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RS -ABSTRACT

This thesis reporfs on an experimental investigation
into hybria ddst-bas-air explosions. The objective is to
elucidate the major role of admixed methane, when
present at different concentrations. A loﬂg horizontal
tube constant volume bomb was developed with a novel
dust dispersal system for studying explosions in this
geometry . Experiments were conducted with fine
cornstarch dust, methane and hydrogen gases. The burning
rates and maximum explosion pressures for various hybrid
compositions are compared to" those obtained from single
component mixtures. Admixed inflammable gas is found to
increase the explosivity of lean mixtures by increasing
the total mixturé energetics and improving uniform
bu;ning“throuqhout the bomb. Increased flame temperature

"associated with more energetic mixtures increases the
chemical-kinetic processes which control the burqinq
rate. The chemistry of the admixed gas is found to have
an impact on the starch combustion. Excess dust in rich
mixtures is shown to act as-a thermal sink, similar to
inert dusts. Lean explosivity limits were investigated
for cornstarch-methane and found to be in line with Le
Chatelier's rule. Particle settling can influence
propagation in very lean mixtures and those with excess
dust.
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' axcés de poul:iere.

Cette thele rapporte une recherche exﬁé&imeniale sur
10: explosions hybrides des mﬁlanges pousaiara-gaz-air.
L'objectif de cette thése est .d'élucider le rble majeur du
gaz inflammable, - lorsque. préesent a differentes
concentrations. Une bombe & volume constant, dont la forme.
est celle d'une long tube horizonéal, a éte développéé avec
un ‘nouveau nyptime de dispersion de poussiere. )Des
experiences ont ' &te faites avec de la fine poussiére
d'amidon, ainsi qu’avec leéz gaZz methgne et hydrogsne. Les
taux de combustion et préssions maximales pour differents
compositions hybrides sont comparés a ceux obteniis pour des

. mSlanges a composition simple. L'addition d'un gaz

»inflammable au mélange - poussiére-air a pour Effet
d'augmenter l'explosibiliti des mélanges pauvres' en
auqmentant le pouvoir calorifique du melange et en causant
combustion uniform dans la bombe. Une température de flanmme
augmentée enseible des mélanges plus énérgetiques acceldre
les processes cinetiques chimiques qui controllent le taux
de combustion. La” composition chimique du gaz ajoute
affecte la come'tion deé 1'amidon. On démontre qu'un exce®s
de poussiere dann un /gelanqe gazeux riche agit comme
absorbant thermique, de 1la néme fagon qu’ une poussiére
inerte. Des limites 4’ prlosiviti pour des melanqes maigres .
d'amidon et de méthane suivait la reqle de Le Chatelier. La
précipitation des particulen peut intluencer la prOpagation
dans ‘les melnnqel tres maigres et dans les melanges avec un

b4 v
v - R /'



It

_fv Aréa, cross sectiofﬁi.arqa, [m] )
&é Specific heat capacity, %kJ/kg-K]
¢ Frequency factor in equation 10, [1/sec]
a Diameter, [m or um)
E Activation energy, [kcal/mol]
6 ‘Gas concentration, volume fraction'
| H ‘dabs' heat transfer to ﬁarticle, )
h Enthalyy.
h; he Emﬁhalpy,of formation at 298 K, ([kJ/kgl
‘Ahr Enphalpy of reaction, [kJ/kg]
k. COnéuctivity, [W/m-K]
L Length, [m] ' :
t Mass flow rate, [kg/s]
N M /M, molar ratio of products to reactants "\
p Pressure, [bar]) | |
Be ";bsolute explosion pressufe, (bar] ’
pe Gauge explosion pres§gfe,‘[§ar] g
?; pe(po, normaliZzéd explosion pressure )
Pe (pe-po)/po, normalized axplosign pressure

Q . Rate of energy production, (kW]

Qabs Rate of heat transfer to particles, (kW]
R Gas constant, [kJ/kg~K]
if Flame speed relative to stationary observer, [m/s]
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Distgnéé, [m] S|

o ,

S

LI}

P Density, [kg/m3]

Thermal diffusivity, [mZ/s] o

T Ratio of specific heat .capacities .’

M Viscosity, [mzls]

® Equivalence ratio—-of combustihle mixture

L

r Time constant, [s])

5 Thickness, [m] .

<

ad Adiabatic

Al Alumina

b Burned gas

C:S. Cornstarch )

e Constant volumo»éxpiosign¢f1

K .'f ot : C?nitantApressure flame .-
L  Laminar . - " ‘

e ) Initial or normalizing value . '

-
¢ , —~ f ¢

p . Particle. ' L

u-  Unburned gas | ' :

- emy B _”_ »or - “"Cf..';@%a'"“";" ; * y - : . . ‘\« ” ,,u o
: ~ o
s
s Burning veiocity relative to unburned gas, [m/s]
Y .
T -Temberature, [K] %
. s < o
. WV Volume, [m”) &
W pDust concentration [a#ﬁslﬂ ‘
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When an explosion occurs in an environmént containing .

combustible duéts and .flammable gases,*it is .called a ibrid
Explosion. It is now qenerally recognized that the potﬁntial
hazard of a hybrzd exp1031on can be greater than that of the
individual components. The coal mining ihdustrxy was -the
first to recognize'this,(ﬁﬁeﬂ it was realized that small
amounts of methané gas, zknown as "firedamp", greatly en-
hanced the violenge of an ensuing coal dust explosion. As
the demands for energy continue to 1ncrease, coal miping has

. Although laws generally

shifted from shallow mines to & eper ones, with the result
that they are increasingly "ga§3§£

prohibit the buildup of flammable“gas concentrations beyond»

fifty:percent of the 1lower flammability 1limit, gases are

still present in small amounts and coQtribute to the explo-
P .

-
A
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Other industrial fac111tie§ which encounter the risk of
hybrid explosions include 1a£;e scale refuse incigerator-
, for energy production, in which refuse derived dusts can
explode along with vapours from discarded containers in the
primary shredder machines. In the plastics industry powdered
plastics are ofteq‘storéd near solvents during transporta-
tion. Hybrid explosions occur in the grain industry when
extraction plants’ are located too c}osg to’ grain silos.
. Typical examples of inflammable mixtures include: hexane
with soya bean meal, pentane with styrene and polystyrene,
vinyl  chloride with polyvinyl - chlor{fﬁ//fTSYS) and
cyclopentane with wood. :

- Industrial facilities are not designed to withstand the
, . pressures developed by even weak dust explosions. Thus these
places are equipped with various types of explosion

sion hazard. , - . -

»

a

SoaTy e




mitigation schemes of which the  three most common are: re-
l1ief venting, chemical explosion barriers, and high speed
valves to isolate the explosion in the pressure vessel in
e which it originated. To effectively design an explosion
‘protection scheme based on aﬁyu of these techniques it is
essential to anticipate the potential overpressure and the
burning rate as well. It would bée impossible to develop an
explosion severity database for all poséible‘combinations of
hybrid mixtures, hence fundamental knowledge of the mecha-
nisms of turbulent hybrid flame propagation is required to
assess potentjal hazards. ) —

14

In premixed gaseous flames the laminar flame speed, the
lower flammability limit and the quenching diameter are the
fundamental parameters which characterize the explosivity of
a particular gas, and have been firmly established for _many
mixtures. Furthermore, the constant volume explosion pres-
3 sure is directly related to mixXture energetics and can be

‘E’ readily calculated. However these parameters are difficult
to establish for dust-air mixtures [1,2). First, dust air
mixtures are turbulent by nature; turbulence is required to
maintain particles in suspension against the pull of gravi-
‘ty. Second, local particle concentrations ahead of the flame
‘ are qonerally not known Third, equilibsium calculations for
dust-air and hybria mixtures are more > difficult because
complete oxidation of dust particles does not always occu;
and is generally dependent upon rate processes (diffusion,
kinetics etc.). Ballal [3] solved the first problem by way
of a free falling flame tube, however particle concentra-
tions are not measured properly. The author does show that
smaller particleu are more intluenced by . admixed gas than
are large particles, and attributes this to the dominant
tole of chemical finotics with small particles. These —re-
sults agree at loast qualitntivaly with data from flat flame
burners [4].




o Explosivity data based - on studies in constant volum
bombs [5,6,7,8,9], laminar flame burners [4] and flame tubes
[3,10,11] have demoﬁstraped that the explosion pressure and
burning rate are augmented when small quantities of flam-
mable gas are present®in tﬁe atmosphere. However’ the extent
of this augmentation is difficult to quantify. Because RThe
explosion characteristics of dust-air mixtures are highly
apparatus dependent, the'effect of admixed gas ﬁhlt always
be studied in a relative cghtext. Widely varying e&perimen-
tal conditions (size of.vessel, mixture composition, initial
turbulence etc.) amongst investigators make comparisons very
difficult. Hence the relative effects of admixture of gas

., upon total mixture energetics and burning rate are not

A known.
In an explosion in a long channel, the flame may accel- -_-
erate rapidly resulting in very high rate of pressure rise.
O . This is the’ ‘situatio_n in mine shafts and large tubes for -
' pneumatically‘conveyinq materials. However, most experimen-

tal research is conducted in small scale apparatus with

spherical geometry or cylindrical geometry with small aspéct .

ratido. The length of flame travel in a Hartmann bomb [7] is

about 15 cm, while in the US Bureau of Mines' 7 liter bomb
- the flame travel is also about 1§ cm. In Bartknecht's 1 m3
sphere [5], the flame travels only 62 cm. These distances
are the same order as the turbulent dust flame thicknesses
reported by Klemens [11], Slezak [12] and Buksowicz [13].
Hence the flame may travel only one or two flame thicknesses
‘before being extinguished at the wall. )

In the present study, hybrid explosions in a long hori-
zontal tube are studied. Generation of a uniform dust cloud
in a tube of large aspect ratio-also presents difficulty.

X Slezak [12) attempteqhyo rectify errors due to settling by
. employing a rotating tube, -however this led to large uncer-
@' thinties in the airborne dust concentration. ‘xicnonl [11]
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and Buksowicz [13] employed a long vertical tube in which
dust was dropped from the top by a hopper. However the tube
used (€8 cm X 3 cm) is very small with respect to the flame

thickness.

For this study a novel dust dispefsal system was devel-
oped to generate a uniform turbulent dust cloud prior to
ignition. X wide range of hybrid mixtures was studied, in-
cluding mostly dust and mostly gas mixtures. The flammabili-
ty characteristics of the vessel are first discussed in
relation to homogeneous‘methane;air explosions in order to
determine the effects of heat losses and turbulence generat-
\éa’by the dust. dispersal system. The explosivity data for
cornstarch-air mixtures are compared with other investiga-
tors to estabiish confidence in the dust dispersal systen
and the experimental procedure. Furthermore this data serves
as a basis for comparison with subsequent hybrid tests.
Various starch-methane-air compositions are tested to deter-
mine the maximum explosion pressures and these are compared
to valugs predicted by equilibrium thermodynamics. Measure-
ments of the flame speed and'rat;'of pressure rise are used
to agssess the effect of gas concentration upon the burning
rate. A comparison is made between the effect of combustible

*and inert dusts upon rich gas flames. Thus the effect of
mixture energeticq‘upon the turbulent burning rate for gas-
equs, dust-air and hybrid mixtures is established.

Cornstarch-hydrogen-air explosivity is examined to
dptefmine the influence of chemistry of the admixed gdg. It
has previously been concluded that the influence of gases
w;fh a high 1laminar burning velocity are less severe than
the influence of methane [5]. However if flame propagation
proceeds in volatiles qenérated~ahead of the f}ame front,
the influence of admixed gas nhqgld’be proportional to its
burning velocity. ' ,/f”/t

.
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Finally, tize lean explosibility limits for hybrid mix-
tures are determined to assess the role of mixture energet-
ics and the applicability of Le Chatelier's rule which was
developed for homogeneous gases. Also the effect of dust
settling in the long horizontal geometry is discussed.

"
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‘[). AIl. GENERAL COMMENTS
.II.1 Literature Survey

Experimental investigators are generally concerned with
the flammability of various hybrid mixtures. This entails
lean explosibility limits, burning rate as characterized by
the luminar burning velocity or rate of pressure rise in a
closed vessel, and the adiabatic flame temperature or maxi-
mum explosion pressure. '

®

.

Lean Flammabilitx Limits
An explosible hybrid mixture can be formed even though

the concentration of individual components are—themselves
below their explosible 1limit. Several investigators report
linear, or almost linear, decrease in the "lower explosible
concentration” (LEC) of dust with increasing gas concentra-
tions. This was observed in closed vessels [5,6,7,14,15]) as

0 well as horizontal and vertical channels [(10,11]. As a
result Le Chatelier's rule has been applied to hybrid
mixtures: : -

L G 1 (1)

(LEC) gug¢  (LEC) 5oq

If the left hand side, where W and G are the dust and gas
concentrations, is greater than unity the mixture is

explosible. : .

~ ———n—

Le Chatelier's rule was developed for homogeneods gases
and implies a minimum energetics criterion. Measured flame
tenmperatures for near limit coal dust flames were approxi-

T mately 1600 KX [20) which is similar to the characte;istic
tefiperature for lean 1limit hydrocarbon gas flames as pro-
posed by Hertzberg [17] and Burgess [18). Hertzberg [1] has

e correlated LEC's for various dusts with their volatile con-
| tent determined from rapid pyrolysis tests. Experiments with

’
~
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low and highl volatile «coals, polyethylene, anthracite,
gilsonite and methane indicate that the heating values of
the volatiles generated gy the 1lean limit mixtures are ap-
proximately. 12 kcal/mol. This value is similar to that mea-
sured for other hyrocarbons [15] and results in flame tem-
peratures near 1600 K.

-

Others [15) have shown, in small and large £ scale
yexperiments, that .a minimum flame temperature exists but
depends upon whether dust or gas is the dominant fuel. This
is suppdfked by Klemens [11], who observed vertically propa-

gating, near liﬁii, ﬁ}brid flames. Mixtures containing most-
ly gas (4.2% CH4, 19 g/m3 coal) had smooth laminar flame

fronts* and those with more dust had irregalar. turbulent
flame fronts characteristic of dust-air flames.

Uncertainty in these hypotheses is due to variation in
reported LEC for various dusts and the lack of definite
criteria for determining the LEC of a dust ([20].

\
T

Explosion Severity

The explosion severity is characterized by the maximum
explosion pressure and rate of pressure rise in a closed
,vessel. These have been studied for a variety of hybrid
mixéures. It has been observed [5,6,7,9] that small amounts
of admixed gas, below the lean flammability limit, can sig-

nificantly enhance both the explosion pressure, Pe and the

rate of pressure rise, dp/dt. Direct comparison of various
authors' results i8 not possible because the results are
apparatus dependent and different dust-gas cohbinations are
used. For the same reason, theoretical predictions of dp/dt
are not possible. Consequently conclusions are based upon
observing thé"effegt of altering the mixture composition.
Nagy's experiments in a modified Hartmann bomb, with a
broad spectrum of coal dust and methane mixtures [6],

& .
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demonstrated that specific hybrid composiﬁions exist whereby
Pe is a\gaximum and dp/dt is a maximum. These may not occur
at the same dust and gas concentrations. The authors corre-
lated the results with polynomial expressions but these gére
- of limited value as they are specific té this apparatus and
are not based upon any physical principles.

Feng [7] adopted a similar approach as in [6] to deter-
mine the relative flammability of Canadian coals with dif-
ferent volatile contents. The experiments conducted ' in a
Hartmann bomb feveal trends similar to those in [6]. However
the magnitude of dp/dt and Kg¢ factor (dp/dt-Volume1/3)€
[5,21,22] are different. It has been established that the
burning rate in the Hartmann bomb is generally lower than in
larger vessels because of the 1low turbulence 1evél and 1low
ignition energy.

A :
Bartknecht [5] 'performed similar tests with PVC dust

rand propane gas in a 1 m3 sphere. He found that the optimum
propane concentration in terms of Pé is close to the 1lower
ﬂflammability limit of propane (z*vol) whereas the maximum
burning rate occurs with stoichiometric propane-—air. Also
Bart%necht found that when the propane concentration is in-
qreaged, the optimum dust concentration, in terms of Pg
decreases linearly. From this latter observation, it can be
concluded that4the explosion pressure is connected to the
energy content of the mixture. The effect upon the burning
rate depends upon the relative reactivity of the dust ‘and
the gas. PVC dust burns slowly because the halogen, chlo-
rine, inhibits chain branching. Therefore, the maximum burn-
ing raée occurs where propane itself burns most répidlyfﬂ'It
was also noted that less reactive. dusts are more susceptible
to. adnixed gases than highly reactive dusts.

Peraldi [23] performed thermodynamic calculations to
deternine the effect of mixture composition upon a hybrid
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methane-cornstarch-air detonation. The predicted effects -are
in good agreement with his observed results. However, no
comparison of observed explosion pressures with values cal-
culated from equiiibrium thermodynamics has been done to

gﬁetermide if the effect of admixing gas is to alter mixture

energetics or to alter the quantity of dust burned by
enhancing,reaction rates, diffusion etc.

Flame Speed
Flame speed is closely related to the Ky factor (or

.dp/dt) in that both are indicators of the burning rate. For

thin regular flames the flame speed can be extracted from
the pressure historyx of an explosion in a closed vessel
[21,24], which is demonstrated in Appendix II. For homoge-
neous gas flames the laminar burning velocity is a fundamen-
tal parameter which can be measured with reasonable accuracy
{25], and in some instances it can be calculated for given
initial conditions. For dust or hybrid flamesyphe existence
of a fundamental characteristic flame speed has not been
proven. Several investigators [3,4,8;14,26] have produced
flat laminar flames, but the flame speed depends on particle
size, shape, chemistry as well as the uniformity of the
cloud.

v
’

Flame speed is measured in flat flame burners and long
flame tubes. Burners produce a stationary flame which sim-
plifies probing; however, they suffer from large heat losses
{1]. Open tubes of 1arge' diameter are nearly adiabatic,
although it is difficult to create laminarlflames. Creating
a uniform dispe;sion is still a major stumbling block. To
overcome the effects of bouyancy and particle settling
Ballal (3] employed_a free-falling zero-gravity flame tube
in which a flat flame wﬁs produced. However this technique
iimits the size of the apparatus and iniirumentation tech~
niques.
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The author found that finer particles were affected by
admixing methane more than coarse particles. This agrees
with Bartknecht's [5] bomb iéyts witﬁ PVC dust and Smoot's
[4] flat flame burner data with 10 micron and 33 mifron coal
dusts. Furthermore, Smoot et al observe that coarser coal
dust is mored affected when 'the concentration is excessive
(>500 g/m>). From this the authors all conclude that the
kinetically dominated combustion of fine particles is more
affected by agmixed gas than the diffusion controlled , com-

"bustion of large particles. S ’

!

Singer et al [10) measured horizontal and vertical
flame gpeeds of several near limit coal dust-methane-air
mixtures. The authors observed linearly increasing flame
speeds with increasing methane .content for mixtures with the
same overall equi;alence ratio. Miktures with more methane
also seemed to produce steadier flames, with %gss variation
of flame speed in the vertical and horizontal sections of
the tube.

Klemenskind»Wolanski [11] also . measured upward flame
propagation for near limit mixtures of 1lignite-methane-air,
and produced gpotographs of the flame structure. For @ix—
tures in which methane dominated (4.2% CH,, 19 q/m3 lignite)
flames resemble near limit gas flames albeit more luminous,.
For mixtures containing more lignite (1.6% CHy., 66 g/m3
lignite) the flames resemble pure dust flames. They have
highly irregular and changing flame fronfs, followed by a
turbulent region of hot gas with luminous particles. The
authors report greater flame speeds for those mixtures than
the lean 1limit methane-air flame. This is attributed to
increased flame surface area and mixing due to turbulence.l”

1

3




11
n‘:’ II.2 Dust Flame Struycture
. '. -
. Modelling of hybrid flames requires knowledge about the

ructure of a dust-air flame. The evidence to be presented
‘guipports the hypothesis that volatiles produced in front of
# he flame provide the mechanism for flame propagation in
louds with fine particle size and - high volatile content.
This groﬁﬁ includes bitumous céals,_ lignites, vegetable

* grains, powdered foodstuffs and plastics.

Measurements of laminar "Burning velocity" of fine

(dp59 Hm) coal dust-air mixtures yield inverted "U" shaped

curves of velocity versus concentration typical for premixed

hydrocarbon gases. Also the maximum laminar burning velocity

is 33 ¢cm/s and two other’éypes of coal tested yielded burn-

ing velocities of 30 cm/s and 35 cm/s for identical particle

size distributions. Other investigators also report laminar

o burning v)elocities—foru coal dusts between 20 cm/s and 70
cm/s in a variety of apparatus [3,12,13]. These are ‘within

the range of many premixed hydrocarbon gases. : .

- Further evidence of coal dust combustion occurring in
the volatiles comes from the direct observations in lean
methane air burner flames by Seeker et al [27] and McLean et

al [28]. Rapid exposure shadowgraphs and schligren,~pho—
tographs revealed that after 2-3 msec induction peripd,

- N L volatiles evolve rapidly and burn vigorously for 1-2 msec,
followed by a longer period during which char particles glow
due to heterogeneous oxidation. Also Essenhigh and . Howard
(29] measured volatile content of char 6 samples collected
downstream of a stabilized coal dust burner flame. Volatile

content was found to decrease slightly before the visible
| flame front and rapidly within it. The ratio of volatile
matter to fixed carbon decreases to 18% of it original wval-

o - * -
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Currently there is conflictyqu data in the 1literature
concerning dust flame thickness. Valueé from 5 mm to several
cm are reported for similar mixtures. This results from
gitferencgs in ekperimental conditions and lack of clear

the entire luminous region, however, it is more appropriate
te refer to the reaction zone which is significantly

-ihinner.

A

Slezak [12] reports a "bushy" coal dust flame that
appears 15 cm thick in his 30 cm diameter flame tube.
Hovever, thermocouple (1 mil) traces indicate that the
temperature rise occurs within a region of a few\millimeters
which is consistent ‘with burner flame data [4,26].

’ Buksowicz [13] and Klemens [11] report, for upward
propagatidg lean lignite-air flame, temperature gradients of
7%10° R/s or 1000 K/mm in front of the visible flame; fol-
lowed by -up to 175 msec during which gas tempefatureé remain
elevated. Based on the temperature increase, the lower den-
sity exhaust gas exits atxsutimes the leading front velocity
(&0.7 m/s). Thus the v{;iﬁle zone‘cofresponds to '

{5 X 0.7 m/sec) X Q.175 sec = 0.6 m which is consistent with

——

, ~ observations. \

Howevér,/the thicknesé of a gas flame is of éhe order of 0;2
mm,- about IOX’smaller'than the 1 cm reported for dusts [30]).
From thermal flame theorx:tﬁa minimum ignition energy, ¢, is
shown to be propértional to the cube of the flame thickness,
8. If the constant of proportionality is .approximately the
sane for dust and gas, then:

'

S 3
. ‘dust] & [ Bdust]
’ ”\ o ‘cés . | %as | -

. ¢t for many dust-air mixtures has been shown to be of the

order of 10>

v

2

to 10 “J as compared to 1074 for premixed

definition of flame thickness. Some investigators refer to,




gases. Based on these values Sduat/agaa should be of the

order of 101/3 or 1001/3' (2.1 or 4.6). Also from thermal
flame theory, the laminar burning velocity, SL, can be ap-

proximated as S;, = a/5 where a is the thermal diffusivity of
the gas if the reactions are assumed to take placé at the
flame temperature. As S;, has been shown to be of the same
order as gas flames (£30-50 cm/s) .then one would expect
that the effective 5 would also be of the same order as gas
flames. Thus the actual measure of dust flame thickness
might be over—estimatin& thg effective thickness.

These results all indicate that for high volatile con-
tent dusts the <flame propagates in volatiles generated in

front of, or at, the reaction zone. It is therefore reason-

able that the behaviour of a dust-air or hybrid flame should
be similar to that of a premixed gas flame. .=

However, it 4is still uncertain the degree to which
admixed gas can increase the explosion pressure and maximum
burning rate. Therefore this wgik is aimed at Adetermining
whether admixed gas act solely in a thermal manner, ie.

contributing to mixture energetics, or whether it influences,

the kihetic processes involved in combustion of the dust
Barticles. .
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III.1 Appaxratus C ‘ _ P

The experiments reported in this text were conducted in-
a constant volume bomb in the form of a long horizontal tube
(LHT). The objective was to prdduce a cloud ‘of nearly
uniform density throughout the vessel interior so that a one
dimensional flame wéﬁld be formed by igniting the mixture at’
one end. To minimize the effect of heat loss to the col&
walls, the tube diameter was designed to be large in

comparison to the flame thickness as repofted by several .

investigators (3,8,12,13). The tube was designed to be
extended with additional sections, provided inftial testing

was successful.

The tube measures 2.18 m (7 ft) long and has an inter-

_nal diameter of 0.305 m (1 f£ft) forming an aspect ratio,

/D-7. It is constructea of ordinary steel with 12 mm wall
thickness and is flanged at both ends. At ;he’ignition end

the dust dispersal system is attached as seen in Figures 1

and 2. At the far end the tube is sealed with a blind flange
squipped with a 1.9 cm ball valve leading to the gxhéust
duct. Both flanges are equipped with O-ring sealq. There are
six threaded ports located along a single longitudinal axis
spaced 0.3 m apart, in which diagnostics can be mounted - as
well as the gas flow inlet. An additioqal p&rtNié located
100 mm from the ignition end, ighwhich the igniter is mount-

.d'

The major design challenqe ot the ypparatua was to
generate a unitorn dust cloud throuqhout ‘the entire .tube
length. An additional criterion was to generate nearly
uniform turbulence. This would enhance mixinq of the dust,
and retain it in suspension for’ a longer time. The optimized
iylton incorporates a high pressure, low volume air disper-

sion system. A nominal mass of dust is spread uniformly’

alonga 5cm X5 cm V-channel that is 2.0 m 1long. « The

y———
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V-channel t& mounted' on suppofts 4 cm}above the tube floor.
The dust is diéperhed by twénty impulsively started Jets
emerging from a perforated shock tube which runs the central
axis of the LHT. The shock tube is the kéy to the dispersion
system. It allows all twenty Jjets to be started simultane-
ously and to be of uniform strength. /

The shock tube arrangement is shown in more detail in
Figure 3. It consists of.a high pressure driver section and
a ;ow'pressure driven section mounted on either side of the
ignition end pipe flange. The driven section consists of a
38 mm diameter copper tube, with twenty 4 mm holes drilled
100 mm apart. The holes are aligned so that they oppose the
V-channel and the jets impinge directly on the dust. At thé
far end the shock tube is supported by 3 clamps to° reduce

vibration. : .
4 r .

-

The driver section consists of a square 63 X 63 mm2

tube, 0.80 m long (3.18 1) mounted on the external side of
the ignition end flange. Tﬁe tube has four threaded ports in
which are ~mox/\\nted the high pressure air inlet, the high
. pressure fuel inlet, the pressure gauge and a pressure re-
lief valve. The driver section is bolted to the ignition.end
flange by a 76 mm pipe flange with an O-ring seal and a
special crimp which secures a’Mylar diaphragn. The diaphragm
is ruptured by’a pneumatiéally driven steel plunger running
through the driver section. ’
Procedure for Dispersion: . S

~ Prior to dispersion the driver section is pressurized
to 10 bars containing the same gas mixture as the test vol-
ume. Upon ruﬁturinq the diaphragm the shock which is formed
,pressﬁrizes the driven section and starts the jets. (The
‘shock tube calculations are shown in Appendix I.) The
shock Mach number is approximately M=1.86, and the pressure
behind the initial shock is p=3.89 bar. It is doubtful that

aEs
Lt o
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the shock is severely attenuated by the efilux ‘of gas
through the perforated tube, behind the shock. The initially
unattenuated shock would traverse the tube length in less
than 3 msec. The duration of the je}s is of the order of 100
mlec,'and was calculated assuming adiabatic expansion of the
high pressure ga# into the low pressure shock tube. The
flow through the impingement hole is’ choked, until the pres-
sure in the shock tube decreases below the critical value.

In the first interval, during which the jets are sonic,
the pressure in the shocked tube decreases from po=5.94 bar

pcr=1.Bé
In the BsBecond interval,

(squilibrium pressure) to the critical pressureé,
bar (pypy/Peg=[2/(r+1)1 T/ (771}
during which the jets are sﬁbsonic, the pressure decreases
from p.,.=1.89 bar to p=1.02 bar (equilibrium with the test
vessel. The calculated duration of ‘the jets is t,=61.4 msec

and t2-26.4 msec hence tj,.=81.7 msec. The figure below

" shows an oscilloscope trace from the piessure probe mounted

in the driver section.. The actual duration of the jets is
100+20 msec. ‘ -




e

. Righ speed diqpersioh jets are essential in promoting
thorough mixing of dQust in air. Since the shock tube is °
pressurized almost instantaneously, the dispersion jets are
uniform along the tube 1length. It is possible to use this
technique with longer tubes as well. The practical tube
length will be limited by shock wave attenuation or by set-
tling of dQust in the ;ar end before the flame arrives.

Preparing the Gas Mixture:

The gas mixture in the test section was prepared by a
tlow through method, displ\cing five to six times the volume
of the vessel to ensure good mixture. The gas mixture was
formed by flowing extra dry laboratory “zir and commercially
pure methane (6r hydrogen) through ‘a pair of calibrated
rotameters (Matheson #603 & #605) into a small mixiﬁh cham-
ber then to the vessel. The ' vessel inlet was located 0.3 m
from the ignition end of- Eﬁb tube, and exhausted through the
far end of the tube. Thé mixture in the driver section was
prepared by filling methane and aif?alternately to the ap-
propriate partial pressures, so that the total gauge pre::///
sure equalled 9.5 bar. )

13

¢

Instrumentation: i

Instrumentation consisted of a single PCB piezoelectric
pressure transducer with very high frequency rélponue, lo-
cated at x=1.22 m where x-is the distance from the ignition
end. The transducer was calibrated in a shock tube and reg-
istered 73.5'mV/bar (5.0 mV/psiiiiiwo ionization probes were
located at x=0.91 m and x=1.83 m respectively. Each probe.
consists of two 76 mm long electrodes spacedﬁﬂl min apart,
across which was a 200 VDC potentia}. As the flame passes
the probe, the high conductivity of the reacting gases caus-
es a capacitive discharge and the signal is recorded on an
oscilloscope. Permanent photographic records are made of the

&

osci;lqscope traces.

a
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A single piezoelectric crystal was attached to the
exterior wall of the test section. Its function was to gen-
erate an electrical impulse upon rupture of the diaphragm
which was used to start the timing circuitry.

i

Procedure for Test: )

) After the dust has been loaded into the vessel and the
vessel's gas mixture has been prepared, the driver section
is pressurized. The test sequence begins when a remote
switch is triggered, causing a solonocid valve to open and
drive the pneumatic plunger into the Mylar diaphragm between
the high and low pressure sections of the shock tube. This
action starts the jets to disperse the dust in the vessel.
The stress waves 1in the steel, generated by the bursting
diaphragm, are registered by the piezoelectric crystal at-
tached the tube wall. The pulse generated by the crystal
is delayed electronically, then the delayed pulse is used to
trigger the ignition system. The ignition delay time was 85
msec for all experiments except where specifically noted.

Agtek_each run the tube was opened to clean out the
excess dust and’ char. Sometimes, after several tests in a
short interval ‘the tube wall would become warm, and the
insjde surface ﬂdhesive. This is caused by the geposition of
tars and oils during combustion of organic dusts (corn-
starch, coal). When this occurred the inside ot/the tube was
scraped down and testing would resume only after the walls
had cooled down to room temperature.

N
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II1.2 Dust Properties

In the present experiments cornstarch was selected for
use as a combustible dust, because it has many advantageous
properties; a) it is reeﬁily available in pure form and in
large quantities at a reasonable expenditure; b) the parti-
cles have a regular shape and a fairly narrow size di’stribu-
tion with an average particle diameter near 15 pm (microns,
1078
simplé, and 1is representative of many agricultural and
carbonaceous dusts, and; d) it is readily dispersable.

meters): <c¢) its chemical composition 1is relatively

Figures 4 and 5 show some photomicrographs of corn-
starch particles and the particlé size distribution for a
random sample. The particles are nearly spherical and do not
appear highly porous.vghe mean particle size based on a
frequency average is 14.*\um and the largest particle is 30
pm. Normally such small particles are cohesive and easily
agglomerate making dispersion difficult. To facilitate dis-
persion and reduce agglogeration, the starch was dried over-
night at 70 C and mixed with 1% by mass of fumed silica, (a
fluidizing agent). This fluidizing agent significantly re-
duces the weak electrostatic forces which make the particles
cohesive, and thus reduces agglomeration. In Figure 4 the
cornstarch particles are shown from samples with and without
the fumed silica, and in Figure 5 ‘the particle size distrib-

utions are shown for both samples.

Cornstarch has a simple chemical composition. It 1is
basically a polymer of the dextrose molecule shown below.
Cornstarch consists of 80% linear chain polymers (amylose),
"and 20% branched chain polymers (amylopectin). Typically 300
to 400 dextrose molecules form the chain. The basic chemical
formula is (CgH,,0g) - >The molecular weight for the basic ’

dextrose molecule is M=162.1 kg/kmole.
}
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III.3 Ignition System

; In all experiments exploding wire ignition sources were
used. Initially, the igniter used consisted of a brass wire
0.076 mm in diameter and 25 mm long, connected to a 115 VAC
source. For mixtures that were more difficult to ignite, thee
igniter strength was augmented by wrapping ultra-fine
zirconium filaments around the brass wire, to produce a
flash buldb eﬁfecg. The duration of this ignition source was
several times 1longer than the brass wire alone. For all
experimenés? except where noted otherwise, mixtures were
ignited 100 mm from the tube end, and 30 mm from the central
axisQ\This igniter was sufficient for igniting;mgst mixtures
except near the lean limit at which point pyrotechnic devic~
es would have been prefergble. However, as the ultimate lean
explosible limit was not the primary objective of these
experiments, it was decided not to radically change the
igniter. Although less energetic than high energy capacitive
sparks, the present system was found to be preferable. The
blast waves generated by short intense capacitive sparks can
convect dust away from the ignition zone. 1If the ignition

.induction period is long, then energy deposited by the spark

may be dissipated before the flame kernel is formed.

The ignition delay period was kept constant at 85 msec.
This value leads to the most vigorous combustion of 400 g/m3

cornstarch-air as shown in Figure 6. The ignition is delayed
<




so that the dust cloud may be properly formed befiore the
mixture is ignited. With excessivoly_lonq delay.times, the
turbulence generated by the &f&per:ion process decays, and

the dust begins to settle out of suspension.

III.4 Measurement of Burning Rate
Even though there are several ways by which the explo-
sion rate can be measured, none of them are essentially

fundamental for dust explosions. For premixed flammable

‘gases the laminar burning velocity is a fundamental property

of the mixtures, ‘dependent upon the composition and the ini-
tial thermodynamic state of the mixture. Howevef; in most
explosible dust-air énvironments on earth the dust is dis-
persed by turbulent air motion, rendering it imposﬂiﬁle to
generate a truly laminar flame as it exists for gaseous
fuels. Thus, when one measures the burning rate, flame speed
or any other characteristic rate one is doing so for a tur-
ﬁulent flame, for which the turbulence parameters are not
generally known. What is measured is not really fundamental
and must be considered in a relativé context.

b

The rate of pressure rise in a closed vessel is propor-

HJQional to the mass rate of consumption of fuel; hence it 1is

aﬂ'important parameter. The relations between dp/dt, the
flame speed and burning velocity are derivedfin Appendix II.
It is also readily obtained from the pressure history. How-
ever, as the rate of pressure rise (dp/dt) is not constant
thrbughout the explosion, there is some arbitrariness in
choosing a particular value. For spherical and nearly spher-
ical geometries, there is a clearly identifiable maximum
value of dp/dt. As the flame ball grows, the temperature and
pressure of the unﬁurned gases increases, as does the flame
surface area. -Near the vessel wall, increaled_hent losses to
the wall cause the burning rate to decline. fn vessels with
large L/D ratios, as in the present case when the mixture is
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ignited at one end, the flame kernel initially grows spheri-
cally. As it expands, some areas of the flame contact the .
Qjc:%gl*wil; and are extinguished, and the flame propaqates
S~ * in only one direction. The characteristic pressure history
reflects these -changes as jllustrated in Figure 7. In:' the
present study, dpidt was measured in the region where the .
, f£lame is unidirectional. This region is also less influenced

— by the ignition characteristics. .

To measure the actual flame speed with respect to labo-
ratory coordinates, the distance between the two ionization
probes is divided by the time interval between the signal .

: from these probes. Thus, it is a measure of the average
flame speed ﬁf, at a location 1.37 m from ignition. If the
° flame shape is not planar then the measured value may not be
a true indication of the flame speed. However,'the flame
speed is useful when. considered relative to other tests.

-
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IV. EXPERIMENTAL RESULTS AND DISCUSSION

) IV.1l Explosivity’ of Methane-Air Mixtures B

P Most dust bombs have an agspect ratio (1enqth/diameter)

of the order of unity. However, in the present experiments
the L/D ratio is seven, hence it was necesshry to assess the
flammability characteristics. The /first tests conducted in
the long horizontal tube involved premixed methane-air. The
object was to study the-burning characteristics at different
compositions, the . effects of turbulence generated by the
impulsive jets of the dust dispersal system and the heat
losses associated with the larger surface afga to volume
. ratio of the cylinder. Figure 8 shows comparative pressure
histories of 9% methane (0=0.95) burning through a quiescent

mixture and a turbulent mixture, %here the jet strength and

| the ignition delay time were identical to those used in the
| later dust experiments. The turbulent burning rate is 4.5
1 o times that of the quiescent mixture as charagterized by the

burnout time. Comparing the laminar burning velocity to the

turbulent burning velocity as calculated from Pe’and dp/dt

(see Appendix II) the latter is 29 times greater, for both
7% and 9% methane. This results in reduced heat losses to
the cold boundary as demonstrated by the peak explosion
pressures. .The turbulent flame achieves 98% of the adiabatic
constant volume pressure, while the slower burning mixture
achieves only 73%. All other experiments reported - this
text were conducted in a turbulent environment. //9’In_*

Experiments were done with successively leaner
'methane—air mixtures, and the resulting maximum
overpressures (Pe-[pe—pe]/po) are shown in Figure 9. The
explosion pressures measured in the present experiments
compare favourably with those from the 8 1 modified Hartmann
bomb [12].. This demonstrates that the correct compositions
o were obtained in the present tests, and that the thermal

v
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0 ’ .IO’IGI’QI'Q not excessive. For the mofre nergetic mixtures
the observed P‘ is close to the ad: atic wvalue but the

discr.pancy broadens for leaner mixtures.  The burnout time,
(time from ignition to . 95% peak pressure), .for different
iixtures and the relation between the: burnout time and the
heat loss can be seen in Figures'lOa)‘and 10b). The burnout
time increases in an exponential manner from '  0.11 sec to
0.41 sec at 6% methane, where the heat loss is 18%. The
N observed burnout times are approximately 18 times shorter
than the calculated values based upon the'iaminar burning
velocity (Appendix II), however the trends are similar. Thus
despite the large surface area to volume ratio, the heat
lost to the cold walls by the hot gases is smill, except for
very lqgn near limit mixtures which burn slowly. Here, the

relative heat losses are much greater. I

t apparatus is 6%
orizontal propa-

The observed lean limit

0 . methane which is slightly higher than the
gating limit (5.38%) [19], and that measured in thg 8 1

bomb. This is probably due to the strong turbulent motion

fﬁoﬁ the dispersion jets quenching the very lean flame 'ker-

b4 4

nel.

Figure 11 shows the measured ‘rate of pressure rise

(dp/dt) for the present tests. The results are expressed as

.Kgy factor, which is dﬂ%ined as the maximum rate of pressure

! rise multiplied by the vessel\Volumells. The maximum K,
observed here is approximately ‘115 bar-m/s which corresponds

to dp/dt=200 bar/s (Volume1/3-0.571 m). The maximum rate of

pressure rise occurs near the end of the’ tube where

precompression of the unburned gases is greatest. Even with

constant burning velocity the mass burning rate increases

because of the increasing density of the unburned gases
ahead of “the flame.

*




The observed rate of pressure g;se increases with con~
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centration to a maximum near the stoichiometric. For homoge-
neously premixed gases the burning rate is a function of the

flame temperature. According to the thérmal flame theory the
laminar'burning velocity and the flame temperg;ure are re-
lated in the following manner:

i ‘s, = R T2 2¢ a exp(E/RT,) ( 2)
E'(Tf-To)

In the ebove equation T; and T, are the flame and initial
gas temperatures, « is the thermal diffﬁsivity of the gas, R
is the univeral gas constant, C is a frequency factor and E
is some global;activaéion energy. Using a value of \E=20
kcal/mol, typical for hydrocarbon gases and C=18 8-1 wigh\
evaluated at a mean temperature, the above equation recov-
ers, w1thin 2%, the accepted.values for the laminar burning
‘veloc1t1es of methane-air as reported by Bradley et al [25].
The adiabatic flame temperatures were calculated with a
general chemical kinetics equilibrium code [31].

The validityvof using the laminar burning velocity to
relate the effect of flame temperature for highly turbulent
explosions\can be demonstrated by comparing changes in the
calculated laminar burning veloéity with the observed chang-
eés in dp/dt and if when the mixture composition is altered:
In the tgbie below, the burning xates S;, dp/dt and ﬁf are
normalized against the value for a 9% methane-air flame
denoted by the subscript "o". The ratio of the burning yeJ
locities is given by: ‘

5, = TP [TgT] /exp (B/rrg, - Eme) . 0 3)
Spo = Tg [Tg ~T,) ' '

2

Note that equation (3) is independent of the frequency fac-
tor and a in equation (2). o \
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,| MBTHANE  rFLAME TEMP. S, (dp/dt) Ry
[¥ vol] [ K 81, (dp/at),  Re,
\
- ¥

9 2135 1.0 -+ 1.0 1.0
8 1982 0.75 0.80 0.88 |
7 1805 0.51 0.27 0.55
6 1616 0.31 0.14 | 0.29

In general the agreement is quite good considéring the sen-

sitivity of the burning rate to the turbulence intensity and

. ignition source both of thch can t}uctﬁate, as well as the

simplicity of.the analysis. 'Thus the turbulent burning ve-

locity scales approximately with the laminar burning veloci-

ty. As seen in Appendix II the turbulent ° burning rate 1is

approximately 30 times greater than the laminar burning

velocity.

: These gas flame experiments will form a basis against

which further experiments with dust-air and hybrid mixtures

" can be compared. They also demonstrate the strong dependence

of the burning rate upon the mixture composition. Furbthez-
-more, the influence of the turbulence generated by the di

.persion Jets upon the burning rate of a gas flame has been

shown.

—--"\ ' o _ ,.




IV.2 Calculation of Explosion Pressures

Thermodynamic Analvsis of Corpstarch-Air Combustion;:
The adiabatic flame temperature Tt.ad and the adiabatic
constant volume explosion preslure,'Fe-’e/po. can be calcu-

_lated from equilibrium thermodynamics.’ Complete combustion .

of one mole of cornstarch, Csnloos, in air (79% "2 and 21%
02) is: -
P

Cefl 005 + 605 + 22.57N; ---> 6CO, + 5H,0 + 22.57N,

The density of air at standard temperature and pressure
(T,=298 K, P,=0.101 Mpa) is O =1.180 g:§7§f. The

~.

Y

stoichiometric starch concentration is formed w \_
i 3
Wy = /06 X Mc s, = 232 g/m

where M is the molecular weight. The heat of formation of
cornstarch has been measured by Peraldi [23\\fo be:

he cg = -929 + 40 kJ/mol.

The adiabatic isobaric flame temperature is found by
equating the enthalpy of the reactants at atmospheric tem-
perature to the enthalp¥ of the products at flame tempera-

-

ture:

o

*® ® ® * -
Be c.5. ¢ Sht‘oz + 22.8%hg Ny —===> Slhg goot Ahygg) +

WP

where h; is the heat of formation at T, =298 K, and ah 1is
the increase in enthalpy from 298 K to Ts. T, is then found
iteratively. ' '
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The heating value (Ahr)'ot cornstarch is therefore:
8h, o g = 2643 kJ/mol = 16,303 kd/kg '
) o7 where:
® * ) ‘
4h, = Ihe oroducts ~ IPf,reactants r
":‘hproducts[Tf'zgs K]l . | ( 4)

A
The maximum calculated flame témperature for cornstarch
is Tg=2060 K at itoichiometric,';hich is very close to  the
maximum flame, temperatire for most simple hydrocarbons. The
temperature, pressure, and molar ratio for rich starch-air
mixtures were calculated assuming products of combustion as
determin;d in reference [23]).

The constant volume combustion tempefature can be in-
ferred from T, by equating the change in specific enthalpy

to the change in specitic internal energi. Therefore,

T = ‘Tt-To)'Tb + To ' ( 5)

9

_ where Ty is the ratio of the specific heats of the burnt
gases. For the temperature range of interest 1500¢T<2600 K,
1.20<Tb(1.30 and can be approximated within 45 as

T,=1.464-1.119x10 4xT (K] - .

The constant volume explosion pressure is estimated from
the constant volume . explosion temperature assuming perfect

S~

gas behaviour:

=
e o | P To LMrJgaseous .
N -
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where [Mp/Mr] is the ratio of the nqmber of moles of prod-

ucts to reactants (N). For cornstarch-air mixtures N in-
creases from 1.0 to 1.175 for stoichiometric mixtures.

%
«

-

The predicted explosion pressures for different starch-air

" mixtures are shown in Figure 12, along with the present

experimental results and those from other investigators.

Thermodynamic Analysis of Hybrid Combustion:

Equilibrium calculations for adiabatic flame tempera-
ture are analogous to those for starch—air mixtures. For the
present analysis both fuels are treated identically, except
cornstarch is considered as a solid, and its specific volume
is negligible compared with the gases. The heating value for

methane is;: R

Ahr,CHd = 802.7 kJ/mol~= 50,167 kJéFq

[

measured at fo=298 K for the reaction '

CHy + 20, + 7.52N, ==-> CO, + 2H,0 + 7.52N,.

“~

It can be seen that the heating value of starch is approxi-
mately 3.3X that of methane on- a molar basis and}1/3x that

6f methane on a mass basis. Thereforq the energy released by
burﬁ%gé\Qg}q cornstarch is almost equivalent to 13 g (2%
vol) of methane in equal quantities of air.

Adiabatic calculations do not g¢onsider heat losses and ex-
tinguishing phenomena, hence flame temperatures can be pre-
dicted lower than 500 K. However these temperatures are not
observed. The minimum flame temperature associated with the
lean flammabililty limits for hydrocarbons is approximately
1600 K [1]. -
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IV.3 Explosivity of Cornstarch-Air Mixtures
comparison with other investigators:

4.
-

Extensive tests were conducted with cornstarch at vari-
ous concentrations. The object was to ascertain the explo-
sion characteristics of AdQust-air mixtures to form a basis
for comparison with the hybrid results. It is important that
the long hgorizontal tube yield results thét are valid and
reproducible. This is done by demonstrating that the present
results are compatible with other investigators'.

* The maximum explosion pressures (ge=(p P )/ o) for
starch~air mixtures, as measured in the present study are
shown.in Figure 12. Also shown are the exﬁlosion pressures
observed by Bond [32]), Cocks [33] and Nagy [21] in a 333
liter sphere, 20 liter sphere and a;l 2 liter Hartmann bomb
respectively. The present -results generally agree with
these, despite differences in the phy81ca1 properties of the
fuel and configurations of the apparutus. Each investigator
employed a unique dust dispersal ayspem. The concentrations
quoted are based on the nominal quantity of dust-loaded into

the system divided by the volume of the .vessel. The :most

adiabatic vessel in tHe above comparison is the 333 1
sphere, having the smallest surface area to volume ratio,
yet the P, from the long . horizontal tube are comparable
except at very high cdncen;ratioﬁh. This indicates that the
present dust dispersal system is adequate. Bond [32} (333 1
sphere) and Nagy [(21] (1.2 1 Hartmann' bomb) report

consistent explosions with concentrations between 190-125

g/n3, which were not observed ®in the present tests.

Differences in the lean . explosible 1limit arise. from
differences in the following: (1) 4qnition sources, (ii)
turbulence levels at the time of ignition caused by the
different dilporlion mechanisnms. The results are consistent

;up to 500 q/n . Bond reports increasinq P up to 800 q/m ’

«

e o \ K T 5 REE Py e T ) - r Al > O St
e =N BRI ey 4 SRt . e
« N - - '

TR ey
.




T [ e aua I o,y

3

a

probably as a result of the longer settling time in the 333
1 sphere and .different initial turbulence levels from
different dispersion systems. ’ \

&

" Comparjson with predictions:

Ideally, P for an adiabatic explosion is a function of
mixture energetics alone. In real explosions however, bound-
ary conditions will be important. Non-uniformity in the

" cloud density, thermal losses to the boundary, and rate lim-
‘iting kinetic and/or diffusion processes within the particle
will affect the quantity of energy released. From  Figure .12
the following may be observed.

Ve

a) ' The predicted pressures are higher than the mea-

sured values from any of the investigators.

b) The maximum P, is predicted to occur with a near

stoichiometric mixture (232 g/m>) whereas it is ob-

‘served at much higher concentrations, 500<w<700“q/m3.
. €) The observed value of P, with zooc\g/m3 starch is

4.5. For concentrations less thaﬂ-.this, Pé decreases
rapidly and successful burns are observed in some tests
but are not repeatable. No evidence of ignition was

observed for W below 100 g/ma. Therefore 200 q/m3 is_
the minimum concentration to allow a flame to propagate
the entire tube length. Nagy (22] and Bond ([32] ropoft

lowe;‘explosible limits near 100 g/m3. This is due to

- different initial turbulence level and ignitor strength
and will be discussed further in a 1later ‘section.
Discusssion on use of the Hartmann bomb for lower
explosibility limit tests has been given in ref. [20].
d) Bquilibrium, calculations do not predict a 1lean
explosible concentration as it is a function of physi-
. _ ’ cal processes. The prcd%c;ed pressures decrease smooth-
“ ly from P =3.8 at W=70 g/m to P =0 with no fuel.,

v
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e) Equilibrium calculations predict linearly decreasing
pressures forLconcentrationa”exceeding 3009/m3. However
‘observed P, reaches a plateau at high concentrations

and may remain constant beyond 600 g/m3.

Theoretical prediétions are based on equilibrium
calculations and consider only complete combustion of the
reactants. However, for the present experihents for which
there was a successful explosion, there remained a lot of
slightly charred, even unburned residue. This is especially
true at high dust concentrations. The quoted’ concentrations,
though, are based upon the nominal quantity of dust loaded
onto the V channeh. Particle agglomeration, settling and
adhesion to the co@d surfaces reduce’the real concentration
gvailable to the flame. Non-uniformities in the cloud con-
centration producejinefficiency in the burning process leav-
ing some mass unburned. Also, it is possible that the burn-
ing rate of the 1large particle, including pyrolysis,
devolatilization, and surface reactions, is slow in compari-
son to the (flame speed. That the optimum concentration- is
usually much higher than the theoretical stoichiometric,
even in burner experiments where the real dust concentra-
tion is well anown [4], indicates that partial burning is
unavoidable and characteristic of dust-air flames.

The meaknred P is significantly lower than predicted
because of increasfd heat losses resulting from "radiafion
[3] which are not present with gases. Furthermore, as will
be discussed laterL the bu;ning rate for starch-air flames
is significantly sioweg than for methane-air. Near the ob-
served flammability 1limit for methane, 6%, the observed
pressure was 18% tess than predicted. Also, for the very
slow burning lean hust-air mixtures, the burnout times are
of the order of 0. ?5 sec by which time particle settling and

|
|
4
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dissipation of the original jet-induced turbulence becone
significant. The lean explosibility limit is further dis-
cussed in Section IV.7.

The observed Pe may be lower than predicted also be-
cause the calculations assume that all the “oxygen in the
starch molecule‘(C6H1005) is available for combustion. For a

stoichiometric mixture the oxygen in the starch represents
29.4% of the oxygen in the mixture.

-

As seen in Figure 12 maximum Pe is predicted to  occur

with W£300 g/m3. However, investigators observe P, to Dbe

' constant beyond 500 g/m3, to 1000 g/m3 or more. This demon-

strates the competing effects of (i) the heat absorbed by
excess dust and (ii) the effect of devolatilization of dust
that does not participate in the combustion process. The
mole ratio of “gaseous products to reactants for 500 g/m3 is
N=1.61l. In actual fich dust explosions, increase in the mole
ratio may exceed the reduction in the flame temperature
caused by the excess dust. As well very rich mixtures burn
more slowly, so that much settling of the dust occurs during
the expihsion, reducing the actual airborne concentration.
Figure 13 shows measured Kge for the present tests
compared with thosz of the other authors [32,33,21]. It can
be seen that the present RKge trends are in good general
agreement with the other authors', although slightly lower
in valué. The maximum Kge for the present tests is approxi-
mately 35 bar-m/s at W=500 g/m3, compared with 83 bar-m/s as
measured by Cocks [33] in a 20 1 sphere with W=800 q/m3, and
115 bar-m/s observed with 9% methane in the present set-up.
Kgy increases with cencentration and the maximum value oc-
curs with W=500 g/h3, coincidentalJ with the maximum P,.
Similarly, other investigators also observed maximum Kst at

the same concentation as Pg-
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The similarity of the trends for the explosion pressure
and burning rate implies that the starch-air burning rate
depends upon the flame temperature, ie. it is kinetically
controlled. For diffusion limited mixtures, the
devolatilization/mixing rate is proportional to the particle
surface area and would therefore‘continue to scale with the
concentration, even beyond the maximum Po.
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IV.4 Explosivity of Hybrid Mixtures
IV.4.1 Explosion Pressure )

The explosivity of a.va ety?of hybrid mixtures were
examined in the present study. The maximum'explosion pres-—
sures are shown in Figure 14. Also shown, for comparison,
are "the results for starch—-air mixtures as in Figure 12.
From these figures the following observétions can be made.

a) Pe is enhanced by the presence of methane for all

starch concentrations. The effect is more pronounced

with leaner W; with W=600 g/m3 Pe increases only
slightly.

b) Admixture of methame (2%-9%) to the optimum starch
mixture, W=500 g/m3, results 1in increased P, from
P,=6.9 to P_,=8.0. Additional starch, ie. W>500 g/m3
diminishes P,.

- c) For W=100 g/m3 and 200 g/m3 admixture of 2% meth&ge
results in greater increase in P than subsequent ad-
mixture of methane to 4%, 5% etc.

d) wW=100 g/m3 is not ignitable by itself but burns
vigorously in the presence of 1% methane. Lean
explosibility limits will be discussed in a separate
section. “ .

e) Very rich hybrid mixtures can support vigorous com-
bustion. Large amounts of sta;qﬁ (W>200 g/m3) added to
9% methane (9=0.95) causes Pe to decrease by acting as

a thermal sink.

Addition of methane to lean starch-air mixtures has the
effect of increasing the total mixture energetics and so
increasing ﬁ; ié predicted from the thermodynamic calcu-
lations. Comparing W=200 q/m3 and 300 u/m3 mixturés, for the
greater starch concentrations the "relative"” increase in
total mixture energetics decreases for similar

Tt
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addition of 2% methane. Therefore the relative increase in
the observed Pe diminishes. This is also true for subsequent

additions of methane to 4% and 6%. a

That P, for hybrid mixtures with very rich starch con-
centrations increase slightly with addition of methane can
be attributed to two factors. (i)‘Flammable gas which is
homogeneously premixed creates more uniform burning in the
vessel, therefore more complete combustion. (ii) Additi9n of
flammable gas increases the burning rate (as will be dis-
cussed later) so-that heat lost ¢to the cold boundary is
reduced. v

According to equilibrium calculations addition of 2%
(13 q/m3) methane in air contributes &hr'2*= 656.2 kJ/m3 to
the total heating value of the mixture. This is approximate-

ly equivalent to the addition of 40.2 g/m3 of cornstarch.
The computed and observed explosion pressures for lean
co;nstarcﬁ—air and cornstarch-2% methane-air mixtures are
shown in Figure 15. Direct comparison with with experimental

values are mot possible since it has already been demon-

strated that there is a discrepancy between the experimental

. and calculated P, for starch only mixtures. In this figure

the curves for the computed values of Pe‘appear paraliel
within the range of 50-150 g/m%; u;d the similarity between
the effects of 40 g/m3, starch and 2% methane are readily
obéerved.

»

From the data in Figure 15, similar trends ' are ob-

served. Howaver; there is a greater difference between the

starch-air and the hybrid mixtures than pred{LtéHs P, for

the hybrid mixture is predicted to be 1.5 atm greater\ than
the starch only mixture. However in the experimental data,

with 200‘q/m3f the difference between the hybrid and dust

mixtures is 2.1 atm. This suggests that the admixed methane’

gas assists in more uniform combustion of the starch

|
throughout vessel.u@specially at lower concentrations. .
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Subsequent additions of methane to W=100 q/m3 result in
linear increase in Py of approximately 0.63 per percent
‘methane. This is very close to the calculated value of 0.75
per percent methane (Figure 16). This difference may be at-
tributed to thermal loss and is within the accuracy of these
‘calculatipns. These results indicate that the contribution
of added methane is primarily to increase total gixture
energetics. If it were to assist in the kinetic burning
process of the dust particle, then there would be greater
effect with more methane, The effggt of methane upon very
lean dust mixtures (W<150 q/m3) ékceeds the predictions.
This is attributed to the fact that without methane the
flame burns so slowly that particle settling and decay of
turbulence are significant. ) '

Eggl rich mixtures:

For methane in air the normal flammability limits are
in the range 0.5<o<;;5 where ® is the equivalence ratio.
However even with substantial amounts of starch (W=800 q/ms)
added to 9% methane (@total=4.4) flamefprqpagation is still
possible. Such mixtures result in large quantities of
charred and lightly singed cornstarch indicating that much
of the starch does not burn. Consequently the excess dust
acté as a thermal sink, not participating in the. chemical
reactions, and combustion occurs primarily with the gaseous
fuel. Nagy and Portman [6] measured decreasing Pg with 5%
methane and increasing coal dust concentrations (from 500
g/m3 to 2000 g/ma).

- From the above data it may be concluded that the maxi-
mum overpressure strongly depends upon total mixture ener-
getics. Addition of small amounts of meéthane facilitates
flame propagation in very lean mixtures. In rich hybrid
mixtures excess starch acts as a therfial sink as well as a
source of volatiles.  Explosions are possible -in very rich
hybrid mixtures contain;nb high concentrations of dust.




Iv.4.2 Burning Rate of Hybrid Mixtures

G Generally admixture of methane to starch-air mixtures
results in significantly increased flame speeds and rates of
pressure rise. Héwever, experimental observations of ‘the
burning rate are not readily compared with theoretical pre-
dictions. This is because: i) true laminar flame speeds,
which are characteristic of particular mixtures, have not
been established for either'dﬁst-air or hybrid mixtures; ii)
i;he fraction of the dust remains unburned; and iii) the
structure of the dust-air flame is not well known. Conse-
quently, judgement can be made only on the basis of compara-
tive testing under similar conditions.

The measured rate of pressure rise, dp/dt, for various
cornstarch-methane-air mixtures is shown in Figure 17, along
with the base line data for starch-air only mixtures. The
data is presented as a series of curves for mixtures con-
taining 0%, 2%, 4% and 6% methane. Several observations can
be made from this figure. .

a) The curves follow the trend of the base line data,

exhibiting increasing dp/dt with increasing starch

conqentration to 600 g/m3.

b) For all starch concentrations, mixtures with greater

;mounta of methane burn more rapidly. The maximum burn-

'  ing rate of the optimum starch-air mixture (72 bar/s at

W = 500 g/ms) is exceeded by even leaner hybrid mix-

tures (300 g/m> starch and 2% methane).

¢) With increasing methane content the optimum starch
concentration, in terms of dp/dt, decreases.

d) The burning rate increases significantly as ‘the
methane concentration approaches the lower flammability
limit. The initial 2% methane produces more mild in-
creases in the burning rate.
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e) 9% methane-air burns more rapidly (dp/dt=200 bar/s) .
than any h}brid starch-methane mixture.

£) A nmixture containing 100 g/ﬁs— starch is not’
explosible by itself but is readily made explosible
‘with as little as 1.5% methane. '

The measured valgsg of the flame speed, Rt' shown din
Figure 18 correlate well with the dp/dt data. The trends of
the curyes are similar as are the magnitudes of the relative
increase\of if with gas concentration. This substantiates
the use of dp/dt as a relative measure of the global burning
rate.

These results agree with those of Bartkneckt [5] from
his tests in the 1m3 sphere with PVC and propane. He tpund
rapid increase of dp/dt when the propane concentration was
increased‘geyond 2% (lean flammability limit) and the maxi-
mum burning rate was with 4* propane. Nagy [6] also ob-

-gerved increasing dp/dt with methane content in ”experiments

with coal dust. The maximum dp/dt with 5% methane (and 200
oz/ft coal) was 40% higher than the maximum dp/dt with O%
methane (and 500 oz/ft> coal).

a

As discussed previously, addition of gas to a lean dust
air mixture will have a significant effect. upon the flame
temperature. This will in turn increase the chemical reac-
tion rates. If the mechanism of the dnat-air.or hybrid flame
propagation is such that combustion occurs in the volatiles
generated at the flame front, then the characteristic burn-
ing rate is proportional to the square root of the net rate
of energy production. Thus, admixture of methane gas to a
lean—-dust mixture, in making the mixture more energetic,
should affect the'maxiﬁﬁm temperature, hence the maximum
kinetic rate, similar to tha% of a premixed gas when mnade
more energetic.

3
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Ballal [3] developed a2 simplified model for calculating
the burning velocity of dust-air flames. For very fine hy-
drocarbon particles combustion primarily within the
volatiles. The model incorporates simple chemical kinetics
in which the burning rate is proportional to the burning
rate of CO at the flame temperature. ThHe author assumed that
the conversion o[rco to CO, represented the slowest step in

a chain of reactions.

r

The burning velocity, although strongly influenced by
the flame temperature, is not solely dependent upon it. The
table below shows dp/dt and if data from Figures 17 and 18
for various hybrid mixtures that yield nearly equivalent
explosion pressures. It cgn be deduced from this table,
that for equivalent mixtures, in terms of ' mixture
energetics, those containing no methane burn up to .30%
slower gnd those mixtures containing greater amounts of
methane burn more rapidly.

N .
Pixture Py dp/dt - Rg
Wo(g/m®) 6 Anggp) (bar/s)  (m/s)
0 7 6.00 55 17
100 6 6.10 65 18
200 2 6.25 55 14
300 0 5.90 a2 11
600 0 7.00 70 20 '
. 600 6 7.00 120 30
300 .- .4 7.25 88 " 30

Lg
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If.the laminar burning velocity of the admixed gas is sig-
nificant}y greater than that of the volatiles than the over-
all reactivity of the volatiles will be increased and this
will lead to increased burning rate. In a later section the

effect of changing the chemistry of the admixed gas is exam~-
ined.

Somé'effect upon- the flame speed may be attributed to
" more uniform burning throughout the flame front cross sec-
tion. Due to the 1local variations in dust concentration,
there may be some regions incapable of supporting flame
propagation, especially in 1lean overall mixtures. Premixed
flammable gas will homogenize these irregularities resultipg
in more even burning. This smoothing effect was observed by
Smoot et al [4] and Cassel [8] in flat flame burner: exper-
iments, however augmentation of flame speed due to this
alone was not quantified. '

When the® gas concentration is itself nearly
stoichiometric (@ = 0.95), the inclusion of combustible dust
acts to retard the flame as can be seen in Figures 17 and
18. For those mixtures of 9% methane and small amounts of
starch (50 g/m3 <W< 100 g/ma) in which Pe increased from
7.6 to 8.1, the burning rate decreased b& 12%. Equilibrium
calculations predicted that the starch concentration re-
quired to make a stoichiometric mixture with 9% methane _is

| .
25 g/m3. The trends of dp/dt and the flame speed are almost

idéntica1.~The burning ¥rate for mixtﬁres with 800 q/m3
starch are 35% of the value for methane alone.

o

-

It appears that the rate of energy released by“ oiida-
tion of the starch in the gaseous reaction zone is insuffi-
cient to counter the rate at which heat is conducted to Ehe
particles. Subsequent oxidation behind the flame front re-
sults in a net increase in explosion pressure for low starch
concentrations. With higher starch concentrations, the heat

l( “
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lost by conduction to the particles is greater than the
heat released by oxidation of the starch, and P, decreases.
The slow relative reaction rate o{ the dust mﬁy be due in
part to lack of oxygen available for starch combustion. With
9% methane admixed, only 5% of atmosphexic oxygen is
available for dust combustion, whereas with 6% admixed
methane 37% of atmospheric oxygen remains for starch
combustion. As well the characteristic time scale of 9%
methane-air is 3X shorter than for 6% methane. (The
characteristic time scaie is given by the flame thickness,
5%0.2mm, divided by the laminar burning velocity.)

Comparing these results with tests with 9% mnethane-air

and an inert dust (alumina) indicates that the monotonic —

decrease in the burning rate with increasing starch. concen-
-tration is entirely due to the thermal sink effect of the
starch. These results are examined in the proceedind sec—

tign. ‘ S .
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IV.5 Effect of Inert Dust Upon Methane Air Flames

To further verify the thermal effect of dusts upon
gaseous flames, experiments were conducted to investigate
the influence of aluminum oxide (Al1,05, a.k.a. alumina) dust
upon 9% methane-air flame. As noted earlier this has been
studied by Bradley et al [34] and Mitani et al ([35,36]. How-
ever these authors' experiments were concerned with very low
dust concentrations and laminar burner flames. This study
extends the authors' work to highly turbulent and confined

-

flames, with large dust concentrations.

The experimental techniques used %ere as described
previously. Neither the dispersion air blast, nor the igni-
tion delay time were altered. The average particle diameter
is dp=9 microns and the density of alumina is 3,970 kq/m3:
therefore the average particle mass is approximately 85%
that of a cornstarch particle. Hence the particle number
density for alumina and cornstarch are similar for a partic-
ular mass concentration.

In Figure 21 the experimental values of P, are shown
for concentrations of 50, 100, 300, and 800 g/m3. The solid
‘ line.represents the the equilibrium adiabatic pressures
caiculated from equations (5 and 6) and equation (4) modi-~
fied as:

3 %
It reactant ™ IPf product * I Mproducts!{Te~Tol +
°hA1umina[T£'To] (7
where:
AhAl [Tf-TOJ = WAICAl'(Tf—TO) - ( 8)

Wkl‘and cAl are the concentration and specific heat capacity
of alumina calculated at (Tg+T,)/2. For the temperature
range encountered, CA1'1'25 kJ/kg-K. The agreement betwesen

P
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the observed values and the estimated values for Pg is very
good, especially at lower dust concentrations. It can be
seen that P, is predicted to decrease almost linearly with
increasing concentrations, whereas the observed pressures

seen to asymptote at higher concentrations. At 800 g/m3 the
predicted Pe is 4.75 as compared to the observed value

P_=5.5.
e \

&

 These results indicate that the heat transfer rate to
the particles is sufficiently fast so as to occur within the
timescale of the explosion. However, even with W=800 g/m> no
quenchitig is observed; hence alumina is a poor extinguishing
agent. Hertzberg et al [16,37] have found that even amounts
greater than 2 kg/m3 could not extinguish a stoichiometric
methane air flame in their 8 liter bomb. This was attributed
to slow heat transfer to the particles creating a "less than
thermal” effect, that is less than equilibrium calculations
pradicf. however, the thermal time constant for these parti-
cles is approximately Men®*Q.35 msec and probably it is less
since the _alumina particles are not spherical. (Tep =

2 ] \
/%cpdpllzxt, where /Op. gp. dp are the particle density,

specific heat and diameter and Ky is the fluid conductivity.

This is based on heat transfer to the particle assuming
conduction, ie. Nu-hdplxt-z [38].) Most likely the 1less
than thermal effect results from significant particle set-
tling which occurs with slightly retarded flames and because

of agglomeration.

The burning rate for these hybrid mixtures decreasés
monotonically with increasing alumina concentrations as seen
in Figures 19 and 20. Both dp/dt and if decrease rapidly at
first then more slowly with further additions of dust. With

qll-soo g/na. dp/dt and if are 25% the value with zero dust.

-




Theoretical predictions

According to Bradley's work [3%] for low dust concen-
trations, the only effect of the dust is to act as a thermal
sink, absorbing heat from the flame zone. Thus at a given
flame temperature the rate of energy ﬁﬁgguution is given by:

A}

@

Qp=Q—H { 9)
where Qp and Q are the rates of heat production for a dust
laden and dust free flame respectively, and H is the heat’
transfer rate to the particle. According to classical flame

theory, the dust laden flame speed, S_, will be proportional

) o

to the square root under the Qp versus Tf curve. <

& ' (10)
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Consider a dusty gas moving into a stationary flame
with a mean velocity S, if the particles are very small,’
they will closely follow the gas .temperature and will reach
T¢ in the flame zone. The heat absorbed by the particles in

reaching??f is then wc(Tf-To) and the rate at which heat 1is
absorbed by the pardicles is:

H = WSALC(Tg-T,) . . (11)

s
A Y

where At is the cross sectional area of the flame. The ;l-

sumption that the particle temperature lags behind the gas
temperature onlyvslightlylso as to be ignored is quite valid
considering the short thermal time constant (l.,<0.35msec).
Bfadley [34]) observed a maximum temperat&!e lag of 15 K for:
2.75 micron and 4.3 ?;Efon alumina particles. '

3
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The rate of heat reiease, Q, is expressed as the mass
. flow rate of fuel (mf) multiplied by the chemical heat re-

leased per unit mass of fuel (sh,.) .
T
Q = fnf-Ahr =/afGSAf hr o (12)

For the particular case Df 9% methane-air flame, at atmo-
spheric conditiori8 and considering unit cross sectional

area; Oy, =0.65¢ kg/m>, G=0.09, S§;,=0.45 m/s, ah,= 50167
kJ/kg, and Q= 1328.8 kJ/s.

Bradley assumed for low dust concentrations the chemi-
cal reaction rate is not affected by the dust [34]. However
for larger dust concentrations, as with the present data and’
othef extinguishment data, the explosion pressure and flame
temperature are significantly affected and the chemical- -
reaction rate is reduced. Small changes in flame temperature
have a 1large effect on the Arhennius dependent chemical
teaction rate terms, as was shown by Marx [39] in
‘ calculations\of hydrogen flame-water droplet interaction.

-

The effect of adding W=0.1 kg/m3 alumina to the mixture
may be determined as follows. The equilibrium flame tempera-
" ture calculated from equation (7) is Tf=1991 K. The burning
' velocity for the reduced temperature, S', is calculated from
equapion (3) and this: velocity is in turn used to assess H
in equation (11). The new Qp is obtained from equations (9

- and 12) and si is obtained from equation (10). This new Sﬁ

is used to update H in eguation (11). Equations (9-12) are

re-evaluateﬁginlturn until the solution converges.”The re-

‘ - sults of the calculations for eight dust concentrations are
K shown in the table below. B

@
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Qgﬁﬁgl W ;  J 5y sp

(g/m™] K] So So

0 , 2135 1.0 - 1.0

100 1991 0.796 0.768

200 1889 0.665 0.622

300 1800 0.560 0.510

400 1716 0.470 0.417 |

500 1642 0.398 '0.345

600 1575, 0.338 0.288

700 ‘1514 0.289 0.241

800 - 1458 0.247 0.203

»

The third column reflects the change in burning velocif& due
to a décrease in the flame temperature and consequently the
chemical reaction rate as calculated from equation (11). The
last column shows the combined effect of reduced flame tem-

_perature and rate of heat transfer H. It can then be seen

from this table that the primary effect of thé‘aarticles is
decreasing the reaction rate within the flame. Also a small
fraction of the retardation is due to the rate at which heat
is conducted to the particles.

Experimental results
These results are compared to the observed influence of

alumina dust in the present set up. Figure 22 shows the
normalized rate of pressure rise and flame speed in compari-
son to calculated values for Sé/so and sp/so. ifo and
(dp/dt) , represent the experimental values observed with no
dust present. The agreement Letween the present éheory ‘'and
experimental results is quite good'considering the 1limitat-
ions of the anaiogy between laminar and turbulent flows. The
effects of radiative heat losses have not been considered in

]
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the present analysis; this would have resulted in greater
predicted flame inhibition. Although radiative heating of
the particle laden mixture ahead of the flame may be a part
of the flame g{gpagggiqg_mechanism, the increased radiation
will result in more thermal losses to the cold boundary. The
effect of radiative preheating of the unburned gas was not
considered here. It may be concluded then that Bradley's
theory has been satisfactorily extended to higher dust
concentrations taking into account the primary effect of
dust upon the chemical reaction rate.

Furthermore, these results concur with those of Mitani
(35,40] using ultra-fine alumina particles dispersed in a
mist. The author also found that the influence of some so
called "chemical inhibitors" can be ;xplained solely on the
basis of thermal effects.

)
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;%LG Bffect of Hydrogen Upon Lean Starch-Air rlane}‘_ : J

In order to ascertain the role 'of chemistry of .the
flammable gas admixed to a dust air mixture some tests were
run with cornstarch-hydrogen-air mixtures. The experiments
were conducted with.100 q/m3 cornstarch and various hydrogen
concentrations from 0% to 12% by volume. As noted earlier
100 g/m3 starch is not by itself ignitable in the present
experiment, however it readily ignites and propagates with
3% Hy. Figure 23 shows calculated and measured explosion
pressures for starch-methane-air and starch-hydrogen-air
"mixtures. The predictions (dashed 1line) are common to both
scales. In these calculations Ahr'32=121,000 kJ/kg. As with
methane, the predicted results overestimate Ehe explosion
pressure because of the assumption of complete combustion of
the cornstarch and no heat loss. For mixtures with equiva-
lent energy content, those containing hydrogen produce much,
greater explosion pressures. This ihdicates that hydrogen
has greater capac1ty for enhancing combustion of starch than

does methane.

-

The rate of pressure rise data for these mixtures is
shown in Figure 24. For 3%<G<9% dp/dt increases mildly from
22 bar/s to 55 bar/s. The trend is sxmilar to "’ equivalent
methane-starch mixtures up to: 3% methane, but the hydrogen
mixtures burn up to 30t4faster. However at 12% hydrogen the
burning rate increases dramatically to 250 bar/sec, a 4.5X
increase from the value with §-9k.'No such increase is ob-.
served with methane-starch pixtures, ;nd dp/dt=250 bar/s is
greater than for any methane-air or methane-starch-air mix-
ture. This sudden change in' the burning rate is - indicative
of a change in the burning mechanism of the mixture.
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For H,-air mixtures the horizontal flammability 1limit
is near 6.5& by volume. Thus in mixtures containing 7%, 9%
and 12% the gas is capaBle of sustalnlnq flame propagatlon
without contribution of heat from oxidat1on of cornstarch.
It has been shown by Scholte et al [41,42,43] that the burn-
ing velocity of many hydrocarbons iabreases with the square
root of added H, gas; sﬁngHZ' This is qualitatively ob-
served in mixtures containing up to 9% 52 The sudden in-
crease at 12% can be explalned from reaction klnetlcs of
hydrogen combustlon. Lee et al [44] observed experlmentally
a sudden 1ncrease in the flame speed of Hz-alr mlxtures at
G=13%. 'This was attributed to a changeover in the competing
reactiétns between HytOo+M ---> HO,- and H+0, --> OH+O which
occurs around 1300 K in favour of the more rapid OH
branching reaction. That the trans%;ion was observed in the
present case with 9%<G<1l2% indicates that heat released by
combustion of . starch is suff1c1ently rapid to occur within
the reactlon zone of the gaseous mixture.

A comparison below of 12% Hy-air, with and without 100

q/m3 cornstarch indicates the severe consequences of“the
hybrid mixture. ’

Mixture Py Pe . dp/dt Te ad
G W {(predicted)
[%y07] © [g/m°1] " [bar/s]  [K]
12 H, 0 4.3 4.1 45 1250
12 H, 100 7.5 7.0 250 . 2127
4 CH, 100 8.0 5.1 45 2269
7 CHy 100 - 7.5 110 ' ----
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The mixture containing 12% hydrogen and 100 q/m3 starch
(o=0.85, Ah,=2816 kI/n3) burns much more violently than does
the more enrgetic methane-starch mixture (o=0.89, Ahr-3264
kI/m). , :

Note that the observed explosion pressures are gquite
¢lose to those predicted from equilibrium thermodynamic
calculations. That the predicted and observed pressures for
the 12% H, mixture "are so cilose %s probably due to lower
radiation losses from the hydrogen flame in comparison to
methane flames. The equivalence ratio for the two hydrogen
mixtures are 0.32 and and 0.94 respectively.

It thus appears that for lean amounts of hydrogen
admixed to the dust, acts in a kinetic manner by increasing
the flame temperature hence the burning rate as per equation
(2). Also the added ﬁydrogen increases'the’burning rate {or
reactivity) of the volatiles-gas mixture. The observed
increase in Pe and dp/dt per unit volume of admixed hydrogen
is less than that per unit volume admixed methane because of
the 1low heating valuk of hydrogen on a ’molar « basis,
°hr,CH4/°hr,H2,"3'3 pkr mole of fuel burned. The
stoichiometric con;eni{ﬁtion of Hy in air is 29.5% as, com-
pared to . 9.5% for "CH4. Adm@xing hydrogen to. ' the
cornstarch-air mixture has 'greater impact”"upoﬂ the
éxplosivity than admixing the equivalent amount (in terms of

)
energy) of methane or additional cornstarch. This is in.

agreement with Barktnecht's general observation that highly
reactive gases have greater effect upon dusts than do .less

A}

reactive gases [5].
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IV..7 Lower Explosible Limits of Rybrid Mixtures

Explosible limits. are examined to further explain the
burning mechanism of hybrid mixtures and to evaluate the sig¥
nificance of the long borizontal geometry. This is not simple
as the definition of explosible limit is vague and somewhat
arbitrary; hence, the present definition will be explained. A
mixture is considered explosiile if the explosion pressure is
greater than 1.5 bar. It is generally observed in the present
expeqiments that no explosions occurred which ‘qenerated
overpressures between 0 and 1.5 bar. The vessel was inspected
after each test to ‘examine the residue. Burned char particles
throughout the tube 1length is indicative of sustained flame
ﬁropagation and was not present when Pe was less than 1.5 bar.

Ion probe signali support whether the flame has propagated as

far as the probe locations (x=0.91 m, x=1.83 m). -

To determine the "LEC, (Lower Explgsible Conééntration).
of a hybrid mixture tests were perforyed for a particular dust

' concentration with decreasirig methang concentrations until the

mixture was no longer explosible. e lowest dust concentra-

tion tested was 50 q/m3; below this yalue the dust dispersal
system was not reliable. Table VI below presents the results

*

from these tests.

(g/m™] (%y011] [g/m
S 125 0 0
B 100 1 6
50 4 26
0 6 38

\
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The results are shown graphically in Figure 39 awd it can be
seen that a nearly linear decrease in LEC with increase in
methane exists. Also shown are the highest ‘concentrations that
were non-explosible. The slope 6f the explosibility line is | :
approximately =-20.8 g starch/ ¢ Cﬁ4. Previously it was shown
" that the energy equivalent is 3.07 g starch /g CH,;. This re-
flects incomplete burning of the dAust particles in very lean
mixtures due to non-uniformities in the cloud.
The linear variation of LEC with methane content, an
expression of Le Chatelier’'s rule (equation (1)), indicates
. similar enthalpy of reaction and flame - temperatures for the
different mixtures. The lean limit for methane for the present
case is 6% and for cornstarch it is 125 g/m3. Their calculated
entyalpy of reaction and adiabatic £1ame‘temperature are shown
in the table below. Also shown for comparison are the results
of Gaug et al [15] from tests in a 186 1 cylindrical vessel.
Hertzberg [1] found for a number of higher hydrocarbons, the
average heating value for lean limit mixtures is approgimatélx
1990 kJ/m> (£11.6 kcal/mol mixture). This value is based oﬂly
~on the volatiles extracted from the dusts by rapid pyrplysis
methods. Therefore char combustion has no role in’ deterhininq

the lean limit.

v

- starch Methane
Concentration 125 q/m3 ' 6%
Present ah, 2037 k/m> 1965 ka/m® |
Te  ad 1520 KX 1616 K ,
Concentration 80 g/m3 X 5%
| caug et a1 ah, 1304 k3/m® 1640 kI/m®
| [15) ’ T ad 1200 K 1415 K
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For the preseﬁt results the calculated enthalpies of
methane and starch are within 3.5%:0f eaEh\gther. In Gaug's
results, the lean starch mixture contains 20% less energy than
the lean 1limit methane mixtu}g. This may be a result of
non-uniformities in the _dust cloud creating slightly richer
mixture in the vicinity of the igniter. The lower LEC's re-
ported by Gaug result from use of a more powerful ignition
source, (a pyroéechnic device with approximately 1 kJ) and
different criterion for explosibiy}ty,~ (1.5 pgi explosion

pressure) .

Gaug's results for hybrid cornstarch-methane-air mixtures
also adhere within 10% to Le Chatelier's rule. However- his
tests with cornstarch-H, and Fe-H, show marked deviation.
These indicate conclusively that hybrid 1lean explosibility
limits are ' not dependent upon energetics alone; it depends
upor ‘the: flame propagation mechanism as well. Clearly Fe,
which has no volatiles, does not burn as does a gas flame.
Thus, Gaug concludes, mixtures which contain fuels with two
very different propagation mechanisms, as long as dust is the
dominant fuel, require enough gas to maintain the dust lean
limit flame temperature. For cornstarch-methane the variation
of cornstarch with methane is 1linear because of simila; lean

, 1limit f£lame temperatures.

For the lean dust-air mixture p,=1.5 bar and for the lean
methane-air mixture,p‘14¢§ bar. The lo;er pPe for the starch
mixture reflects thé quantity of dust not burned, about 70%.
The is due to non-uniformity of the very lean mixture creating
regions which cannot support flame propagation. Also a signif-
icant amount of dust settles during the explosion because of
the slow flame speed. As shown earlier the lean starch mixture
propagates at flame speeds near 4 to 5 n/s and have burnout
times of the order of 0.4 seconds. In the ignition experiments
(Section III.3) the mixtures could not bhe ignited at all after .
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an ignition delay time of ' 0.4 seconds. This factor
more significant with lean mixtures containing mainly
' ' et
Therefore, settling becomes a significant factor contrib-
uting to the extinquisﬁment Sf lean dust-air and hybrid mix-
tyyes with low gas concentrations, especially in long tubes.

will Dbe
dust.

Consequently for these geometries, grain conveyor channels,
mine shafts etc., the explosion hazard of a dust-air flame can
be less than a gaseous flame because a lean mixture may self
extinQuisﬁ; .

’
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1. A long horizonial tube, constant volume bomb, was de-
veloped to study hybrid, dust-gas-air explosions. A novel
dispersion system qeherates a uniform dust cloud throughout
the tube length, 'and can be applied to longer tubes. The
apparatus yields explosion pressures for cornstarch-air that
are consistent with other investigators.

2. Heat loss to the tube wall varies from 2%, for 9%
‘methane—air (burnout time <£0.1 sec), to 18% for 6% methane-
air (burnout time =0.4 sec).

S
3. . The turbulent burninqd;ate for methane-air flames, as
measured by dp/dt and if, scales with the laminar flame

,gpeed\ggzihe‘m;xturg: The turbulent burning velocity, calcu-
lated from the pressure-time history, is appr?ximately 28
times the laminar burning velocity. The maximum burning rate
for methane (¢=1) is -greater than for any hybrid
starch-methane or starch only‘mixture. '

o \!

4. - For lean starch-air mixtures, W<200 g/ms, admixed
methane enhances starch combustion. Explosion pressure in-
creases up to 50% more than ﬁredicted for the addition of 2%
methanf co'zoo q/m3 ‘'starch’, ( pe,pred'1'5 bar, pe,ob;‘2°1
bar). -

. .
For 2005“3506 q/m3, the increase in”explosion pressure from
small quantities of admixed gas, (G<4%), directly related to
‘mixture energtics, and is proportional to the methane
concentration. Pe * 0.63 bar/percent methane compared with
p.,pred‘ 0.75 bar/percent methane.
For very rich dust mixtures, W>500 g/m3, the explosion pres-
sure is less affected by admixed methane for 2%<G<9%.

Y f » A e
> - B

) " | (~
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5. Addition of methane, up to 9%, enhances the burning
rate of all starch-air mixtures. The burning rate of a leah
hybrid mixture can exceed that for the most potent dust-air
mixture. This is due, in part, to increased -flame tempera-
ture with increased mixture energetics affecting the chemi-
cal reaction rate of the volatiles—methane-air mixture.

However, the burning rate does not depend only upon flame
temperature. For hybrid mixtures yielding similar explosion
pressures, those containing more ‘?thane burn faster.

(8

f
*

6. - The explosivity (pressure and rate of pressure rise)
increases with increased reactivity of the admixed gas. For
mixtures with equiﬁplent energy content the following order
is observed with respect to explosivity: cornstarch-H, »?
cornstarch—CH, > cornstarch.

i

100 g/m3 cornstarch added to 12% hydrogen increases the
burning rate 5.5 times due to the increased chemical A reac™
tion rate at the higher flame temperature.

13

7. Starch added to 9& methane-air acts as thermal sink,

analogous to an inert dust. The explosion pressure reduces:

to 6.5 bar with 600 g/m3 starch, from the maximum of 8 bar
with 200 g/m3. Also, the turgklent burning rate is reduced
to 25% of the value with no dust. Reduction in turbulent
flame speed is due to reduced flame temperature, hence
chem;cél reaction rate, and is ppoportional‘to the laminar

‘burning velocity.‘Thig can - be estimated from thermal flame

theory. .
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8. The lower explosible limit of starch decreases linearly

with increasing methane concentration, with slope approxi-

mately -25 q/m3 per percent methane. Limit hybrid mixtures,
of methane and starch, have equivalent flame temperature and

3

explosion pressure.

bl

9. In £the 1long horizontal tube ‘with slowly propagating
flames, sidnificapt settling of the dust occurs because the
convection currents generated ahead of the flame by the

expanding gas are not strong enough to keep the dust in

suspension. This can be an extin&hishing mechanism for 1lean
hybrid or dust explosions. It can also prove to be a
limitation for explosion mitigation using inert dusts.

«

[
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0 ‘ VIII.  FIGURES
- 4

Figure 1 - Schematic of apparatus.

Figure 2 - Schematic of jgnition end of apparatus and end
view of dispersion tube - V-channel arrangement.. .

‘ Figure 3 - Schematic of driver section. ] ’ .

*

Figure 4 - Pho;omicrograghs of cornstarch; with and without
fluidizing agent.

Figure 5 - Particle size distributions of cornstarch; with
and without fluidizing agent.

Figure 6 - Effect of ignition delay time on explosion

pressure.
¢

Figure 7 - Pressure-time history of 9% methane-air
explosion.

Figure 8 - Comparison of turbulent and quiescent burning of
9% methane-air in Long horizontal Tube.

‘:’ Figure 9 - Maximum explosion pressure for methane-air
‘ mixture; predicted and ‘observed.
y Figure 10 - Burnout time and heat loss for methane-air
explosions. ,

Figure 11 - Burning rate for methane—air mixtures.

Maximum expiosion pressure for cornstarch-air.

Figure 12

Figure 13 - K;, factor for cornstarch-air. ™. /

Figure 14 - Observed exﬂlosion pressures for hybrid
mixtures. —_—

-~

Figure 15 - Explosion pressure for starch-air and
stargh~28 methane-air; predicted and observed.

" Figure 16 ;tExpﬁqsion pressure for methane-air-lbo g/ms
arch. o .

Figure 17 - Rate of pressure fise for hybrid mixﬁures.

’giggge 18 - Flame speed for hybrid mixtures.

.
s
:‘. ( ' Q
; , w g .
. *




Figure 19
Figure 20

Figure 21

Figure .22

Figure 23
Figure 24

Figure 25

o < o

N

- Rate of pressure rise for different starch and

alunina concentgations w th‘?t methane.

4

- Flame s ged for different starch and alumina
concentrations with 9% methane.

~ Maximum explosion pressure for l .
9% methane-air-alumina mixtures. N
- Comparison of normalized burning velocities for

9% methane-air-alumina mixtures; observed and
predicted,

-~ Maximum explosion pressure for 100 q/m’ starch
with different hydrogen content.

- Rate of gressure rise for 100 qu‘ starch with
different hydrogen content. i

- Lower Explosible goncentfation (LEC) in
atmospheres containing methane.
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Figure 4 - Photomicrographs qof cornstarch
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. Particle Size Distribution of Cornsthrch
o Frequency percent
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i ; Particle Size Distribution of Comstarch
; Frequency Percent for Particle Size Interval (Microns)
ot 0-1 1-2 23 3-4 4-5 56 67 7-8 89 9-10 10-11 11412 1213 13-14 .-
. Cormstarch #1,. 0.0 0.1 0.9 2.0 12 1.3 17 4.8 56 92 94 92 96 7.6
Comnstarch £2** 0.0 0.1 0.7 1.7 10 1.2 1.0 3.3 2.8 S6 69 57 13 6.8
34-15  15-16 16-17 17-18 18-19 19-20 20-21 21-22 22-23 23-24 24-25 25-26
Cornsearch 01 6.4 107 4.7° 38 27 2.2 1.6 L1 08 07 02 0.2
Comstarch #2 6.4 133 53 54 5.0 49 &S 25 20 2.9 05 0.5
. 26:21 27-28 28-29 29:30 Mean Dev. Min. Mex.
. Comstarch #1 0.0 0.2 0.1 0.0 127 4.3 1.3 319 '
v Comstarch 2 05 0.3 0.2 0.2 14.7 S.1 1.8 42.5
oea + arltURStic sem “*Sample 12 contains 15 fumed silica fluidizing adjent.

Dav. = standard deviation
Min. = ainimm particle size
i_hx. s maximm particle size
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APPENDIX F
1. 8hock Tube Relations and Impulsive Jet Duration

—

To calculate the pressure driving the dispersion jets a
shock tube analysis was performed for the dispersion system.
The analysis is based on standard shock tube analysis as
outlined in reference [1]. Also it demonstrates that the
jets emerging from the driven section are of equal strength.

A schematic of the shock tube is shown in the figure
below; consisting of the low pressure driven section, 1, and
the high pressure driver section, 4.

L.P. "Driven" - H.P. "Driver"

s ®

X TR

O e« @

3

Upon rupturing the diaphragm an expansion - wave begins- to
travel to the right at the.speed of sound for gas condition
4, a4, and a shock travels to the right with velocity Cg-
The ghoékedfgas, to the left of the contact surface, is- at
condition 2 and the expanded gas, to the right of the con-
tact surface is at condition 3. Across'the contact surface
the following conditions hold: ' :

. P3 = Py (1)
- , Uz = ug o ( 2)




Also considering isentropic compression and expansion of tﬁu
gases the following relations for u,, u3, Py, and p; can be

derived:
U2 = al 92 -1 ' 2/T1 . ' ( 3)
P1 (12+1) (py/py ) + (15-1) -
(Td_l) -S: )

'l

Substituting equations 3 and 4 into equation 2 one arrives
at the following:

L -21, -
Pg =Py [1 = (1471) (a;/a,) tp,/p,-1) ] (rq-1) ( 5)
P, Py Yi21,) Ji21,+41) (p,/p -1}

Note that the pressures can be related as fpllows(_usinq
equation 1:

P3=P3P (Py/P,) : ( 6y
Py Py, Py (94/91)

Hence by rearranging equation 6, we get an implicit equa-
tion for p, as a function of the initial conditions.

. -27
Py - [1 - (1,°1) (a,/8,) (,/P,) ] (14-1)  (7)
P, (21)) 127307 310 (p,/5,- 1] .
(

For the present case two simplifying assumptions can be
made. Since the high and low pressure gas - are of the- same
mixture, and v does not vary significantly with pressure,

one can assume:
(i . N £

———

'?s?:‘
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4
Also, becuuéifpthe initial temperature of the driver and

drivon tections are the same, Tl-T4-T,
) E

: Y
—-"' a4-a1-a

Thus equation 7 can be ‘expressed more simply as:

P = 1-[: (1-1) (p,/P1-1) ]'2”““1’ ( 8)
Py ' v

(21) Y27+ (7+1) (p,/p1-1)
For the mixtures encountered in the present study, which are
mostly air ( >90%), the initial conditions aif:

R=0,287 kJ/kg-K, T=1.4, a= 344 m/s at T= 295 K,
’94810.52 bar, p;=1.01 bar
¥y
where R is the gas constant. By solving equation 8 itera-
tively, one obtains the result:

‘

p4/p2ﬁ2.70.

% Consulffhg the gas tables one obtains the shock Mach number,

' Mg= cslg =]1,865.

Thus the shock traverses the driven section at a speed of
642 m/s. As the driven section of the shock tube, the perfo-
rated copper tube, is 2 m 1long the time required for one
traverse is 3.1 msec. As.will be shown this is cpnsiderably

shorter than the time required to vent the/fshock tube -
§, through the perforated jets. . J '
N . ;o
3 o 2. Efflux from the Perforated Tube /
. . ' 7o 'estimate the duration of the dispersion jets the
flow rates are calculated assuming the pressure in the shock

’




‘ T

LA »
tube hasreached quasi-equilibrium.  Because the shock tra- ( —.
verses the tube in a relativély short time the equilibrium (

pressure yt the Btart of the proce’i. Por is assumed to be

. prpducedfby adiabatic expansion of°the high pressure gas

into the driven section of the shock tube:

p= p4v47 (9
(V‘ + ‘V)T o _
In the above expression V; is the volume of the driver sec-

;ién and V is the additional volume oqccupied by the high
pressure gas after it has expanded, such that:

L?V = (A}Il - V4) (10)

(1 + A)

where V; is the volume of the dfiven section and A is ex-

pressed as:

-

/ ’ .
. A -[p4]1"v4 : (3) <
- § pl vl . - )

)

The equilibrium temperatures for the‘expandéd gas ‘from the
driver section, T3, and the compressed gas from the driven

section, Tz, are determinied from the perfect gas law:
Ty = plVgtaV) T C (12)

e

AR

‘= p(VmaV) T - - , (13)-
plvl ’ Aw ‘ x

v

2

H

Hence the mass average temperature in 'the tubo,iq given by:

T = (V,+aV)T, + ‘VJ."V)TZ, (14)

o
v

Total
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For the present experimental condit%ons described above_ in

which ) ; .
, . o
- . V4=3.25 liters and V;=2.28 liters,

i

! &

we get: T, = 278 K, p = 5.94 bar.

The time required to vent thé shocked gathhrough the dis-

persion holes is calculated as adiabatic efflux from a’
. closed vessel to the atmosphere. This is not a bad assump-

tion, because, the sh:?k tube is very small compared to the
volume of the test v Qhel, (2 3%). This is described in de-
tail in reference [2].

Let the subscript "o" denote the initial gas condition
and "1" the condition of the discharging gas. The conserva-
tion of mechanical energy yields: ¢ ’ )

1{ p1+u§'z1' po (15)
(T-lloi 2 “(r-1) /oo

L3

\
where uy is the average speed of the discharging fluid and
1 is-the density. Therefore the mass flux, Q, through the

veasei is:

Q = 7Oy ' S . (16)
where F is the total orifice area. Simultaneous solution of
equations 15 and 16, assuming adiabatic expansion of the
gas, allows uy to be expressed in terms of the pressure in

‘. the vessel.

u = [ 21 p, 12-x{7T7T . (an

(r=1) ;3:‘ ’ » o
. ' : g

-
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In.the above expression X is the non-dimensional pressure,
Pi/Py. ¥Where p, is atmosphéric pressure. For sonic flow
through the orifice X=X., where:. '

' s - - T/(T—l) -
Xy 2 (18)

T+1

'/c e -

Hence the maximum flowrate, when X<X.,. is given by combin-
ing equations 16 and 17. : ] /

) /(-0 21] A (19)
Omax = F/% |2 [___] -2 :
T+1 T+1 /Oo

When x>xcr, Q is quen by equ;tions 16 and 17. The discharge 1
time is calculated by considering the \discharqe in two
o parts: ‘ ) .
t1 for P, £ X < xcr
P : ‘
tz for xcr‘ Xs<1.

During the efflu %-cess the pressure, dengitj and Eémpera- -
ture inside the shock tube vary and these are accounted for
by considering equation 15 and’ adiabatic expansion. . the ~

resulting equations for tl and t2 are formed by intégratinq

» ' tﬁe discharge rates over the respective intervals. ’
o . x (pa ) (v-1)/27
) t) Tr-1)F J2r/(r=1)RT_ = -1 +\p X __ (20)

. e . 2 v Cq( 2 )1/(7;'17 ey ’ y
| ) T+l V T+1




o p 8
~3(r-1)
27 ax (21)
% (v-1) (1-%)
%» T X T o
|
+ T 4

_ The ' two equations were*sleed‘ numerically assuming a
discharge coefficient, C§'°°95 which. is probably high con-

lideriqq the flow is actually passing fhrough many small
‘holes and F is the total orifice area..-For the initial con-
ditions previously calculated the dischayge times are:

o | ‘ t1!61.3 msec, t2-20.4 T?ec ;herefore ttota1'81‘7 msec.
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Program to Calculate Efflux From a Vesgel .
] l”. g
V4
, .
C PROGRAM CALCULATE TIME FOR EFFLUX FROM A VESSEL THROUGH
C AN ORIFICE NHEN THE FLOW IS SUBSONIC .
1 COMMON GAMAN, PP
? emm% .
3 CALL ERRSE 72565-1,0,0,0) ) ‘
c ° - \ P
C PO : UPSTREAM PRESSURE AFTER ADIABATI ANSION OF DRIVER SECTION
C TO : AVG. TEMPERATURE OF EXPANDED AND RESSED GASES )
! € F 1 FOTAL ORIFICE AREA IN SQ.M.
C V : TOTAL VOLUME OF BOTH DRIVER AND DRIVEN SECTION IN cu M.
. ) € R 1 GAS CONSTANT FOR AIR -
C C€Q : COEFFICIENT OF DISCHARSE
[ ] PO = 5.%
d A PA = 1.0 ,
. 6 T0 = 278.3 -
. 7 N F =2.51E-4 . 4
s vV =5.53E-3 k .
: 9 GAMAR]1.4
- 10 GAMAM=GANA-1 . . - . .
; , 11 GAMAP=GAMA+1., .
- 12 * XCR = (2./GAMAP )it{ GAMA/GAMAM )
13 PPEPA/PO ‘ .
14 PPCSPP/XCR . .
15 "~ R =287.
16 ‘ce= 0.9
17 -Al = GAMANF/VY .
18 A2 = SQRT(2.mGAMA/GAMAMMRNTO ) -——
19 Al = AIMA2 v
. 20 A3 = =]1.4PPCHN(GAMAN/2, /GAMA )
. 21 M = (2./GAMAP Jux(1./GAMAM) ,
7 22 A5 = SQRT(GAMAM/GAMAPT ~ . .
N 23 TL = <5 ¥AS/( AGHABNALNGAMAM )
H ] . 26 Bl = CQU(PPMNIL./BAMA))
- 25 UP = ).001nPP
}f 26 XINT-= DCADRE( FUNCT ,PPC,UP,0.0,1. E'QDEM!I!R’
= 27 TZ = -BLuXINT/AL
—— v 28 TT = T1+T2
\ 29 MRITE(6,10)T1,T2,TT,P0 B
30 10 FORMAT(10X,°T1 = *,E15.4,B8X, '“CMB'/!OX.'
! i -- ) 'T2 = ' ,E15,4,5X,  SECONDS ' /10X,
ot B TT = *,E15.4,5%; ‘SECONDS ' 718X,
B ] T PO m ' ,E1B.4//)
N 51 sToP
- 32 . END
’ —— M o :‘Jx '__./’
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1 FUNCTION FUNCT(X) - . -

2 COMMON GAMA,GAMAM,PP S -

3 As~(3.98AMA-1% )/2 . /GAMA ‘

® B = CAMAM/GAMA ) ) .

] C = PPng ] ,

] FUNCT, = (XA )/SQRT(1.~Co{Xun(-B))) 4

.
- .7 RETURN .
8 END ¢
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APPENDIX II .- . _

T (y ’ / . .
Calculation of Flame Speed d Burnin eloc -
™ sure History . ’ ] .. -
r— < : S
P4 o

This analysis is based upon theory_to{‘ﬁas explosion in
a spherical bomb [1). The flame 43 assUmed “to be thin' with
respect to the dimension of the vessel. A ' schematic of ~a  _ _°
long horizontal tube, with a flame propagating from right t
left, is shown below. The length of the tube is L, the cross
sectional area is A, and the position of the flat flame inﬂ

Xy lq——x—‘;—bl | - A

- ) \ \\ \ . 7
@ \mnnn\j—.-—ps'@‘ UNBWRNT
. AN AN ‘
. 3 L -

~

In. reference [1] it is shown than the initial volume of the
burnt gas at tlme t occupied a volume given by: « -' -

—

X, = P - P, =M =n ' - (1)

L . Pe = Pg Mo J

o

“~ " where p is the pressure at time t, pocis the initial pres-
sure in the tube, and p, is the maximum explosion pressure,

mp, and m_. are the burned gas mass and the mass of the mix-

Yo
, ture respectively. This . can -also be =stated as: the
- , overpressure at time t is proportional to the fraction of -
. ‘gas burned. . ]

————

The volume occupied by the burned gas,‘Axb, can b;
— found by subtracting the volume of the unhurnod gas from the
total volume of the velsel.
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, equations (3) and (1) into equation (2{ one has-:—
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R'is the gas constant for the unburned gas, and T, is the
temperature of the unburned gas. T, can be determined assum-

ing isentropic compression of the gas ahead of the flame:

‘ T-1)/~
Ty = ?b fji . ( 3)
P

1
where T is the ratio of the specific heats for the unburned
gas, and To is the initial gas temperature. Substituting

v

. T . <
Axy = AL - m, (pe-p) RT, li -1/7 , ( 4)
<0 (Pe=Po)| Pol|Po \ s

Differentiating equation (4) with respect to'time yields an

<

expression for dxb/dt=Rf.

. .
dxp = Rg = 1] my]1(p YT apli+ pe-p ( 5)
dt APe~P4 Pl P dt 1p 5

The initial mass of the tube can be ekpressed as:
n, = /%L { . ( 6)

and substituting equation (6) into equation (5) yields:

. Reg=dp L (-p‘i‘"{1+1p -1}‘5- (7
) 4t (pe—P )" Pg T|p - ’
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The burning velocity can be extracted from equatdoﬁ (7) by

-

considering that:

P Ry =B QU T (8

v
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Calculatiop_of Burnout Time for Laminar Methane-Air

Knowing that the m;ss burning rate is given by
dm, /dt = SL/Q& A (10)

and /Du increases isentropically with increasing P and

ul
assuming that the laminar burning velocity is constant with
respect to temperature and pressure of the unburned gases,

the following is obtained:

\’ -
am,, = A-SL/QO-dt (11)
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Equation (10) can be integrated and the time for mb/mgl

found. The results are summarized below for various

methane-air mixtures. - °
Go Pe . ag Sy, M ro/Tp
[%,01] ' [n/s] [s]
a -
5 5.10 - 0.12 8.43 0.25
6 5.83 0.16 5.98 0.35
7 6.53 ' 0.22°  4.14 0.50
8 7.15 0.31 2.83 0.73
9 7.63 0.42 2.07 1.00
10 7.92 0.45 1.86 1.11
A\

P
\ e



I

. D I R o e
g
. . . : £

' , , 103

Experimental Results

~

The calculations is shown in the tables below illus-

trate the following pattern of flame development.

1. Rapid burning because of i) increasing surface area
of the flame as it initially grows spherically and in
which regime the calculations are not applicable, and
ii) free expansion of unburned gases.

2. Steady burning at rate S, however ﬁf decreases be-
cause pressure in the tube increases. More work is
required to compress the gas ahead of the flame.

3. Decreasing S and if to the pointingar the wall where
ifﬁs. This is due to reduction in turbulence associated

with lower convective speed of the gases. Near -the wall
the flame does not propagate by convection, rather by

diffusion only.

REFERENCE

1. Lewis, B. and von Elbe, G., "Combustion, Flames and

Explosions of Gases", Academic Press ©TInc., N.Y.,
(1961), pp. 369-375.




7% Methane-Air:

(N
pe-6.85 bar

S,=0.22 n/s
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p dp/dt Sp Re
[bar] [bar/s] (m/s]) (m/s)
1.82 81.3 1%.0 56.6
2.50 74.8 14.0 31.3
3.18 40.3 6.3 11.6
3.86 51.2 7.0 10.9
4.54 53.4 6.5 9.0
5.22 47.1 5.2 6.4
6.03 49.1 4.9 5.4
6.44 51.2 4.9 5.1

B
9% Methgne—hir:

pe=8.69 bar

5.,=0.42 n/s

R ]

p- dp/dt ST Rf
{bar] [bar/s] [m/s] (m/s)
1.54 126 25.3 109.0
3.04 79 9.7 22.5
4.26 —— 122 11.8 20.6
5.35 151 12.4 18.0
7.26 174 11.5 13.2
8.48 126 7.5 7.6
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1% Methane+ 200 gzma Starch: pe-6.85 bar
P dp/dt . S R¢ -
[bar] I [bar/s) (m/8] [m/s)
1.82 51.7 12.1 36.0
2.36 67.3 13.1 ° 30.9 i
3.18 21.2 3.3 6.1
3.85 32.4 4.4 6.9
4.53 43.5 5.3 \ 7.3
5.76 47.1 4.8 5.5
6.58 32.4 3.0 3.1
2
Va
3% Methane+ 200 g/m> Starch: Pe=7-80 bar .
&
|
) |
P flp/dt Sp -~ Rg
[bar] [‘l'nr/s] [m/s) - [m/s]
1.68 67.3 14.4 51.7
2.49 89.0 14.3 36.1
3.05 47.1 6.6 ' 13.9
3.85 61.1 7.2 Rt
4.54 70.9 7.4 . 11.2
5.22 , 75.0 7.1 » 9.6
5.90 83.6 7.3 9.0 )
7.26 49.1 3.7 3.9 -
7.73 5.8 0.4 0.4 -




