA,
with considerable area and anchored to the top
of the burner. Flame Type II is characterized
by a smaller and less luminous FRA, stabilized
in a higher position than FRA Type 1.

2. Hydrogen addition to the fuel blend does not
create new flame structures, in agreement with
the results obtained by Miao et al. [27]. How-
ever, when H,% is increased, the range of ¢ in
which flame Type I holds stable is increased to-
wards leaner conditions and the opposite trend
is verified for flame Type II. With increasing
H,%, length, width and luminosity of flame
Type I are reduced, whereas for flame Type
II, structure changes to form flame Type I.

3. PIV analysis of both flame types reveals
broader velocity profiles and flow fields of flame
Type I than flame Type II. Furthermore, flame
Type II features a significant portion of the air
jet escaping combustion. The same phenom-
ena is verified for flame Type I but on a much
smaller scale.

4. Flame Type I reports very low or null emissions
of CO and UHC and higher CO, emissions.
Emissions of CO and UHC soar as flame Type
IT is formed and CO, emissions drop. These
observations suggest that flame Type II is more
inefficient than flame Type 1.

5. Flame Type I presents a growing trend of NO,,
emissions towards leaner conditions, possibly
associated with the Fenimore mechanism. As
flame Type II is formed and FRA Type I van-
ishes, NO, emissions slump.

6. For both flame types, hydrogen addition re-
duces the carbon related emissions: CO, veri-
fies considerable reductions and smaller reduc-
tions are reported for UHC and CO. Overall
efficiency of the flame, apparently, is not much



affected by H, on the fuel blend. Emissions of
NO, for flame Type I decrease as Hy% is in-

creased; the opposite trend is verified for flame
Type II.
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