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Abstract

The work of this thesisaims at studying the explosive phenomermdnhybrid mixtures toget
insights into the driving mechanisra and the explosion featuredfecting the course dfybrid
mixture explosionThis is achieved by meaiwd an extensive experimental study that developed in
the following steps:

1 Measurement of the ignitability and the explosion severity;

1 Study of the flame propagation.
The eplosionexperiments were perfored in a 20 Siwek bomb instead, the flame propagation
experimentsvereperformed in a new equipment: a tube ehlength and 7x7 cm square.
The hybrid mixture under examination was a mixture of methane and nicotinic acid in air.
Results allow the defition of four different regimes of the gas/dust/air mixture explosion in the
plane dustoncentration vs. fuel concentration. Anlde flame propagation behaviour of the mixture

gives a further contribution to the explanation of the different regimes.

Key words: Hybrid mixture explosion, deflagration index, flame propagation, explosion regimes.
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Chapterl - Introduction

Everyyears in the process industrynanyof accidentsareimputable todustexplosionsvhich may
cause failure to equipmengjuries and damages to people dadthe surrounding environment,
plantshutoff and in some caseshe overall destruction of the factempusresulting in huge losses
and unfortunatelyoss of lives

Althoughdust explosiorhazardis well known fromdecades, the recurrence and the destructivity of
these phenomenhave pushed scientists towards advancement of knowledge for the aims of
predictbn, preventon and mitigatbn of industrial equipmentHence international standards for
good engineering prace have been produced worldwidehe AmericanNational Fire Protection
Association(NFPA) [1] defines any organic powdeiith surface are#o volumeratio greater than
that of a420 micron diameter sphelg&e. particlescapable of passing through a U.S. No. 40
standard sievegs a potential hazaf@]. Safety management and industrial specialists are nowadays
aware of thehazardderiving from even familiar dust substances as suggrao, wheat flour or

coffee Figurel).

Figure 11 Sugarcan bea dangerous combustible.

Despite the advancement of recent years on the comprehension of the behaviour of dust explosions,
further knowlelge is required as several aspects of this complex combydienomenon are still

unclear.
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1.1 INDUSTRIAL ACCIDENTSINVOLVING DUST EXPLOSION

As concerndust explosions,many but not exhaustivéenformation can begatheredfrom several
either commercial or puisl database omdustrialaccidentoccurred worldwideA main source of
datais the Major Accident Reporting System (MARS), a distributed information networkher
Member State of the European Uni@ther databasareproduced by IChemE in U3]-[4], the
ARIA in France[5], ZEMA in Germany[6]; FACT (Failure and Accidents Technical Information
System) in the Netherlandg].

In U.S.A., the agenciesinvolved in enumerating and reporting industrial accidents tme
Occupational Safety & Health Administration (OSHA), the main federal agency charged with the
enforcement of safety and health legisla, and the Chemical Safety and Hazard Investigation
Board (CSB), an independentwgsnmental investigative agency

In 2006 the CSB published an Investigation Regd8tton the typology of industries that could be
involved in dust explosiosand fire acciderst CSB investigatorsarried out a survey otie dust
explosionsoccurred in USrom 1980 to 2005, and identified 281 major combustible dust accidents
that killed 119 workers, injured 718 others, and destroyed many aidhstrial facilities. Thenain
source of statistical datatise OSHA Integrated Management Information System (IMIS) database,
a significant source of datncerned withaccidentshat involveeitherinjuries or fatalities.The

result of CBS report arshown irFigure?2.

Furniture & Fixtures
4 percent

Equipment manufacturing
7 percent

Food products
24 percent
Fabricated metal products

7 percent

Other
7 percent

Electric services

8 percent
Lumber & wood products

15 percent

Rubber & plastic products
8§ percent

Primary metal industries Chemical manufacturing
8 percent 12 percent

Figure 21 Distribution of combustible dustccidentdy industry
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Dust explosionsmay occur at any factory thathandle combustible dusts, including metal
fabrication, plastics, funiture and wood products, pharmaceutical and chemical manufacturing
However, four industry sectors (food products, lumber and wood products, chemicals, and primary
metals) account for more than an half of the total accidéetording to CSBdust colletors are

the equipment most often involvedanaccident To this regardZalosh et al[9] reported that dust
storage siteaccount for more than 40 percent of all dust explosawes if ginders, silos, hoppers,

and mixersareofteninvolved inaccidents

CBS has analysed the type wiaterialswhich havecausé combustible dust accidentSigure3).

7%

O Food

H Wood

O Metal

O Plastic

H Coal

@ Inorganic
W Other

14%

Figure 31 Distribution of combustible dustccidentdy material

Wood, foodrelated products, and metat®ver over 20 percent of explosionsases whereas
plasticscountsfor 14 percent.

In thesestatistics, 0 attentionis paidto the possibility of explosiaadue tocontemporary presence

of gas/vapour and dustven if combustible dust are often dispersed in industrial equipment
containng flammable gas osolvents

Bartknechi{10] definesa dust/air mixture containing flammable gases or vapour in the combustible
atmosphereasi hy br i doomevenfimi &t ur € o b éf  0Aw mxampieof. hybrid
mixture explosiorcan be found inhe accidenbccurred in 1997 at BPS Inc., Arkangas]. This
event was most likely caused by the decomposition of a bulk sackaicimg the pesticide
Azinphos methyl (AZM) which was placed close to a hot compressor discharge {ipe. heat

from the discharge pipe caused the pesticide material to decompoggrige to the formation of
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flammable vapours which resulted in the egme. Witnesses, including the fire fighters, reported
the presence of a product or a powder in addition to smoke in this area. This etiggest
formationof a hybrid dust/vapours mixture.

Otherexamples are reported fopharmaceutical industil 2], andother ones artghosereported by
Chilworth Technology[13], also mentioned bymyotte et al[14] for differentfield of industries

such adine chemials, paints and inks, and food stuffs.

1.2 PREVENTING, PROTECTIONAND MITIGATION
Preventiorand mitigation/protectiormeasures are mandatory for the reduction of the risk
The preventioomeasuresireconcered withthe reduction of the explosidikelihood, whereaghe
protectionmeasureare adequat® reducehe effects ofthe explosiors.
The prevention measures ai avoidng the conditios that allow the formation of explosive
mixtures and all the possible causes of ignition.
Theyinvolve:
O elimination of the dustby cleaning of working environment
O eliminationof oxidantby meas of suitable inerting procedures
O eliminationof ignition sourceby avoiding free flames, hot surfaces, sparks and also installing
appropriateelectrical systenfor hazardousireag15].
The measures to be adopted for the protection are mainly:
O containmenbf explosion, that is the employment of equipment appropriately dimensioned to
withstandthe maximum explosiomverpressure;
O sepaation of equipment, that isnstallation of different apparatus in different places, or
physical division of the operations with higher explosion risk;
O explosion suppressidsy usingappropriateextinguishing substansge
O venting it consists in aurfacethat can be brokeagainstan unacceptable pressiinerease
Venting is probably the method more extensively used to mitigate dust exppweimess These
systens aim at preventing the generation of explosiovempressurdaking place in a closed vessel
by means of the rupture of a suitable disk.
Importantguidelines for the design of the venting area can be fautide NFPA 68[16]. In this
standard the severity of a dust explosion process is based on tbeldaige of explosibility
parametergmaximum explosion pressurey&X, deflagration index, k that will be introduced in

the next chapters). In particuldre hazard of the dust deflagratioisclassifiedas inTable 1.
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Table 17 Hazard Classes of Dust Deflagrations

Hazard Class| Ks; [bar m/s] | Puax [bar]

St1 O 20 O 10
St-2 2017 300 O 10
St-3 > 300 12

Venting area ishencalculated as a function of these explosibility parameters
A = £(V,Py Ks) (1.1)

whereA, is thevent area (), V is thevolume ofthe vessel (), Pyax is the naximum pressure
reached during deflagration of aptimum mixture of combustible dust and air iclased vessel
(bar), andKg; is the deflagration index of dustoud (bar m/s).Both Pyax and Ks; are determined
by means of standard test proced(jiey.

As concern thelesignof vent area to mitigate hybrid mixture explosspaccording to theurrent
standardthe temlency is that of considering an increasing in the required relief ventingvaeza
the effective K value of most combustible dusts is raised by the admixture of a flammable gas.
NFPA 68[16] suggestdhat in the case St ard St2 dustsmixed with gaseswith combustion
characteristics similar to those of propamkee sameequationfor dust should be usedthus
neglecting the effects of gas

Quite clearly, thee options areloosely appropriateand can be adoptefdr engineerig practice
only. As matter of fact, indeed, scientific knowledge hybrid mixture explosiois lacking. These

aspecs will be discussed in the present work.
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Chapter2i Background

Gas dustand hybridexplosions arexothermic chemicaleactions (combustion)which producea
fastsignificant increase demperature and, in a confined vesseprassure

For thegas explosiorio occur, a fuel (gas), an oxidizer and a source of ignitéwa required (the
fire triangle Figure4a).

Whendustor hybridexplosionsare consideredive requirementsre neede@Explosion Pentagon,
Figure4b,0):

Fueli combustible dust without or with any flammable gas or vapour;
Oxidizeri usually air;
Ignition source;

Dispersion imixing of the combustible in the air;

a c 0N e

Confinement

When all thee requirements arsatisfied {e. a flammable mixture oflustand air in the right
proportion and in a confined space is ignited) the explosion occurs and a propaf#tierilame
across the cloud takes place.

The velocity and the development of flame propagation depesdwarafactors such athe nature

of dust,thedust particle size, arthe nature of combustion bgroducts.
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Fuel Ignition
Fuel Ignitio n
Mixing Confinement
Oxidizer Oxidizer
(a) (b)
Gas
Fuel .
Ignition
Dust
Mixing Confinement
Oxidizer
(c)

Figure 471 Fire Triangle(a) ,ExplosionPentagor{b), modified Explosion Pentagon (c)

The severity of explosion is affected by seVéaators: chemical composition of the fueipisture

contenf initial pressure ignition temperature; istributions of particle sizes and shapasdust
particles;agglomeration of dust particlemitial turbulence; gnition sourceand the location ofrie

ignition point[18].

The materials involved in dust explosion can be metals, composed organic, composed organic
synthetic, coal and peat. In the case of organic dust producing volatile substances, the explosion
occursin three steps which follow each other in very quick succeg4idn

A pyrolysis/devolatilization

A gas phase mixing of fuel (released by dusts) and ox{danglly air);

A gas phase combustion

A dust explaions can be primarily indte inside process equipmedirectly by an ignition source
(primary explosion); or due to a primary explosion which originates pressure wavelsspgases

the dustthus producing secondary explosiahatis often more destructive than the primary.

Starting from this fundamental knowledge, the following section describes the hybrid mixture

explosiors.
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2.1 HYBRID MIXTURE EXPLOSIONS

More than one century ago, in 18&mgler[19] observed that mixing coal dusts with methane at
concentratioreven half of itdower Flammability Limit would allow the explosion of the dust/gas
mixture, hence producing unexpected hazardous conditions.

Since tlen many studies have been performed to reveal the origin of such behaviour and also to
mesure the ignition propensity of such dust/
[10],[20]-[28].

These studie®cus their attention on two asgts of the characteristics of the fuel: ignitability and
explosivity.

The first characterizes the ability of a fuel to cause a fire or an expldsiersecond repsentshe

ability of an airbornefuel mixture to propagat@ deflagration after it habeen initiated by a
sufficientignition source

In the next paragraphs, these two aspects are presented separately and are based on the studie

carried out in the literature.

2.1.1. Ignitability

The parameters that characterize the ease of ignition akitim@um Ignition TemperaturéMIT),
the Minimum Ignition Energy(MIE), theMinimum ExplosionConcentratiofMEC, for duss), the
Lower and UpperFlammability Limits (LFL and UFL, for ga®s) and the Limiting Oxygen
Concentration (LOC)

The minimum ignition tempature (MIT) is lowest temperature at which gastlust cloud will
ignite underthe specified conditions of testhe minimum ignition energyMIE) is the lowest
spark energy, which is just sufficient to efféghition of the most ignitable mixture of avgn fuet
mixture under specific test conditionghese two parameteese particularlyimportant because
they determine @ owder ed mat er i al Oignitios soarses suchwvas hotysurfaces, v a i
electrical or frictional sparkshe lower the MIE ad MIT valuesthe more hazardous the powder.
The minimum explosion concentratidMEC) is the minimum concentration of a combustible dust
cloud that iscapable of propagating a deflagration through a well dispensedre of the dust and
air under the pecified conditions ofest. The Lower (Upper) Flammability Limit (LFL (UFL)) is
the lowest(higher) concentration (percentage) of a gas or a uajio air capable of producing a
flash of fire inpresence of an ignition sourdénally, The Limiting OxygenConcentration (LOC)

is the minimum concentration of oxygen (displaced by nitrogen) capable of supporting combustion
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The most extensive woidn these parameteia hybrid mixturesnvolved the measurements of the
lean flammability limits of coal dust wit methane additiof26],[29]. For these mixtures, it was
found that dust concentration required for flammability conditions may be predicted by Le
Chat el i (&g 21k origirally developed anddopted for homogeneous gas mixtUBEy:

LFL,, = 100 (2.1)
Xgas + xdust
LFLys  LFLg
Le Chat el i er 0s cohsdevingeoastant ame temperaturelfoy a given class of fuels.

In the case of methanené coal dust mixtures such temperatirare comparable and then the
correlationis foundvalid. In Figure50t her exampl es, for which the
shown.However, Cashdollg27/]lhas found some deviation from L
mixes with Pocahontas coal, which is characterised by low content of volatiles. Barfditddtas

also shown that if methanie admixed to PVC dust in air, tHeower Flammability Limit of the
dust/gas/air mixture decreases with increasing the gas concentration by a second order equation

which is known as the curve for flammability limit of hybrid mixtu(€gyureb).

PVC/CH,
Pea flour/C3Hg

> O o

Cellulose /C3Hg
+ Cornstarch /C; He O
= PVC/CH.

o
-

0

0 05 10

standardized dust concentration

standardized flammable gas-or
vapor concentration

Figure 571 Standartzed presentation of the Lower Flammabilityrit of hybrid mixture consisting of combustible
dust with flammable gg81].
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Thecorrelationused byBartknechts [32]:

ac.. 8
LFL,, = LFLdust(é%ﬁ - 18 (2.2
gas =

The data of Gaug, as referred by Hertzberg & Cashd@®r for hydrogen addition to cornstarch
dust, also have shawsignificant deviation from Le Chae | i er 6 s r el ati onashi p,

higher amount of dust is required to render the system flammable with respect to that predicted on

the basis of (Figurehatelierds Law
S [ |
] T T g
B —
(=%
° Flammable
= .
=z
w
(L] —
&)
e Nonflammable
)—
T | — —_
i I | | |
0 20 40 60 80 100 120

CORNSTARCH CONCENTRATION, g/m>

Figure 67 Lean flammability limit for hybrid mixture of hydrogen and corn starch {R&jt

Chatrathi[28] evaluated the explosibility of hybrid mixture of cornstarch and prepam 1 nt
spherical chamber. He measured hybrid lower limitdaofimability for pair of fuels, observing that
the presence of propane decresadee cornstarch MECSimilarly, the presence of cornstarch
decrease the lower flammable limit of propane. Mswver, he performed tests at higher
concentration of both fuels and observed that the violence of hybrid mixture is higher than that of
single fuel in turbulent condition.

From all these data it tusrout thatif the concentration of gas eapourand dustis respectively
lower than Lower Flammability Limit (LFL) and Minimum Explosion Concentration (MEC), an
explosion ishowever likely to occurMoreover a flammable gasnay push into flammability
ranges any dust of such large particle size which wouldwtbe been nowmxplosive[34]. Also, it
canbededuced that there are differeriehaviordepending on the nature of thpecific pairof gas

and dust

1C
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2.1.2. Explosion

Whena combustible dust is dispersed irt@nfined or partially confineétmosphere of flammable
gas/vapourandignited, an hybrid mixture explosion ocsut he severityof this explosiormay be
guantifiedby meas of the maximumexplosionpressurg Pex, and themaximumrate of pressure

rise (dP/dbex as for pure gas or dust explosion.

The maximumexplosion pressurdx, is the pressure in excess of the initial pressure at which the
explosive mixture was ignitedihe violence of an explosion is dependent on the rate of energy
release of chemical reams. For this reason, the other useful parametéhesmaximumrate of
pressure rise (dP/d) related to the development of a dust explosion in a closed vessel. The rate of
pressure rise is defined as the slope of a tangent laid through the poifgxadm{W,) in the rising

part of the pressure/time curve.

The term(dP/d)ex depends on the volume of the vessel in which the explasiouars In order to

take into account the influence of the volume on the course of explosion, the deflagration index,

Ksr, is defined, by means of Cubic Law, as:

Wl

&

i

“O Qo

o
FT
rﬁl'OOl
X

=Cost=Kg, (2.3

The twoparametersre typically obtained at any concentration by experimeéesatwhich produce

pressure/timelots as irFigure?.

71
el Pex
5 r\
— 41
g 3 We
o ]
1 -
0 -
-1 T T T T
0 50 100 150 200
t [ms]

Figure 71 Pressure/timeliagram of a fuel explosion
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With reference to hybrid explosigrBartknech{31] havestudied the explosibility of cellulose with
adding methanebutane and propanéie concluded that hybrid mixture constituted by nen
explosible dust and neexplosible gas can turn into explosible oM#ghen gas is addedhe
maximumexplosion pressuréi=x was found to have consistent increase, whereas a more dramatic
effect was obsrved onthe hybrid deflagration index, k (higher than 15% of the gas deflagration
indexKg, which is defined as in Eq. 2.3)

Pildoet al.[20], [35] investigatedhie behaviour of the hybrid mixture of methane/c@tigure8).
They measured explosions parameters as ME&,aRd (dP/d)ex for cork dust in methane/air
mixture in a neaspherical 22.7 | explosibility test chambeising2500 J pyrotechnichemical
igniters. The mixtures investigated are constituted by a lower (46)gdnd a higher (450 o)
cork dust concentration ancbncentration of methane @f98 and 3.5volume percenti.e. below
the LEL of methane/air miure[22].

40 g-"m3

Explosion pressure (har)

Explosion pressure (bar)

O gl
-1 98% CH4 in awr
—#—3.5% CH4 m ar

—&— air
-2 1.58% CH4 m air

—&—35% CHd inan

0 0.1 0.2 03 0.4

Time after ignition (s) Time after ignition (s)

Figure 8 Pressure history for hybrid mixture of cork (40 d/amd 450 g/rf) and methane (1.983.5 %) in air in

comparison with that of pure cofR0].

Quite clearly, he presence of metharsdfects both theexplosionseverity and themaximum
explosionpressure for lower dust concentration, whereas both the parameters are slightly affected in
the case of higher dust concentration.

Dufaud et al. [36],[37],[38],[39] have studied the influence of pharmaceutical destspients,
vitamins, active principlesand their associatedolsent (ethanol, disopropyl ether, toluene)
concentrations ommaximum explosion pressure andmaximum rate of pressure riseThey
investigated three casei$ magnesium stearate and ethandlniacin and disopropyl ether iii)
antibiotic and toluendyy usingthe20 L Sphere Apparatysee following sectionsggnd 10 kHue to

chemical ignitersas ignition energy |t 6s noteworthy that under

12
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consicering poor dust/vapour mixturéise values ofPex correspond well enough to thdttained by

meansof adiabatic flame temperatures calcidat

In the Figure 9, itds possible to see t-s@ptopyltether inareases o d u
the value oPex from 7.3 to more than 8 baas 250 g 1t of niacin in approximately linear way and
(dP/dt):x from 685 to 1100 bar’sat the same caentration though notineady. SaoL e Chat el i €
law can be applied to hybrid mixture in order to predictrtfaimumexplosion pressure starting

from that of pure compound®n the other handhé maximumvalue of the deflagration index is

found for dust/gas (or dust/vapors) rather than for the pure fuels, thus concluding that there are

more than simple additive effects on explosion severity.

K]
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»
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%vol diisopyl ether
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0,0
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. . S
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0.0
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Figure 91 2D projection graph of the maximum explosion pressure (left) and of the maximum rate of pressure rise
(right) of niacin/diisopropyl ether hybrid mixturg89].

All the literature studies were performed in the equipment ad hoc developed for dust explosion tests
in which ignition of the dust/air suspension is performed by using two chemical igniters of total 10
kJ [31],[36],[37] or 2.5 kJ[20],[35]. However, he contribution of the gas in the gas/daist
mixtures with respect to explosion severity and ignitability may be significantiyeimded by such
ignition energy.To this aim,Landman40] studied the mixture of coal dust in presence of methane
by using a 46@litre explosion vessednd analysinghe explosion behaviour of explosive mixtures
when exposed to different energy sourdes volumetric ignition (pyrotechnic igniters) and point
ignition (electric spark)The authorconcluded thathe explosiorof the same mixturéitiated by

the volumetric source behaves totally differently frtmat generated by the point source igniter
beingthe latter much slower and weakdre noticed also that it is easier and more likely to initiate
an explosion with a volumetric source because of more energy intbduite the use of

pyrotechnic igniters.

13
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Recently,Denkevits[21],[41] has studied thexplosivity of the dust and its influence on the hybrid
explosion severity of thgraphite/hydrogefair mixtureswith chemical igniters (10 kJ) and thi
electric sparks in a 20 sphere apparatus with suitable modificatioilse hydrogen concentration
is varied from 4% vol., that is the;HEL, to 18% vol.. The graphite dust concentratioese in the
range from 25 to 300 gfn

When ignited by 10 k&hemical igniters the overpressures reached by the/ddaphite dust/air
mixture explosion are higher than that of hydrogen/air mixtuvse complex is the issuas
concering the maximumrate of pressure ris&Vhenlow dust concentrationare consideredwo
separate phases of the explosion can be distinguished: an initial phase of igniter/hydrogen explosion
followed by a slower dust explosion phdseyure10). As reported by the authahe small amount
of hydrogen acts like an additional ignition souytkbusdelivering additional combustion enerdg

the system
6.0 150 - 10 kJ ignition
50 F 10kJignition
| [Hil= 4 % vol.
4.0 0 100 F| — . 7 :
& = Cdust=75 g/m
o o
. 30 r a
o g
=40
20 | — . [HI=4 M)Ia' T ol
Cuust=75 g/m
1.0
0.0 T T T T 1 0
0 50 100 150 200 250 0 50 100 150

t, ms
t, ms

Figure 107 Pressurdime curve and its derivative for hybrid mixture of hydrogen/graphite [tH$t= 4 vol. % Gusi=
75 gn® [41].

When higher dust concentrationare consideredynly one fast phase in which hydrogen and dust

explode like a monofues observedFigurell).

14
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80 - 10 kJ ignition 1200 - 10 kJ ignition
70 -
1000 -
6.0
s 800 - H:]=14 % vol
L . “ wol.
. 50 — 5 . E:z] B |,
2 40l . 800 - dust
& ) s - Hy(14 %)fair
3.0 - — . [H]=14 % vol. S 400
20 + Cdust=25 gm"|3
1.0 __f__J —— - Ho(14 %) air 200
00 ‘ 1 1 1 1 1 0
0 50 100 150 200 250 0 50 100 150
t, ms t ms

Figure 117 Pressurdime curve and its derivative for hybrid mixture of hydrogen/graphite[#$t= 14 vol. % Gue=
25 g/nt [41].

In this case, ltemical igniters are strong ignition souaghich overdrive the explosioand the
phase relative to igniters is confused with that of hydrogen. For this reagsoauthor used also
electric spark ignition in order to observethe explosionbehaviourwhen varying hydrogen
concentration.

Whenlow concentration of hydrogers consideredihe graphite dust is not involvetirectly in the
explosionand behavesas a heasink, i.e. decreasing both thenaximum overpressure and the

maximumrate of pressure rigé&igurel1?).

4 =
[H,]= 8 % vol.
3 Cdést: t F\
r — NO aus —
— 100 g/m? f/f
= — 200 g/m?®
o
= 2
o

0 I 1 I 1
0.00 0.05 0.10 0.15 0.20

t,s
Figure 12i Hi st ory of pressur e f o4#100tahd@00my/sivb r ®rd gmi ap huir tee 6Bu svtod
pure 068,/ aolt 6 [4i Kt ur e

When ncreasinghydrogen concentratigrthe hybrid explosionsis characterised bywo distinct

phases. Initiallythe spark triggers the hydrogemhich reacts similar to the case without dastd

15
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the dustbehaveslike a heatsink Hence, asecond phase isharacterised bygraphite dust

combustion(Figure13).
8 -
6 T
3 4 [H,] = 10 vol. %
o c1'_1u5l:
--- no dust
2 — 75 g/m?
— 100 g/m?
— 125 g/m?
O 1 I 1 1
0.10 0.15 0.20 0.25 0.30
t,s

Figure 131 Hi st ory of pressure f or,/7% weanty2bgfitd Omi xytr apd i 6 20 dw
for the pupeid160[4dl axlt.ur% H

When hydrogen concentrationms further increasedihe hybrid mixtures explode faster than
hydrogen alonelndeed, m this casebothdust and hydrogen react at the same time scale and enter
in competition for oxygenBoth maximumexplosion pressure amdaximumrate of pressure rise

are higher than pure hydrogparametersif the dust concentrationeaches some levele.g. 75

g/nT at 16% vol. of H), some hydrogemayremainun-burntin the combustion products sinte

system is oxygen limited. This explains the fact that at higher dust concentration the rate of pressure
rise is lower than that of the pure/Bir mixture fFigurel4).

g =

[H] = 16 vol. %

Cdust:
---no dust
— 75g/m?
— 150 g/m?
—— 200 g/m?

P, bar

0.10 0.11 0.12 0.13

Figure 147 Hist or y of pressure for t5el50mayd260ight mdmt gir &p loiltee vau

for the pupeidlO6[4dl axlt.ur% H
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Denkevits found that the use of lesmergy sparks allowed the mdication of different stages of
explosion evolution at changing the hydrogen content, which cannot be deduced by the simple
combination of the behaviour of the two components.

Denkevits [42] has studied also an hybrid mixéurof tungsten/hydrogeair in the same
experimental condition. In this case all mixtsigways explode in one step. But this is probably

due to the fact that fine tungsten dusts are more sensitive and can be easier ignited by hydrogen

explosion tha fine graphite dusts.

From these analysedscientific wo r k s, itods possible to confir

explosion phenomenon. In fact, the violence of an hybrid mixture explosion could peedmted

by means of superposition of the effectsteftwo separate explosienthat of the pure gas/vapour

and that of the pure dusience, sveral questions raise:

A it is not clear how the ignitability and explosibility behaviour of hybrid mixtures can be
evaluaté from those of pure compounds;

A and it is notyet clarified whether the dust or the gas is driving the explosion phenomena at
changing the dust/gaatio and the fuel/air ratio.

Furthermore, the performance of the explosion seems different depending mainly on gas

concentration, dust concentration,rpgi cl e size and then 1td6s no

behaviour that can describe the hybrid mixture phenomenon.

Moreover, from these literature studies, it suout that there is not systematic study able to

guantify the role of dust and gas inuing the explosionEventually, i becomes essentiab

understand the mechanisms of hybrid mixture explosiynseans of specifiexperimers with

different duss and gases.

2.1.3. Flame propagation

Explosion phenomenology is based on the fast, spatial pripagd a stable flame. The explosion
severity strongly depesdon the rate of flame propagation. As a consequence, a complete
characterization of the explosion behaviour has also to deal with the study of the flame propagatio
As concern gaous mixturethe laminar flame propagation is associated with molecular thermal
conductivity and diffusioras first suggested by Mallard and Le Chate[#8], who postulated that

the heat transfer controls the flame propagation andaheefconsists of two zones separated at the
point where the next layer of combustible mixture ignifEkis theory was later improved by

Zeldovich and FraniKamenetzkii, who included the diffusion of molecules in the mechanism of

17
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propagation of the flaméheir theoretical derivation was presented in detail by Semgidjand
Glassmar30].

If considering a tube with both ends opassuminga flame front as a geometrical surface of zero
thicknessand a coordinate system-awving with the flame front, the unburned fuel mixture
moves into the flame front with velocitg (the laminar burning velocityand the combustion
products flow out of the flame front with veloci8. A relation exists betwees andS;, for a plane

flame frontobtained by the condition of conservation of the total mass thextotal mass of gas
entering the flame per unit area of the front must be equal to the mass of combustion products

leaving this surface downstream:

ro=r, 24

where} , and } , are the densities of the initial unburned mixture and combustion prdd6gts

The measureof the laminar burning velocitgan be done by means tbie burner method ortube

method

The burner system consists of a tube in which the fuel passes and reaches the top part in which the
annular space separating the flame from the burner edge provides a continuous ignition source and
anchors the flame to burnén. this way is guaranteed the stability of the flame.

The tube systend6] consists of @ransparent, sengpentube in which the ignition system is
installedat theopenend of the tube. With thiastapparatus, two differémmethod can be usedhe

At ubeo mihafildod exnd met hod.

|l n t he At uhb Eminamberhing ovalogcitySt, is calculated according to the method of
Andrewsand Bradley47]

§ =——G, (2.9)

where Sy is the flame velocity, A'is the projected flame area on a plane perpendicular to the
direction of flame propagatioand 4 is the surface area of the flame frofihe flame velocity §

is calculated as the prime derivativethe distance between the flame front and the ignition point
(Ox/ Ot) and in this method is considered unif
Il n the Adirect o met hsoedaluateal Mdresspeaificallyhie laminanbgrninge | o ¢

velocity isdirectly derived from its definition:
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S =SG- UGy (2.6)

where S is the flame speedn is the unit vector normal to the flame front at the point under

\
consideration and) is the flow velocity (vector). The experimental determination okigh this

method is very difficulbbecausehe evaluation of the quantities have to be sufficiently accurate and

U has to be determined very claseflame front[46].

The definition of laminar burning velocitpf the dusts is essentially similar to that of gagé)
even if, quite clearly, thdlame prgagates in heterogeneous medi[#8]. Hence,two types of
flames[50] depending on the nature of the dudi8] are observedThe first is the Nusselt type
flame, where chemical reaction takelace in heterogeneous phase and is controlled by diffusion of
oxygen to the surface of individual, solid particles. The second type is the volatile Wéaerethe
rate of gasification, pyrolysis, or devolatilization is the controlling process anchémical
reaction takes place mainly in the homogeneous gas pQage.clearly, in this case the volatility
of the dust becomes an essential parameter since affects the flame propagation Q@i yaajr
Most organic dust explosisare characterised hwlatile flame type.

As cited previouslydust explosion needs a dispersion phase before ignition. To thissaime
grade of turbulences necessaryBut turbulenceffectsthe measure of theaminar burning velocity
[53]-[55]. These effects should be taken into account when evaluating laminar burning velocity of
dusts. Several studies on the flame propagation for the dustave been caed out
[56],[46],[48],[49],[53]-[63] mainly by using tube methodut however tie knowledge on the
fundamental mechanism of flame propagation in-@irsiixtures is stillacking

Quite clearly, even less works concdrybrid mixtures[64]-[66]. Bradley et al.[64] studiedthe
laminar burning velocities of methaiadr-graphite mixtures in comparison with fine coal dusts by
using a burnerThey demonstrate that in the dust explogiwocessthe pyrolysis/devolatilization
step is very fast and the mbustionoccurssubstantially inthe gas phase.

Liu et al.[65] and Chen et a[66] studiedthe flame propagation of an hybrid mixture of methane
and coal dusin a combustion chambétube methoyl Their resuls are shown in Figure 15. The
results show that the flame propagates first at constant fpefedv initial milliseconds then it has

an acceleratignreaches a maximum and then reduddsits apex, he flame prpagation speed

reaches value of about 14 mfkat is much higher thatihat of singlecoal dust flamg2 - 3 m/s

[67)and itéds much higher [B0]-[62h respect ot her dus
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Liu et al. have explainethatthe much faster flame propagation speedueto heat released by the

methanevhich expand combustible products
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Figure 157 Relationship between the distance from the ignition tpaimd arrival time of the flame front; coal dust

concentration: 127 g/Mj65].
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Chapter3i1 Aim of the work

The present work aims at studying the explosive phenomafoybrid mixtures tayet insighs into

thedriving mechanisreand the explosion featura#fecting the course of hybrid mixture explosion

This is achieved by mean$ an extensive experimental study that developed in the following steps:
1 Measuremendf theignitability andthe explosionaverity;

1 Study of the lame propagatian

3.1 ACTIVITIES

The study involved several activities:

1. The plosionexperiments were performed in a 28iWwek bombat Institute of Combustion
Research (IRC) of Consiglio Nazionale delle Ricerche (CNR) of Naples ddigatimento
di Ingegneria Chimica of theniversita degli Studi di NapolFederico 11(DIC i UNINA) of
Naples.

2. The flame propagation experimenisve beemperformedin a new equipmentt is a tube of
1 m length and 7x7 cm squaawailable atthe Laborabire Réactions et Génie des Procédés
(LRGP) at Ecole Nationale Superieure des Industries Chimiques (ENSI@¥tittit national
polytechnique de Lorrain@NPL) of Université of NancyFrance.
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Chapter 4i ExperimentalApparatusand Methodology

4.1 APPARATUS
4.1.1 Explosion severity tests

The explosion severityexperimentsare performedby using the standard 20 sphereapparatus
(Figure 16) manufactured by Adolf Kuhner AG (CHyvith rebound nozzle introduced ISiwek
[68].

The testsare performedin accordance witlhthe ASTM MethodE 1226 (2000)17], National Fire
Protection Association (NFPA) Standard 68 (199¥9], German Society of Engineers (VDI)
Method 3673 (1995)69], and International Standards Organization (ISO) Method 618a]1

Electrode Assembly (to E3EP 3200

\ i)
Ws
V.
A ¢
L o T

8|

\ Adr CHy
T

sC

Figure 1671 Siwek20 | pherical vessels for the determination of dust explosion paranfigié¢rs

The kernel of test facility is a spherical explosion chambenade of stainless steel and rated to
resistat 30 bar static pressure. Aater jacket grrounds the spherical bonfibr the control of the
internal wall temperature.
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A flange on the top of combustion chamber allows for the insertion of two electric rods, in order to
reach thecentreof the sphere fothe igniters the ignition isperformed byeitherchemical igniters
or electric sparKFigurel7).

Figure 171 Chemicaligniters(left) and spark electrodes (right).

The chemical ignibn is obtained by using two pyrotechn@psulescomposed of 40 wt%
zirconium, 30 wt% barium nitrate and 30 wt% barium peroxifke igniters are activated
electrically by lowvoltage source and provides a dense cloud of hot dispersed particles and very
little gasas byproduct The internationastandards requirgypically an energy ofl0 kJ.

For the electric sparkgnition, two electrodesre located at the centre of the sphefesparkis
produced by supplyin@5 kV, 30 mA bymeans of Kilhner, KSEP 320,high voltage trasformer

The spark electrdesaretwo rounded tungsten rod (diameter 2 mmhose tips g spaced at the
standard distance of 6 mm

At the bottom side of the bomb, the outlet valve ¥&yure 16) is installed. The outlet valve is
connected to a rebound rabe (Figure 18) placed at the bottom of the bomb for the dispersion of

the dust/air mixtureThe outlet valveis operated by means of an elegmeeumatic system

Figure 181 Rebound nozzle

The input ection of the outlet valve is connected to the sample container §G=(V.6 lter), by
means of which thelust isdispersedn the sphere: the container loaded with dust is pressurized
using compressed air at 20 par

At the right side of the bomb, twpiezoelectric transducer PT1, PT2 (Kistler Type 701A) are

mounted Because the piezoelectric pressure transducers aresdresittive, their membranes are
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protected by silicon rubber of approx. 2 mm thicknddse use of two completely independent
measuringchannels gives goodonfidenceagainst erroneous measurements and allows for self
checking.

The sphere is connected at right side wittaauum line It is usedbothto preevacuate the sphere
and feed the gas mixtur&he vacuum outlet is connected tocuam pump(Vacuubrand RZ9)
providing -0.8 barg (for hybrid mixture test) 60.6 barg (for dust test) evacuation pressure. A
pressure transmitter, Dwyer Series 628, is used to measure the evacuation pressline
measurement rangd the transmitteis 01 3 bar, the accuracy is 0.25% full scale.

The gas mixturs in the chambeanre preparedoy the partial pressure methadadr this reason the
vacuum line is linkedby means of two valves, V3 and V4, respectively withaaid with the
flammable gas cyliner.

All the timing sequences and the acquisition of the pressure signals are performed bgfrti@ans
electronic module KSEP 332, which is interfaced by a desktop computer for the remote control of
the system. The system is also connected to-arcgelaing crio-thermostat for the temperature
contol (Julabo CF31). In all runsateris used as cooling fluid, at 25 °C.

Explosibility testswverethen performed on the dustgsand respective hybrid mixtures, evaluating
the fundamental parametemsaximumexplosionpressure and deflagration index.

For the aims of studying hybrid mixture explosionsyasnecessary implementing and modifying

the spherapparatusin Figurel19, a schematic sheet of the systisrshown
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Figure 191 Schemeof 20 L Sphere Apparatus Systddil] adapted for hybrid mixture explosions.
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4.1.2 Flame propagation tests

The flame propagatiorexperimentsare performedin a square tube @m side, abait 1 m length
(Figure20).

Figure 2071 Tube for flame propagation tests

This tube has a volume of 4.9 and has two opposite walnade of glass and two opposite wall
made of stainless steel

The comlistion chambeis mounted verticallyA removable vent is located at the top of the tube.
At the bottom, the tubés attached to a metal basgquipped with adispersion cup. The upper
portion of the dispersion cup is nearly hemispherical in shape. Theldiesd in the bottom cup
prior to the test is dispersed agair blastfrom a 0.05 | reservopowered with a mushroom shaped
nozzle at the pressure albout7 bar, impinging on it in the bottom of the dispersion cup, in order to
generate a homogeneousud.

Di spersing air -in.@2annhftll pastlelearidallylyerated sblen@id valve.

The gnition of the dust clouds obtainedby means ofa continuous spark betwedwo 2 mm
diameter tungsten raavith a sparkgap of 6 mmlocatednear the closed bottom end of the tube

The power for the igniting spadenerations obtained from a charged capacif@2],[73],[74]

The tube is connected also with a vacuum line. The vacuum outlet is connected to vacuum pump
(Alcatel PASCAL 2005Sp A pressure transmitter is used to measure the evacuation prasdure
used to prepare gas mixture in the chamber by panéssure methodror this reason the vacuum
line is linked by means @& valveto a premixing chamber of about ®! of volume connected by

means of other two valvesith an air bottle and a flammable gas bottle.
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A PHANTOM v91 cameras used torecord gnition of dust cloud with a frame rate of 2000 fps
(period:'500. 00 es) aboud kX psoss.ur e of

All the timing sequences arttie ignition systenare controlled remotelypy meansof electronic
system adapted from Hartman tube appard@?§. The high speed videocamerais directly
connected to specific PC by Gigabit Ethernet cable for camera control, image transfer and final
acquisition

A simple scheme of the system is showedrigure 21. This scheme is similar to that for the
standard Hartmann tube tgst?], the differences are in the introduction of some line for the

vacuum and for the supplying of gas.
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Figure 211 Modified scheme of Flame Propagation Experiment Syqi&zh
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