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Abstract

Among the various low NOx combustion technologid$,.D combustion combines low pollutant

emissions, combustion stability and efficiency,| fliexibility, and noise reduction through a high

preheating of the combustion chamber coupled witinassive exhaust gas recirculation at high
turbulence level. In this work, the sustainabibfyMILD combustion for liquid hydrocarbon-alcohol

blends (as possible constituents of surrogate fegisesenting the behavior of blends of fossilguel

and biofuels) has been investigated experimentading a dual-nozzle laboratory-scale burner.
Several hydrocarbon-alcohol blends have been igatst to identify the regions (in the furnace
temperature vs. dilution ratio space) where MILDnbaistion can be sustained with low NOx and
CO emissions. It has been found that the MILD costiba conditions of the various liquid fuel

blends investigated differ slightly one to eacheotnd are quite similar to that of the hydrocagion
without any oxygenated species. This means thatleDMcombustion burner shows a large

flexibility in terms of fuel properties, therefoeating a suitable environment for NOx and CO

depression also for fossil fuels — biofuels blends.
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1. Introduction

In the last years, many researches have been devotencrease the thermal efficiencies of
combustion processes without the drawback of highx missions induced by hot spots in the
flamet. Among the various low NOx combustion technologieveloped, MILD (Moderate and
Intense Low oxygen Dilution) combusti®f also known as FLOX (Flameless Oxidatior)iTAC
(High Temperature Air Combustidn)or CDC (Colorless Distributed Combustidmg an effective
combustion technique that combines low pollutantseians, combustion stability and efficiency,
fuel flexibility, and noise reductidr®.

MILD combustion requires a high preheating of thenfce, a massive exhaust gas recirculation, and
a high turbulence level; in addition, it usuallycacs without flame. The massive exhaust gas
recirculation in the furnace can be obtained thiohigh momentum jets of fuel and combustiof, air
which allow creating a low-pressure zone near thendr nozzles inducing a massive flue gas
recycle in the furnace. This from one side redubesconcentration of both fuel and oxygen before
the combustion reactions beginning, therefore meduthe combustion rate, and on the other side
increases the turbulence level. As a result, thenH@dler number is reduced with respect to the
traditional flame combustion, which is a preregeidor achieving MILD combustion conditions.
The spreading of the combustion reactions oveniin@e volume of the furnace leads to a relatively
slow oxidation process with a more uniform tempem®tprofile (and therefore lower peak
temperatures) and a more homogeneous heat relleasegtiout the furnace with respect to the
traditional flame burners. The main consequenciiefmore uniform combustion in the furnace is
the possibility of increasing the average furnammperature through a suitable pre-heating of the
combustion air (which allows to increase the fumadficiency thanks to the higher temperature
difference between hot and cold medium) while retyat the same time the maximum temperature

value in the furnace (therefore leading to a stnaatyiction of the thermal NOx production).
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The possibility to achieve MILD combustion condit® with different gaseous fuels has been
extensively investigated in the literat®if¢!3 However, the same is not true for the MILD
combustion of liquid fuels, for which much lessdamhation are available, as recently reviewed by
Xing et al*X. Among the others, Weber et®lstudied NOx emission from a semi-industrial highly
preheated air furnace with light and heavy oildweds; they found that NOx reduction requires an
optimized burner design in terms of distance betwieel and oxidizer injectors. The effects of the
nozzle distance on NOx emissions were studied l@yshlada et af® in a laboratory-scale furnace
with kerosene as a liquid fuel. Derudi and Rbtavestigated the sustainability of MILD combustion
of liquid linear and branched hydrocarbons in al-thaazle laboratory-scale burner; they found that
MILD combustion conditions seems more affectedh®ypghysical state of the fuel than by the chain
length of the hydrocarbons. Reddy et studied different burner configurations in order t
achieve MILD combustion with liquid kerosene; higlvirl flows were used to obtain high internal
recirculation rates of the exhausts. They found st@ble MILD conditions with very low CO and
NOx emissions can be attained without preheatiegcttmbustion air, thus confirming the results
obtained by Cui and L# in a micro-turbine fueled with diesel and by Sharet af®=°in a
combustor operating in flameless combustion modhke. rble of different configurations of a pilot-
scale furnace on the possibility to realize MILDhdaustion of a light oil was investigated by Li et
al.*% MILD combustion conditions were established wthth air and pure oxygen. Dark sparks and
flamelets originated from burning oil droplets wesbserved inside the furnace regardless the
oxidant used. Ye et 4t.investigated n-heptane jet flames by conventi@matography and laser-
induced fluorescence using a Jet in Hot Coflow (Jbi@ner.

Recently, also oxygenated liquid fuels combustioMiLD conditions has been investigated. Using
ethanol as a fuel, Rodrigues et‘ahttempted to reproduce MILD combustion conditioms hot-
diluted coflow, while Azevedo et &f. used a flameless compact burner, provided by aryblu

injector, to obtain a MILD combustion regime witkelatively uniform temperatures and low
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pollutants emissions. Ye et 4% compared the flame structure of ethanol and dighetther
(DME) using a Jet in Hot Coflow burner miming MiL&dnditions.

The main reason of this growing interest in oxygedduels combustion is related to the use of
biofuels aiming at reducing the environmental intpzEfcthe combustion processes through a partial
replacement of fossil fuels in engifi&®’ and in power generation plafftsEven if it is well known
that the combustion characteristics of these n@nds of fossil fuels and biofuels can be effectivel
represented by surrogate fuels constituted by rmdslef hydrocarbons and oxygenated spéties
information are available on the MILD combustion leduid hydrocarbon-oxygenated species
blends. Consequently, the main aim of this work waisivestigate experimentally the sustainability
of MILD combustion for liquid hydrocarbon-alcohaldl blends using a dual-nozzle laboratory-scale
burner. In particular, n-heptane and kerosene wsee as hydrocarbon fuels, while ethanol (EtOH),
n-butanol (BuOH), and n-pentanol (AmOH) as oxygedaspecies. Several hydrocarbon-alcohol
blends were investigated to identify the regiomstlie furnace temperature vs. dilution ratio space)

where MILD combustion can be sustained with low N&Dxd CO emissions.

2. Materials and methods

2.1 Experimental equipment

As extensively discussed in the literafte the geometry of the burner (with particular refese to
the fuel and air jet nozzles) plays an importare rsince it allows to obtain large exhausts
recirculation and turbulence intensity, as requieceach MILD combustion conditions.

A laboratory-scale burner for liquid fuels previbusiesigned to reproduce MILD combustion
condition$* was used for all the experimental runs discuseeithé following. It allows changing
both the average furnace temperature and the eshaagsrculation intensity, and it can be fed not
only with liquid fuels but also with gaseous fu#isough a single high-velocity jet nozzle.

The burner is equipped with a control section totlse feed flow rates of air and fuel as well as th

air pre-heating temperature, together with sampdind analysis instruments to measure the exhaust
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gas composition. Since all the details of this expental device have been discussed in detail
elsewher&®1134 they are only briefly summarized in the following
The laboratory-scale burner is a vertical tube maden quartz and equipped with both an air

preheater and a cylindrical furnace whose dimessawa 350 mm height and 50 mm ID (Fig. 1).
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Figure 1. Sketch of the experimental setup with detail of rids&ctants feeding systems: SN gas-fuel
feed and DN liquid-fuel feed.

Three thermocouples and the gas sampling line ¢ngfurnace from the top of the burner; this
allows measuring both the furnace temperature féreint positions as well as the exhaust gas
composition. In particular, furnace temperaturemeasured by three type B thermocouples, as
shown in Fig. 2; these thermocouples can be moleagahe axial direction of the cylindrical

furnace: two of them are located 14 mm far fromftireace axis, while the third one is located just

on the furnace axis.
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Figure 2. Thermocouples position inside the furnace.

The combustion air can be preheated (thanks tatabsei electric oven) up to 1300°C. Since the
small dimensions of the furnace (which leads targd surface-to-volume ratio, therefore increasing
dramatically the heat losses), the insulation efdcbtmbustion chamber is achieved through a second
electric oven able to maintain the furnace wall pemature quite close (say, no more than about
150°C below) the average temperature of the furnace

The apparatus can be fed with both gaseous andl ligel. When gaseous fuels are used, they
(together with the preheated air) enter the comMmuschamber in a single-nozzle (SN)
configuration, that is, from a single nozzle (3 nhD) located on the bottom of the combustion
chamber (see Fig. 1). Preheated primary air andinly nitrogen (when required) enter the furnace
through the inlet labelled “A1+Nin Fig. 1, while the gaseous fuel joins them frdme lateral inlet
labelled “Fuel (gas)” in Fig.1. After a partial pn&xing, preheated air and nitrogen (when required),

together with the fuel, enter the combustion chamiheough the same nozzle. It should be
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mentioned that no significant fuel oxidation occunside the small pipe from the lateral entrance of
the fuel to the nozzle exit due to the short rasidetime. In Fig. 1 also a the secondary air inlet
(labelled “A2”) is shown, which can be used bothffang and heating up the burner, as well as for
obtaining internal exhausts recycle values outside range achievable only through the
aerodynamics of the system, as discussed in tlwiolg.

When liquid fuel is fed to the furnace, a doublezle (DN) configuration is used as shown in Fig.
1. In this configuration, the preheated combustaanenters the furnace through the same bottom
nozzle used with gaseous fuels (labelled “A%*+N Fig. 1), while the liquid fuel enters through
lateral water-cooled jet airblast atomizer (locaé@dmm above the furnace nozzle tip, labelled “Fuel
(liquid)” in Fig. 1), which is able to create a \wdispersed homogeneous spray. This atomizer is
cooled at about 60°C through an external coolieggs and it is flushed with a nitrogen flowrate of
about 2 NI/min. These conditions generate a spfaynall droplets with an estimated SMD value in
the range 30-3Tm (for the fuels investigated in this work), leaglito quite a short penetration
distance. The bottom air jet and the lateral speayinteract and mix, creating a high turbulence
region. As it is not easy to fire directly the berimn the DN configuration when liquid fuels areeds
the burner was always fired using a gaseous fhat (§, methane) in the SN configuration until the
transition from flame to flameless (that is, MILBynditions was achieved. Therefore, the burner
was switched from the SN gas-fueled configuratiorthte DN liquid-fueled one by reducing the
gaseous fuel flow-rate from the bottom nozzle whilgreasing at the same time the liquid fuel flow-
rate from the lateral injector.

Exhausts were sampled and, after drying, they \wwaedyzed using an on-line gas analyzer Horiba
PG-250 and an off-line GC-FID Perkin Elmer Clar@5In particular, NOx, € CO, and CQ@
measurements were carried out on-line, while urtblaydrocarbons detection was performed off-
line. Measurement uncertainties for NOx and CO eatrations (which are the key species for
identifying clean MILD conditions, as discussedthe following) were estimated equal to about 1

and 2 ppm from the mean value were, respectively.
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2.2 Boundaries of the MILD combustion region om Thg - Kv plane

The aforementioned experimental device has beed tesévestigate the influence of two of the
main operating parameters able to influence MILImbastion conditions achievement, namely: the
average value of the furnace temperaturgg(Bnd the dilution ratio (). The latter is defined as
the ratio of the recycled exhausts to the incomaagtants flow-raté<:12

However, it should be noted that while in real-dim@aces the dilution ratio is defined by the lairn
design and possibly from an external exhaust gasctdation, in the laboratory-scale burner
previously described the\Kvalue can be modified by feeding to the furnatkegia secondary air
stream around the bottom nozzle through the “A®tim Fig. 1 (which would reduce the exhausts
entrainment into the primary air + fuel jet, themef reducing also the\Kvalue) or some inert gas
(that is, nitrogen) together with the primary corstan air through the “Al1 + N inlet in Fig. 1
(which would reproduce the effect of an externahaasts recirculation, therefore leading to an
increase in the Kvalue).

As discussed in details elsewh&l®e through CFD (Computational Fluid Dynamics) cadtigns it
has been previously estimated the maximwrvKlue achievable from the internal exhausts recycl
without any secondary air or inert gas additiontfia following labelled as R), which is equal to
about 5 for all the conditions of interest for thisrk. In particular, such a value is obtained laia
55-60 mm (depending on both the thermal input &edrtensity of the air pre-heating) from the tip
of the bottom nozzle, that is, close to the regubrere the lateral spray-jet enters the furnace.

As discussed elsewhéfe the maximum I values obtained in this laboratory-scale apparatus
(which allows for both additional inert and secamndair feeds) can be estimated through the

following relation:

« =R- rRIA, (N2/Al) (¥ R)

= 1
YU 1+A2/A1 (+FIA) (% A2/A) @)

doi:10.1021/acs.iecr.9b02374



where Al is the flow-rate of the primary air, A2tie flow-rate of the secondary air, N2 is the flow
rate of the inert gas, and F is the flow-rate & thel. Obviously, when neither secondary air nor
inert gas are fed, the previous relation reducds,teR.

The identification of MILD combustion conditionsoures the definition of some threshold values
either for pollutants emissions or for temperatdiféerences in the furnace. When such threshold
values are exceeded, burner is operating outsideMi.D combustion region. Coherently with
previous studi¢s®34 “clean MILD” conditions were defined by conceatton values in the exhausts
of NOx < 30 ppm and of CO < 50 ppm. It should béedahat these thresholds are arbitrary (e.g.,
they are not related to any regulations) since tmeye been introduced to identify more stringent
conditions with respect to those commonly considdm identify MILD combustion (i.e, flame
disappearing, temperature differences reductiom, sinarp decrease of NOx emissiénk)oreover,
the effect of a small variation of these threshaldghe boundaries of the MILD combustion region

on a TagVs. Ky plane is marginal, as will be discussed in thioWing.

3. Results and discussion

3.1 Pollutants emissions and temperature profiles

Given the small dimensions of the experimental egipa, the burner was operated with thermal
power values in the range 0.2-0.6 kW. For all #std, the firing procedure previously discussed was
used. The furnace was initially pre-heated in tNec8nfiguration using methane as a fuel and, once
MILD conditions were achieved, the methane flonerdtom the bottom nozzle was gradually
reduced while increasing the liquid flow-rate frdhe lateral nozzle, therefore switching to the DN
configuration. Note that this gradual switch, aadrout at constant overall fuel thermal input, \a8o

for maintaining clean MILD conditions over the wh@witching procedure.

Flow-rates of the investigated fuels, as well as tdkmperature of the air pre-heater and the ratio

between primary and secondary air were regulatedrdmg to the experimental conditions to be
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obtained; Table 1 reports the range of flow-ratesdufor the various liquid fuels; the air flow rate

was always adjusted as a function of the reactioiclsometry and the required air excess.

Table 1.Range of flow-rates for the investigated liquielti

Fuel Flow-rate | Flow-rate
min [mol/s] | Mmax [mol/s]
n-heptane 2.9x10 9.0x10°
n-heptane:EtOH 50:50 vol| 1.4x10 | 2.6x10%
Kerosene 2.8x1D 9.1x10°

Kerosene:EtOH 50:50 vol 8.1x%20 2.2x10%

Kerosene:BuOH 50:50 vol| 3.2x%0 1.1x10*

Kerosene:AmOH 50:50 vo| 3.6xP0 1.5x10*

Fig. 3 shows a typical comparison among the furrtaocgperature profiles (averaged on the three
radial thermocouple measurements) collected dutirey switch from clean MILD combustion
conditions in the SN configuration using methana d@sel to clean MILD combustion conditions in
the DN configuration using n-heptane as a fuel \aithair temperature pre-heatingyefea: €qual to
1050°C. It is possible to notice that the tempemprofiles show a similar shape, even if in the SN
methane MILD combustion the peak temperature (whgclan indicator of the maximum fuel
oxidation rate) is located closer to the burnerzt®ztip (which is located at an axial distance ¢qoa
290 mm), while the peak temperature moves towdreekhausts outlet in the DN n-heptane MILD
combustion. This is coherent with both the différacation of the fuel inlet (which is closest teet
exhausts outlet in the DN configuration) as wellath the higher characteristic combustion time of
the n-heptane droplets with respect to the gasemibane. However, we can also see that in both
the configurations the temperature profiles ardgegflat (a maximum temperature difference of less
than 150°C is evident from Fig. 3), as expectedrwhLD combustion conditions are achieved.

Moreover, also an intermediate profile, measuredmimoth methane from the bottom nozzle and n-
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heptane from the lateral nozzle were fed to thenéwris reported in Fig. 3. As expected, this
intermediate configuration shows a temperatureilprofose to that of the SN methane configuration
near the bottom of the furnace (where the maximusthame combustion rate is located), while in
the upper part of the furnace (where the maximunepiane combustion rate is located) it becomes
closer to that of the DN n-heptane configuratiotsQAin this case the temperature profile is quite
flat, clearly indicating that MILD combustion comidins are achieved also during the gradual

transition from SN gaseous fuel to DN liquid fueh@iguration.

1100
——CH4 (SN)
1050 —#-— CH4/n-C7 (DN)
~8—n-C7 (DN)
81000 1
.
2 950 -
o
900 -
850 -
Air inlet nozzle .
Exhausts outlet H
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Figure 3. Average temperature profiles measured during itimegfprocedure involving the switch
from the SN configuration with gaseous methane faglto DN configuration with liquid n-heptane
as a fuel (frenea= 1050°C; overall fuel thermal input equal to OM/kKv = 7). Error bars indicate

the maximum temperature deviations measured inatth@l direction.

Similar conclusions arise from all the liquid fu¢toth pure hydrocarbons and hydrocarbon-alcohol
blends) investigated in this work, as shown for #ake of example in Fig. 4 for the two
hydrocarbons (n-heptane and kerosene) both purdlended (50% vol) with EtOH. In particular,
Fig. 4a shows the NOx emissions measured duringsthiech from gaseous SN configuration
(corresponding to the abscissa equal to 0) upgoidi DN configuration (corresponding to the
abscissa equal to 100), while Fig. 4b shows theeda@mds for the average furnace temperature.
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All the hydrocarbons and hydrocarbons-alcohol bdeindestigated in this study evidenced a similar
NOx trends when switching from SN gas to DN liqudnfiguration: NOx emissions slightly
increases from methane MILD combustion to liquidLEllcombustion, but they are always well
below the clean MILD threshold of 30 ppm. As thesteyn was always operated with the same
overall fuel thermal input, the increased NOx fotima should be probably ascribed to the Prompt-
NOx mechanisit, which becomes more relevant for liquid fuelstie tegion where the droplets of
the fuel spray evaporate leading to larger fuelgexy ratio values. However, clean MILD
combustion conditions have been achieved not oitly a¥l the liquid fuels in the DN configuration,
but also in all the intermediate configurationsdlved in the switch from the SN gas to the DN
liquid configurations. This is also confirmed byethesults shown by Fig. 4b, where no significant
variations in the temperature trends are evidendeen switching from SN gas to the DN liquid
configurations. Moreover, it is worth mentioningatithe fuel conversion was always found to be

complete, with no unburnt hydrocarbons and nedkg®O emissions.
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Figure 4. NOx emissions at 3% excess in the dry exhausts (a) and average futeageeratures
(b) as a function of the liquid to gaseous fuelorad% means SN gas configuration, while 100%
means DN liquid configuration. Intermediate valuedicates intermediate configurations achieved
during the switch between SN gas and DN liquid mpmhtions (Treneac1000°C; overall fuel
thermal input equal to 0.3 kW;k= 7).

Coherently with previous results related to différiquid hydrocarbon, the chemical nature of the
liquid fuel seems to play a secondary role on tlsspbility of achieving MILD combustion
conditions also when oxygenated fuels are invol\edther words, once the furnace enters MILD
combustion conditions with a specific fuel (in tliase methane), such conditions are maintained
regardless the switch from one fuel to another diés is supported also by the results reported in
Fig. 5, where the NOx emissions measured in thecbifiguration using different liquid fuels is
reported as a function of the dilution ratioy.KAs expected, it is possible to see that decrgasia

Kv value leads to increase the NOx emissions ungildiean MILD threshold limit of 30 ppm is
exceeded. However, it is also clear that this hapger a K/ value equal to about 2 regardless the
fuel composition: this is a further confirmatioraticlean MILD combustion conditions are poorly
affected by the fuel composition. Moreover, it d@noticed that while at high\Kvalues the NOx
emission profiles are quite flat, when decreashgKy values they become quite sharp because the

furnace is exiting quickly the MILD combustion catioins. This implies that the effect of small
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variations of the (arbitrary) NOx thresholds set define the boundaries of the clean MILD

combustion region on aaky vS. Kv plane is quite negligible.
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Figure 5. NOx emissions at 3% excess in the dry exhausts (a) and average futeageeratures
(b) as a function of the dilution ratio, Kv, in th&N configuration (Frenea=1050°C; overall fuel

thermal input equal to 0.4 kW).

The negligible influence of the presence of alcseholthe liquid fuels is also evident from the désu
summarized in Fig. 6, which reports the temperapscdiles measured along the furnace with two
different exhaust recycle ratio in the DN configioa with some kerosene-alcohol blends. As can be

seen, all the investigated fuels evidenced verylainrends, with low temperature differences both
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in the axial (lower than 120°C) and radial (lowkann 60°C) directions, which clearly indicate that

MILD combustion conditions are achieved.

Air inlet nozzle ,
Exhausts outlet :

6 v J
[t
900 -
Exhausts outlet

850 ~
0 50 100 150 200 250 300

Axial position (mm)

Air inlet nozzle .

b)
Figure 6. Average thermal profiles obtained along the cortibnschamber at Kv=7 (a) and Kv=4.5

(b) in the DN configuration (Fenea= 950°C; overall fuel thermal input equal to 0.4 X\W&rror bars

indicate the maximum temperature deviations medsaréhe radial direction.

3.2 Clean MILD combustion regions on thggVs. K/ plane
Several experiments have been carried out to iiyecitan MILD combustion regions on av§vs.

Kv plane since these two parameters represent tha operating parameters influencing the
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achievement of clean MILD combustion conditiongy.RH summarizes the experimental results in

terms of clean MILD combustion regions for someokene-based blends.

a) b)

C) d)

Figure 7. Experimental results for kerosene (a), kerosend#EBD:50 vol. (b), kerosene:BuOH
50:50 vol. (c), and kerosene:AmOH 50:50 vol. (d)asbed lines represent the clean MILD
combustion region boundaries. Empty symbols repteseperimental conditions fulfilling the clean
MILD combustion requirements. Full squares and friingles represent experimental conditions

exceeding NOx and CO threshold limits, respectively

The lower average furnace temperature boundaryhirclean MILD combustion region, which is

always identified by CO emissions larger than 5npgnd corresponds to the beginning of the
combustion extinction, is practically the same @do about 800°C) for all the investigated fuels.
As previously discussed for the behavior of the NgIission as a function of Kv, also in this case
an increase of a few degrees of the average furteroperature is enough to reduce the CO

emissions close to zero, as shown in Fig. 8. Thi@ies that also the effect of small variationgha
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(arbitrary) CO threshold selected to define therialauies of the MILD combustion region on agl
vs. Kv plane is quite negligible, being this threshola}s at about 800°C.

On the contrary, the upper average furnace temperdioundary for the clean MILD combustion
region increases almost linearly from Kv equal bowt 1.5 up to Kv equal to about 4.5-5.5, where
an almost constant value is reached. At higher Klues the oxygen concentration is strongly
reduced by the large exhausts recirculation and\Ntbg production is driven mainly by the furnace
temperature.

In any case, as shown for the sake of example &NtBx emissions trends reported in Fig. 8, for
liquid fuels the role of the Prompt-NOx route isitqurelevant. As a matter of fact, at moderate
temperature values the measured NOx concentragi@ndefinitely too high to be explained by the
Thermal-NOx route alone. In fact, while the ThersN&@x formation rate is highly dependent on the
temperature and only to a less extent on the oxgganentratiofy Prompt-NOx can be produced by

nitrogen and hydrocarbon radicals in the fuel-riebions at temperature values as low as 1580°C
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Figure 8. CO and NOx emissions at 3% @xcess in the dry exhausts as a function of tlecage
furnace temperatures measured at different Kv ferogene:BuOH 50:50 vol in the DN

configuration.

It should be noted that a lower vertical boundany the dilution ratio was arbitrarily imposed at

Kv=1.5 since it was not always possible, due todkperimental limitations of the laboratory-scale
doi:10.1021/acs.iecr.9b02374



burner, to characterize completely the combustmmdiions in the low Kv region at the loweg§d

values.
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Figure 9. Comparison among the clean MILD combustion bourdadetermined for kerosene and

the 50:50 vol. kerosene-alcohol blends.

As summarized in Fig. 9, a comparison among thancMILD combustion regions on thew§ vs.

Kv plane for the kerosene-alcohol blends confirms titka location ad extension of the clean MILD
regions are only marginally influenced by the cheahicomposition of the liquid fuel blends. A
stable clean MILD combustion can be realized wilitolaol fuel blends at temperatures slightly
higher than those found for kerosene for Kv<5, whttre upper limits of the alcohol-containing
mixtures is about 60°C higher than that of keroséfmvever, this difference is close enough to the
experimental uncertainties to conclude that MILDnbaistion conditions can be sustained almost in
the same region for both hydrocarbons and hydrocaHalcohol blends, in spite of their different
physical and chemical properties. In other wordH,Mcombustion evidences a great flexibility for
what concern the fuel properties, leading to thectigsion that it is possible to realize a clean ML

combustion also for alcohol-containing fuel blends.

4. Conclusions
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In this work the sustainability of MILD combustiaonditions for liquid hydrocarbons containing
oxygenated species has been investigated using klixatory-scale burner. It has been found that
injecting a liquid fuel spray into a high velocifjgt of preheated air allows to sustain MILD
combustion conditions for several different liquitydrocarbons-alcohol blends once a MILD
combustion environment has been previously attaimedg a gaseous fuel. Moreover, the MILD
combustion region in the usuak/ vs. Kv plane was found to be marginally influendad the
chemical composition of the liquid fuel blend. Iarpcular, the possibility to sustain stable clean
MILD combustion conditions also at low Kv values svavidenced. In these conditions, very low
emissions of NOx and CO, as well as of unburnt bgdrobons, were measured. Therefore, it was
proposed that furnaces operating in the MILD contibausconditions are characterized by a great
flexibility in terms of fuel properties, thus suppog the conclusion that a MILD combustion burner
can create a suitable environment for several itudepression also when different oxygenated

species are present in relevant quantities, suahmasny fossil fuel — biofuel blends.

doi:10.1021/acs.iecr.9b02374
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