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1. INTRODUCTION

Many processes of the chemical industry are fagmgeasing pressure to reduce fuel,
operating costs, emissions and to improve qudléyjbility and capacity. The use of pure
oxygen or oxygen-enriched air is an excellent wagdhieve these results. Processes such
as oxidation, fermentation, combustion and wastemiéatment can be improved by the
use of oxygen especially for the increment of cdpawhich derives. Furthermore,
limiting the amount of nitrogen in the process pgsrthe use of smaller equipments. The
overall flow is lower than that of an air-basedqass, thus minimizing pressure drops and
reducing operating costs [Hendershot et al. 20T@ple 1 lists major petrochemical
processes that utilize air, pure oxygen, oxygefncked air or other oxidants. The use of

oxygen can often be justified by improved reactaies, selectivity and yields.

Table 1. Petrochemical processes which employ air, oxygetygen enriched air or
chlorine [Hendershot et al. 2010].

Chemical Manufacturing process options
Ethylene oxide Oxygen, air
Propylene oxide Oxygen, air, chlorine
Acetaldehyde Oxygen, air
Vinyl chloride Oxygen, air, chlorine
Vinyl acetate Oxygen
Caprolactam Oxygen, air
Terephthalic acid Air, oxygen enriched air
Maleic anhydride Air, oxygen enriched air
Acrylonitrile Air, oxygen enriched air
Phenol Air, oxygen enriched air
Isophthalic acid Air, oxygen enriched air




The production of ethylene oxide from ethyleneng of these processes: because nitrogen

does not need to be purged from the reactor, wisiddn operation that implies several

steps, and because the use of pure oxygen all@vwe#ttion to occur at optimum kinetic
conditions, the process can be run in a singlesstag

Another interesting process which uses highly oxrygeriched air is the “oxy-

combustion”. This technology is used in several liappons, including glass

manufacturing, ferrous and nonferrous metal praosgsswaste incineration, sulfur
recovery, fluid catalytic cracking, power generatand many others.

Oxygen enriched combustion can be accomplished lmtHevel, medium-level or high-

level enrichment. Low-level enrichment is definexl @ mole fraction of oxygen in the

oxidant stream between 21% and 28% and represéstssimplest and lowest-cost
implementation since oxygen can be added directtii¢ main air stream ducts and can be
used the existing burners. Higher levels of oxygemcentration require specialized
burners and equipments, but they also provide hiiglvels of benefits.

Nowadays the interest towards oxy-fuel combustion fower generation is increasing

because it is an important step towards zero-eamsimbustion technology. Indeed:

i) the reduced amount of nitrogen reduces the ovlf@K emissions;

i) the higher reactivity of oxygen allows the useea#ri and more in general low reactivity
fuel mixtures, thus decreasing the flame tempegaue. lower equipment cost and
further decrease of N(@missions);

iii) the exhausted gas stream contains mainly carboridéi and water vapor, thus
favoring any subsequent GGequestration [Dennis, 2006; Lieuwen et al., 2010]

(Figure 1).
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Figure 1. Scheme of a typical oxy-fuel power cycle for,G€questration [Lieuwen et al.
2010].

On the other hand, despite the environmental arsfasiability advantages of oxy-
combustion, Lieuwen et al. (2010) have stated ttatuse of highly enriched,@xidizer
implies substantial cost penalty and potential@sion concerns. These issues have forced
process designer towards the adoption of nearhstoietric conditions or even more
diluted mixtures in order to reduce oxygen demdr use of oxygen-enriched air poses
however severe safety issues, because pure oxygames the flammability range with

respect to air, as showed in Table 2 [Cohen, 1992].

Table 2.Flammability limits of several fuels in air ang {(Cohen, 1992]

Gas Limits in air, %y Limits in Oy, %y
Lower Upper Lower Upper
Hydrogen 4.0 75.0 4.0 94.0
Carbon monoxide 12.5 74.0 15.5 94.0
Methane 5.3 14.0 5.1 61.0
Ethane 3.0 12.5 3.0 66.0
Propane 2.2 9.5 2.3 55.0
Butane 19 8.5 1.8 49.0




Also, the burning velocit is modified by the increasing of oxygeoncentration in th
oxidizer. Figure 2showsthe effect of oxygen enhancement on burning velotur

CH4/O42/N, mixtures Lewis & Von Elbe, 1961].

Figure 2. Enhancement of laminar burning velocity with oxygesncentration fo
CH4/O,/N, mixtures [Lews & Von Elbe, 1961

Once fixed thepercentage of C, in the mixture, the burning velocity significan
increase as £content in the oxidizer increas These effects are even more hazarc
when hydrogen is present in the fuel mixture beeaits preence makes the mixtu
highly reactive, thugnhancing the risk of explosion, in particulareréture results sho
that the risk for deflagration to detonation trénsi, heat explosion or combustion indut

rapid phase transition is significantly enced [Lee, 2008Safekinex, 2009; Di Benedel



et al., 2009]. On the other hand, the dilution Wit®, results in substantial decreases of
either the laminar burning velocity, or the flamntigprange and the flame temperature by
thermal and kinetic effects [Arpenteiner et al.Q2D

The ability of oxy-combustion to operate with loeactivity fuels is largely advantageous
for the general aims of energetic sustainability tHis framework, the use of syngas (a
mixture composed of 1 CO, CQ, H,O, CH, and other minor components) derived from
biomass gasification, pyrolysis, or waste gasegestly increasing due to the valorization
of those secondary materials for power generatioth @more in general towards zero-
emission combustion technology.

This Ph.D activity has been devoted to the studyhef explosive behavior of syngas
combustion in oxygen enriched air, with specificeation to the evaluation of the main
factors (fuel composition, diluents content, oxygamnichement), able to trigger anomalous

explosive behaviors.



2. STATE OF ART

Literature review has highlighted that most ofestific works on oxy-combustion deals
generally with the explosion behavior of pure hydmions, whereas very few analyses
have been devoted to the study of the explosiosynfias in oxygen-enriched air. As a
consequence, an extensive study of syngas oxy-cstiohus mandatory, starting from the
state of the art of the combustion kinetic of sygath both air and oxygen and of the

main explosion phenomena which may occur in suehkdMidant mixtures.

2.1. Syngas combustion kinetic

Lieuwen et al. (2010) state that technical develept are hindered by the lack of
fundamental data on burning velocity for dilutech@gs oxy-combustion, even if several
experimental and numerical studies are availabtherliterature when using air as oxidant.
A review of the influence of MCO ratio, initial pressure and preheat temperatlitetion
and flame stretch on the laminar flame speed ofjayrfuel mixtures in air is largely
analyzed in Lieuwen et al. (2010).

When a typical hydrocarbon fuel reacts with aig Kinetic of the combustion reaction is
ruled by the generation and propagation of radipakties. As it regards CO combustion, in
the absence of hydrogen containing species, thetioaa involving O radical and CO are
very slow. Indeed it is extremely difficult to igaiand to have a flame propagation in such
mixtures. As H molecules or other species hydrogen containindgdt&sfor instance) are
added to CO, the reaction rate rises considerapbaulse hydrogen radicals diffuse very

rapidly through propagation reactions, which inwohl atoms.



The kinetic models for COMAD, combustion reaction are fundamental for the
understanding of combustion chemistry. One of itst Validated kinetic study was that of
Yetter et al. (1991), which elaborated a reacticimeeme for syngas/air combustion system
and developed a detailed kinetic mechanism, whiak been confirmed and further
developed in several following studies. In pari@eulDavis et al. (2005) developed a
kinetic scheme consisting of 14 species and 30tiogec modifying the enthalpy of

formation of the OH radical and the rate coeffitiehthe third-body reaction:

H + Oy(+M) = HO,(+M) (1)

A study by Bouvet et al. (2011) carried out synigasinar flame speed measurements at
atmospheric pressure and ambient temperature Img wspherically expanding flames.
Mixture compositions ranging from JCO = 5%/95% to WCO = 50%/50% and
equivalence ratios from 0.4 to 5.0 have been inyatstd. Flame speed measurements for
all investigated syngas/air mixtures have been e@vatpwith the predictions calculated
with the Li et al. (2007) mechanism. It can be obsé that calculations generally over-
predict the experimental values.. The agreemergosd for both 5/95% and 10/90%
H./CO mixtures for the very rich branch but measumnare higher than predictions for
both 25/75% and 50/50%,KCO cases.

Recently, due to the high interest in gas turbiyreggas combustion, several experiments
have been executed at temperature and pressurer iigin atmospheric values [Burke et
al., 2007; Mittal et al., 2007; Natarajan et abDp2; Petersen et al., 2007; Sun et al., 2007,
Walton et al., 2007].

Natarajan et al. (2007) evaluated, either numdyical experimentally, the laminar flame

speed of singas/air mixture at different composgi@nd values of initial pressure and



temperature, thus validating the mechanism fortaedldy Davis, in particular for high
hydrogen content mixtures.

Burke et al. (2007) have measured syngas/air lanflaene speeds in cylindrical test
chamber with outwardly propagating spherical flapa<onstant pressure. The results are
reported for /CO/CQ mixtures by varying in equivalence ratio from @64.0, pressure
from 1 to 20 bar, and CQlilution from 0% to 25%. The experimental measwgrts were
compared with experiments performed by McLean e{%894), Sun et al. (2007), and
Hassan et al. (1997) and with the numerical resalitained by using the Kkinetic
mechanisms of Li et al. (2007), Davis et al. (200&)d Sun et al (2007). These three
mechanisms yield similar results, but Sun et adjmt slightly higher flame speeds than Li
et al., which predict slightly higher flame speéaislow CO, concentrations and a slightly
stronger adverse dependence of,Gfncentration on the flame speed than Davis et
al.,(2005).

Mittal et al. (2007) conducted experimental and adoal studies to evaluate the
mechanism for the combustion of CQ/hhixtures in air at high pressures in the range of
15+50 bar and temperatures in the range of from+9®B00 K. Experiments were
performed in a rapid compression machine. Autoignitdelays were measured for
stoichiometric compositions of COfHontaining an amount of CO between 0% and 80%
in the fuel mixture. The experimental results shdwemonotonic increase of time delay
as the content of CO in the fuel mixture was inseel By contrast, numerical simulations
for the same mixtures based on the kinetic modeVel@ by Davis et al., (2005) displayed
a gqualitative discrepancy with experimental valuBse discrepancy is attributed to the
value of the reaction rate constant recommendeBlaoych et al. (1973) for the HG- CO
reaction, at T=1000 K, which could be up to a factolO too high. Lowering this rate the

gualitative anomaly between experiment and numigpiealiction can be corrected
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An important aspect to evaluate is the role of efibks during the process of syngas
combustion. A study by Ding et al. (2011) investigthe extinction limits and emission
formations of dry syngas (50%,H 50% CO), moist syngas (40% H 40% CO - 20%
H.0O), and impure syngas containing 5% A two different pressures (1 bar and 5 bar,
respectively). A counter-flow flame configuratiormsvnumerically investigated in order to
understand flame extinction and emission charastiesi at the lean-premixed combustion
conditions, by varying inert content ok NCO, and HO at different pressures and syngas
compositions. The OPPDIF model in CHEMKIN (ReactiDesign®) along with the
Davis mechanism have been utilized for the modedinthe oxidation of HCO, whereas
the GRIMech 3.0 mechanism has been utilized fodation of H/CO/CH,. By increasing
syngas composition and inert concentration, nuraesanulation showed that: i) GO
diluted mixtures has the same extinction limit asisnhor dry syngas, but show higher
extinction temperature; ii) the presence @OHn the fuel mixture decreases the extinction
limit of N diluted flame but increases the flame extinctemperature; iii) the presence of
CH, (impure syngas) determines larger flame extinctiont but has no effect on flame
temperature in C@diluted flame; iv) for diluted moist syngas, exdiion limit is enlarged

at higher pressure; v) higher CO concentrationdeadigher NO emission.

Prathap et al. (2008) investigated the effect dfitidn with nitrogen on the laminar
burning velocity and flame stability of syngas f(®0% H — 50% CO) — air mixtures. The
syngas fuel composition considered included an amnaf N, from 0% to 60%.
Spherically expanding flames were generated byraknigniting homogeneous fuel-air
gas mixtures in a 40-L cylindrical combustion chamlitted with optical windows.
Experiments were conducted at atmospheric conditemd equivalence ratios ranging
from 0.6 to 3.5. All the measurements were compavetd the numerical predictions

obtained by using RUN-1DL and PREMIX coupled withvs chemical kinetic scheme.
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The effect of dilution with nitrogen resulted in.ai decrease in the laminar burning
velocity by reducing the thermal diffusivity andafhe temperature of the mixture. iii) a
shift in occurrence of peak laminar burning velpérom = 2.0 for 0% N dilutionto =
1.4 for 60% N dilution, iv) an augmentation of the coupled effe€ flame stretch and
preferential diffusion on laminar burning velocignd v) a shift in the equivalence ratio
for transition from stable to unstable flames from 0.6 for 0% N dilution to = 1.0 for
60% N dilution.

A study by Richards et al. (2005) have showed hbe axidation rate of CO in the
syngas/air system is reduced by the presence of i@Qhe reacting mixture, hence
determining longer residence time for the completenbustion. This effect can be
attributed to either thermal effects, due to thedo adiabatic temperature or the slower
laminar flame speed due to the kinetic role oLb,CO

In this framework, a study by Di Benedetto et aDQ9) have evaluated the effect of £O
addition to CH/O./N, and H/O,/N; at stoichiometric conditions and at different lisvef
oxygen-enrichment. The presence of Clkas been shown to affect significantly the
laminar burning velocity up to flame extinction. & kimulations have shown that the main
role of CQ is to induce changes in the heat capacity of thé¢ume, hence lowering the

flame temperature. The presence of,®@s been found to play also a kinetic role.
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2.2. Explosion modes: deflagration, detonation, deflagrdon to detonation
transition, heat explosion and combustion-induced apid phase transition of

oxygen-enriched fuel mixtures

When igniting a gaseous fuel premixed with air aiygen, a self-sustained reaction
(combustion) wave is observed. This phenomenoneitned as deflagration and is
typically characterized by low flame speed. If atmg in confined or partially confined
system, the chemical energy stored in the fuebrsserted into the internal energy of the
gaseous combustion products. As a consequencdenmgerature is raised and expand
against the walls thus increasing the internalquness In the case of isobaric expansion, as
in the open, the same expansion may produce peessaves which travel from the
explosion source in the atmosphere.

Under appropriate conditions, a flame can contistyoaccelerate and undergo transition
to a detonation wave (DDT). The main physical dédfeces between detonation and
deflagration mode for a combustion reaction thaiuog in the gas phase in the open are
shown in Figure 3 [Crowl & Louvar, 2002]. In thefthgration mode, the reaction front
propagates at a speed less than the speed of sthumghressure front moves at the speed
of sound in the unreacted gas and moves away flenrdaction front. In the case of
detonation, the reaction front moves at a speedtgrer equal than the speed of sound,

and the shock front is found at short distanceantfof the reaction front.
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DEFLAGRATION

DETONATION

Figure 3. The reaction wave and the pressure (or shock)ther deflagration and
detonation phenomena [Crowl & Louvar, 2002].

The pressure fronts produced by detonations andgtafions are markedly different. A

detonation produces a shock front, with an abrupsgure rise, a maximum pressure of
greater than 10 bar, and total duration of typycédlss than 1 ms. The pressure front
resulting from a deflagration is characteristicaligle (many milliseconds in duration), flat

(without an abrupt shock front), and with a maximypmessure much lower than the
maximum pressure for a detonation (typically 1 do&). The behaviors of the reaction
and pressure fronts differ from those shown in Fegdl depending on the local geometry
constraining the fronts. Different behavior occifithe fronts propagate in a closed vessel,
a pipeline, or through a congested process unit.

The mechanism by which a deflagration transfornte axdetonation remains one of the
most interesting unresolved problems in combustimeory because of the numerous

parameters which need to take into account. Tiansitom deflagration to detonation
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(DDT) can be observed in a wide variety of situasioincluding flame propagation in
smooth tubes or channels, flame acceleration causegpeated obstacles, and jet ignition.
The processes leading to detonation can be cledsifito two categories: i) detonation
initiation resulting from shock reflection or shofdcusing, i.e. a direct initiation process
where the shock strength is sufficient to autotgrhe gas and promote detonation; ii)
transition to detonation caused by instabilitiearnthe flame front or caused by flame
interactions with a shock wave, walls or obstruatednnels.

The first mechanism is much more probable whenstiaek interacts with a corner or a
concave wall that produces shock focusing. It Has been found to be very efficient in
promoting detonation for relatively slow flames.

Lee (2008) have proposed a theory on the developofaetonation waves based on the
so-called SWACER mechanism (Shock Wave Amplificatly Coherent Energy Release).
The mechanism proposed is based on the formatiomnofinduction time gradient
associated with temperature and concentration gnélithat can produce a spatial time
sequence of energy release. This sequence carptbdace a compression wave that is
gradually amplified into a strong shock wave that auto-ignite the mixture and produce
DDT.

Transition from high speed flame to detonationubes was studied in an extensive series
of experiments with the aim of establishing quatitre limiting criteria for the onset of
transition.

A necessary condition for transition to detonatisrthat the minimum transverse tube
dimension, corresponding to the tube diameter d,stmibe sufficiently large to
accommodate at least one transverse cell widthactearstic of the mixture in the tube.
That is, the quantitative criterion for transitias that /d < I. Once established, the

detonation wave in the tube within the obstacl&lfie observed to propagate at a steady
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velocity. This criterion was specifically treategt Bupré et al. (1990) who presented a
comprehensive analysis of detonation limits and itooed the propagation of established
detonations in fuel-air mixtures through a serieépipes of decreasing diameter until the
detonation was observed to fail. Hence, criticadepdiameters were determined for the
DDT occurrence. These data, obtained as a fundidinel type and equivalence ratio,
were then compared to detonation cell sizes prelyomeasured or defined, as that of
Moen et al. (1982), who established the 1.7 D condition for DDT. Eventually, Dupré et
al. (1990) concluded that detonations could nopagate if the detonation cell widthof
any fuel-oxidant mixture was greater than the pip@meter D. This condition was
considered a realistic limit criterion because otertainties in detonation cell structure
near the limit.

Akbar et al. (1997) reported experimental valuesedf width for CHy/O,/N, mixture as

function of enrichment factor E. These resultsraported in Figure 4.

CH,/O,/N, Akbar 1997
0.8 -

0.6 -
0.4 -

0.2 -

0 I I I |
0 50 100 150 200 250

Cell width , mm

Figure 4. Characteristic cell width for CHy/O./N, mixture varying enrichment factor E
as given by Akbar (1997).
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According to the results of Akbar, a @B,/N, mixture with E = 0.3 can detonate in a tube
if =D=70 mm. The use of oxygen as oxidant rathantair makes deflagration to
detonation transition (DDT) more likely. Furtherrapras for deflagration, detonation
limits may be also affected, as clearly observediahle 3, which reports detonation limit
both in air and oxygen for several gases [Glassén¥etter, 2008; Michels et al. 1970].

A study by Thomas (2009) shows the experimentadgune histories in various ethylene—
oxygen compositions tested a 1.48 m long, 7 mm eiamtube at initial pressure and
temperature of 1 bar and 293 K respectively (Fgh). As the oxygen concentration

increase from 40%, to 48%,, the flame drastically accelerate and the detonaiazurs.

Table 3.detonation limits in oxygen and air [Glassman &itée 2008; Michels et al.,
1970]

Gas Lean limit, %, Rich limit %,
Air O, AIr O,
H, 18.30 15.0 59.70 90.0
CH, 5.70 4.50 14.0 55.8
CoHe 2.87 3.6 12.2 46.4
CsHs 2.57 2.50 7.37 42.5
nCy4H1o 1.98 2.05 6.18 38.0
NCgH1s 1.45 1.55 2.85 17.3
CoHy 3.32 4.10 14.7 60.0
CsHe 3.55 2.50 10.4 50.0
CoH> 4.20 2.90 50.0 88.8
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Figure 5. Representative pressure histories in variouslette~oxygen compositions in a
1.48 m long 7 mm diameter tube. Pressure gaugezi th from spark source. Initial

pressure 1 bar. Initial temperature 293 K. Oxygenaentration (a) 40% v/v, (b) 43% vl/v,
(c) 46% v/v and (d) 48% v/v. [Thomas, 2009]

Several fuel-air mixtures over a broad range ofivadence ratios at atmospheric initial
condition were also studied by the same author. fdselts show that transition to
detonation in tubes invariably occurs from a minmlgvel of flame speed corresponding
roughly to the speed of sound of the combustiomlpets. Since the flame speed in a tube
is directly coupled to the flow field that it gea&rs ahead of itself, this minimum flame
velocity requirement implies that an adequate sitgnof turbulent shear mixing is
required to form the required explosive pocketad mherent in the genesis of detonation.
Recently, BASF researchers (Safekinex, 2009), hastd the explosion behaviour of
CH4/O4/N, mixtures with different compositions in a spherigalssel (D = 340 mm) at

initial condition of temperature and pressure dR71 bar and 5 bar.
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The pressure histories were recorded by piezoalgutessure sensors with 500 kHz and
sampling frequencies of up to 100 kSample/s. Theynd three explosion modes:

deflagration, detonation and heat explosion as rtegoin the triangular diagrams of

Figure 6.
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Figure 6. Triangular diagrams for CHO,/N, mixtures exploding in 20L sphere.
[FP7 SAFEKINEX project, 2009]

To understand what really happens during heat siqloin Figure 7 the pressure histories
for three CH/O./N, compositions are reported. The pressure-time aigat Figure 7a
shows the typical story of deflagration combustionclosed vessel, with a maximum
pressure (close to adiabatic pressure) and subhsequessure decay due to heat losses
towards vessel walls. The diagram of Figure 7csplbé a pressure time history typical of
detonation, with a pressure peak which largely ommes the adiabatic value. The plot
reported in Figure 7b shows an explosive behavioickvis significantly different from
that of a detonation or a deflagration. The presgime history measured during heat
explosion exhibits an oscillating behavior and also over-adiabatic peak. They
recognized this explosion mode as different by DRd named it “heat explosion”:
immediate temperature and pressure rise of unaedagases when heated by adiabatic
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compression. The same researcher also affirmedetieat if this anomalous behavior has
been highlighted through experimental tests, thgegung mechanisms of the heat

explosion are not completely understood.

a) / b
— ¢
—
b) &
700‘\‘
o
&

c) C
H4/air Mixty,, i
e

Figure 7. Pressure histories for G#HD, mixtures. [Safekinex, 2009]

Di Benedetto et al. (2011) found in oxygen-enrichedthane-air mixtures a similar
behavior during explosions in closed vessel, wiexhibited oscillating pressure histories
and peak pressure much higher than the thermodgndine plot of Figures 8 shows the
pressure time history for the explosion of a migtuof CHJ/O./N, (molar
composition:16.7%, 33.3%, 50%) in a closed vesg$eblo volume. It is possible to
distinguish three different phases which charaotetine explosive behavior. A first phase
in which the pressure history is typical of a dgfkion in closed vessel. The adiabatic
pressure is, in fact, achieved 0.0075 s after igmitvhich is the time required by the
laminar flame to propagate along the entire lengththe vessel. At this time, the
combustion reaction is completed. After this tiries pressure starts decreasing due to the

effect of heat losses.
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During phase Il the pressure signal starts to laseiland the oscillation amplitude
increases with time up to the over-adiabatic p#ak. worth noting that this peak appears
when the combustion reaction has come to an ertielfast phase (lll), the pressure trend

is characterized by a gradual decay due to hes¢$o®wards vessel walls.
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Figure 8. Pressure time history for stoichiometric £8,/N, with E=0.40 as measured by
Di Benedetto et al. (2011).

The authors addressed the nature of the anomaéhavior to a coupling of a deflagration
and a rapid phase transition (RPT) of the watedgred by combustion reaction, in
particular to cycles of condensation and vapaopabf the water produced during the
flame propagation. More specifically, when a liqusdheated to its boiling point, in the

absence of nucleation sites, it may undergo supérigewithout boiling [Reid, 1976;

1983]. Super-heating may proceed up to a limit teaure (super-heating temperature)
above which RPT occurs. The vapor expansion adsdcwith RPT generates rapid

increase in pressure, eventually leading to thea&bion of shock waves.
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According to Di Benedetto et al. (2011) the contimmswater condenses at the vessel
walls and due to the radiation heat coming fromfltue@e, starts to evaporate explosively,
if superheated. This rapid phase transition of wpteduces shock waves which drive to
over-adiabatic pressure peaks, hence the phenonmasdreen named combustion-induced
Rapid Phase Transition (c-RPT).

The occurrence and the severity of the c-RPT phenom has been found to be dependent
on the quantity and nature of diluents (Ar, He,add CQ were tested) and on the vessel
surface to volume ratio [Di Benedetto et al. 2012atleed, it was showed that c-RPT
severity increases with the surface to volume ratithe vessel. Furthermore, it has been
found the disappearing of the c-RPT phenomenorpliglding ultra-fine MgSizO10(0OH),
powder over the vessel walls which prevents expéosivater evaporation providing
nucleation sites, as showed in Figure 9 (Salzara.e2013). The red and blue curves
represent the pressure time histories of#fOLIN,/CO, mixture (molar ratios equal to
1/2/1.33/1.08) exploding in a 5L closed vesselbsamce and presence of talc on internal
surface of the reactor, respectively. The presaidalc enables water evaporation. No
super-heating and no RPT. The peak pressure desrgaaching a value close to the

adiabatic one.
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Figure 9. Pressure histories of CHD./N/CO, mixture (molar ratios equal to
1/2/1.33/1.08) in a closed vessel in absence ardguce of talc [Salzano et al. 2013]

Finally, when heating the reactor walls at tempees higher than the water condensation
temperature, c-RPT does not occur as showed inrd-itfd (Di Benedetto et al., 2011) in
the case of explosion of a @, mixture (CH/O, molar ratio = %2) in a closed vessel. In
particular, when the wall temperature, 4l is maintained at 273K or 423K, partial
pressure of the water () produced as calculated at adiabatic conditiangreater than
Water vapor pressure(ipp) at Twar and c-RPT is manifested. As wall is heated until a
temperature of 473K, f2o results minor than R3o at Tya and c-RPT behavior

disappears.
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Figure 10. Pressure histories of GHD, mixtures (33.3/66.%, molar composition) by
varying wall temperature of the reactor vessel

From the literature results it appears that whemibg in oxygen enriched air rather than
pure air, the quantitative and qualitative behawaring explosion changes completely.
Open questions about the nature and occurrenckisolihomalous behavior, which has

been named “heat explosion” or “c-RPT” still exasid have been analyzed in this work .
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3. AIM OF THE WORK

The aim of this PhD thesis is to evaluate the cerwe and severity of c-RPT
phenomenon for #MCO/O,/NL/CO, mixtures. To this aim, research activity has been
divided in two parts.

The first part of activity has been focused on tharacterization of the reactivity and
explosive behavior of the mixtures of interest eafihg the combined effects of
composition (inerts, COand Q content) temperature and pressure. Explosion peieam
(maximum pressure, maximum rate of pressure riseynitg velocity) for
H./CO/G,/N,/CO, mixtures were evaluated by varying the followireggmeters:

)] fuel composition

i) fuel (H,+CO) concentration with respect te Expressed as equivalence factor

H2 +CO (2)

1)) CO, content (or inert species) in the mixture
Iv) level of oxygen-enrichment expressed in terms ocbment factor E (in the range

between 0.21, i.e. air, and 1, i.e pure oxygen):

O,

E=—F+-— 3
0, +N, 3)
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To this regard, a methodical experimental and nigakstudy was performed focalizing
on flame propagation phenomenon at atmosphericitons! of temperature and pressure
and to c-RPT occurrence.

The second part of the activity has been focusetherguantification of the key role of
water produced by combustion reaction in driving thRPT phenomenon. To this aim
stoichiometric CO/@N, mixtures, by varying the oxygen enrichment fadtoirom 0.21
(air) to 1 (pure oxygen), in the presence and énabsence of Hhave been experimentally
tested.

A theoretical analysis, based on the definitiordmhensionless characteristic time ratios,
has been conducted in order to predict on the oecce and severity of c-RPT
phenomenon.

In the light of this theoretical study, experiméntasults obtained in the open literature

have been analyzed.
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4. METHODS

The research activity here proposed is prevaldmdlyed on experiments and numerical
computations and make use of equipment and dewacasable in the laboratory of the
Istituto di Ricerche sulla Combustione, Consigliazibnale delle Ricerche (CNR-IRC) in

Naples (IT).

4.1. Experimental

The experimental apparatus adopted is shown iur&idgll, where is reported a

photograph of the cylindrical vessel.

Figure 11 High pressure cylindrical vessel
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Figure 12 The experimental scheme adopted for this studydrical vessel.

The main reactor is composed by a AISI 316 SS ,stagindrical vessel (5L), wall
thickness of 5 cm. Maximum allowable working presswas tested at 400 bar. The
mixture composition was obtained by the partiaspuge method. Gases were premixed by
mechanical stirring (rotating shaft velocity eqt@m00 rpm). They were allowed to settle
for around 30 s and then ignited by an electrialsiga5 kv, 30 mA) positioned at the
center of the vessel. Pressure histories were deddoy KULITE ETS-1A-375 (M) series
transducers fed by chemical battery (12 VDC/7 Ahpider to minimize any disturbance
on the output supply, which was recorded by medre Mational Instrument USB-6251

data acquisition system (1.25 Msamples/sec).
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Figure 13. High pressure tubular vessel
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Figure 14. The experimental scheme adopted for this studbular vessel.

The system showed in Figure 14 is composed by agbas: a mixer for the preparation
of the reactive mixture and a reactor for the egioio test (Figure 13).

The mixer consists of a 5 dpreylindrical vessel and includes a magnetic-drisérring
system for mixing. The reactor reported in FiguBe donsists of a cylindrical AISI316SS
stainless-steel, wall thickness 5 cm. The diamist& cm, and the vertical length is 120
cm. The reactor is equipped with rupture disk, rtteximum allowable operating pressure
is 200 bar. For pressure recording, which is thee goeasurement for the experiments
reported in this work, a Kulite ETS-IA-375 (M) sesi pressure transducer with a natural
frequency of 150 kHz has been used. These transdaoe specifically designed for high-
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pressure, high- shock environments and blast asaly$he electrical power for the
transducer has been supplied by means of a chebati@ry 12 VDC/7 AH in order to
minimize any disturbance on the output current,clvthas been recorded by means of a
National Instrument USB- 6251 data acquisition exyst(16 bit, 1.25 x 10samples/s),
with a frequency up to 1.0 MHz. No manipulationsreveerformed on the analogical
signal output from the transducer or the digitaladeecorded. Hence, data show large
oscillations due to observation (or additive) aytiamic noise. The data have been than
filtered by using non-linear algorithm based onig&&y—Golay (SG) method [Savitzky &
Golay, 1964], which utilizes an array of weightemkfficients as a smoothing function to
convolute m uniformly spaced neighbouring pointstHe following, we have used m =
21, a typical value adopted in explosion science.

The fuel oxidant mixtures used in this work were talmed by the partial pressure
methodology. The mixture obtained was sent to thmilar reactor and the gases were
ignited by a single spark [8 kV direct current (D@)rough two electrodes positioned at
the bottom of the equipment (spark gap = 1 mm)thi® aim, a RC circuit (Capacitor =
590 pF; Current Intensity: 5 mA), by using PC-baaetbmatic reed relays as high-voltage
switch. The estimated energy is 20 mJ.

From the pressure histories obtained by the exmetiah tests, laminar burning velocities
have been calculated. In a great number of liteeastudies, the laminar burning velocity
of a combustible mixture was obtained from the tewelution of the radius of spherically
expanding flame, captured by means of high-speedoghaphic techniques [Kim et al.
2002, Chen et al. 2007, Law et al. 2004, Tang.e2@09]. However, the laminar burning
velocity can be obtained from the time pressurenkof explosion occurring in closed

vessel [Lewis & Von Elbe, 1961]. In particular, tguations of Dahoe et al. (2003, 2005)
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which link the flame radiugy;, and the laminar burning velocit§, to the pressure time

history will be used. The flame radius will be edited by using the following correlation:

13 1g s

Pmax_ P
4p P PR,-P

max

(4)

where is the heat capacity rationR is the maximum measured pressure, P° is thelinitia
pressure, and V is the vessel volume. The (unesteef) laminar burning velocity, vill

be then calculated according to:

S = lim —rft) (5)

r@®ro dt Dr;

where r(t) is the best fit function in the range = (r; — 1;°), which refers to the range of the
flame radius for which either ignition or the waffects and vessel shape can be neglected
on the flame propagation. The boundaries of tmgeshave been evaluated by considering

the places where the time derivative of radiudviggs positive with radius, i.e.:

d dr

— — 30 6
dr dt (©)

The value of Scorresponds to the un-stretched burning veloatynadaiuang et al. (2006).
As also shown by Dahoe (2005), the values,afaiulated by means of this methodology
do not significantly differ from the values repatten the literature and measured with

more advanced techniques, such as photographe pfapagating flame.
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4.2. Model

The numerical calculation of the laminar burnindoeéies of the mixtures were carried
out by means of simulation of the one-dimensiopknar, adiabatic, steady, un-stretched,
laminar flame propagation. To this aim, the SafREMIX module [Kee et al., 1985] of
the CHEMKIN package will be, coupled to the dew@i®avis reaction scheme [Davis et
al., 2005].

The code, which adopts a hybrid time-integratiomidm-iteration technique to solve the
steady-state mass, species, and energy consenegji@tions, was set up to simulate a
freely propagating flame with mixture-averaged fatas. The initial flow rate of the
unburned mixture was set to 0.04 gfcsn[Di Sarli & Di Benedetto, 2007]. At the inlet
boundary, pressure, temperature and compositigdgheofresh mixture were assigned. At
the exit boundary, all gradients were imposed tusta

The adopted type of formulation requires an add#idooundary condition for the mass
flow rate that was assigned by fixing the flameakimn and, in particular, the point at
which the flame temperature reaches the value eéqué00 K. To start the iteration, the
temperature profile estimation obtained by Van Maaet al. (1994) for stoichiometric
methane/air flame was adopted, as suggested byrlstkal. (2001). The temperature
profile resulting from the first simulation step svased for the next step.

In the computations, the windward differencing asthbconvective and diffusion terms
was used. The model uses a non-uniform grid thaduiscessively and automatically
adapted based on solution gradients determined nomnitially coarse grid. Relative
gradient and curvature parameters, which deterrtfireextent to which the solution is
refined for each case, have to be provided. Thal tehgth of the calculation domain,

starting 2 cm upstream of the reaction zone, wasea equal to 12 cm. Further increases
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in mesh resolution and domain-size resulted intless 1 cm/s difference in the calculated

flame speeds.

4.3. Thermochemical analysis

The two essential parameters for the study of catriu systems are namely the
equilibrium product temperature and compositiorallfthe heat evolved in the reaction is
employed to raise the product temperature, thigpéeature is called the adiabatic flame
temperature, . Because of the importance of the temperature gasdcomposition in
combustion considerations, it is appropriate toewwthose aspects of the field of chemical
thermodynamics that deal with these subjects.

All chemical reactions are accompanied by eithemabsorption or evolution of energy,
which usually manifests itself as heat. It is pokesio determine this amount of heat and
hence the temperature and product composition fremy basic principles.

The internal energy U of a given substance is faionide dependent upon its temperature,
pressure, and state and is independent of the nigamgich the state is attained. The
change of the internal energy dU of a system ismgiyy the sum of the heat dQ transferred

and the work dW done to the system,

(7)

Work can be added to a system in various waydhighdtudy it is assumed compression

work only.

(8)

34



for costant volume V the change of internal enagyals the heat transferred

9)

when heat is transferred to a system, the temperahanges. The heat capacity & a

system at constant volume is defines as:

— (10)

the first law of thermodynamics becomes:

(11)

with the knowledge of ¢ the internal energy U can be determined at eteamperature:

(12)

The internal energy change in a chemical reaction

(13)

where A denotes the chemical compound anthe stoichiometric coefficient, is given by

the sum of internal energies times the correspanstioichiometric coefficients

(14)
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The determination of the adiabatic temperatuggal constant V is obtained by imposing

(15)

The calculation of equilibrium composition at cargtV of the burnt gases in combustion
process of CO/KHO,/N, mixture has been performed on the basis of theciple of the
minimization of free energy of Helmholts A, accarglithe following steps [Warnatz et al.

2006]:

Choice of the chemical system

First, the number S of different compounds in #ction system must be determined. All
species relevant to the system have to be consdiderehe specific case of this study, in
order to describe the relevant species in the bgastof a stoichiometric mixtures one

needs the compounds:

CO/H/O/CO/H,0 (S = 5) (16)

That means that we need 5 equations to determénechilibrium composition.

Determination of the components of the system

Each mixture of S species (compounds) has a cemtaimber K of components (chemical

elements). These components are conserved.

In our system there are K = 3 different elementsHQ0).

The molar balances on these four elements givesdtien to solve the problem
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Determination of the independent reactions
The compounds in the system which have not beesechas components can change due
to chemical reactions. Therefore R = S — K indejeah chemical equilibrium conditions

have to be specified. In this study R = 5 — 3 adependent reaction:

Lo Ket (17)

S Kea (18)

For each reaction it can be written an equilibriequation:

#s % & (19)

Solution of the equation system
There are 3 equations on the elements and 2 eguitibequations for 5 chemical

compound to determine: the system is determined.
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5. RESULTS

In this section, the study on the characterizatibtine reactivity and explosive behavior of
H./CO/G,/N,/CO, mixture and the analysis of the explosion behawibstoichiometric
CO/H,/O2/N, mixtures, by varying either the oxygen enrichmfaetor from 0.21 (air) to 1

(pure oxygen), and the hydrogen to carbon monaordtie are reported.

5.1. Explosive behavior of H/CO/O4/N,/CO, mixture

Table 4 reports the mixture compositions invesédain the first part of this thesis,
together with the corresponding values of adiabaticperature (F) and pressure (f at
constant volume, as computed by the Gaseq Cheramuailibrium Program [GASEQ,

2011].

Table 4. The syngas compositions analyzed and tested expetally. Y is the molar
fraction. T,q, Pag are respectively the adiabatic flame temperaturel gpressure as
calculated by GASEQ. Test 1: no £0

Test HJ/CO  E=0J(0x#N2) Yz  Yco Yoz  Pag bar T K
1 1.00 1 0.21 0.148 0.148 0.148 7.9 2700
2 1.00 1 0.21 0.089 0.089 0.089 5.2 1719
3  1.00 1 0.60 0.164 0.164 0.164 6.9 2426
4 1.00 2 0.21 0.118 0.059 0.089 5.2 1695
5  1.00 2 0.60 0.218 0.109 0.164 6.9 2416
6 1.75 1 0.21 0.127 0.127 0.073 45 1469
7 175 1 0.60 0.203 0.203 0.116 6.0 2044
8 175 2 0.21 0.169 0.085 0.073 45 1440
9 175 2 0.60 0.271 0.135 0.116 5.9 2009

38



The value of equivalence ratio corresponding td-fiek mixtures ( = 1.75) has been
considered because it corresponds to the maximumme ¥ar the laminar burning velocity
measured by several other authors by using aixidait (see e.g. Natarajan et al., (2007)).
In the following, the experimental results aretfpsesented. Hence, the model results for

the laminar burning velocity are compared to experital data.

5.1.1. Effect of E, and H,/CO ratio

Figure 15 the experimental pressure time histaresshown at changing the oxygen-air
enrichment (E), at different values of the equinake ratio () and H/CO ratio,(40 % of
CO,). The effect of the oxygen-enrichment is seerhatop part of the figure, where the
increased reactivity and larger enthalpy of combuasof the fuel mixture is evident in the
shorter duration of the overall explosion phenonmeand the higher maximum pressure
obtained in the case of E = 0.6 with respect to Similar results are also evident in the
case of rich fuel concentration or for higher ¢bntent, as seen in the middle and bottom
part of the same Figure.

In Figure 16, the effect of the equivalence ratio the explosion behavior of syngas
mixtures is shown in air (E = 0.21) and oxygenemrichment (E = 0.6), in the presence of
40 % CQ. For E=0.21 (Figure 16 top), both the maximurespure and the rate of
pressure rise are higher at stoichiometric conastif = 1) than at rich conditions
(f =1.75). At higher oxygen-enrichment (E = 0.6)¢ thffect of equivalence ratio is
marginal either on the pressure history or on daetivity of the fuel.

Finally, Figure 17 shows the effect of the/€lO ratio on the pressure history either for
stoichiometric syngas-air mixtures (Tests 2-4)arrich composition (Tests 6-8). For the
syngas-air mixtures (E = 0.21) the effects of tiidrbgen content on the pressure histories

is negligible.
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Test2: =1 E=0.21 H2/CO=1
Test3: =1 E=0.60 H2/CO=1

Pressure, bar

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7

Test6: =1.75E=0.21 H2/CO=1

—Test7: =1.75E=0.60 H2/CO=1

Pressure, bar

Test8: =1.75E=0.21 H2/CO=2

— Test9: =1.75 E=0.60 H2/CO=2

Pressure, bar

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7
ts

Figure 15. Effect of oxygen-enrichment. &€20% v/v. Top: Effect of oxygen-enrichment
factor for the stoichiometric concentration of fyel,+CQO).Composition blue line: 8.9%
H,, 8.9% CO, 8.9% @Composition red line: 16.4% £116.4% CO, 16.4% £

Middle: As top figure, for rich concentration ofeluH,+CO) in air. Composition orange
line: 12.7% H, 12.7% CO, 7.3% @Composition red line: 20.3% 4120.3% CO, 11.6%
O:.

Bottom. Effect of (MCO) ratio. Composition blue line: 16.9%,H8.5% CO, 7.3%
O,;Composition green line: 27.1%,H13.5% CO, 11.6% £
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—Test2:

Test6:

Pressure, bar

=1 E=0.21 H2/CO=1
=1.75E=0.21 H2/CO=1

Pressure, bar

~— Test3: =1 E=0.60H2/CO=1
—Test7: =1.75E=0.60H2/CO=1

o

0.1

0.2 Of3 0.4 0.5 0.6 0.7
.S

Figure 16. Effect of equivalence ratio for different oxygemiehment E. C@=40% v/v.
Top: Effect of equivalence ratio in air. Compogitiblack line: 8.9% K 8.9% CO, 8.9%

O,;Composition orange line:

12.7%,H12.7% CO, 7.3% ©

Bottom: Effect of equivalence ratio in oxygen-emeid air (E = 0.6). Composition blue
line: 16.4% H, 16.4% CO, 16.4% £Composition red line: 20.3% £120.3% CO, 11.6%

O:.
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—Test2: =1 E=0.21 H2/CO=1
—Test4: =1 E=0.21 H2/CO=2

Pressure, bar
w

2
1
0 0.1 0.2 0.3 0.4 0.5 0.6 0.7
ts
Test6: =1.75E=0.21 H2/CO=1
4
—Test8: =1.75E=0.21 H2/CO=2
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Figure 17. Effects of hydrogen enrichment. &@0% v/v. Top: Effect of $CO ratio for
stoichiometric fuel in air. Composition green |iné8.9% H, 8.9% CO, 8.9%
Oy;Composition red line: 11.8% £15.9% CO, 8.9% ©

Bottom: Effect of CO ratio for rich concentration of fuel in air. @gposition orange
line: 12.7% H, 12.7% CO, 7.3% ©Composition black line: 16.9% 418.5% CO, 7.3%
Oz
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5.1.2. Laminar burning velocity

For the compositions given in Table 4, the maximprassure (R.) and the laminar
burning velocities ($ calculated through Egs. 4, 5 from the experinleptassure time

histories obtained in the high pressure cylindricsdctor (Figures 15-17) are given in

Table 5.

Table 5. Maximum pressure and laminar burning velocity fbe mixtures of Table 1.
Test 1: no C@

Test H,/CO E=0,/(0,+N») Pmax bar 3 cms

1 1 1 0.21 6.31 + 0.03 97.5+8.2
2 1 1 0.21 4.15 +0.02 6.5+ 1.9

3 1 1 0.60 5.67 + 0.03 67.6 +2.8
4 1 2 0.21 4.08 + 0.02 8.3+2.7

5 1 2 0.60 6.16 + 0.03 80.2+7.1
6 1.75 1 0.21 3.29 +0.14 13.2+1.7
7 1.75 1 0.60 5.16 + 0.13 775+8.4
8 1.75 2 0.21 3.42 + 0.06 10.3+ 0.6
9 1.75 2 0.60 4.00 +0.14 90.13 + 6.00

The data in the table show that the laminar burniglgcity for the oxygen enriched tests
(E = 0.6) is one order of magnitude larger thanlbming velocity obtained in pure air,
whatever the equivalence ratid) (and the H/CO ratio. In the presence of GChe

calculated laminar burning velocity is higherfat 1.75 than at = 1. These results are in

agreement with the findings of Lieuwen et al. (20&40d Mclean et al. (1994) on syngas

explosion in air.
These results can be compared with the values lagdcuby Chemkin analysis. The

computed values of the laminar burning velocity \arying the equivalence ratio for
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different values of the oxygen-enrichment factoy #¢&d H/CO ratios are shown in Figure

18. Experimental values (Table 5) are also shown.

120

—E=0.6 H2/CO=1
—E=0.6 H2/CO=2
—E=0.21 H2/CO=1
—E=0.21 H2/CO=2

Figure 18. Laminar burning velocity,Sor the syngas explosion vs. equivalence ratiby
varying H/CO ratio, oxygen-enrichment factor E, €©40% v/v. Experimental tests as in
Table 2 are reported for the sake of validation.

The calculated values of burning velocity agreeteqwell with experimental data. The
maximum values of the laminar burning velocity doeind at rich conditions and in
particular at aboutf(= 1.6). Such values slightly depends on the oxyaernrichment
(E) and on the KHCO ratio.

On increasing the oxygen content (i.e., on incregB), the values of the laminar burning
velocity increases from about 5-10 cm/s up to 80-did/s.

It is worth noting that the main finality of the &l simulation has been the validation of
Davis mechanism respect my experimental study &l ttould calculate values of laminar

burning velocity for theoretical evaluations regaorin the second part of this thesis.
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5.1.3. Effect of CO,

Figure 19 shows the calculated values of the lam@ning velocity as function of the
CO, content. In the same figure, the experimental détdable 5 and literature data are
also shown. The comparison between the computegsand the experimental data are in
a good agreement, suggesting that the Davis mesthaisi adequate for simulating the
laminar burning velocity also in oxygen-air enriaimh conditions.

The CQ addition significantly reduces the laminar burniredocity up to extinguishing it
(CO, ~ 60 %; $~ 50 mm/s).

This result was previously found also for £6L/N,/CO, and H/O./N,/CO, mixtures [Di
Benedetto et al., 2009]. For these mixtures, Didgleto et al. (2009) also put in evidence
that the main role played by G@ thermal rather than kinetic, as it decreasedl#me
temperature.

In this work we investigated the nature of the roleCO,. To this end, we performeatl
hoc simulations by artificially suppressing the kimstiof CQ without varying the
thermodynamic properties of the same substance.

In Figure 19 the laminar burning velocity valuesamed by suppressing the kinetic role of
CO, are shown (---). It appears that the kinetic dffers relevant for higher GO
concentrations. CObehaves as a competitor in the mechanism by negubie overall

reactivity.
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ONatarajan et al., 2007
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500 - Burbano et al., 2011
¢ Ratnaetal., 2011
® This work

400 - ® This work

%CO,
Figure 19. Laminar burning velocity for syngas composition €€, concentration for

different oxygen-enrichment factor E,/BO = 1, = 1. Dashed lines represent the
calculated values obtained by using a reactivitgrirspecies in place of GO

Similar behavior was found for #CO = 2 and = 1.75; results are not reported here for
the sake of brevity.

In order to quantify the weight the kinetic andrthal role of CQon the laminar burning
velocity, we computed the relative incremeD§(S) of the burning velocity between real
values (i.e. including kinetic and thermal effecs)d the artificial values (i.e. neglecting
the kinetic effect).

In Figure 20DS/S is plotted versus the actual value of S
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140 O =1; H2/CO=1
, o =1; H2/CO=2
120 - £ =1.75; H2/CO=2
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Figure 20. Relative increment of calculated burning veloday syngas combustion with
CO, with respect to the equivalent mixture with in€@,. CO, content ranges from 0% to
60% Vlv.

From Figure 20, it appears that the kinetic effeictCO, is higher at low reactivity i.e.
S 0cm/s (i.e. low @enrichment, or high C{content or equivalent ratio).
The role of CQ is mainly thermal for highly reactive mixtures, (@&lues higher than

200 cm/s), where hydrogen effects are dominant.
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5.1.4. Correlation for laminar burning velocity

Figures 21 and 22 shows the burning velocity asutaled by using the CHEMKIN code
for the syngas mixture, with or without G@40% v/v), by varying HICO ratio and the

oxygen-air enrichment (E).

E=0.21
CO2=0%
300 4

0.00 0.2z 0.z0 073 1.00

[
L&

0.00 0.2z 020 0.

Xy

L&

1.00

Figure 21. Calculated burning velocity for syngas combustdather without CQ or with
C0O,40% vlv by varying HCO ratio, for two fuel (HH+CO) equivalence ratios (namely 1
and 1.75) ; E=0.21. Le Chatelier curves are alstuded (dotted line).
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0.00 0.25 0.50 0.75 1.00

Figure 22. Calculated burning velocity for syngas combustdather without CQ or with
C0O,40% vlv by varying HCO ratio, for two fuel (H+CO) equivalence ratios (namely 1
and 1.75) ; E=0.60. Le Chatelier curves are alstuded (dotted line).

In the absence of GO (Figures 21-22, top), the laminar burning velpdg a linear
combination of Hand CO content, whatever the equivalence ratialmdxygen content.
The value of the laminar burning velocity of theanggs mixtures, may be then computed

via the following equation:
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S (7 .air)=Sicol/ Xco+ S, xm, (20)
where $co and 42 are the burning velocity of pure substances afgttien equivalence
ratio and the molar fraction refers to the fuel mixture.

Conversely, in the presence of &@he trend of the laminar burning velocity is hogar,
showing that at higher hydrogen content where thetik role of CQ is negligible, the
trend is linear whereas at lower hydrogen contehere the kinetic role of COQis
significant, the trend it not linear. In a previquesper Di Sarli & Di Benedetto (2007) have
shown that the laminar burning velocity ofy/8BHJair mixtures may be quite well
correlated by means of the Le Chatelier-rule at kxad stoichiometric conditions.

In Figures 21-22 (bottom) the Le Chatelier (LC)retation is shown as obtained for the

H./CO/G,/N,/CO, mixtures according to the following:

S()= L 1)

Xco , *Hy

Sicoli) Sm,0)

From the results is can be concluded that the Latélibr rule does not fit the 8ata as

function of H/(H,+CO).
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5.1.5. Anomalous behavior in syngas oxy-combustion explass

The plots of Figures 15 - 17 show the typical stofydeflagration combustion in closed
vessel, with a maximum pressure (close to adialatssure) and subsequent pressure
decay due to heat losses towards vessel walls.

When enriching the syngasi,/CO, mixture with oxygen (Test 5), the pressure trend i
qualitatively different (Figure 23).

The pressure history shows also a pressure peaR0Q bar), which over-takes the
adiabatic pressure (6.9 bar). The occurrence iefahomalous behavior was previously
found for CH/O,/N,/CO, mixtures and was named “combustion-induced Rapds@
Transition” (c-RPT) [Di Benedetto et al., 2011].

It has been showed that the occurrence of this alwus behavior is the result of the
coupling of counter-acting phenomena: cycles ofdemsation and vaporization (at the
vessel walls) of the water produced by combustiwhich may culminate into a vapor
explosion if the same water reaches the superdgetgmperature (~ 450 K) [Reid, 1976;

1983].
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—Test 5: =1 E=0.6 H2/CO=2 C02=0.4
Test 3: =1 E=0.6 H2/CO=1 C02=0.4
100
3
o)
o
>
wn
(7]
o
o 10 -
"""\/\I\M—
1 \ . : :
0 0.05 0.1 0.15 0.2 0.25

t,s

Figure 23. Pressure histories measured for Tests 3 and &) thie evidence of c-RPT
spikes. Composition blue line: 21.8%,H0.9% CO, 16.4% £Composition green line:
16.4% H, 16.4% CO, 16.4% O
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5.2. Explosive behavior of H/CO/O2/N, mixtures

The second part of activities has been devoted@nalysis of the explosion behavior of
stoichiometric CO/HHO,/N, mixtures, by varying either the oxygen enrichmédtor
from 0.21 (air) to 1 (pure oxygen), and the hydrogecarbon monoxide ratio.

The main aim was to not observe the occurrenchet{RPT in the absence of hydrogen,
because no water can be formed from the combustaction. On the contrary, when
introducing even small amount of hydrogen, the sg@menomenon should occur if the
thermodynamic and kinetic parameters for the c-RPthe selected mixtures are satisfied.
The following Tables report the compositions of thectures investigated for different
oxygen air enrichment factors E in the absence ydrogen (Table 6) and in the presence
of hydrogen (Table 7), characterised by the hydnag@ichment factors defined as in the

following equation:

= M2
Hy +CO

(22)

In the same Tables, for each mixture the maximuwsorgtical values of pressure,fPand
temperature (3y), as computed by the Gaseq Chemical Equilibriumgfam [GASEQ,
2011] in adiabatic conditions, and the correspogdmolar composition of gaseous
products are also reported. Finally, for the airhsliscussion, Table 7 reports the partial
pressure of the water produced by the combusti@ction (R20) as calculated at
equilibrium conditions. It is worth noting that thter vapour pressure%Ro) at the wall

temperature (Ja1 = 283 K) is equal to 0.022 bar.
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Table 6.Molar fractions of reactants and products, adidbademperature and adiabatic
pressure for the tested mixtures as calculatedjatlierium conditions by GASEQ code.

Reactants Products
E Tad, K Pad, bar
Yeco Yoz Y2 Yne  Ycoz Yeco Yoz Ywno

0.21 0.296 0.148 0.556 2699.6 7.92 0.62D.276 0.061 0.024 0.010
0.60 0.545 0.273 0.182 3201.8 9.03 0.2049€.387 0.257 0.106 0.023
0.80 0.615 0.308 0.077 3292.1 9.23 0.088.413 0.319 0.134 0.018
1.00 0.667 0.333 0.000 3360.0 9.40 - 0.428 0.34157 -

Table 7.Composition of the reactive mixture, adiabatic penature, adiabatic pressure,
partial pressure of water and fuel conversion foe ttested mixtures as calculated at
equilibrium conditions by GASEQ code.

Reagent mixture Pad, P20,
E Tag, K Xco Xh2
Yco YHho Yoz Y N2 bar bar

0.21 0.010 293 03 148 556 26968 791 0.0199 .9 70 99.7
0.21 0.101 26.6 3.0 148 556 26916 7.89 0.2397 .6 73 97.0
030 0.011 37.1 04 188 43.8 2904 8.38 0.0232 63.209.6
0.30 0.040 36.0 15 188 43.8 2900.1 8.37 0.1089 .3 64 98.5
0.35 0.010 40.8 04 206 38.2 2980.6 855 0.0211 .559 99.6
040 0.009 440 04 222 333 30404 8.68 0.0193 .3 56 99.6
0.40 0.040 427 18 222 333 30353 8.67 0.1243 .6 57 98.2
045 0.011 469 05 23.7 289 3089.3 8.79 0.0240 .553 995
045 0.040 455 19 237 289 30838 8.77 0.1279 .9 54 98.1
0.50 0.010 495 05 250 250 31298 8.87 0.0224 .9 50 99.5
0.55 0.010 519 05 26.2 214 3165 8.95 0.0211 48.99.5
0.60 0.009 54.0 05 273 18.2 31948 9.01 0.0199 .4 46 995
0.60 0.101 491 55 273 182 3185 8.98 04094 51.34.6
0.80 0.010 609 0.6 308 7.7 32843 9.21 0.0216 5 39. 994
0.80 0.020 603 1.2 308 7.7 3280.5 9.20 0.0576 1 40.98.9
1.00 0.010 66.0 0.7 333 0.0 33512 937 0.0234 5 34.99.3

Each composition was tested at least 2 times. IFtests, the initial pressure was set to 1

bar. The temperature of the vessel walls was €qulle ambient temperature (293 K).
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5.2.1. Explosion of CO/O,/N, mixtures: Effect of oxygen-air enrichment factor

In Figure 24, the pressure time histories are shawmobtained during explosions of
CO/G)/N;, mixtures (hence no hydrogen) with oxygen-air dnment factor varying from

E =0.21 (air) to E=1 (pure oxygen). The plote amilar to typical pressure histories
registered during closed vessel explosions, wittallsrdeviation between maximum
pressure and adiabatic pressure (i.e., maximunretieal pressure reported in the Figures
24 - - -), and pressure decay due to heat losseards the external environment. The
increase of E does not lead to a significant irseea maximum pressure{k). On the
other hand, the rate of pressure rise (i.e., theuma reactivity) is clearly increased by the

oxygen-enrichment.

Figure 24. Pressure time histories as obtained during explos of CO/GQ/N, mixtures
with oxygen-air enrichment factor varying from ED=21 (air) to E = 1 (pure oxygen). The
dotted line (- - -) represents the adiabatic pressu
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5.2.2. Effect of H, addition

Figure 25shows the pressure time histories as obtained glesiplosions of CO/,/O,/N;
mixtures with different values of E a1 . In the presence of hydrogen, the pressure tr
are qualitatively different fro those shown in Figure 2thdeed, the pressure histories
E > 0.6 exhibit a peak which ov-takes the adiabatic value. This peak charactettze

above cited phenomenon RPT.

10

Prssure, bar
Pressure, bar

T T T ' T
0.4 0.6 08 1.0 0.0 ol 02 03 04 05 0.6
Time, s Time, s

E= 15 =001
E=058i =001

Prssum, bar
Pressne, bar

0.0 0.1 02 03 04 0.5 0.6
Time, s

Time, s

Figure 25.Pressure time histories as obtained during explasiof (O/H,/O,/N, mixtures
with different values of E ar . The dotted line (- -)Tepresents the adiabatic pressi

It is worth noting that ressure measurements have beealized through pressure
transducer witmatural frequency of 150 ki and recorded by meaiof data acquisition
system with frequencyputo 1.0 MHz.That means c-RPT peak canl be considered a

spurious point due to noi or electrical disturbance. Indeed tpeessure historof the
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spike is well described as shown in Figure 26 far éxplosion of CO/HMO,/N, mixtures
with E=0.80 and =0.01, where the dots represent the actual expetahgoint as

measured by the adopted pressure transducer..

Figure 26. c-RPT peak obtaine@O/H,/O./N, mixtures with E = 0.8 and= 0.01. The
dotted line (- - -) represents the adiabatic presesi’he dots are experimental points as
measured by the adopted transducer.

5.2.3. Enhancement of reactivity due to H presence

Combustion kinetics is governed by the generatiwh @ropagation of radical species. In
the case of CO combustion, reactions involving @aa and CO are very slow and, thus,

it is extremely difficult to get ignition and flam@opagation. When Hnolecules or other
species containing hydrogen (e.ga(Hl are added to CO, the reaction rate considerably

increases, because H radicals diffuse very ragidhancing chain branching reactions.
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Table 8 reports the values of the maximum ratere$gure rise, (dP/dt), in the absence

and presence of Hn the reactive mixture.

Table 8.Adiabatic Temperature, Tad, Adiabatic Pressureqd,FRate of Pressure Rise in
the early stage of reaction, dP/dt, Partial Pressaf Water, PH20, Peak Pressure of c-
RPT, Pc-RPT, for all compositions analyzed

E Tags K Pag, bar dP/dt, bar s* Puso, bar  Perer, bar
0.21 0 2699.6 7.92 24.5 - -
0.60 0 3201.8 9.03 88.1 - -
0.80 0 3292.1 9.23 81.2 - -
1.00 0 3360.0 9.40 92.1 - -
0.21 0.010 2696.8 7.91 53.3 0.0199 -
0.21 0.101 2691.6 7.89 206.6 0.2397 7.1
0.30 0.011 2904 8.38 105.4 0.0232 7.5
0.30 0.040 2900.1 8.37 175.1 0.1089 6.6
0.35 0.010 2980.6 8.55 151.9 0.0211 8.4
0.40 0.009 3040.4 8.68 192.5 0.0193 8.0
0.40 0.040 3035.3 8.67 297.0 0.1243 9.3
0.45 0.011 3089.3 8.79 224.1 0.0240 7.0
0.45 0.040 3083.8 8.77 399.1 0.1279 38.8
0.50 0.010 3129.8 8.87 3304 0.0224 7.3
0.55 0.010 3165 8.95 322.6 0.0211 7.7
0.60 0.009 3194.8 9.01 413.2 0.0199 8.3
0.60 0.101 3185 8.98 2305.8 0.4094 337.8
0.80 0.010 3284.3 9.21 433.2 0.0216 154
0.80 0.020 3280.5 9.20 3961.0 0.0576 184.5
1.00 0.010 3351.2 9.37 868.0 0.0234 20.2

The rate of pressure rise increases with the oxygen E factor) and hydrogen (i.e.,

factor) contents (Figure 27).
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Figure 27.Rate of pressure rise versus E for different valofe.
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5.3. Theoretical prediction of c-RPT occurrence

The results obtained by the experimental testsrtegqgreviously have shown that the
presence of Hinduces intense pressure peaks due to the occercérc-RPT. In Table 8,
the occurrence and intensity (peak pressure) ofctRPT phenomenon are reported,
together with the partial pressure of water in gieen explosion conditions and the
equilibrium data (adiabatic pressure and adiabaémperature) for all mixtures
investigated.

A first observation is that ak increases the partial pressure of water in theqsas
products increases and the explosive phenomenoomassc more severe. Furthermore,
even in the presence of small amounts of hydrotienc-RPT phenomenon is observed.
That agrees with the explanation of the nature -&Pd@, which considers the patrtial
pressure of water as the main parameter for therpauce of the over-adiabatic spike.
Indeed, for = 0.01, the value of the water partial pressutlhéngaseous product{R) is
greater or about equal to the value of water vapessure (%.0) at the wall temperature
(Twan = 283 — 293 K; B0 = 0.012 - 0.022 bar) and, thus, c-RPT may occur.

According to Lu et al. (1971),= 0.01 in H/CO/O, mixture (thus pure oxygen, E=1) is the
limit value for triggering a deflagration to detdiom transition. This means that, if the
oxidizer is oxygen-enriched air (E < 1)= 0.01 in H/CO/Q,/N, mixture is a conservative
choice to avoid detonation.

The occurrence and severity of the c-RPT phenomeaonalso be explained through a
theoretical analysis (Figure 28). In a closed Vieasehat reported in the Figure, the flame
propagates in both radial and axial directions. Dudeat exchange between bulk gas
phase and cold walls of the reactor, the wateryred by combustion reaction condense

creating a liquid film on the vessel walls. The theechange between flame and wall/liquid
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film through radiation determines an explosive @rapion of water if superheating

temperature is reached.

0+

Figure 28. Schematic representation of the mechanism whigbdr c-RPT

The c-RPT occurrence depends on the values of tir@ecteristic timeS:eas cong @and
rad-
reaclS the time required by the flame to travel altimg radial direction of the vessel.

d

t reac — me
25,

(23)

where d is the reactor diameter andtBe flame speed calculated as a function of the
laminar burning velocity, Sand the expansion factor (i.e., the adiabatissues, By to

initial pressure, R ratio):

S =5 x% (24)
(0]
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In Eq. 24, the expansion factor was evaluated asgum@l gas as burned and at the
maximum theoretical pressure,§P

The term ¢ong is the time for water cooling and condensatiothat vessel walls and is

defined as:
p _ rch (25)
cond h A

where and ¢ are the density and the specific heat of the gasune; V and A are the
volume and lateral surface of the vessel;irthe coefficient of heat transfer due to
condensation at the walls evaluated according éoftinmula reported by Incropera &
DeWitt (1996).

The term (54 IS the time for heat exchange between flame aril$ Wy radiation and was

computed through the following formula:

. GV(T-T)
rad seA?(T;‘-TV‘j)

(26)

where T is the flame temperature (adiabatic temperaturehe Stefan-Boltzmann
constant, the emissivity and Athe surface area enclosing the radiating gas v@lum

Ultimately, the theoretical analysis needs therdiédin of two dimensionless factors:

t

01 = ~cond 27)
treac
t

qp =- 2o (28)
trad
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In Table 9, the values of the characteristic tintks,ratio between the condensation time
and the reaction time {= cond read and the ratio between the condensation time aad t

radiation time (2 = cond rad) @re given for the entire set of mixtures.

Table 9.Characteristic time of reaction,e.a,, Characteristic time of condensationgng
characteristic time of flame radiationgg, and dimensionless parametegsand ¢ for all
compositions analyzed

E reac,S conds S rads S i} (V) Notes
0.21 0 - - - - - NO cRPT
0.60 0 - - - - - NO cRPT
0.80 0 - - - - - NO cRPT
1.00 0 - - - - - NO cRPT

0.21 0.010 0.0180 0.0044 0.0032 0.25 1.38 NO cRPT
0.21 0.101 0.0076 0.0060 0.0191 0.78 0.31 undexbatic
0.30 0.011 0.0110 0.0047 0.0028 0.43 1.70  undexatic
0.30 0.040 0.0066 0.0058 0.0100 0.88 0.58 undexbatic
0.35 0.010 0.0096 0.0045 0.0020 0.47 2.29 undexbatic
0.40 0.009 0.0086 0.0044 0.0015 0.51 3.00 undebatic
0.40 0.040 0.0048 0.0059 0.0085 1.24 0.69  overatia
0.45 0.011 0.0072 0.0047 0.0019 0.66 2.52  undexbatic
0.45 0.040 0.0043 0.0058 0.0071 1.37 0.82  overatia
0.50 0.010 0.0067 0.0046 0.0015 0.69 3.05 undebatic
0.55 0.010 0.0063 0.0045 0.0012 0.71 3.66 undebatic
0.60 0.009 0.0061 0.0044 0.0010 0.73 4.32  undexbatic
0.60 0.101 0.0023 0.0060 0.0083 2.67 0.73  overbatia
0.80 0.010 0.0049 0.0046 0.0009 0.94 495  overatia
0.80 0.020 0.0037 0.0055 0.0027 1.50 2.05 overatia
1.00 0.010 0.0041 0.0047 0.0009 1.13 5.38  overatia
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Four different explosion behavior can be distingatsas function of the value assumed by
1

1 0.2, the explosion occurs in a deflagrative mode;
0.2 < 1< 1, the pressure time history shows an oscillabegavior which not
culminated into a peak over adiabatic. This belragam be named “incipient c-
RPT”;

1 1 the pressure signal is oscillating and overtzatia behavior occurs. C-RPT
behavior is found. Developed,;

1>>1 a detonation mode is more likely.

These regimes are summarized and evidenced ind=&ur

+ - $ /
(-+ - &1 _—
\

+ 0,8/ 18&$2

+ 33, $

Figure 29. Criterion of occurrence and severity of c-RPT
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It is worth noting that the value; =1 can be viewed as a bifurcation point. This re
confirms the role of the synchronization betweee tieaction phase and the we
conckensation phase in driving th-RPT phenomenon.

Figure 30shows the map of the cRPT phenomenon with resgdeckygen enrichmer
factor (E) and hydrogen contel ). The white zone of the map, characterizec < 0.01,
was not investigated because of erimental limits in obtaining the mixtures. Thecter

size is proportional to; .

0.8 1

0.6 -

0.0

0.00 0.02 0.04 0.06 0.08 0.10 0.12

Figure 30. Occurrence and severity ¢-RPT as function of E and

Three zones may be distinguish
zone 1 where no cRPT is founu
zone 2 where cRPT is found th peak pressure lower than the adiabatic v:

zone 3 where cRPT is found with ov-adiabatic peak pressurt

In Figure 30the dark line represents the limit between zonas® 3 and corresponds

the line 1 =1. It is worth noting that, for E gher than 0.4, the passage from zone
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zones 2 and 3 occurs with increasing hydrogen oatnlieis also worth noting that a linr
value of hydrogen contenl =0.01) is required for driving the-RPT phenomenon,
whatever the oxygeak enrichment faor. In zones 2 and 3sa& and increase, th
severity of the cRPT phenomenon increases andrla; values are foun(and, thus, the
circle size).

Figure 31shows the same map in the plane of adiabatic teahper(1,) and water partial
pressure (»o). In this case, however, the experimental resfitained by Di Benedetto
al. (2012) for CH/O./N,/CC, mixtures are also reported with red circles, fa sake o

comparison.

3400

3200

3000 Zone 3

Tag- K

2800

2600

Zone 1

PHEO 3 bar

Figure 31 Occurrence of-RPT as function of . and Ry20. Blackcircles reproduce tests
of this work, red circlegepresents experimental data obtained by Di Benedet al
(2011)

In the plot, it is clearly demonstrated that y20 is lower than the water vapor pressur:
the wall temperature or,J has low value, no BPT is found (zone 1). Furthermore.

Pu2o is higher than the %0 value at Tai, the cRPT phenomenon occurs and
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maximum pressure can be under adiabatic (incipi-RPT, zone 2) or over adiaba
(zone 3). Furthermore, it can be affirmed that role of the adiabatic temperature
triggering cRPT is also evident. Indeed, at a fixed value efwlater partial pressure, t
passage from zone 1 to zones 2 and 3 occurs wathasing adiabatic temperature. As
adiabatic temperature increasee heating of the condensed water (by radiationdines
faster, eventually synchronizing with the water @emsation. As predicted by theg
calculated values, also the red points are disposdtle map in the zones correspondel
their explosive behavior.

This map has a general validity and is independignthe nature of the fuel and t
oxidizer. For this reason, it is possible to repreeghe results obtained for other mixture
the values of Jyand Rzoare known

In Figure 32, » is plotted a a function of the adiabatic temperaturgs. T

6

State 3
| ]

tate 1 State 2

S
@® under adiabatic
5 4 B over adiabatic

e e CEEE T

2600 2800 3000 3200 3400
T,g K

Figure 32.Characteristic time raticg versus Iy for under and over adiabatic behavic
of c-RPT.

67



Two main trends are identified: a low temperatweezand a high temperature zone. The
low temperature zone corresponds to zone 2 of Eigudr while the high temperature zone
corresponds to zone 3. Three states are thenfigenti
State 1, which lies at low temperature where only the piemt c-RPT behaviour is
possible.
State 2 in which both the incipient and over-adiabatiReT behavior are
possible. In this case, at the same flame temperativie c-RPT is over-adiabatic
whenqy is lower or close to 1, thus suggesting that #ekpressure overcomes the
adiabatic values only if a strong synchronizatioetween condensation and
evaporation is established.
State 3 at very high temperature (T > 3200 K), in whickepadiabatic c-RPT
behavior is possible. In this case, the heating odtthe condensed water is very

fast, thus driving the explosive boiling.

5.3.1. Analysis of literature data

The theoretical study conducted in the previoustiaeccan be easily applied to
experimental results described in the open liteeain order to explain the anomalous
behavior often found in pressure history as c-RRITparticular, experimental results
obtained by BASF researcher (Safekinex, 2009) Hmen analyzed by calculating the
dimensionless time ratio (Table 10). For each composition, the dimensianitasnber ;
has been computed. It is clearly observed thdteatbnditions under which heat explosion
IS observed, it is 1> 1, thus suggesting that the c-RPT phenomenon oeasrred.
Conversely, during deflagration; was found lower than 1. Detonation behavior heenb

found for ;values bigger than £0In Figure 33 are reported white points corresjmntb
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the mixtures theoretically evaluated reported ibl&d0, both for initial pressure of 1 bar

and 5 bar.

Table 10: The occurrence of heat explosion as observed IFEBMNEX project
(Safekinex, 2009)

CH 4 I30 I::'ad I:)max

E = O./(0O2+Ny) %viv  bar bar bar Explosion mode 1
0.79 6.00 1.00 6.6 - Deflagration 0.11
0.78 10.0 1.00 8.9 - Heat explosion 1.14
0.75 20.0 1.00 12 - Heat explosion 4.29
0.63 46.0 1.00 11 - Deflagration 0.50
0.64 440 1.00 12 - Deflagration 0.72
0.60 50.0 1.00 8.1 - Deflagration 0.21
0.35 15.0 5.00 55 90 Heat explosion 30.5
0.67 25.0 5.00 68.5 140 Detonation 95.7
1.00 7.00 5.00 36.8 34 Deflagration 0.46
1.00 10.0 5.00 45.6 140 Heat explosion 3.41
1.00 12.0 5.00 50.1 210 Heat explosion 6.52
1.00 14.0 5.00 53.8 480 Heat explosion 9.98
1.00 15.0 5.00 55.5 505 Heat explosion 11.79
1.00 17.5 5.00 59.4 240 Heat explosion 16.42
1.00 20.0 5.00 62.9 470 Detonation 101.29
1.00 25.0 5.00 69.2 503 Detonation 133.29
1.00 35.0 5.00 80.1 310 Detonation 155.01
1.00 40.0 5.00 84 500 Detonation 135.34
1.00 45.0 5.00 85 920 Detonation 90.77
1.00 50.0 5.00 81.8 500 Detonation 51.84
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Figure 33. Triangular diagrams for CHO,/N, mixtures exploding in 20L sphere at initial
pressure of 1 bar and 5 bar,[FP7 SAFEKINEX proj&f09]. White points represent the
mixture theoretically analyzed for prediction opesion mode.
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6. CONCLUSIONS

The research activity conducted during my Ph.Ds een devoted to the evaluation of the
effect of H/CO, oxygen-air enrichment, equivalence ratio an@, @Content on the
explosion behavior and reactivity of CQ/B,/N,/CO, mixtures.

The activity has been realized by means of experiah¢ests and numerical simulations.
The nature of the C{role in affecting the laminar burning velocity Hasen found to be
mainly thermal at high values of the laminar bugwelocity and both thermal and kinetic
at low values of the laminar burning velocity.

The validity of additivity rules for burning veldgi by varying the oxygen-enrichment
factor, equivalence ratio, and g@ontent has been verified. In particular, in aloseof
CO, the laminar burning velocity is a linear combioatiof H, and CO content, whatever
the equivalence ratio and the oxygen content; amel in the presence of GQhe trend

of the laminar burning velocity is not linear. Ghatelier rule does not fit the Sl data as
function of H/(H,+CO) in any case.

The experimental tests have showed the occurreh@ anomalous behavior for the
pressure generation during explosion for highlygen enriched CO/MO./N,/CO;,
mixtures. In particular, it has been measured ttesgmce of impulses with maximum
overpressure up to 30 times the adiabatic pressbi@mbustion products in constant
volume. Such phenomenon has been explained withoticerrence of a combustion-
induced Rapid Phase Transition” (c-RPT), as replarieDi Benedetto et al. (2011) for the
explosion of methane/oxygen-enriched air.

The explosive behaviour of COJMD./N, mixtures has been studied in a closed vessel by
varying oxygen content (E), in the presence or adsef hydrogen in order to analyse the

occurrence and the intensity of the c-RPT spike.
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In the absence of hydrogen, as expected, eitheoehiometric condition in air or at any
oxygen-enrichment factor and up to pure oxygen,cPT phenomenon has not been
observed. On the contrary, when adding even vewllsamount of hydrogen, the c-RPT
phenomenon is excited and over-adiabatic peak ymessire reached. The obtained results
confirm the key role of water in driving the c-Rpfenomenon.

A theoretical analysis based on the evaluatiorhafacteristic time ratios of the explosive
phenomenon has been conducted, in order to prddiciccurrence and severity of c-RPT.
When applying the criterion of the existence of ¢tRIPT phenomenon to literature data, it
turns out that they are the result of cRPT.

According to all these results, it can be affirntbdt a new explosion mode has to be
included in the general explosion classificationiaihis due to the synergic coupling
between a physical explosion (rapid phase tramgitiand a chemical explosion

(deflagration), as shown in Figure 34.
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Figure 34: Explosion classification with the inclusion oethew explosion mode.
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