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This thesis reporta on an experimental investigation 
, , 

into hybrid dust-gaa-air explosiona. ''l'h~ objective is to 
elucidate the major role of admixed methane, when 
present at different concentrationa. A long horizontal 
tube constant volume bomb was developed with a novel 
duat dispersal system for studying exploaiona in thi. 
geometry Experimenta were conducted with fine 
cornatarch dust, methane and ~ydrogen gasea. The burning 
rates' and maximum explosion preasures for varioua hybrid 
composit~ons are compared t~ those obtained trom single 
component mixtures. Admixed inflammable gaa ia-tound to 
increase the exploaivity of lean mixtures by increaaing 
the to~al mixture energetics and improving, uniform 
burning throughout the bomb. Increas~d flame temperature 
associated with more energetic mixtures inc~eaaea the 
chemical·kinetic procesaes which control the bur~ing 

rate. The chemistry of the admixed gas is found to have 
an impact on the atarch combuation. Excesa duat in rich 
mixtures is shown to act as,'a thermal sink, aimilar to 
inert dusta. Lean explosivity limita were inveatigated 

, 
for cornatarch-methane and found to b_ in line with Le 
Chatelier'~ rule. Particle aettling can influence 
propagation in very lean mixtures and thos. wi,th exce •• 
dust. 
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'~ett ... thèse rap~ort~ /une r!Cherc'he expé"rimentale sur 
1 •• explosion. hybrides des melanges poussi~re-gaz-air. 
L'objectif de cette th.se est ~"lucider le rele majeur du 
gaz inflammable" lorsque, pr~.é~t ~ diffe~entes 

concent~ation •• Une bombe à volume, constant, dont ~a fo~me;. 
, .,..".,. , , 

.st oelle d'une lopg tube horiz9ntal,. a ete développee avec 
un 'nouveau système de dispersion de poussi~re. 'Des 

o • 

experience. ont' 'te faites avec de la fine poussi~re 

d'amidon, ainsi qu'avec 1èz ga~ méthane et hydrog~ne. Les , 
taux de combu.tion et pressions maximal~s pour differents . , 

hybrides sont compares a ceux obtenUs pour des compositions 
.,'18ng.. a composition simp'le. L'addition d'un gaz 

-inflammable au mélange. pou.si~re-air a pour 'ffet 
i ' ~ d'augmenter l'explosibil te des melanges pauvres en 

augmentant 'le pouvoir calorifique du me1ange et en causant • 
~ombu.tion ~iform ,dans la bombe. Une temp'ra~ure de flamme 
augmentée en.e~le des m'langes plu~ enërgetiques accél~re 
le. procasses cinetiques Chimiques qui control lent le taux 
de combustion. L.~ composition chimiqu~ du gaz ajoute 

, . 
,affecte la co~u.tion ~é l'ami~on. On d~mont~e qu'un exc~ 

de pou.sière dans un melaQge gazeux riche agit comme 
," Î' -

ab.orbant thermique, de la ~'me faion qu'une poussiir',é 
ine~ta. Dea 1imi~es_d"xp10sivit,'pour des mélanges maigres 

'. d' amidon at de méthan~ aui vai t la règle de Le Chatelier. L,a 
, , U 

preCipitation des .particule. peut influencer la prop~gation 
dan.·le. m'lange. tr.s maigre~'et dans 1 •• me1anges av~c un 

.> ~xc~. da pou •• i~re. 
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A Areà, cross section'l areA, [ml ,. 
"~,é Specifie heat capacity, {kJ/kg-K] 
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Pe 
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p 
e 

Q 

Frequency factor in equation 10, [l/sec] 

Diameter, [m or ",m] 

Activation ene~,_ [keal/mol] 

Gas concentration, volume fraction 

ci b ' heat . a s transfer to particle, [W] 

Enthalpy.. , 

- Enthal,.py, of formation at 298 K, [kJ/kg) 

Enthalpy of reaetion, [kJ/kg) 

Conductivity, [W/m-K) 

Length, [m] 

Mas~ flow rate, [kg/s] 

M lM , molar ratio ~f produets to reactanta '" p r 

Pressure, [bar] 

Absolute exp~osion pressure, [bar] .. 
Gauge explosion pressure, [bar] . ' 

p /p , normalizéd explosion pressure 
e, 0 

(p -p )/p , normalized explosion pressure e ·0 0 _ 

, Ra te of energy production, [kW) 

Q Rate of heat transfer to partielea, [kW] abs 

R Gas constant, [kJ/kg-K] 

Flame spee~ re~ative to atationary obaerver, [m/a] 

J 

...... 

• , , 

.. ; 

( 
" 

r j 
,,' 

\ ~ , 
i 
--'. 

, 
'. 

'" }~ 
~ '. 

/ 



0 -

,f 

-- -

o 

" 

~. 

,l' 

1 

" 
.. ,~ .. 

.. ,. 
.' .. ' . , ,~ 

S Burning velocity relative 
f\ 

to un~u;ned gal, [mIs] 

T 

,v 

W 

x 

p 
a 

T 

, ---Temperature 1 

3 Volume, [m l 

[R] 
Je 

Oust concentration 

Dist,ance 1 (m] 

3 
Densi ty, [kg/m ] 

~ 

.1 

2 Thermal diffusivity, (m Is] 

Ratio of specifie heat .capacitiés • 

Viscosity, [m
2
/al 

~ ~quivalence rati~of combustiQae mixture 

r Time const.nt, [s] 

Thickness 1 lm] 

" Subscripts ,.,., 

ad 

Al 

b 

'Adiabatic 

Alum~.na , . 
Burned gas 

c.s. Cornstarch 

, , 

• ~ <1 

e Constant vOlume-explosidn 

C'~n.t~t pressure tlame 

< L Laminar 

.. 

" 0 

p 

Initial or normalizing value 

'Particle\. 

u- Unburned gas 
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When an exPloS'ib~ occurs in an envir,onmfnt . aQntaining _ 

combu~tible d~~~s and,flammable ga~es,·it is~alled a HYbrid 
Explosion. I~ is now gènerally recognized that the PQ~ntial 

, 
hazard of a hybrid expl~sion can be grester than that-of the 
ind.ivi,dual' compQnent~. Tbe._ coa1 mining ihdustll'Y was ,the 

• first to recognize 'this , ,~~lEm' i t' was realized that small : . 
amounts of methané gas, 'kno'wn as "firedamp", greatly en
hanced the violenie 6f an ensuing coal dust explosion. As 
the demands for energy continue to increase, coal miging has 

shifted from shallow mines to ~eper ones, with the result 
that they are increasing1y "gas ". A1th~ugh laws generally , 
prohibit the buildup of fl~mmable gas con~entrations beyond 
fifty-percent of the lower flammability limit, gases are 

r-

still present in small amounts and contribute to the explo-
• 

~sion hazard. 

. " 
Otner industrial facilities which encounter the risk of ...... 

hybrid"expl~sions include lârge scale refuse inc~nerators 

. for energy production, in which refuse derived dusts can 

explode along with vap~urs from discarded containers in the 
primary sh'redder machines. In the plas tics indus try powdered 

p~a~tics are ofte~, storéd near sol vents during transporta
tion. Hybrid explosions occur in the grain industry when 
extraction plants i are located too close to grain silos. , 
Typical example~' of inflammable mixture~ include: hexane 
~ith soya bean meal, pentane with styrene and pOlystyrene, . 
vi~yl' chlorjde with polyvinyl" chlOr~r~~) and 
cyc10pentane with wood. 

, Industrial facilities ar~ not designed to with.tand th • . " 

. pressures developed by ~ven ~eak dust explosion •• Thu. th ••• 

places are equipped with variou8 types of explo.1o~ 

, , 
" ,,'r"'!' 
• J t. '. 

" 
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mitigation .cheme. of which the" three most common are: re
li.f venting, ehemical explosion barriera, ~nd high speed --valv.. to i.olate the explosion in' the pressure vessel in 
whieh it originated. To eff.etively design an explosion 

'prot.etion .chema ba.ed on a';;'y' ~ of these techniques' i t is 
•••• ntial to anticipa te the potential overpressure and the 
burning rate .s welle lt would bé impos.ible to develop an 
.xplosion severity database fo~ al1 possible ~ombinations of 
hybrid mixt~res, henee fundamentâ1 knowledge of the mecha
ni.m. of turbulent hybrid flame propagation is required to 
•••••• potent~al hazards. 

In premixed oaseous flames the laminar flame speed, the 
~ 

low.r f~ammability limit and the quenehing diameter afe the 
f~ndamenta1 parameters which charaeterize the explosi~ity of 
• p.rticular oas, and have been firmly established for rnany 
mixtures. Furthermore, the constant volume explosion pres
.ure is direetly related to mixture eneroetics and oan be 
readily ealculat.d. However ~bese parameters are difficult 
ta .stablish for dust-air mixtur.s [1,2]. First, dust air 
mi~ures are turbul.nt by .naturei turbule~e, is required to 
main tain partiel.s in suspension against the pull of gravi-. . 

Ity. Second, loea~ partiele concentrations ahead of the flame 
are ~.nerally I).ot kncnm: Third, equilibr\um ealculations for' 
du.t-.ir and hybrid mixtur.s are more ~ diffieul t because 
complete oxid.tion of dust partieles do.s not always occu~ 

.nd is gen~rally dependent upon rate proeasses (diffusion, . " 

kinetic. ete.). 8alla~ [3] solved the first problem by way 
of a fr.. falling flame tube, howlver particle concentra
tions Ar. not •••• ur.d properly. Thé author does show that , -
••• ller p.rticl.. .re .or~ influenced by. admixed gas than 
Ar. 1arg. partiel.s, and attribute. thi. ta the dominant , ~ 

rol. of ch'lIIical kin.tics" wi th ••• 11 partieles. TJ1.ése -re-
.ult. agr •• at l ••• t qualitatively with data from ~lat flame 
burn.r. [4]. 
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Bxplosivity data based_ -' on studies in con.tant 
bombs [5,6,7,8,9], laminàr flame burn.ra [4] and flam. tub •• 

[3,10,111 have demonstra~ed that ~ explo.ion pre •• ure and 
burning rate are augmented when amall quantiti.s of flam-

; , 
mable gas are present~in the atmo.phere. However l the e~t.nt 

of this augmentation is difficult to quantify. aecaus. ~he 
A 

explosion characteristics of dust-air mixture. aré highly . . - \ 

apparatus dependent, the'effect of admixed gas mu.t alway. 
, :, ~ 

be stud1ed in a relative contexte Widely varying experimen-

tal conditions <size of_vessel, mixture composition, initial 

turbulence etG:.) amongst investigators make compari'sons very 
difficult. Hence the relative effects of admixture of gas 

upon total mixture energetics and burning rate are not 

known. 

In an explosion. in a long channel, the flame May accel
erate rapidly reaulting in very high rate of pre.sure ri.e. 

This is the' 'situation in mine shafts and large tubes for 

pneumatically,conveying mater~als. Howëver, most ~xperimen

tal research ia conducted in small scale apparatua with 
C> 

spherical geometry or cylindrical geometry with small aspect '. 

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

about 15 cm, while in the US Bureau of Mines' 7 li~er bomb 

the flame travel il also about 15 cm. In Bartknecht's 1 m3 

sphere [5], the flame travels only 62 cm. These diatanc •• 

A are the same order as the turbulent dust tl.me thickne •••• 
'\ 

reported by Klemens [11], Slezak [12] and Buksowicz [13). 

.' , ,', 

\. 

Hence the flame may tr~~el only one or two flame thickneaaea .. 

"before being extïnguished at the wall. 

~ 

In the ,present study, hybrid eX~,loaion. in a long hori-.. 
zontal tube are atudied. Generation of • uniform duat cloud 

, 
in a tube of large aspect ratio-alao pre.enta diffic~lty. 

Slezak [12] attempted to rectify error. due to .ettling by -- \ 

employing a rotating tub,e, "however thi. lad to large uncer-

t~intie. in the airborna du.t èoncentration.- Kie •• n. .[11] 

f 
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Ilt./ 
and Buksowicz [13] employed a long vertical tube in which 

duat wa. dropped from t~ top by a hopper. However th~ tube 

used (A8 cm X 3 cm) i. very small with respect to the flame 

thickness. 

For this study a novel dust dispersal system was devel

oped to generate a uniform turbulent dust cloud prior to 

ignition. A 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
\....k-
ea by the dust. dispersal system. The explosivity data for 

- , . ( 

~ornstarch-air mixtures are compared with other investiga-
< 

tors to establish confidence in the dust dispersal system 

and the experimental pro~edure. Furthermore this data serves 

ae a basis for comparison with subsequent hybrid tests. 

Various atarch-methane-air c?mpositions are tested to deter

mine the maximum explosion pressures and these are compared 

to values predicted by equilibrium thermodynamics. Measure-
1>-

men~e of the flame epeed and rate of pressure rise are used 
1 

to asses. the effect of oas concentrAtion upon the burning 

rate. A comparison is made ,between the effect of combustible 

·and ine~t dusts upon rich gas flames. Thus the effect of 

mixture energetics 'upon the turbulent burning rate for gas

eQus, du.t-air and hybrid mixtures is established. 

to Cornstarch-hydrogen-air explosivity is examined 
;; 

d~termine the influen.ce of chemi"atry of the admixed gas. ,It 

h.. pr_viously béen ~oncluded that the i~fluënce of gases 

w~th a high laminar burning velocity are less severe than 

the influence of methane' [5]. However if flame propagation 
1 ,,~ ~ 

proe •• de in volatiles genérated-ahead of the flame front, , 
the influence' of a4mi*ed ga. ehQ~ld be .p~oportion~o its 

burning v~locity. ~ 

T 
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PinallYt the lean explosibility limits for bybrid mix
tures are determined to asses. the role of mixture energet
ics and the,applicability of Le Chatelier'. ru1e which .a. 
developed for homogeneous ga.es. Also the effect of duat 
settling in the long horizontal geometry is diacuaaed. 
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IL. GINIIAL COIAQRI'l'S 

_~II~l Literature Survey 

Experimental investigators are generally concerned with 
the flammability of various hybrid m~xtures. This entails 
lean explosibility limits, burning rate as chàracterized by 

the l~minar burning velocity or rate of pressure rise in a 
closed vessel, and the adiabatic flame temperature or maxi
mum explosion pressure. 

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

the concentration of individual components are--themselves 
, 

below their .xplosible limite Several investigators report 
linear, or almost linear, decrease in the "lower explosible 
concentration" (LEe) of dust with inct\easing gas concentra-

,', 
tions. T~is was observed in closed vessels [5,6,7,14,15] as 
weIl as horizontal and vertical channels [10,11]. As a 
resu~t Le Chatelier's rule has been applied to hybrid 
miitures: 

w + 

(LEC)dust 

G 

(LEC) gas 

1 ( 1) 

If the left hand side, where W and G are the dust and gas 
concentrations, is greater than unit y the mixture is 
explosible. 

Le Chatelier's rule was daveloped for homogeneous gases 
and iaplie. a minimum energetics criterion. Me.sured flame 

temperatur •• for near limit coal dust flames were approxi
-liitely 1600 K [20] which is .imilar to the characteristic 

teaperature for laan limit hydrocarbon gas 'flames as 
po.ad by Hertzberg [17] and Burgess [18]. Bertzberg [11 

pro
has 

correlated LBC's for various dust. with their volatile con
t~nt deterained from rapid pyrolyais test •• Bxperimep~s with 

. 

~. ;s 



o 

1 

o 
r 

o 

J 

.. 
7 

low and high volatile coals, polyethylene, anthracite, 

gilsonite and methane indicat~ that the heating values of 

the volatiles generated ~Y the lean limit mixtures are ap

proximatelY.12 kcal/mol. This value is similar to that mea

sured for other hyrocarbons [19] and results in flame tem

peratures near 1600 K. 

Others [15] have shown, in small and large. scale 

,experiments, that a minimum flame temperature exists but 

depends upon whether dust or gas is the dominant fuel. This 

is supported by Klemens [11), who observed vertically propa-

gating, near 
, 

limit, hybrid flames. Mixtures containing most-

ly gas (4.2% 

fronts' and 

CH4 , 19 g/m3 coal) had smooth laminar flame 

those with more dust had irreg6lar, turbulent 

flame fronts characteristic of du'st-air flames. 

Uncertainty in thesé hypotheses is due to variation in 

reported LEe for various dusts and the lack of defini te 

criteria for determining the LEe of a dust [20]. 

Explosion Severity 
\ 

\ 

The explosion severity is character~zed by the maximum 

explosion pressure and rate of pressure rise in a clo.ed 

,vessei. These have been studied for a variety of hybrid . , 
mixtures. It has been observed [5,6,7,9] that small amounts 

of admixed gas, below the lean flammability limit, can sig

nificantly enhance bo~h the explosion pressure, Pe and the 

rate of pressure rise, dp/dt. Direct comparison of various 

authors' results iB not possible because the results are . 
apparatus dependent and different dust-gas combinations are 

used. For the same reason, theoretical predictions ot dp/dt 
, 

are not possible. Consequently conclusions are based upon 

observing th~effect of altering the mixture composition: 

Nagy's experiments in a modified Hartmann bomb, with a 

broad spectrum of coal dust and methane mixtures [6], 

3 , 

2 

, , 



o 

• 

o 

, • , ' 

• t 1 ~"" 

--
demonstrated that specifie hybrid compositions exist whereby 

P e is a ~ax~mum and dpI d t is a max,imum. These may not occur 

at the same dust and gas concentrations. The authors eorre
lated the results with polynomial expressions but these are 

. -of limi ted value as the y are specifie t6 this apparatus and 
are not based upon any physical prineiples. 

Feng [7] adopted a similar approach as in [6] to deter

mine the,relative flammability of Canadian coals with dif
terent volatile contents. The experimënts condueted r in a 

Hartmann bomb reveal trends similar to those in [6]. However 

the magnitude of dp/dt and Kst factor (dP/dt.volume1/ 3) 
i 

(5,21,22] are different. It has been established that the 

burning rate in the Hartmann bomb is genera1ly lower than in 
larger vessels because of the low turbulence level and low 
igni tion energy. 

\ 
Bartkneeht [5] '~erfor~ed similar ,tests with PVC dust 

d i 3 • - . 
~an propane gas n a 1 m sphere. He found that the opt1mum 

prop~, concentration in terms of P~ is close to the lower 

flammability limit of propane (2%vol) whereas the maximum 

burning rate occurs with stoichiometric propane-air. Also 

Bartkneeht found that when the propane concentration is in-
• 

crea~ed, the optimum dus t concen'tra tion, in term!t of P e 

decreases linearly. From this latter observation, it can be 
concluded that~the explosion pressure is eonnected to the . 
energy content of the mixture. The effect upon ~he burning 

rate depends upon the relative reactivity of the dust and 
the gas. PVC dust burns slo~ly because the halogen, ehl~

rinè,. inhibi ts chain branching,. Theref ore, the maximum burn-,-

ing rate occurs where propane itself burns most rapidly~-' It 

wa. also noted that 1.ss reactiv~ duets are more susceptible 

to. admixed gases th an highly reaetive dusts. 

Pera~~i [23] performed thermodynamic calculations to 
«.termine the effect of m~xture composition upon a bybrid 

... " 
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mathane-cornstarch-air detonation. The ptedicted effects -are 

in good agreement with his observed results. However, no 

comparison of observed explosion pressures with values cal

culate~ from equilibrium thermodynamics has been dona to 

~etermine if the effect of admixing gas is to-alter mixture 

energetics or to alter the quantity of dust .burned by 

enhancing1reaction rates, diffusion etc. 

Flame Speed 

Flame speed is "C1osely related to the ~4c. factor (or 

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

thin regular flames the flame speed can be extracted trom 

the pressure histor~ of an explosion in a closed vessel 

[21,24], which is demonstrated in Appendix II. For homoge

neous gas flames the lam~nar burning velocity is a fundamen

tal parameter which can he measured with reasonable accuracy 

[2~), and in sorne instances it can be calculated for gi~en 

initial conditions. For dust or hyhrid flames the existence 
t' 

of a fundamental characteristic, flame speed has not been 
. 

proven. Several investigators [3,4,8;14,26] have 

fIat laminar flames, but the flame speed depends on 

size, shape, chemistry as weIl as the uniformity 

cloud. 

produced 

particle 

of the 

Flame speed i~ measured in fIat flame burners and long 

flame tubes. Burners produce a stationary flame which sim

plifies probing; bowever, they suffer from large heat losses 

[1]. Open tubes of large diameter are nearly adiabatic, 

although it is difficult to create laminar flames. creating 
• s 

a uniform dispersion i8 still a major 8tumbling block. To 
~ . 

overcome the effects of bouyancy and parti cIe settling 

Ballal [3] employed a free-falling zero-gravit y flame tube 

in which a flat flame wa8 prçduced. Howev~r this technique 
-

limi ta the size of the apparatus and in'strumentation tech-

niques. 

, • 

, -,,,s 
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The author found that finer particles were affected by 

~dmixing methane more than coarse particles. This Agrees 
with Bartknecht's [5) bomb t~,ts with PVC dust and Smoot's 

[4] flat flame burner data with 10 micron and 33 m~r~n coal 
dusts. Furthermor~, Smoot ~t al observe that coarser coal 
dust is more affected when ,the concentration i5 excessive 

(>500 g/m3 ). From this the au'tho·rs all conclude that the, 

kinetically dominated combustion of fine particles is more 

affected by admixed gss th an the dif~usion control1ed com-
"bustion of large particles. 

'1. 

Singer et al [10J measured horizontal and vertical 

tlame ~eeds of several near limit coal dust-methane-air 

mixtures. The authors observed linearly increasing flame 

speeda with increasing methane.content for mixtures with the , 
same overall equivalence ratio. Mixtures with more methane 

also seemed to produce ~teadier flames, with less variation 

of f1ame speed in the vertical and horizontal sections of 
the tube. 

'" ' Klemens and~Wolanski [11] a1so ' measured upward flame 

propagation for near limit,mixtures of lignite-methAne-air, 

and produced photographs of 'the f1ame structure. For mix-

tur.s in which methane dominated (4.2% CH 4 , 19 g/m3 lignite) 

flames resemble near limit 9AS flames albeit more luminous. 

For m~xtures containing more lignite (1.6% CH4, 66 g/m3 

lignite) the flames reseroble pure dust flames. They have 
e 

high1y irregular and changing flame fronts, followed by a 

turbulent region of hot gas with luminous partieles. The 

authors report greater flame speeds for those mixtures than 

the laan 1imit m.tbane-air flame. This is attributed to 
l' 

\ 1ncrea.ed fla~. surface area and mixing 4ua ta turbulence. 

. • 
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II.2 ~'Flame Structure 

.. 
Modelling of hybrid flames requires'knowledge about the 

ructure of a dust-air flame. The evidence to be presented 

pports 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 group includes bitumous coals,_ l~gnites, vegetable 

, grains, powdered foodstuffs and plastics. 

1 

Measurements of laminar "burning velocity" of fine 

(dp=9 ~m), coal dust-air mixtures yield inv'erted "U" shaped 

curves of velocity versus concentration typical for premixed 
hydrocarbon gases. Also the maximum laminar burning velocity 

"" is 33 cmls and two other types of coal tested yielded burn-

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

size distributions. Other investigators also report 

burning velocities forl coal dusts between'20 cm/s 
.J 

cmls in a variety of apparatus [3,12,13]. These are 

the range of many premixed hydrocarbon gases. 

1aminar 

~nd 70 

within 

Further evidence of coal dust combustion occurring in 

the volatiles cornes from the direct observations in lean 
~ 

methane air burner flames by Seeker et al [27] and HcLean et 

al [28]. Rapid exposure shadowgraphs and schlieren /' pho

tographs revealed that after 2-3 msec induction peri~d, 

volatiles evolve rapidly and burn vigorously for 1-2 msec, 

fol10wed by a longer period during which char particles glow 

due to heterogeneous oxidation. Also Essenhigh and ,Howa~d 

(29) measured volatile content of-char .'samples collec~ed 

downstream of a stabilized coal dust burner flame. VOlati,le 

content was found to decrease slightly before the visible 

flame front and rapidly within it. The ratio of volatile 

~atter to fixed carbon decreasea to 18' of it original val-
ue. 

« , f 
. -, 

1 ., 

.. ' .. 

-
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C~~l!'ent~y there is conflicti,~gl data in ~the li terature ~tl 
coneerning dust flame thickness. Value's from 5 mm to several 
cm are reported for similar mixtures~ This results from ... 
4ifterences in experimental conditions and lack of clear 
(l 

definition of f1ame thickness. Some investigators refer to, 
the, entire luminous region, however. it 1s more appropriate -
tq,- refer to the reaction zone which is significantly 
. " 

. thinner. 

Slezak [12] reports a "bushy" coal dust flame tha,t 
appeàrs 15 cm thick in his 30 cm diameter flame 'tube • 
Howè~er, thermocouple (1 mil) traces indicate that the 
temperature rise occurs within a region of a few,mi11imeters 
which i9 consistent'with burner flame data (4,26]~ 

1 Buksowicz" [13] and Klemens [11] rep?rt. for upward 
propagà~ï4 iean 1i9ni te-air f1ame, temperature gradients of 

6 . , . 
7xlO R/s or 10gb K/mm in front of the visible flame; fol-
,1Çiwed ~y. up to 175 msec èlut'ing which gas temperatures remain 
elevate4. Based on the tèmperàture 1ncrease, the lower den
.ity exhaust gaà exits at 5 'times the leading front ve10city 

l' '. , ' 
t AO.7 m/s). Thus the vl.siple zone' corresponds to 
.(5 X ~.7 m/se~) ~. Q~17~ sec • 0.6 m which is consistent with 

" l 

. observations. -, 

However-, the thickness of a gas f~ame is of the order of 0.2 

, mm,. about 10X' sma11er than the 1 cm rep?rted,f~r dusts [30]. 

~rom thermal flame theor~: th~ minimum ignition energy, t, is 
shown to be proportional to the cube of the flame thickne •• , 
~. If the 'constant of.propo~tionality is .approximately the 
same ~or du,t and gaa, then: 

. ['~~st]' A [~dust] 3 

['g~. . ~gas 

1 for many duat-a~r mixtures has been shown to be of the 

order of 10-~ ,to 10-2 J as compared to ~10-4 for premixed 

. 
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order o~ 101/3 

13 

these values 5dust/5gas ahould be of the 

or 1001/3 • (2.1 or 4.6,). Alao from thermal 
flame theory, the laminar burning velocity, SL' can be ap

proximated as SL • 0/6 where 0 is the thermal diffuaivity of 
( 

the gas if the 'reaotions are .ssumed to take place at th. 
flame temperature. As SL has been 8hown to be of the .ame 

order as 0'.1 flames (A30-50 cm/s) ,then one would exp_et 
that the effective ~ would also be of the same order as gal 
flames. Thu8 the actual measure of dust flame thicknesl . 
~ight be over-estimating the effective thicknel8. 

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

fi, 

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

able th~the behaviour of a dust-air or hybrid tlame should 
be similar to that of a premixed gas,flame. , , 

..-

However, it ia still uncertain the degree to which 
admixed Gas can increase the explosion pressure and maximum 

f~ 

burning rate. Therefore this work is aimed at determining 

whether admixed gas act sole1y in a thermal manner, ie. 
contributing to mixture energetics, or whether it influences, 

the kinetic prDcesses involved in combustion of the duat 
particles. 

, 

--

--
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llL. IRIBDtIITAL COBSIDIBATIOBI 
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111.1 ApPlr.tu 1 
Tbe experiments reported in this text were conducted in, 

1 conatant voluae bomb in the form of a long horizontal tub~ 
(LHT). The objective was to produce a cloud 'of nearly 
uniform den.ity throughout the vessel. interior 110 that a one 
dimensional flame would be formed by igniting the mixture at' , , , 

one end. Tc minimize the effect of heat loss to the cold 
walls, the tube diameter ,wa. designed to be large in 
comparison to the flame thickness as reported by several 

, 

inv.stigators [3,8,12,'13]. Ttle tube was designed to be 
1 

extended with additional sectionll, provided initial testing 
was suceessful. 

The tube measures 2.~8 m 
nal diameter of 0.305 m (1 

(7 ft) long and has an :l.nter-, , 
, , 

ft) forming an aspect r,atio, 

L'n-" It is constructed of 
thickn.ss and is flanged at 

ordinary .teel with 12 mm 
both ,'ends. At the igniti-on 

wall 

end 
the duat dispersal sy.~em is attached .a. seen in, Figures 1 

.nd 2. At the far end the tube is .ea1ed with a b1ind flange 
equipped with a 1.9 cm ball' valve le~ding to the exhaust 
duct.·8oth f1anges are equipped'with O-ring lIea1s. There are , 

aix threaded ports loc:ated a10ng a s.inglè longitudinal, axis 
apaced 0.3 m .part, in which diagnostics can be mounted ·as 
•• 11· a. the g.s flow inlet. An additiona1 port~i8 loeated • 100 mm from the ignition end, in which the igniter is mount-
ed. 

F ", 

, The m.jor design challenge of the fPparatus was to 
, l " 1 ( 

gener.t_ 

length. 
• ~i~or. dust cloud thrOUghOu~ 'the. entire ,tu~e 

An addition.1 criterion w.s to gener.te nearly 
, 

un1for. turbulenee. This vould enbance m1xing cif the dust, 
and retain i t in su.pension foro a longer time. The optimiz'ed 
syste. incorporatea • bigh presaure, low volume .ir. disper
sion ayat... A nominal •••• of dust is spre.d unifor~ly' 

, 

.long a 5 cm X 5 ca V-ch.nnel that is '2.0 m,long. ' ... 'l'he 

, , 

, , . 

.-' 

.......................... ______ .. ____ T __________ ~ __________ ~~~~_. 
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" 'V~ehannel 
.. i t 

ta moùnted' on supports 4 cm'above the tube floor. , 
The dust 1s dispersed by ,tw~nty impulsively started jet. 
emerging from a perforated shock tube which runs the central 

axis of the LHT. The shock tube is th~ kdy to the dispersion 
system. It allows 'aIl twenty jets 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 low pressur~ 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 ~oles are aligned sa that they oppose the 

V-channel and ~he jets impinge directly on the dust. At the 

far end the shock ~ube is supported br 3 clamps to' reduce 
vibration. , , 

T~e driv~r s~ction cons'ists of a square 63 X 63 mm2 

,tube, 0.80 m long (3.18 1) mounted on the external s1ae of 
, 

the ignition'end flange. The tube has rour threaded ports in 

which are mounted the high pressur~ 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 

flang~ by a 76 mm pipe flange with an O-ring seal and a 

special crimp which secu~es a Mylar diaphragme The diaphragm 
is ruptur'ed by \a p~eumati'~ally driven steel plunger running 

through tne driver section. 

--Procedure for Dispersion :' 
~ior to dispersion the driver section is pressurize~ 

to 10 bars containing the same gas mixture as the test vol-. 
ume. Upon rupturing the diaphragm the shock which is formed 

,préBsurizes th~ dr1ven section and starts the jets. (The 
o , 

'shock tube calculations' are shown in Appendix 1.) The 

shock Mach number is approximately M-1.86, and ~he pressure, 
behind tbe initial sbock is p-l.89 bar. It' 1s doubttul that 

.. 
.# 

, 
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th. shock is s.verely attenua~ed by the e~ux ·of aas , 
throuah the perforated tube, bebind the shock. The initially 
unattenuated shock would traverse the tube l,nath in 1ess 

th an 3 msec. The duration of the jets is of the o~der of 100 . " 
m.ec, and was calcul~ted assumina adiabatic expansion of the 
high pressure aa.. into the 10w pressure shock tube. The 
flow through the impinoement hole iscchoked, until the pres

sure in the shoek tube decreases below the critical value. 

In the first interval, durina which t~e jets are sonie, 

th. pressure in the shoeked tube deereases from poa5.94 bar 

(equilibrium pressure) to the criti~al pressurâ, Per=1.89 

bar '(Patm!Pcr-[2/(T+l)]T/(T-1),. In the second interval, 

during whieh the jets are subsonic, the pressure decreasea 

from pcr-1.89 bar to p-t.02 bar (equilibrium with the test 

v •••• l. Th. c~leulated duration ol 'the jets is t l -61.4 msee 

and t 2-20.4 rnsee bence t jet-Sl.7 ~sec. The figure below 

.how. an oscilloscope trace trom the pressure probe mounte. 

in the driver section., The actual duration of the jets ia 

100±20 ms.c • 

2.5 

bar 

0.20 

•• c 

• " "~:-, 

.' 
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sp.ed dispersion jets .re •••• nti.l in promoting 
thorough mixing ot du.t in .ir. Sine. th. .hock tub. i. ~ 

pressurized almost in.t.nt.neously, the disp.rsion j.t. .re 
uniform Along the tube length. It is po.sibl. to u.e thi. 
technique with longer tubes as welle The praetic.l, tube 
length wi~l be ~mited by shock wave attenuation ôr ~y •• t~ 
~ling of dust in the far end before the tlame arrives. , ' 

Preparing the Gas Mixture: 
The gas mixture in the test section was prepared by a 

1 

tlow through method, displàcing five to six time. the volume 
of the vessel to ensure good mixture. The gas mixture was 
form~d by flowing extra dry laboratory~r and comm.rcially 
pure methane. (or hydrogen) through Pa pair of calib.ated 
rotameters (Matheson 1603 & 1605) into a ~mall mixi~ cham
ber then to the vessel. The' vessel inlet was located 0.3 m 
trom the ignition end of'~e tube, ~nd exhausted through t~. 
far end of the tube. Thé''- mixture in the driver section was 
o , 

prepared by fi~ling methane and a~alternately to the .p- /~ 
propriate partial pressures, so that the total gauge pre~ 
sure equalled 9.5 bar. 

Iostruaentation: , , 

Instrumentation consistea ot a single peB piezoelectric 
pressure tran.du~with very high frequency réaponle, 10-
cate~ at x-l.22 m where x-is the distance'trom the ignition 
end. The transducer was calibrated in a ahock tube and ~eg-_. -
istered 73.5'mV/bar (5.0 mV/psi). Two ionizatlon probes •• re 

m J'nd x-l.83 m respectively. Bach probe. 
76 mm long electrodes apaced~l mm sp.rt, 

across which was a 200 VDC poteDtia~. A. the fl... pa •••• 
the probe, the high conductivity of the r •• ctlng g •••• caua
.s a capacitive discharge and the slgna1 i. record.d on an 
oscilloscope. Permanent p~otographic record. are •• d. of th. 
oscilloscope traces. , , 

located at x-O.9l 
con.ists ~f, two 

.. 

, , 
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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 uwed to start the timing circuitry. 

Procedure for' 'l'eit: 

. After the dust has been loaded into the vessel and the 

vessel's gas mixture ha. been prepared, the driver section 

is pressurized. The test sequence begins when ~ remote 

awitch is triggered, causing a solonoid valve to open and 

drive the pneumatic plunger into the Mylar diaphragm between 

the high,and law·pressure sectioDs of the shock tube. This 

action starts the jets to disperse the dust in the vessel. 

The stress waves in 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 ianition system. The ignition delay time was 8~ 

maec for aIl experiments except where specifically noted. 

Afte~each run the tube was opened to clean out the 

axcess dust and char. Sometimes, after several tests in a 

short interval 'the tube wall would become warm, and the 

in.~de surf.ee ,dhesive. This is caused by the ~eposition of' 

tars and oils duri~g combustion of organie dusts (corn

atarch, coal). When this occurred the inside of the tube was 

scr.p~ down and testing would resume only after the walls 

ba4 ~ooled down to room'temperature. 
,) 

~ 

., 
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111.2 Dust Properties 
In the present experiments cornstarch was selected for 

use as a combustible dust, because it has many advantageous 

properties! a) it is re~ily ayailable in pure form and in 

large quantities a~ reasonable expenditure;'b) the parti

cles have a~egular shape and a fa1rlY narrow size d~str.ibu

tion with an average particle diameter near 15 ~rn (microns, 

10~6 meters); c) its chemical composition is relatively 

simple, and is representative of man y agricultural and 

carbonaceous dusts, and: d) i t is re'adily dispersable. 

Figures 4 and 5 show some photomicrographs of corn-. 
starch particles and the particle size distribution for a 

random sample. The particles are nearly spherical and do not 

appear highly porous. ~he mean particle size based on a 

frequencyaverage is 14.i ~rn and the largest particle is 30 

~m. Normally such small particles are cohesive and easily 

agglomerate making dispersion difficult. To facilitate dis

persion and reduce agglomeration, the starch was dried over-
? ' 

night at 70 C and mixed with 1% by mass of fumed silice, (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 is 

basically a polymer of the dextrose mo1ecule shown be1ow. 

Cornstarch consists of 80% 1inear chain polymers (amylose), 

'and 20% branched chain polymers (amylopectin). Typica1ly 300 . 
to 400 dextrose molecules form the chain. The 

formula' is (C6H100 S ) n' ';;oThe mo1ecular weight 

dextrose molecule is 'H-162.1 kg/kmole. , 

• • 

basic chemical 

for the basic 
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III.3 Jqnition System 
....". 

1 In all experiments exploding wire ignition sources were 
used. Initially, the igniter used consisted of a brass wire 
0.076 mm in dia~eter and 25 mm long, connected to a 115 VAC 
source. For mixtures that were more difficult to ignite, th~ 
igniter strength was augmented by wrapping ultra-fine 
zirconium filaments around the brass wire, to produce a 

o 

flash b'ulb e,ffect. The duration of this ignition source was 
several times longer than the brass wire alone. For all 
experiments~ except where noted otherwise, mixtures were 

.' 
ignited 100 mm from the tube end, and 30 mm from the central . 
axis~ Tbis igniter was sufficient for igniting~9st mixtures 
except near the lean limit at which point pyrotechnie devic
es would have been prefer~ble. BQwever, as the ultimate lean 
explosible limit was not the primary objective of these 
exp.rim.nts, it was decided not ta radically change the 
igniter. Although less energetic than high energy capacitive 
sparks, the present system was found to be preferable. The 

r blast wav.s generated by short intense capacitive ~parks dan 

conv.ct dust away from the ignition zone. If the igniti~~ 

induction period is long, th.n .nergy deposited by the spark 
.ay b. dissipated befor. the flame kernel is formed. 

:-
Tb. ignition delay period was kept constant at 85 ~ec. 

~his valu. l.ads ta the .ost vigorous combustion of 400 g/m3 

cornstarch-air .s shown in Figure 6. ~he ignition is delay.d 
-.) -

" 

œ • 

,. 1·· <, , 
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so that the dust cloud rnay be ~roperly formed be or. th. 
mixture is ignited. With excessiv.ly long delay,tim •• , the 
turbulence generated by the d{sper.i~n proce •• decays, and 
the dust begins to settle out of suspension. 

( , 

' .... ' 

Ill: •• ".asurl.ent 21. turnina l.UJt 
Bven though there are several ways by which the .xplo

sion rate can be measured, none of them are es.entially 
fundamental for dust explosions. Por premixed flammable 
'gases the laminar burning veloci ty is a fundamen~al property 
of the mixtures, 'dependent upon the composi tion and the ini
tial thermodynamic state of the mixture. However, in Most 
explosible dust-air environments on earth the dust is 4i.
persed by turbulent air motion, rendering it impos.tble 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 40ing 80 for a tur-, 
bulent flame, for which the turbulence parametera are not 
generally known. What is measured is not really fundamental 
and must be conaidered in a relative contexte 

The rate of pre~s~re rise in a closed vessel is propor-
.'t'ional to the mass rate -of consumption of fuel; hence it is 
~n 'important parameter. The relations between dp/dt, the 
'fl.me speed and b~rniDg' 'velocity are derived I1n Appendix II. 
It is also readily obtained from the pressure history. How
ever, as the rate'of pressure ri se (dp/dt) i. not constant , 

throughout the explosion, there il some arbitrarine.s in 
choosing a particular value. For spheric«l and ,nearly .ph.r
ical geometrie., there is a clear1y identifiable maximum 
value of dp/dt. As the flame ball grow., the temperature and 
pressure of the unbu~ned gases inçrea.es, as does the flame 
surface area. -Hear the ve.sel wall,. increaaed heat 10 •••• to 
the wall cau.e the burning rate to declin •• In v •••• l. vith 
large L/D ratios, al in,the pre.ent ca.e .hen the mixture i. 

-
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ignited at one end, the fl~me kernel initi~lly grows spheri
cally. As it expanda, some areas of the flame contact the 

4r, ,es~~,1---w"l~ and are extinguished, and the flame propagates 
~ in only one direction. Tbe characteristic pressure hist9ry 

reflecta theae~ch~nges aS~llustrated in Figure 7. In' ~he 
present atudy, dp/dt was measured in the region where the 

/ flame i. unidirectional. This region is also le.s influenced 
by the ignition characteristics. 

. To measure the actual flame speed with respect to labo
ratory coordinates, the distance between the two ionizatlon 
probes is divided by the time interval between the signal 
from these probes. Thus, it is a measure of the average 

• flam& speed Rf' 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 fl"e 
speed is useful when, con.idered relative to other tests. 

. 

, 
J, 1 

, 

\ 

~,' .., 

• 



o 

o 

o 

23 

IV.' EXPERIMENTAL RESULTS AND DISCUSSION 

IV. 1, Exp10sivity" of Methane-Air Mixtures 
-

Most dust bombs have an aspe~t ratio length 
( 'diameter) 

of the order of unity. However, in tne present experiment. 

the L/D ratio is seven, hen~e it was necessary to assess the 

f1ammabi1ity characteristics. The jfirst tests conducted in 
the long horizontal tube involved'premixed'methane-air. The 

object w~s to study the-burning characteristics at difterent. 
compositions, the ~effects of turbulence generated by the 

impulsive jets of the ~ust dispersal system and the heat 
1 

losses associated with the larger surface area to volume 
ratio of the cylinder. Figure 8 shows comparative pressure 
histories of 9% methane (~-O.95) burning through a quiescent 

mixture and a turbulent mixture, ~here the jet strength and 
the ignition de1ay time were identical to ~hose used in the 

later dust experiments. The turbulent burning rate is 4.5 

times that of the quiescent mixture as characterized by the 
r 

burnout time. Comparing the laminar burning velocity to the 

turbulent burning !elocity 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 10sses 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 reporte~this 

text were conducted in a turbulent environment. !' 

Experiments were done 

methane-air mixtures, and 

overpre8sures (Pe-[Pe-Pe]/po) 

explosion pressu~es measured 
compare favourably with those 
bomb [12]., This demonstrates 

with 
the 

successively 
resulting 

are shown in Figure 

leaner 
maximum 

9. The 

in the pre.ent experimenta 

trom the 8 1 moditied Hartmann 
that the correct compositions 

were obtained in the present tests, and that the thermal 
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'los.e. are not 
the observed 

exce •• ive. por the maf~nergetic mixtures 
Pe is close to the a~~c value but the 

di.cr.pancy broadens for leaner mixture •• "'The burnout time, 
(t'ime froID ignition to ' 95_ peak pres.ure), .for different , 
aixtures and the relation between the.burnout time and the 

, , . , 
heat 10 •• can be seeh in Pigure. 10a) and lOb). The burnout 
time increa.es in an exponential manner from . 0.11 sec t6 

0.41 .ec at 6' methane, where the heat lo.s is 18'. The 
, ob.erveeS burnout times are approximately 18 times shorter 

than, the ca1culateeS value. ba.ed upon the laminar burning 
velocity (Appendix II), however the trends are .imilar. Thus 
de.pite the large .urface area to volume ratio, the heat 

, 
lost to the co1d walls by the hot gases is sma11, except for 
very lean neàr 1imit mixtures which burn slowly. Here, the 

relative heat losses are much greater. i' 

The ob.erveeS lean limit 
methane which is slight1y higher 
gating limit (5.38') [19]" and 

t apparatus is 6' 

than the orizontal propa
tha t ' measured in ~ 8 1 

bombe This i. probab1y due to the strong turbulent motion 
f~om the di.persion jets quenching the very 18an flame ker-
nel. " 

Figure 11 show. the measured rate of pressure rise 
(dp/dt) tor the pre.ent tests. The·re.u1ts are expressed as 

~K.t factor, which i. d~ined as the maximum rate of pressure 

rt.e multip1ied by the v •••• l,volume1/3 • The maximum K.t 

ob.erved ~re i. approximately-115 bar-ml. which corre.ponds 

to dp/dt-200 bar/a (Volume1/3.0.571 m). The maximum rate of 
pre •• ure ri.e occurs near the end of the tube where 
precompre.sion of the unburned ga.e. i. greate.t. Even with 

conatant burning velocity the m... burning rate increa.es 
becauae of , the incre •• ing density of the unburne4 gases 
ahe.d o~ flame • 

'., 

• 

= • 

.. 
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The observed rate of pressure lise increases with con
centration to a maximum near the ~toichiometric. For homoge
neously premixed gases the burning rate i8 a function ot the 
flame temperature. According to the thèrmal tlame theory the 
laminar 'burnino velocity and the flame temperature are re-

l 

lated in the following manner: 

( 2) 

In the above equation Tt and Tb are the flame and initial 

oas temperatures, a is1the thermal diffusivity of the ga8, R 
is ~e univeral oas constant, C i8 a frequency factor and E 
is some global activation energy. Using a value ot ~.20 

kcal/mol, typiC~l for hyd~ocarbon gases and C-18 s-l with~~a 
evaluated at a mean temperature, the above equation recov
ers, within 2%, the accepted.values for the laminar burning' 
'velocities 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 validity of using the laminar burning velocity to 
relate the effect of flame temperature for highly turbulent 
explosions can be demonstrated by comparing changes in the 
calcul~ted' laminar burning velodity with the ob8erved chang
éS in dp/dt and Rf when the mixture composition is altered~ 

In the t,ble below, the b~rning 

normalized against the value 
denoted by the subscript 

locities is given by: 
" " o . 

• 
~ates SL' dp/dt and Rf are 

for a 9% methane-air tlame 
The ratio of the burning ve~ 

(, 3) 

Note that equation (3) is iodependent ot the freqqency fac

tor and a in equation (2). 

• ft 

1 

) 
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... -
MlTHANB l'LAMB TBMP. SL (dp/dt) R f - -.--
[~ voll [ It) SLo (dp/dt)~ Rfo 

\ 

\ 
, , 

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 
<9 

~n geDeral the agreement is quite good considèring the sen
.itivity of the burning ~~te to the turbulence intensity and 
ignition source both of which can f!uct6ate, as weIl as the 
simplicity of.the analysis. Thus the turbulent burning ve
locity scales approximately with the laminar burning veloci
ty. As seen in ApPe'ndix 1:1 the turbulent 0 burning rate is 
approximately 30 times greater th an the laminar burning 
velo-city. 

These gas flame experimenta will form a basia against 
which further exp.rimenta with duat-air and hybrid mixtures 
can be comparad. They also demonatrate the strong dependence 
of the burning rate upon the mixture composition. Fur~~-

-mora, the influence of the turbulence generated by the d~ 
paraion jets upon the burning rate of agas flame has been 
shown. 

1 

.' 

• • 



0 

o 

C' 
~ 

\ . 
--- . -, . ',' 

" 

27 

IV.2 Caleul.tion of Bxplo.iôD Pres.ures 
a 

Th.[modynamle Analysi. 2t Corn.tarah-Air Combustion: 
The adiabatie flame temperature Tf,ad and th. adiabatic 

constant volume explolion pressure, Pe.·e/po' ean be calcu

lated from equilibrium thermodynamie •• ' Complete combustion. 
of one mole of eornstarch, C6H100S ' in air (79' N2 and 21' 

O2) i.: 

Th:. densi ty 

(T().-298 K, 

of air at 

Po·O.101 

standard temperature 

Hpa) ia ;00.1.180 

and preasur. 
3 

~-. 

stoichiometric atarch concentration is formed wW'~-0~ "---' 

w. • ;00 x H C.S. • 232 g/m3 

where M ia the molecular weight. The heat of formation 

cornstarch has been meaBured by Peraldi 123\:O be": 

* hf,CS • -929 + 40 kJ/mol. 

The 

...... 
of 

The adiabatie iaobaric flame temp.rature ia found by 
equating the enthalpy of the reactanta at atmolph.ric tem
p.rature to th. enthalpy of the producta at flam. t.mpera-

tur.: ' 
IV 

•• 
* where h f , i. th. h.at df formation at To.29B K,.~nd ~h ls 

th. inerease in enthalpy from 29~'K t~ Tf- Tf is th.D found 

it.ratively. 



--

.8 

0' 

.... 
1 ~ 

; , 

., 

, .;.0., .• , 

Tb. b •• ting value (Ahr),of eornstarch is therefore: 

Ah - 2643 kJ/mol - i6,303 kJ/kg r,e.s. ~ 

wher.: 

* * 6 hr • Ehf ,products - Ibf ,re.ct.nts . 

• E&hproduct. [Tf -298 lé) ~ 
.. 
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( 4) 

The maximum c.lcul.ted fl.me t.mp~rature for c9rnstarch 
. r 

i. T f-2060 K .t stoichiometric, which is ve,ry close to the 

maximum flame~temperaLre for most .imple hydroçarbons. The 
t.mper.ture, pressure and molar ratio for rich starch-air 
mixtures .ere c.lcula ed as.uming products of combustion •• 

, 
det.rmined in reference (23). 

The constant volume combustion temperature can be in

ferred from Tf by equating the change in, specifie enthalpy . 
to the ch.nge in specifie internal energy. Therefore, 

( 5) 

. where ~Tb i. the ratio of tbe specifie heats of the burnt 

g ••••• Por the temperature range of interest 1500<T<2600 k, 
1.20<Tb<1.30 and can be approximated .ithin 4_ a_ 
Tb-l.C64-1.119Xl0-4xT[Kl. 

Th. con. tant volume explo.ion pre •• ure is estimated from
th. eon.tant volume . explosion tèmper.ture aS'suming perfect 
ga. behaviour: -

( 6) > 

\ 

-. __ rto.......-______ " 
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where [Mp/Mrl is the ratio of the number of ~olel of prod

ucts to reactants (N). For cornstarch-air mixtures N in
creas es 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 21 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 r and its specifie volume 
is negligible compared with the gases. The heating ~lue for 

methane is: 
'", . ...~ • 

Ahr ,CH4 = 802.7 kJ/mol = 

IJ 

50,167 kJ/kg 
If' 

.measured at ~o=298 K for the reaction 

It ean be seen that the heating value of stareh is . approxi~ 

mately 3.3X that of methane on- a molar basis an~ l/JX that 

of ~ane on a mass basis. Therefor~ the energy released by 

burnin~_g cornstarch i~ almost equivalent to 13 g (2' 

vol) of methane in equal quantities of air. 

Adiabatic caleulations do not çonsider heat losses and ex

tinguishing phenomena, hence flame temperatures can be pre

dicted lower th an 500 K. However thele, temperatures are not 

observed. The minimum flame temperature asaociated with the 
lean flammabililty limits for hydroc~rbon. is approximately 

1600 K [1]. 

. -_.-
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IV.3 Bxplo.ivity of Corn.tàrcb-Air Mixture. 
Compari.on Ki1h otber inye.tiqator.; 

30 

Ixtenaive te.ts vere conducted with cornstarch at vari

ou. conc~ntra\ions. :he object was t~ ascertain the explo
.ion cbaracteristics of dus~~air mixtures to form a basis 
for compari.on _ith the hybrid results. It is important that 

\ ' . 
the long horizontal tube yield results that are valid and 
reproducible. Thi. is done by demonstrating that the present 
re.ults are compatible _ith other investigators'. 

The maximum explosion pressures for 

.tarch-air mixtures, as measured in the present-study are , 

shown in Figure '12. Also shown are the explosion pressures 

ob.erved by Bond [32], Cocks [33] a~4 Nagy (21) in a 333 
liter .phere, 20 liter sphere and a"1.2 liter Hartmann bomb 

-
re.p,ctively. The present ·results gen~rally agree with 

. ~ 

thes'4 de.pite differen~es in the ~hysical properties of the 
fuel and configurations of the apparatus. Each investigator 

employed a unique dust dispersal system. The concentrations 

quot.d are based on the nominal quantity of, ~ust"loaded into 
,th •• y.tem divided by the volume of th'e ,:'Vessel.' The 'most 
adiabatic v.ssel in t"e above compa~ison is the 333 1 
.pher., having the smallest .urface area to volum~ ratio, . . 
y~t the Pe from the long .horiz~ntal tube are compar~ble 

.xc.pt at very high concentrations. This indicates that the 
() 

pr.sent dust di.per.al system is adequate. Bond [32] (333 1 

.ph.r.) and Nagy [21) (1.2 1 Hartmann' bomb) rëport . ' 

con.i.t.nt explosion. _ith concentrations bet_een 100-125 
'" 

V/.3, _blcb .ere not observed ~n the present t_sts. 
Diff.r.nc.I in, the l.an'.' explosible limi t arise'. from . . . 
dlfr.r.nc •• ln th. fOllowlng; (i) &gnltion lources, (i~) 
turbul.nc. l.v.ls at the time of ,ignition caused by the 

~ diff.r.nt di.p.r.ion m.cbanism •• The relults are consistent 

~up to 500 v/.3 • Bond report. increasing Pe up to 800 g/.3, 

T • 



o 

o 

o~ 
~ 

1 
, 1 

· ~-tu l' ~ f .... ----; --;--::----;-. ;-:", '-,-.. "'1',""'\"""") .,.., ""---"':'I11!1,."!I'.'!I!II\j'" 1IJI!I;.!II!E~.t .. P~,,-•. "< ""'.S-
C) , ~\'''''J .. ", , 

31 . 

probably as a result of the longer settling tim. in the 3j3 
1 sphere and. 4ifferent initial turbulence' level. from 
ditterent dispersion systems. 

, 
\ 

Comparison with predictions: 

Ideally, Pe for an adiabatic,explosion is a tunction of 

mixture energetics alone. In real explosions however, bound
ary conditions will be important. Non-uniformity in the 

r cloud density, thermal losses to the boundary, and rate lim
"iting kinetic and/or diffusion processes within the particle 
will affect the quantity of ~nergy released. From~Figure,12 

the following may be observed. 

\' 

a) 'The predicted pressures are higher than the mea-
sured va~ues from any of the investigators. 

b) The maximum Pe is predicted to occur with a near 

stoichiometric mixture (232 g/m3 ) wher~as it is ob-

I served at much higher concentrations, 500<W<700 " g/m3. 

c) The observed value of Pe with 200~g/m3 starch is .-
4.5. For concentrations less th an this, Pè decreale. 

rapidly and successful burns are observed in some telts 
but are ~ot repeatable. No evidence of ignition was 

observed for W below 100 g/m3 • Therefore 200 g/m3 i. 
th. minimum conc~ntration to allow a flame to propagate 
the entire tube length. N'agy (2~1 and Bond [32] r.por't 

lowe~' '.,xplosible limita near 100 g/m3 • This ia due to 

dlfferent initial turbulence level and ignitÇ)r atr.ngth 

and will be discussed further in a later ".ection. 
Discusesion on use of the Hartmann oomb for 10 •• r 

exp10sibility limit tests ha. been giv.n in ret. [20]. 

d) Bquilibrium. calculations' do not pr.dict a l •• n 

explosible concentration as it is a tunction ot phy.i

cal proce.se •• The pr~c~.d pre.sur •• d.cr ••••• mooth

ly from P.-3.8 at W-70 g/m3 to p.-O with no fUe1., 

Of ... d 

.~ . 
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e) Bquilibrium calculations predict linearly decreasing 
, / 3 p~.s.ures torl concentratio~~~xceeding 300g m • However 

observed Pe rbaches a pl~teau at high concentrations 
3 ' 

and may remain constant beyond 600 g/m • 

Theoretical predictions are based on equilibrium ~ 

calculations and consider only complete combustion of the 
r-

reactants. H~wever" tor the present experiments for which 

there was a suceessful explosion, there remained a }ot of 

slightly eharred, even unburned residue. This is espec1~11y 

true at high dust ~oncentrations. The quotedJconcentrations, 

though, are based 'upon'the nominal qu,ntity of dust loaded 

onto the V channel. Partie le agglomeration, settling and 

~ adhesion to the eold surfaces reduee1the real concentration 

available to the flame. Non-uniformities in the cloud con

centration produce: i~efficiency in the burning process leav

ing some maàs unburned. Also, it is possible that the burn

ing rate of the large particle, including pyrolysis, 

devolatilization, and surface reactions, i8 slow in compari

.on 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

tiQn is well known [4], ind~cates that partial burning is 

unavoidable and characteristic of dust-air flames. 

The me~'~~~.d r e ia signiticantly lower than predicted 

beeause ot iricrèas~d heat los ses resulting from "radiation 

_[3] which are not ~~~sent _ith gases. Purthermore, ~s will 

b. di.cussed later~ the burning rate for st~rch-air flames 

is aignlficantly s~owez:: than for methane-air. Hear the ob

a.rved flammabilitf limit for methane, 6%, the observed 

presaure waa 18' ~.ss than predieted. Also, for the very 
1 

alow burning l.ao 4ust-air mixtures, the burnout times are 
1 

of the order of O.~5 sec by which time particle settling and 

:~ . 

• ---~----
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dissipation of the original jet-induced turbulence becoma 

significant. The lean explosibility limit is further dis

cussed in Section IV.7. 

The observed Pe may be 'lower than predicted a1so be

cause the calculations assume that all the ~oxygen in the 
" starch molecule (C6H100S) is available for combustion. For a 

stoichiometric mixture the oxygen in the starch represents 

29.4% of the oxygen in the mixtur~. 

As seen in Figure 12 maximum Pe is predicted to loceur 

with W~300 g/m3 . However, investigators observe Pe to be 

constant beyond SOO 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 SOO g/m3 is 

N=1.61. In actual rich 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 mu ch settling of the dust occurs during 

the expl\sion, redueing the actual airborne co~centration. 

Fig~re 13 shows measured Kst for the present tests ., 
compared with those of the other authors [32,33,21]. It can 

be seen that the present Kst trends are in good general 

agreement with the other authors', although slightly lower 
, 

in value. The maximum Kst for the present tests is app,oxi-

mately 35 bar-mis at W=SOO g/m3 , compared with 83 bar-mIs as 

measured by Cocks [33] in a 20 l sphere with W=800 o/m3 , and 

115 bar-mis observed with 9% methane in the present set-up. 

Kst increases with C0ncentration and the maximum value oc-

curs with W-SOO g/m3 , coincidental J with the maximum 

Similarly, other investigators also observed-maximum Kst at 

the same concentation as Pee 

.. 
a _ 
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Tbe .imilarity of the trends for the explosion pressure 
and burning rate implies that the starch-air burning rate 
depeRds ùpon the flame temperature, ie. it is kinetieally 
controlled. For diftusion limited mixtures, the 
devolatilization/mixing rate is proportional to the partiele 
surface area and would tharefore continue to scale witb tbe 
concentration, even beyond the maximum Pee 

\ 

\ 
\ 

" 
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IV.4 Explosivity of Bybrid Mixtures 

IV.4.1 Explosion Pressure l 
The e~losivity of a,va' tyiof hybrid mixtures were 

~ 

examined in the present study. The maximum explosion pres-

Sures are shown in Figure 14. Also shown, for co~parison, 

are-tne results for starch-air mixtures as in_Fioure 12. 

From these figures the following observations can be made. 

. . 

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

starch concentrations. The effect is more pronounced 

with leane~ W; with W=600 glm3 Pe increases only 

slightly. 

b) Admixture of,methane 
3 mixture, W=500 o/m, 

(2%-9%) to the optimum 

results 

P~=6.9 to Pe =8.0. Additional 

in increased Pe 

starch, ie. W>50~ 

st~rch 

from 

o/m3 

diminishes Pe' 

c) For W=100 g/m3 and 200 glm3 admixture of 2% meth~e 
results in greater increase in Pe than subsequent ad

mixture of methane to 4%, 5% etc. 

d) W=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~ch (W>200 o/m3 ) added to 

9% metha~e (~=0.95) causes Pe to decrease by acting as 

a thermal sink • 

Addition of methane to lean starch-air mixtures has the 

effect of increasino the ~otal mixture energetics and 50 

increasing P~ i~ predicted from the thermodynamic cal cu

lations. Comparing W=200 o/m3 ând 300 o/m3 mixtur~s, for the 

greater starch concentrations the "relative" inciease in 

total mixture energetics decreases for similar 

-
, , 
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addition of 2% methane. Therefore the relative in~ease in 

the observed Pe diminishes. This is also true for subsequent 

additions of methane to 4' and 6'. , 

Tpat Pe for hybrid mixtures with v.ery 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) Addition of 

( 

flammable gas increAses the burning rate (as -will be dis-

cussed later) so·that heat lost to tbe cold boundary > is 

reduced. 

According to equilibrium calculations addition of 2~ 

(1~ g/m3 ) methane in air contributes Ahr ,2'= 656.2 kJ/m3 to 

the tot.l beating value of the mixture. This is approxima te-

ly equivalent to th~ addition of 40.2 g/m3 of cornstarch. 

The computed and observed explosion pressures for lean 

cornstarch-air and cornstarch-2' methane-air mixtures are 

shown in Figure 15. Direct comparison with with experimental 

values are hot possible since it has already been demon

strated that there is a discrepancy between the experimental 

and éalculated Pe for starcb o~ly mixtures. In this figure 

the curves for the computed values of Pe 'appear parallel 

within the range of 50-150 g/m~; ~~d the s1milarity between 

the effects of 40 g/m3 , starch and 2' methane are readily 

observed. 

'1\' 

From the data in Figure 15, similar trends are 

served. However, there is a greater differen~e betw~.n 

starch-air and the hybr~d mixtures than predi~téd. Pa 

the hybrid ~ixture is predicted to be 1.5 atm greater 

the starch only mixture. However in the experimental 

"i th 200 'g/m3 ,' the difference between the hybrid and 

ob

the 

for 

tnan 

data, 

dust 

mixtures is 2.1 atm. This suggests that the admixed mathane' 

gas .aaista in more uniform combustion of the starch 
1 

throughout ve8sel,vr.~p.cially at lower concentr~tions •. , 

1 

1 

i 

1 

J 
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Subsequent additions of methane to W-100 g/m3 result in 

linear increase in Pe of approximat~ly 0.63 per percent 

methane. This is very close to the calculated value of 0.75 

per perce~ methane (Figure 16). This differenee may be at

.tributed 0 thermal loss and is within the aceuracy of théa., 

calcul~ti ns. These results indieate that the contribution 

of added methane is primarily to increase total ~xture 

energeties. If it were to assist in the kinetie burning 

proeess of the dust particle, th en there would be greater 

effeet with more methane. The eff~ct of methane upon very 
3 >,>' 

lean dust mixtures (W<150 g/m) exceeds the predictions. 

This is attributed to the fact that without methane the 

flame burns so slowly that partiele settling and decay of • 

turbulence are signifieant. 

~ ~ mixtures; 

For methane in air the normal flammability limita are 

in the range 0.5<~<1~5 where ~ is the equivalence ratio. 

How~ver ev en with subst~tial amounta of stareh (W-aOO g/m3) 

added to 9% ~ethane (~total=4.4) flameJPr~p'agation ia still 

possible. Such mixtures 

charred and li9htly singed 

\ 

result in large quantities of 

cornstarch indicating that mueh 

o~ the starch does not burn. Consequently the excess dust 

acts as a thermal sink, not partieipati~g in the ehemieal 

reactions, and combustion oceurs primarily with the gaseous 

fuel. Nagy and Portman [6] measured decreasing Pe with 5' \ 

methane and increas.ing coal dust concentrations (from 500 

g/m3 to 2000 g/ml ). 

"From the above data it may be concluded that the maxi

mum overpressure strongly depends upon total mixture ener-
1 

getics. Addition of small amounts of methane tacilitates 

flame propagation in very lean mixtures. In rich hybrid 

mixtures excess starch acta as a thermal .ink as well a. ~ 

source ot volatiles.' Explosions are p,assible--in very rich 

hybriâ mixtures containing high concentrations of dust. 

-
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IV.4.2 Surning ~ 21 Hybrid Mixture. 

G 
f Gen.ra11y admixture of methane to starch-air mixtures, . . 
re.ults in ~igni~icantly increa.ed flame speed. and rates of 
pres.ùre ri.e. However, experimenta1 ob.ervations of the 
burning rate are ~~t readi1y compared with theoretical pre
diction •• Thi. i. becau.e: i) true 1aminar flamè speeds, 
which are characteri.tic of particular mixture., have not " 
been e.tablished for either·d~st-air or hybrid mixtures; ii) ..... 
• ome fraction of the du.t remains unburned; and iii) the 
.tr~cture of the du.t-air f1sme is not we11 known. Conse
quently, jUdgement can be made on1y on the basis of compara
tive testing under simi1ar côndition •• 

, .. 
The mea.ured rate of pressure rise, dp/dt, for various . . 

corn.tarch-methane-air mixtures is shown in Figure 17, a10ng . 
with the base 1ine data for 'starch-air only mixtures. The 
data i. pre.ented a. a series of curves for mixtures con
~aining 0" 2_, 4_ and 6_ methane. Several observations can 
be made from this figure. 

a) The curves fo1low the trend of the ba.e line 
exhibiting increasing dpldt with increasing 

con~entration to 600 g/m3 • 

data, 
starch 

b) For all atarch concentrations, mixtures with greater 
amount. of methene burn more rapid1y. The maximum burn
ing rate of the optimum .tarch-air mixture (72 bar/. at 

V - 500 g/m3) i. exceeded by even leaner hybrid mix

ture. (300 g/m3 atarch and 2' methanè). 
c) Vith increasing methane content the optimum starch 
concentration, in term. of dp/dt, decrea.e •• 
d) The burning rate increases .ignificantlY as 'the 
•• thane concentration approaches the lower flammability 
1imit. The initial 2' methane produces more mi14 in
cre.ae. in the burning rate. 

. 
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e) 9_ methane-air burns more rapidly (dp/dt-200 bar/.). 

than any hybrid starch-methane mixture. 

f) A mixture containing 100 g/;';'- .tarch i. not 
explosible by itself but ia readily made explosible 
with a8 little as 1.S_ methane. 

• The measu~ed val~s of the flame speed, Rf' shown in 

FigUr~8 correlate weIl with the dp/dt data. The trends of 
the cu es are similar as are the magnitudes of the relative 
increase of if with gas concentration. This .ubstantiates 

the use of dp/d~ as a relative meas~re of the global burning 
rate. 

These results agree with those of Bartkneckt [5] from· 

his tests in the 1m3 sphere with PVC and propané. He (ound 
rapid increase of dp/dt when the propane concentration was 

increased beyond 2' Clean flammability limit) and the màxi
mum burning rate was with 4' propane. Nagy [6} a180 ob-

. served increasing dp/dt with methane content in . 'experiments 
with coal dust. 'The maximum dp/dt with S_ methane (and 1, 2ÔO 

oz/ft3 coel) was 40' higher th an the maximum dp/dt with 0_ 

methane (and 500 oz/ft3 coal). 

As discussad previously, a~dition of gas to a lean ~uat 
air mixture will have a significant ef,fect, upo~ the flame . 
temperature. This will in turn increase the chemical reac-
tion rates. If the mechanism of the dùst-air or hybrid flame . . 
propagation ia 8uch that combustion occurs in the volatil •• 

generated at the flam_ front, then the characteristic burn

ing rate ia proportional to the square root of the net rate 

of energy production. Thus, a&mixture of methane ga. to a 

lean-dust mixture, in making the mixture more energetic, 

should affect the 'maximUm temper.tu~e, hence the maximum 
i 

kinetic rate, similer to that of. premixed gas when .ade 

more energetic. 

r A 

• 2 
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Ballal [3] developed a simplified model for calculating 
the burning veloci ty of dust-air flames • .For very fine hy
drocarbon particles combustion primarily within the 
volatiles. The model incorporates' simple cbemical kinetics 

in which the burning rate ~s propo~~~nal to the burning 
rate ot CO at the tleme temperature. 1h~ author assumed that 

1 

the conversion or co to CO2 represented the slowest step -in 

a chain ot react~ons. 

The burning ~e10city, although strongly influenced by 
the"tlame temperature, is not solely dependent upon it. The 
table bèlow shows dp/dt and Rf data from Figures 17 and 18 

for various hybrid mixtures that yield nearly equivalent 
explosion pressures. It can be deduced from this table, 
that for equivalent mixtures, in terms of mixture 
energetics, those containing no methane ,burn up to .30% 

alower and those mixtures containing greater amounts of 
mathane burn more rapidly. 

'" .- . -
Mixture Pe dp/dt ,Rf 
} 

W (g/m3 ) G '('vo1 ) (barls) (m/s) 

0 7 6.00 55 17 

100 6 6.10 65 18 

200 2 , 6.25 55 14 
, 

30Q 0 5.90 42, 11 

600 0 7.00 70 20 
! 

, 600 6 7.00 120 30 

300· ,"'- 4 7.25 
r 

88 30· 

\ 
Z d 

1 
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If,. the laminar burning veloci ty of the admixed gas is 8iO-
nificantly 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. 

Sorne effect upon-the fla~e speed may he attributed to 
more uniform burning throughout the flame front cross sec

tion. Due to the local variations in dust concentration, 
there may be some regions incapable of supporting flame 

propagation, especially in lean overall m;xtures. Premixed 
flammable gas will hornogenize these irregularities resulti~g 

in more even burning. This smoothing effect was observed by 

Smoot et al [4] and Cassel [8] in flat flame burner4 exper

iments, however augmentation of f1am~ speed due to thi. 

alone was not quantified. 

When the' 

stoichiometric (~ 

gas concentration is ~self nearly 

= 0.95), the inclusion of combustible dust 

acts to retard the flame as can be seen in Figures 17 and 

18. For thos~ mixtures of 9% methane and small amounts of 

starch (50 g/m3 <W< 100 glm3 ) in which Pe increased trom 

7.6 to 8.1, the burning rate decreased by 12%. Equilibrium 

calculations predicted that the starch concentration re

quired to rnake a stoichiometric mixture with 9% methane is 

25 g/m3 • The trends of dpldt ~nd the flame speed are almost 

id~ntical.~The burning rate for mixtures with 800 g/m
3 

starch are 35% of the value for methane &lone. 

f' • 

I~ .appears that the rate of energy released by oxida-
tion of the starçhOin the gaseous reaction zone 1s insutti-

"
cient to counter the rate at which heat is eonducted to the 

partieles. Subsequent oxidation behind the tlame tront re
sults in a net increas. in explosion pressure for low starch 

concentrations. With higher atareh concentrations, the ha.t 

,r ... 
A. 

-
" 
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lost by conduction to th, particles is greater than the 
haat released by oxidation of the starch, and Pe decreases. 

The slow relativ~ reaction rate of the dust may be due in 
part to lack of oxygen available ,for starch combustion. With 
9' methane admixed, only 5% of attmosphexic oxygen 1s 
available for dust combustion, whereas with 6% admixed 

<1 

methane 37' of atmospheric oxygen remaifls for starch 
combustion. As weIl the characteristic time scale of 9% , 
methàne-air is 3X shorter than fQ~ 6% methane. (The 
characteristic time scale is given by the flame thickness, 
5AO.2mm, divided by the laminar burning velocity.) 

Comparing these results with tests with 9% methane-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 resuIts are examined in the proceeding sec
tion. 

1 
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IV.5 Effect of Inert Dust upon Methane Air Pl .. e. 

To further verify the thermal ettect of dusta upon 
gaseous flames, exp~riments were conducted to inveatigate 
the influence of aluminum oxide (A120 3 , a.k.a. alumina) duat 

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 concentr~tions and laminar burner flames. This study 
extends the authors' work to highly turbulent and confined 
flames, with large dust concentrations. -

~ 
The experimental techniques used were as described 

previously. Neither the dispersion air blas.t, nor the igni-
tion delay time were altered. The average particle diameter 

kg/m3: is dp~9 microns and the density of alumina is 3,970 

therefore the average particle mass is approximately. 85% 

that of a cornstarch particle. Rence the particla number 
density for alumina' and cornstarch are similar tor a partié-
ular mass concentration. 

: 

In Figure 21 the experimental values of Pe are ~hown 

for concentrations of 50, 
line,represents the the 

". • lo ' 

calculated from equations 
fied as: 

* * 

3 100, 300, and 800 g/m . The solid 

equilibrium adiabatic pressure. 
(5 and 6) and equation (4) modi-

Ihf,reactant • Ihf,product + I~product.[Tf-To] + 
AhAlumina(Tf-To] ( 7) 

where: 
( 8) 

, 
WAl and CAl are the concentration and specifie heat cap.city 

. 
of alumina calculated at (Tf +To )/2. For the temperature 

range encountered, CA1-l.25 kJ/kg-g. The agreement bet.~.n 

\. 
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tbe ob.erved value. and the e.timated values for Pe is very 

good, •• peci.lly at lower 
•• en that Pe i. predicted 

dust concentrations. It can be 
to decrease almost linearly with 

incr.a.ing concentrations, whereas the observed press,ures 

••• m to •• ymptote at higher concentrations. At 800 g/m3 the 
predicted Pe is 4.75 as compared to the o~served value 

P.-5.5. 

, These results indicate that the heat transfer rate to 
the particles i. sufficiently fast so as to occur within the 

ti.e.cale of tbe explosion. However, even with W=800 g/m3 no 
quencbi~g i. ob.erved; hence alumina ia a poor extinguisbing 
agent. Hertzberg et al [16,37) bave found that even amounts . 
greater th an 2 kg/m3 could not extinguish a stoichiometric 
methane air flame in their 8 liter bombe This was attributed 

t 

to .low heat tran.fer to the particlea creating a "less th an 
thermal" effeet, that is less than equilibrium calculations 

, . 
predict. Hovever, the thermal time constant for these parti-
el •• is approximately rth.~~35 msec and probably it is less 

.ince tb~~lumina partieles are not ~pherical. ( r th • ' 
2 . 

~p4p/12Kf' wbere JOP' sP, ~ are the- partie le density, 

.p.cifie beat and diameter and Kf is the fluid conductivity. 

Thi. i. ba.ed on heat tran.fer to the particle assuming 
conduction, ie. Hu-h~/Kf-2 [38].) Most likely the less 

th.n ther.al effect results' from significan~ partiele aet
tlin~ wbieb oecurs with slightly retarded flames and because 
of agglo •• ration. 

• 
Tb. burning rate for these hybrid mixtures decreases 

.onotoni~ally vitb inerea.ing alumina concentrations as seen 
• in 'igur •• 19 and 20. Both dp/dt and Rf decrease rapidly at 

firat tb.n .or •• 10w1y with furtber additions of du.t. With 

-Al-eoo g/.3, dp/dt and Rf are '25' the value with zero du.t. 
1 



o 

o 
• 

. -' 

Theoretical predictions 
, 

According to Bradley's work [3~) for low dust concen
trations, the ~ effect of the dust i8 to act as • thermal 
sink, absorbing heat from the flame,zone. Thua at a given 
flame temperature the rate of energy ~duetion is given by: 

( 9) 

where Op 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 partic1e. According to classical f1ame 
theory, the dust 1aden f1ame speed, SpI will be proporti~nal 

to the square root under the Op versus Tf curve. ~ 

(la) 

Consider a dus.ty gas moving into a stationary flame . ..., 

with a mean ve10city S, if the partic1es are very smal1,' 
they will closely follow the gas ~emperature and will reach 

Tf in the flame zone. The heat absorbed by the partiel.s in 
f 

rea~hing~f ls then WC(Tf-To ) and the rate at which heat is 

absorbed by the par4ic1es is: 

(11) 

where Af is the cross sectional area of the flame. The •• -

sumption that the particle temperature lag. behind the g •• 
temperature only,slightly so a. to be ignored i. quit •• a11d 
considering the short thermal time constant (f tb (0.3S ••• c). 

B~ad1ey (34) observed a maximum teJllperat~e l,ag of 15 Jt for' 
2.75 micron and 4.3 , ~on alu.ina partiel ••• 

{j 

... 

/ 
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flow 

, , 

The rate of heat 

rate of fuel (mf ) 

~. 

release, Q, 

multiplied 

leased per uni t mass of fuel (~hr). 
r 
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is expressed as the mass 

by the chernical heat re-

(12) 

-For the-particular caseof 9% methane-air f~ame, at atrno-

spheric conditions and considering unit cross sectional 

area;;OCH4=0.~54 kg/rn3 , G=0.09, SLo=~.45 mis, ~hr= 50167 

kJ/kg, and 0- 1328.8 kJ/s. 

Bradley assumed for low dust concentrations the cherni

cal reaction rate is not affected by the dust [34]. However 
"' 

for larger dust concentrations, as with the presen~ data and o 

other èxtinguishment data, the explosion pressure and flame 

temperature are significantly affected and the chemica~

reaction rate is reduced. Small changes in flame temperature 

bave a large effect on the Arhennius· dependent chemicâl 

reaction rate terms, as was shown by Marx [39] 

calculations of hydrogen flarne-water droplet interaction. 
\ 

in 

The effect of adding W=O.l kg/m3 alumina to the mixture 

may be determined as follows. The equilibrium flame ternpera

ture calculat~d from equation (7) i5 Tf =1991 K. The burning 

velocity for the reduced temperature, SI, is calculated-from 

equation (3) and this:velocity is in turn used to assess H 

in equation (11). The new Qp is obtained frorn equations (9 

and 12) and S' is p obtained front equation (10) . This new S' 
P 

is used to update H in equation (11) • Equations (9-12) are 
re-evaluatei!,/ in tttrn until the solution 

. 
The converges. re-

L : 
8ults of th~ calculations for eight dust concentrations are 
shown 1n the table below • 

• • 

/' 

. 

•• 
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W Tf '~/'I. S' 2 p 
[g/m3] -,Ut] 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 velocity due 
to a decrease in the flame temperature and consequently the 
chemical reaction rate as calculated frQm 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 effèct of the particles is 

~I 

decreasing the reaction rate within the f1ame. Also a small 
fra'ction of the retardation is due to the rate at which heat 
is conducted to the particles. 

Experimental results 

These results are çompared 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 _c.ompari-

• son to calculated values for Sp/So and Sp/So. Rfo and 

(dp/dt)o represent the experimental values obser~ed with no . , 

dust present. The agreement between the present theory 'and 
experimental results ia quite good"conaidering the limitat

ions of the analogy between laminar and turbulent flows~ The 

effects of ra4iative heat losses h,ve not been con.idered ~n 
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the pre.ent analYs!s: this wou1d have resu1ted in greater 
predicted f1ame inhibition. Although radiative heating of 
the particle laden mixture ahe~d of the flame may be a part 
of the f1ame propagation mechanism, the increased radiation . -- --- - " 
will re.ult in more t~erma1 losses to the co1d boundary. The 
effect of radiatiye preheating of the unburned gas was not 
considered here. It may be concluded then that Brad1ey's 
theory ~a8 been satisfactori1y extended to higher dust 
concentrations taking into account the primary effect of 
dqst upon the chemica1 reaction rate. 

Furthermore, these results concur with those of Mitani 
[35,40] using ultra-fine alumina ~articles dispersed in a 
miat. The author also found that the influence of some so' 

--
cal1~d "chemical inhibitors" can be explained solely on the 
basis of thermal effects. 

\ 

\ 
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1,'.6 Bffect of Bydrogen Upon Ll!aD Starch-Air FI ... " <. J 
In order to ascertain the role 'of ehemistry of .the 

flammable gas admixed to a dust air mixture some tests .ere 
run with eornstareh-hydrogen-air mixture~. The experimenta' 

were eondueted with',100 g/m3 ~o'rnstarch and various hydrogen . 
coneentrations 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 iqnites and propaga~es .ith 

3% H2 • Figure 23 shows caleulated and measured explosion 

pressures for starch-methane~air and starch-hydrogen-air 

"mixtures. The predictions (dashed line) are common to J:>0ttl 

scales. In these ealcul~tions 6hr ,H2=121,000 ~J/kg. As with 

methane, the predieted results overestimate the explosion 

pressure beeause of the assumption of complete combustion of 

the eornstarch and no heat loss. For mixtures with equiva

lent energy content, those eontaining hydrogen produce much, 
, 

greater explosion pressures. This indieates that hydrogen 

has great~r capacity for enhancing combustion of starch th an 
does methane. 

t 

The rate of pressure rise data for these mixtures is 

shown in Figure 24. For 3%SGS9% dp/dt increaaes mildly·'.from 
{ 

22 barls to 55 barls. The trend is sim.i1ar to···· equiva1ent 

methane-stuch mixtures up to' .1--' methane, but the hydrogen 
mixtures burn up' to 30%--faB~-. However at 12' hydrogen the 

, 

burning rate increases dramatically, to 250 bar/see, a 4.5X 

inerease from the value with G-9%. No such inerease is ob-. 
• 4 

served with methane-star ch .ixtures, and dp/dt-250 bar/. is 

greater than for any methane-air or methane-starch-air mix- / 

ture. This .udden change in' the burning rate i.~ indicative 

of a cha~ge in the burning machanism of the mixture. 

o 
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For H2~air mixtur~ the horizontal flammability limit 

i8 near 6.5% by volume. Thus in mixtures containing 7%. 9% 
and 12% the gas is capa~le of sustaining flame propagat~on 

~ 

without contribution of heat from ox1dation o~ cornstarch. 
It has been shown by Scholte et al [41,42,43] that the burn
ing vel~city of many hydrocarbons i~reases with the square 

root of added H2 gas; SL=~GH2. This is qualitatively ob

served in mixtures containing up ~o 9% H2 . The su~den in-

crease at 12% can be 
hydrogen combustion. 

1 

explained from . reaction kinetics of 
Lee et al [44] observed experimentally 

, 
a sudden increase in the flame speed of H2-air mixt~res at 

G·13%.~This was attributed to a changeove~ in the competing 
reacti6ns between H2+02+M ---) H02 - and H+02 --) OH+O which 

occurs around 1300 K in favour of the more rapid OH 

,", 

branchin~ reaction. That the transition was observed in the 
.(1, ç.. 

present case with 9%<G<12% indicates that heat released by 

combustion of .,!tarch is sufficiently rapid to occur within 
• the reaçti6n zone of the gaseous mixture. 

A comparison 'bélow of 12% H2-air, with and without 100 

g/m3 cornstarch indicates the severe consequences of \ the 
hybrid mixture. 

, 

Mixture 1 

Pe Pe dp/dt Tf,ad 
QO 

G W (predicted) 
, 3 . 

) 

['vol] Q [g/m ] [bar/s] [It] . 
'" 

12 H2 0 4.3 .. 4.1 45 1250 

12 H2 100 7.S" 7.0 250 
\ 

2127 

4 CH4 100 8.0 5.1 45 2269 

7 CH4 100 --- 7.5 110 ----

, . 
m 



o 

o 

& ,U 
" 

51 

The mixture containing 12% hydrogen and 100 g/m3 starch 

(~.0.85, ~hr=2816 kJ/m3) burn~ muah mor~ viole~tly than does 

the mOFe enrgetic methane-starch ~ix;ure (~·0.89, ~hr.3264 

kJ/m3). J, 

Note that the observed explosion pressu~es are quite 
~lose to those predicted from equilibrium thermodynamic 
calculations. T~at the predicted and observed pressures for 
the 12% H2 mixture 'are so close is probably due to lower 

radiation losses from the hydrogen flame in comparis~n 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 raté 'as per equa~ion 

, 1 

(2). Also the added hydrogen increases'the burning rate (or 
• 1 

reactivi ty) of the' volatiles-gas milçture.' The observeeS 
increase in Pe and dp/dt per unit volume of admixed hydrogen 

i8 less than that per upit volume admixed methane becau'se of 
the low heating value of hydrogen on a molar ~sis, 

1 

6hr , CH4/ Ahr , H2,' ,-3.3 p;er mole of fu~l .' burned . The 

stoichiqmetric con~eni':'tion of H2 in air lis 29. 5~ as l com

pared to', 9.5% for 'CH4• Admixing hydrogen to, the 
" " 

cor~starch-air mixture has 'greater impact upon the 
èxplosiv'ity th an admixing the equivalent amount Jin terms of 

) J 

energy) of methane or addi~ional cornstar.ch. This i. in. 
agreement with Barktnecht's general observation that highly 
reactive gases haye great,er effect upon dusts th a!) do ,le •• 
reacti ve gases 

, ) 

'\. 
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IV..7 Lower Bxplosible Liait. of Bybrid Mixtures 

Bxplo.ible ,limits,l are examined to further expla.:in the 
burning mechantsm of hybrid mixtures and to evaluate the sig
nificance of the long horizontal geometry. This is not simple 
a. the defiriit~on of explosible limit is vague and somewhat 
arbitrary; hence, the present definition will be explaine4. A . 
mixture is considered explosible if the explosion pressure is 

1 

greater th an 1.5 bar. It is generally observed in the present 
experiments that no explosions occurred which generated 
overp~essures between 0 and 1.5 bar. The vessel was inspected 
after each test to~examine the residue. Burned char particles 
throughout the tube length is indicative of sustained flame , . 
propagation and was not present when Pe was less·'than 1'.,5 bar. 

Ion 'probe signals support whether the flame has propagate4 as 
far as the probe locations (x-0.91 m, x-l.S3 ml. 

To ~etermine the ".LEC, (Lower 
. of a hybrid mixture tests were perfor 

con~'ntration) , 
particular dust 

concentration with decreasing methan concentrations until the 
mixture ~.s no longer explosible. 

tion tested was 50 g/m3 ;" belçw 
~ 

system was not reliable. Table 
from the.e tests. 

• 

e lowest dust concentra

alue the, dust dispersal 
the results 

.. 
t , 

• 
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The results are shown graphically in Fig~re_)~ a~d it can b. 
seen that a nearly linear decrease in LIC with incr.... in 
methane .xists. Also shown are the hiohe'st "concentration. that 
were non-explosible. The slope of the explosibility line is 

( 

approximately -20.8 g starchl g CH,. Previoualy it ~as ahown-

tha,t the energy equivalent is 3.07 g starch Ig CH,. This re

flect. incomplete burning of the dust particles in very lean 
mixtures due to non-uniformitie8 in the cloud. 

The linear- variation of LEe 

expres,ion of Le Chatelier's rule 

.. 
with methane con~.nt, an 

1 ' 

(equation (1», indicate. 
similar enthalpy of reaction and flame . temper,aturel ~or the 
different mixtures. The lean limit for methane for the prelent 

case i8 6% and for cornstarch it is, 125 g/m3 • Their calculated 
enthalpy of reaction and adiabatic flame temperature are ahown 

, i 

in the table below. Also shown for comparison a~e the reaults . 
of Gaug et al [15] from tests in a 186 1 cylindrical vessel. 
Hertzberg [1] found for a ~umber of higher hydrocarbons, the 
aver.age heating value for lean limit mixtures, is appro~imatély 

3 ' .' 
1990 kJ/m (-11.6 kcal/mol mixture). This value is ba •• d only 
on the volatiles extracted from the dusts by rapid pyrolysi • . 
methods. Therefore char combustion h~8 no role in determining 
the lean limite 

. 
~ , . Starch Methane , 

Concentration 125 g/m3 , 6 , , 

Present Ahr 2037 kJ/m3 1965 k,J/m3 
< 

Tf;ad 1520 Je 1616 Je 
, , 

Concentration 80 g/.3 5 , 

kJ/m3 <-

1640 kJ/m3, Gaug .t al 4hr 1304 

[15] Tf,aci 1200 Je 1415 It . 

-----_ .... __ .... _--_ ........ _-_ .... _-----~~-~~---"'-. ~-
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Por the present results the calculated enthalpies of 
methane and starch are within 3.5~~of ea~ther. In Gaug's 
r •• ults, the lean starch mixture contains 20' less energy than 

~ the lean limit methane mixture. This may be a result of 
1 

non-uniformities in the dust cloud cre~ting sligbtly rich~r 

mixture in the vi,cini ty of the" ioni ter. The lower LEC' s re
ported by Gaug result from use of a more powerful ignition ' 
source, (a pyrotechnie device with approximately 1 kJ) and 
different cri terion for explosibil\i ty, , (1.5 psi ex~l:osion 

pressure) • 

Gaug's results for hybrid cornstarch-methane-air mixtures 
also adhere within 10' to Le Chatelier's rule. However' his 
tests with cornstarch-H2 and Fe-H2 show marked deviation. 

These indicate conclusively that hybrid lean explosibility 
limits are ·'not dependent upon eneroetics alone; it depends 
upori. 'the: flame propagation mechanism as well. Clearly Fe, 
which has no volatiles, does not burn as does agas flame. 
Thus, Gaug concludes, mixtures which conta in 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 linear because of similar lean 
, limit flame temperatures. 

For the lean dust-air mixture Pe-1:5 bar and for the lean 

methane-air mixture:,P-eT4,.:_~ ~ar. The lower Pe for the starch 

mixture'reflects the quantity of dust not burned, about 70'. 
The is due to non~uniformity of the very lean'mixture creatino 
regions which cannot support flame propagation. Alsq a signif
ieant 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 mIs and have burnout 

times of the order of 0.4 seconds. In the ignition experiments 
(Section III.3) the mixtures could not b.e ignited at all after 

T 



o 

./, .. ' 
l' 

1 ,. 1 • 

, ' • ': "." .. 'l't~.i- .. :". '~" .'-', _.' • • :;;;J.#,\, 
• ...,' ,., t", \ ., l' ~ ,.-..: 

. - , 

an ignition delay time of 0.4 seconds. This 
more significant vith lean mixtures containing .. 

5S 

factor will 
mainly du.t • 

b. 

Therefore, settling becomes a signifieant'factor eontrib-. , 
utin, to the extinguishment of lean dust-air and hybrid mi x-
ttJes with low gas concentrations, especially in lon9 tub ••• 
Consequently for these geometries, grain conveyor _channel., 
mine shafts etc., th~ !x~losion hazard of a dust-air' flame can 
be ~e.s tban a gaseous flame because a lean mixture may self 
extinguish. 
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y. CQJfCLUSIOifS 

1. A long horizontal tube, conatant volume bOmb, was de
v.lop.d to atudy hybr.id, duat-gaa-air explosions. A novel 
dispersion system generates a uniform dust cl~ud throughout 
the tube length, '. and can be applied to longer tubes. The 
apparatus yields explosion pressures for cornstarch-air that 
are conaistent vith other inveatigators. 

_.. - ~ 
2. Beat loas to the tube wall varies from 2', for 9' 
-.ethane-air (burnout time ~O.l sec), to 18% for 6' methane
air (burnout time -0.4 aec). 

/ 

3 •. The turbulent b~rning~rate for methane-air flames, as 
• meaaured by dp/dt and Rf' sc~les with the laminar flame 

'. 
}!pee~he_m~xtur~. Thé turbulent burning velocity, calcu-

- --
lated from the pressure-time history, is approximately 28 

l 
time. the laminar burning velocity. The maximum burning rate 

, 
for methane (.-1) is- 'greater than for any hybrid 
starch-methane or atarch only mixture. 

'-. 

t .. · For lean atarch-air "ixtures, W~200 g/m3 , admixed . . 
aethane enhancea starèh combustion. Explosion pressure in-
cr.a.ea up to SO' more than predicted for the addition of 2' 

metbane to ~OO g/m3 'atarcW, ( Pe,pred-1.S bar, Pe,obs.2.1 

bar) • • 
7 , 

Por 200~W~SOO g/m3 , the increaae in~exploaion preasure from 
a.all quantitiea of admixed gaa, (GS4'), directly related to 

,.ixture energtica, and ia proportional to the metbane 
concentration. Pe A 0.63 bar/percent methane compared vith 

J 

P.,predA 0.75 bar/percent methane. 

Por very rich duat mixtures, W>500 g/m3 , the explosion pres-. . 
aur. ia lesa affected by admixed methane for 2'SG~9'. 

) 
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s. Addition of methane, up to 9%, enhances the burning 
rate of Aii starch-air mixtures. The burning rate of a lean 
hybrid mixture can exceed that for the most potent duat-air 
mixture. This is due, in part, to increased-flame tempera
ture vith increased mixture energeti~s affecting the chemi
cal reaction rate of the volatiles-methane-air mix'ture. 

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

... 

6.' The explosivity (pressure and rate of pressure rise) 
increases with increased reaetivity of the admixed gas. For 
mixtures with eqU~lent energy content the following order 
i8 observed with respect to explosivity: cornstareh-H2 ) 

cornstarch-CH4 ) cornstarch • 

100 0/m3 cornstarch added 
~ ~. burn.Lng rate 5.5 t1mes due . 

to 12~ hydrogen increaaes the 
to' the increaaed chemieal • reac~ 

tion rate at the higher flame temperature. 

7. Starch added to 9% methane-air acta as thermal aink, 
analogous to an inert dust. The explosion pressure reduee.· 

to 6.5 bar with 600 0/m3 stareh, trom the maximum of 8 bar 

with 200 g/m3 • Also, the turb~lent burning rate ia redueed 
to 25% of the value vith no duat. Reduction in turbulent 
flame apeed ia due to redueed flame temperature, henee 
chem~e'!ll reactlon rate, and is p~oportional 'to the laminar 
'burning velocity. -This can - he eatimated trom thermal flame 

t" 

theory • 

• d 
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8. The lover explosible limit of stareh deereases linearly 
with incre.sing methane concentration, with slope approxi

mately -25 0/m3 per percent methane. Limit hybrid mixtures, 
of methane' and starch, have equivalent flame temperature and 
explosion pressure. 

9. ~he Ion: horizontal tube 'vi th slovly propal1atinl1 
flames, signifieant 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 extinguishing mechanism for lean 
hybrid or duât explosions. It. can also prove to be a, 
limita~ion for explosion mitigation using inert dusts . 
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VIII. FIGURBS 
/ 

~igure 1 - Schematic of apparatus. 

~igure 2 - Schematic of ignition end of apparatus and end 
view of disper,~ion tube - V-channel arrangement .. 

~igure 3 - Schematic of driver section. 
o . 

Figure ~ - Photomicrographs of corristarch; with and without 
fluidizing aeent. 

~igure 

Figure 

Figure 

5 - Particle size ,distributions of cbrnstarch; with 
and without fluidizing agent. 

6 - Effe.ct of. 'i51ni tion delay time on explosion 
pressure. 'J 

1 

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. 

Figure 10 - Burnout time and heat lOBs for methane-ai~ 
explosions . . 

~igure 11 - Burning rate for methane-air 'mixtures. 

~igure 12 - Maximum explosion pressure for cornstarch-air. 

~igure 13 - Kst factor for cornstarch-air. ~~ 1 

~igure 14 - Observed explosion pressures for hybrid 
mixtures. ~ 

Figure 15 - Explosion ~ressure for starch-air and 
starch-2' me hane-air; predicted and observed. 

Figure - Explo,sion pressure for methane-air-100 g/mJ 16 
starch. . i-, 

, 
Figure 17 Rate of pressure ri se for hybrid mixtures. 

'igu~. 18 - Flame speed for hybrid mixtures. 
, 

1) 

'= ~ -
'1 dl , 

/7 Û) 

<\ Il 

0 

'" 
~, . 

n , b < 

, 

". 
<It 

of 

. ' 

t:.~. 

• 
J 



o 

o 

'. -

• b 1) 

\ 

.. "" , .. . - . 

, ? 

! ,~, 

Figure 1,9 - Rate of pressure rise for different atarch and 
alumina concentrations with 9_ methane. 

10 

Figure 20 '- Flamé sp~ed fo~ different .tarc~ and alumina 
concentrations w1th 9' metqane. 

Figure 21 - Maximum explosion pressure for 
9% metliana.-air-alumina mixtures. 

. 1 

. \ 
Figure .22 - Comparison of normalized burning velocitiea for 

9% methane-air-alumina mixtures; ob.erved and 
predicted". 

Figure 23 - Maximum explosion pressure for 100 g/m' atarch 
with different hydrogen content. 

Figure 24 - Rate of gressure ri se for 100 g)m' starch with 
different ydrogen éontent. 

Figure 25 - Lower Explosible Concentration (LEe) in 
atmospheres containing methane. 
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Panicle Si. Distrlbutlan of Otmstan:h 

FreqIIMcy hrceat for Particle Si. IAcerval (Microns) 

Lot !:! !:! !:! l:! !:! ~ !:! !:! !:! ~ .!!:!! !!:!! .!!:Y 
Otnaun:ll Il .. 0.0 0.1 O.SI Z.O 1.2 1.1 1.7 4 •• 5.6 SI.2 SI.4 SI.2 SI.6 
Cl»nuun:ll Il 0.0 0.1 0.7 1.7 1.0 1.2 1.0 3.1 Z •• 5.6 6.51 5.7 7.1 

!!.:!! !!:!! !!:!1 .!!:!! .!!:.!! ~ ~ !!:B ~ ~ !!.:l! 
Otmaut'Ch Il 6.' 10.7 4.7' 1.' Z.7 Z.2 1.6 1.1 o •• 0.7 0.2 
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APPDDIX Z 

1. Shock ~e Relations and zapuIi:[Vi Jet Duration 

To calculate the pressure driving the dispersion jets a 
.hock tube analysis was performed for the d~spersio~ aystem. 
The analysi~ is based on standard sh~~k tube analysis as 

~' outlined in reference [1]. AlBO it demonstrates tha~ the 
jets emerging from the driven section are of equal strength. 

Â sc~ematic of the shock tube is show~ in the fig~re 

below; consisting of the low pressure driven section, 1, and 
the hig~ pressure driver section, 4. 

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

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 ttavels to the right with velocity cs. 

The shocked-ga., to the left of the contact surface, i.' at 
condition 2 ,and the expan4ed gas, to 'the right of the con

tact surface is at condition 3. Acros. the contact surface 
the following cond~tions hold: 

\ 

= 

( 1) 

( 2) 

1 

, 0 
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Also considerino iaentrop1c compression and expan.ion of th. 

oases the following relations for u2' u3' P2' and P3 ean be 
derived: 

( 3) 

( 4) 

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

-2T 4 

[
1 '- ( T 4 -1) (a 1 / a 4 htp 2 / p 1 -1 ) l (T 4 -1 ) 

. 1(2T1 ) 112T 1+l) (P2/Pl-1 ) iJ 
( 5) 

Note that the pressures can be related as f?llows < .usinq 
equation 1: 

P3 = P3..!] 

P4 Pl P4 

. , 

Henc~ by rearranqing equation 6, we qet an implicit equa
tion for P2 as a function of the initial conditions. 

P4 • 

P2 

\ 

r -
For the present case 
made. Since the high 

-2T • 7) 

two simplifyinq aS8umptiona can be 
and low pressu~ oss - are of th~· •• me 

mixture, and T doea not vary .ionificantly with pre.aure, 

one can assume: 
\ .,1 -

2·- Tl .. T 

. 
" 
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Also, bec~~l .. · Pttiê initial q,mperature 
driven section. are ~he same, T1-T4-T, 

cf 
y 

... - - ,j,T- - --- ------"""'"'"T--t'Oi,--
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tJ 
of tlÎe driver 

Thus equ'ation 7 can be "expres.ed more .imply as: 

8) 

and 

For the mixtures encountered in 
~ostly air ( >90'), the initial 

the present s~udy, 

con~i tions art: 

which are 

a-O.287 ~J/kg-K, T-l.4, a- 344 mIs at T- 295 K, 

; 

where R i. the ga. constant. By solvin; equatiop 8 itera-
tively, one obtains the result: 

" 

... 

Consu4ting the gas tables one obt.ins the shock Mach number, 
, -

Thus the shock traverses' the driven section at a speed of 
642 mIs. As the driven section of the .hock tube, the perfo
rated copper tube, is 2 m long the time required for one 
traverse is 3.1 msec. As.will be shown this is c~nsiderably 

aborter than the tim~ required te vent the / shock tube 
! tbrough the perforat.d jets. 

1 

""' 1 

2. Ifflux fro. the Perfarated TUbe / 

To'e.timate the duration of thé dispersion jets the 
flow'rat •• are calculated a.~uming the pressure in tbe sbock 

= 
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n 
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• ' 1 

i? 

te 

,~I-

tube has",reached quasi-equilïbrium., -Beeaus. th •• hoek tra
verses the tube in a relativè!y .hort time the .quiiib~ium 

pr ••• ~re ~t thè atart of the proe.~., Po' i •••• ua.d to b. 

prpduced 'by adiabatie expansion ofOth. high pre •• ur. g •• 
tnto the dri ven section of the s,hock tube: 

p. • o 

.,.. 

( ,9) 

In the above expression V4 is the volume of the driver .ee

tion and V is the additional volume occupied by the 'high 
pressure gas after it has expanded, such,that: 

- ,.v -= (~Vl - V 4) 

(1 + A) 

where V1 is the volume of the diiven section and A is 

pressed as: 

/ 

-
J 

(10) 

ex
\ 

The equilibritim temperatures tor the expandéd gas, ·tro~ the .. 
driver section, Tl' and the compressed gas trom the driv.n 

section, T2 , are determined from the pertect gas law: 

T3 • p(V4+4V) T 
fi. (12) 

....... --....... 

~4V4 " 

T2'~ p (Vl-A!) T. (l) . 

PlVl 

Renee the mass average temperature in 'the tub •. i. g1ven by: 

• (V4+4V)T3 + (Vl -6V)T2 ', 

VTotal 

.; , 

• 

(14:> 
J 

,) , 

!§ , ')1". 

( 
( 

/ 
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FQr the pr~.ent exp.rimental 
1 1 

condi t\~ons deaeribed above in 
.hich 

>. 

V4-J··25 liter. and :Vi -2:.28 1iters. ,: . 
\ 

1· ,1· 

T - 278 IC, P -5.94 bar. ' . 
.' 0 .e get: 

. 
The time required to vent the shocked oas ~hrough the dis-

" pers ion holes is ealculated a~ adiabatie eff1ux from a' 

closad ve~sel to the atmosphere. This is not a bad assump-

tion, because,the ShOZk tube 
, 1 . 

volume of 'tbe test v ssel, (Q 

tail in reterenee [2). 

is vèry small eompared to 
3%). This is described in 

the 
de:-

Let the subscript "0" denote the initial gas condition 
and "1" the.- condi tion of the discharging gaa. The conserva-

, 
tidn pf meehanieal energy yie14s: ~ 

2 . 
T P1+ul.~ ~ (15) 

(T-1)j'1 2 . (T-1) jJo 

"-
whera ul ia the average speed of the discbaroing fluid and 

1 is ',the density. Therefore the mass flux, Q, through the 
/ ' . 

ves.el is: 

(16) 

whete F is the total orifice area. Simultaneous solution of 

equat:ton. 15 and ·16, assUDling adiabatic e_xpans~on of ttte 
g •• ;- .lio" .. ul to be expressed in terms of the pressure in 

the v ..... l. 

Po [1_X(T-1/T)] '(17) -. 
/,0 

( 

. ..... ~ 

\ 

[ 

. , 

," . 
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In.the above expression X is the non-dimensional 
Pi/~a' where pOa is 'atmosphèric pre.su;.~ For 

through the orif·iee X-Xer wher.:, 

2 T/(T-1) 

T+1 
.,-.. 

9' 

pr ••• ur., 
sonic flo" 

(18) 

Hence.. the maximum flowrate, when X~Xcr' is given by co~bin

ing equations 16 and 17. 

0max = F /'0 [.2...J11 (T-1) [~] Po 
T+1 T+1 ;00 

(19) 

. 
When X)Xc~, ~ is given by equations 16 and 17. The di.charge 

time is caleulated by considering the \di~~harge in two 
parts: 

""'-

t l for Pa ~ X ~ Xcr - " 
Po 

.r 

t 2 for Xcr < X ~ 1-
./ 

During the effl ess thé pressure, den~ity and tempera
ture inside th! shock ~ube vary and these are accounted for 
bY'considering equation 15 and adiabatie expansion. ,the 
resul~ing equations for t l and t 2 are fo~med by intégrating 

the dilcharge rates over the respective intervall. 

/' 

t 1 1(T-l)' /2T/(T-l)RT; 

2 V 

J 
' .. .. . ' .. 

(20) 

.1 
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2T 1.'1'0 X _. 
(T-l) . 

f·J ~ J • 

( 

... 
"'3 (T-l) 

2T-

(T-l) 

X 

" 

dl[ 

(1- ) 
T 

91 

(21) 

J" The) two equations 

diacharge coeffiçient, 

aidering the flow is 

were'aôlved numer~cally asauming a 

Cq-0.95 whic~ is probably high con

actually passing ~rough many small , , 

,bolea and r ,is the total ,orifice area •. /For the initial c.on-. 
ditions previously' ealculated the discharge times are: 

, ..' J , 

tl~61.3 maec, 

1. 'Liepmann, B.W • .and Rosh"o, A." "Elements of Gasdynamics", Jt.. 

John Wiley & So~a Ine., (lS6~), pp. 79-84. 
, " ; 

2. Gj.nzburg, I.P.,. "Applied Fluid,Dynamics", U.S. Depllrtm~nt 

'of COl1l;Jllerce, Waahington D",C., (1963)-, NASA TT 
o • '-94,' pp. " 206-209. 

f , . 

'J ' 
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j' 
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Program to Çaleulate Efflux From a Yes',el • 

1 
2 
S 

• S 
6 
7 
8 
9 

10 
11 
12 
13 
14 
15 
16 
17 

l' 19 
20 
21 
zz 
23 
K 
25 
Z6 
Z7 
Z8 
If 
JO 

/ 

,$1 J 

'JI 

.. !Jo'" 

1 

C PR08IWt CALCULAn TltE FOR E"LUX FItCIIt A YESSEL THRCIIJ8ft 
C AN ORIFIce IllE" TIf! FLON JS Sl8SCINIC 

~~8NWt,PP ~ • 
CALL"E~U6,-l,O,O,O) , 

~ PO f UPSTREAH P~SSURE AmR A9IAun ANSI;" OF DRIVER SlC'nON 
C TO r AYG. TEHPERATURE 0' EXPAtI)ED AMJ RfSSED uses 
CF, 70TAL ORIFICE AREA IN ".H. 
C V 1 TOTAL VOLUHE OF 80TH DRIVER AMJ DRIYEN SImON JN CU.M. 
CRI 8AS CONSTANT FOR AIR 
C C' 1 COEFfICIENT OF DISCHAR8E 

PO • 1.94 .;-

10 

PA • 1.0 
TO • 218.3 
f -2.&1E-4' 
Y -5.S3E-3 
8»IA-l.t 
lWWtaGAHA-l. 
ClAHAP89AfIA+ 1. 
)(CR - U.18AttAP ,H' 8AIUI8AHAH J 
PP·PA/PO 
Ppe·PPIXtR 

\, R .Z87. 

'~- 0.'1 
-Al - QWII'IY 
AZ·_1U.~' 
Al - AI-A2 ~ 
AS' - -l.+PPC"UWtAHlZ./UHA' 
A4 - U.I8AHAP'HU./UtWtJ 
AS-~'~-

Tl • -1-. tfAVI MtlASltAltlUlWf J 
Il • ~1~.1.18AHA)) 
UP - 1.001'" 
XINT-- OCADRECFUNCT,PPC,UP,O.O,l.E-4,ERROR,IER' 

TI • -IltlXlNf/Al -, 
TT. T1+TZ 
MRInC6,10,n,TZ,n,PO \ 

1 
1 

• 
FORtIATClOX, 'n - ',llI •• ,IX, 'SlCCMII'/lOX,' 

'TI • ',llI •• ,IX, 'SECCINDS'I1OX, 
'TT • ',llI •• ,IX, 'SlCCHJS'~, 

- 'PO • ',111.41/' 
$TOP 
END 

.' 

" :'4" 
\1 ~ • • 

," " . -, 

. 
" .. i' 1.: :.rt .. ": 1.' ;"4 .. ·.:,:. 

,~ ',1 r ~ .. ~~ 1~,.} r ',. .\.I "',,: ."1 ~ .,.:.;:"" 

l, 
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1 
2 
J 

• • • #,7 

• 

PUCTlClH ruerc X) 
COtItDN cwtA,IAHAH.PP 
A·-rJ.~-1~)/2.1D1HA 
• -IWWI/UHA 
C ."... .'!XT.. I)(IIiA )neRf( 1 • ..ç., XIHIC -1 ) ) ) 
aTUIN 
END 

f 
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Cal~ulation of Pl... Spe.d fPd Burnina Velocity froa Pr.,-
sure Bistory 

This ana1ysis is based upon the ory f~'uas explosion in 
a spherical 'bomb [1]. The flame la .ssÎlmeci"-:"··to be thin' wit'h 
respect co the dimension of 

\0" 

, , '"\ -
the yessel. A ' schematic ol ~. 

_long horizontal tube, ~ith a.flam~ ~ropagatlng from rioht t~ 
left, is shown below. The lenoth of the tube is L, the cross 

~ . 
sectional area is A~ and the position of the flat flame i&~ 

. ·r 

• :::::7 

1 
• _ S.~ U.N&Ll"MT . 

\ 

L' 1 
In.reference [1] it is shown than the initiml volume of the 
'burnt 98S at time t, occupied a volume .given by:· 

( '1) 

j 

.' 
< • 

" where p ls the pressure at timê t, Po is the initial pres-

surê in the tube, an~ Pe is the maximum explosion pressure. 
'\ 

mb and m.o are the burned gas mass and th., mas. of the mix-

ture respecti vely « This \ can r also be stated a.: the 
overpres~ure at time t ia proportional to the fraction of ' 

-,1 . 
r burned. ,'O·s 

.. 
Th~'volume occupied by the burn.d gas,'Axb , can b. 

found by lubtractino the volume of the'unburned oa. from the 
total volume of 

'"\"j, ,.\ 
~b'-AL 

\ :" 

\ . . ' 
« ! ft .i 

, 

the veli.el. 

, ' 
'- ' 

" 2) 

- -' " . .. 

, . 

.. " 
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\ . 
) " . 

a'ia the gas constant for the unburned Gas, and Tu i8 the 

temperature of the unburned Gas. Tu can be determined assum

ing isentropic compression of the Gas ahead of the flame: 

( 3) 

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

~\.....equations, (3) and (1) into equation (21 one has-;-

~ft 

( 4) 

\, 

Differentiating equation (4) with respect to time yields an 

expression for dxb/dt=Rfo 

( 5) 

" 

The initial mass of the tube can be expressed as: 

( 6) 

and .ub,tituting equation (6) ioto equation (5) yields: 

( 7) 

- - - .. 
The burning v~locity c~n be 

con.idering that: 

extracted from equatdon (7) by 

f? • R.f 

and 

&. 
~b 

-St{l+ ~~). 
1 . , 

-7f:' -~ 1J 

. , 

" / 

( 8) 

( 9) 

~ 

.. 

.-

tg • Î " . ••• , , ____ ... _ ... ___________ .... _--.:._~, l",_, ....:.....-. 
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Ca1culation of Burnout Ti.e for Laainar Methane-Air 

\ 

Knowing that the mass burning rate i8 given by 

(10) 

and JOu increases isentropically with increasing Pu' and 

assuming that the laminar burning veloei ty is constant tri th 
respect to temperature and pressure of the unburned gases, 

the foilowing is obtained: 

(11) _ 
lIT 

Equation (10) can be integrated and the time for mb/mer 1 

found. The results are 

methane-air mixtures. 

G", Pe,ad SL 

summarized below for variou8 
.. 

~b ro/rb 

['vo1] [mIs] [s] 
1; 

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 
\.,. 

.. t 
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Experi •• ntal Reaults 

The calculations is shown in the tables below illus
trate the following pattern of flame dev~lopment. 

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 e~pansion of unburned gases. 

. 
2. Steady burning at r~t~ S, however Rf decreases be-

cause pressure in the tube increases. More work is 
required to compress the gas ahead of the flame. 

3. Decreasing S and Rf to the point \n_~ar the wall where 
• Rf-S. 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 on1y. 

.. 
RBFBRBNCB 

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

B=x:.:.op ... 1::.o=s.::i_o..:.:n:.:s,--...;:o:;.:f~...;:G::;.;a::.s::.e::.s:.-" ; Academi c Pres s !me. , N • Y • , 

(1961), pp. 369-375. 
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, o 
7% Methane-Air: 

P dp/dt ST Rf 
[bar] [bar/a] [mis] [m/a) . 
1.82 81.3 19.0 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 

r o ') 

9% Methane-Aïr: 

p, dp/dt ST Rf 
[bar] [bar/s] [mIs] [rn/a] 

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 

______ ..a.... ______ "---~~_.a_._~ __ ~ ___. . __ 
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l' Methane+ 200 g/m3 Starch: Pe-6.85 bar 

J 1 
p dp/dt . ST Rf 

[bar] [baJi/s] [mIs] [mIs] 

• 
1.82 51.7 12.1 36.0 
2.36 67.3 13.1 30.9 

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 

r--> 

0 
.1' 

3' Methape+ 200 atm 3 Starch: Pe-7 • 80 bar, 

~ - 9-; 

1 
1 P dp/dt ST - - Rf 

[bar] 
li 

[mis] [bar/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 12.5 , . . . 
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 r. 7.73 5 .. 8 '\ 0.4 0.4 
'~L -

~ , 

{ ~ . 
t\: 1 

~:: • 

~ 
-

• , 
",T," 
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