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53$THAGT'

The phenomena of dust explasions were - of“relatively ‘
little importance prior to ths turn of the century However,
with the rapld industrial development ef the early part of
this century, the problem beg&n to become 1ncreasingly more
important, since these new 1ndnstr1es produced and handled |
finely divided materials which could. under proPer eenditiens,
cause: dust explosions of sueh violence that llfe and property
were placed in- jeopardy. |

This industrialization in this country and 1n.Euroge
instigated many intense investigations into the problgms:
presentedﬁby'dust:explosions;' Most of?the-inwestiéafions
up to the present time have_been primarily concerned with
the prohlems of preventlon and alleviation.of axplosiom
hazgp@s from dusty materials,, It has bema_fonnd that exX-
plosion: hazards exist for naarlx,all'matgrials which are
found in a finely divided or dusty state{ In generai, these
materials fall into three classes* namely, natural carbo- |

naceous materlals (sugar, starch, coal, flour, etc.), i1

‘tallic matarials (1ron, alvminwm, magnesium, etc.),

synthetic carbonaceous matenials such as plastic resins,
fillers, and molding: compounds..

o Althnugh.much work has been done on preventative
measures, there has been very 11tt1e done on- the theoretical
or mechanistic aspects ‘of " dust exp;osions. The U. S. Bureau
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of Mines has c‘endueted'fxmnei'eus investigations into the |

dengers exigting from dusts, but most of its work lias been

concerned with testing the relative flemmability and ex-
plosibility-or'all types of dusts. These 1nwestigetiens

and rates of- explosions with res;aeet to partiele size and

dust eoncentretion but have for the most part neglected the

theory of the explosions. B
This thesis censtitutes an a.ttempt to obtain a

better eretsmding of the Pand: nta.l nature of dust ex-
plesiens; It cencerne & study of three different sugars;

namely, Qextreee, 'suerose, and raffinose. The HSQ' of these

sugars made possible a study of dust explosions as affected

by-:the'-ﬁmter--fof carben- atoms: in the molecule, the 'spe-ciﬁe-
surrace of the ma.terial, and the concentratien of the &X~-
plos 1ve dust CIO'EIdo | | | |

_ An: a.ttempt has been made in this work to postulate

& mecism for the exploslen of’ sugar dusts. This _pest_u-v

-lation 1is based on the explosion mechanisms for hydrocarbon:

gases.
It was found that the minimm and optimtm explosive

cencentrations of a dust ‘cloud of sugar are fumctlons of

the epec.;.fic_ _stmra_,ce-:__and t_hei_mmber: of carbon atoms in the

molecule, The meximum explosion presswre and the initial,

avera.g_e-, and maximum rates increase as the. specific surfece
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increéaes and as the number of carbon atoms in the molecule
decreases,. |
The results of this investigation 1ndicata that there

is & feritical point® for dust explosions of any partieular
dust.ﬁ Thig ®critical point® 1s_chara§terized;by'a'"minimumﬂ
aptimﬂmhgoncentration; a8 Fmaximumﬂ eptimﬂm-explbsienz*
presspre,_anﬂ:maxima_fbr.the-initial;_average,:andimax;mum
rates. These "critical points" can bYe obtalned from an
analysis of the maximm pressure vs. coneentration records
of dust éxﬁlcsioné'énd“aléb from an analysis_of tﬁe various
rate data and gas analysis date. e

. IE was also indicated tbat a dust. explasi@n could ‘be
analyzed rrom a theoretical viewpolnt by assuming the dust.
to be & gas. This then permits the application of ges ex-
plosion theory to dust explosions.. It is then possible to
caleulate the flame propagation veloeity and maxtmum ex-
-plpsion_prggsure:of'a dust explosion.from theoretical.

considerationss




EXPLOSIVE PROPERTIES OF SUGAR DUSTS
INTBODUGTIBHT

The pheneinena of dust explosions were of relatively
little importance wntil just before the turn of the century.
Prior to this time. industrial plam-'.s were of‘ guch size and
cenétrﬁct'ion'="bhat a dust explosion was of a r‘elative-ly minor
nature and could be regarded as :I;‘iﬁtle more than a mildly
rapid flame propagation, Even these were few in number |
sinee there mfet few industries which wsed or produced ma-
terials in a form which could create & petential explosion
hazard.. However, With the advent of large scale maustrial
and commereial processes producing or using materials of a
dusty nature, the-problem of dust exploslons began to consti-
tute a real potential hazard, Around 1900, explosions in
fldur mills, grain elevators, coal mines, and sugar refinera
les began to take a startling toll of 1life and property, and
the further méc'zétion of industry naturally contributed
more and more possible dust sources -a;é well as ignitlon
~sources in the form of heat,. static electricity, and electri-
cal fixtures, | |

It was originally suspectéd that the explosions were
caused only by carbonaceous dusts, such as starch, coal,

wood, sugar, and grain dusts, which were capable of forming




explosive mixtures with air; but this sugpicion was proved
to be ln:error when further experlence and study revealed
“that dusts from alumiﬂﬁm, magnesinm,-titanium, iron and
other metals actually constituted a far greater explosiom
hazard thanlths carbonaceous materials, The develépment
of the piastics-field algo contributedimany potemtially
dangerous dusts, since a majority of the materials used 1ﬁ
this 1ndnstry are carbenaceous and. easily lend themselves
to the fbrmation of an explesive dnst-air mixture. nm
genera.l, it can - be said that any oxidizable substa.nce, if
it is produced or handled in any fbrm where there 13 a
possibility of the existence-ef dust, pewﬁer, or finely
divided material, constitutes a potential dust. explosian
hazard.

It was estimated in 1945 that there were more thaw
28,000 plants in the United States that held the. pessibility
of” a_;_.c’l.ustf_-ejxplc;ps:i.‘::‘::t-:hza,za.::'_ci._('1)._l At the same tlme it was
reported that over a twenty#five year periéa there occurred
5g7'dust explésiqng whieh resulted im 372 persons killed,
gaéiinjnreda anﬂ_property;loss exceeding 553;@00,060;;'The- |
average annual property loss over this peried was_$2,®@@,900;
The figure for the year'ef 1943 was 4;5'times this figure;
This upward trend éf logses from dust explosions easily
illustrates the need for further investigations into the

causes and nature of these phenomens as well as for investi




gations into the methods of prevention. |

| There has indeed been a considerable amowmt of work
done in-this country and others as to the nature and pre-
vention of \dust explosions, but. there has been very littie _
done on:the study of" mechanism or theory of dust explosions.
The Buresau:of Mines has been responsible for the great -
" majority of work in this country. Most of its work hes
naturally been directed toward the prevention of dust ex-
plesiens, but studles have also been made with. regard to
many ef the factors mfluencing the explosibility of the
dusts, These studies-- have included investigations into the
effects of concentration, particle size, ignition source,
pb,ys-ica‘-l and’ chemical"properti‘es of the dust, and explosion
atmosphere,. | e |

.~ This thesis: constit'ates an attempt toward a better |

understanding of the fundamental nature ‘of dust explosions. :
It concerns a study of the explosihility of th_r_ee different
-éu's,ars;" namely, dextrose, sucrose, and rai}"f_iﬁose.} Sugars
.vlrere-' selected rather than other materials because they could
be 'obta'ined"t with a high degree of pifz:éity and because they
represented a series of cheﬁiéally Ire‘lated substencess Thus,.
for exeample, the e.ffect'- of the x?mnbezf of earbon atoms in a.
'sei-ies- of sugars as related to explasibilit-y could be studled..

_ Dt;st clouds of the sugars mentioned were exploded in
a pressure .chamber by means of & high voltege arc. From




4

pressure~-time: reé.ords and gas a'nalysisfda_\;ta' in relation to :
dust concentration and particle size, it was possible to
study many of the aspeets of the exp]-‘.osions;-
|
|




HIST@RIGAL‘ASPEGTS OF DUST EXFLOSIONS

As hag been-pointed_out, the swbject;af dust ex-
plosions had reeeivédfvery little seriéuslconsiderationx
prior to the turn: of the céntury. In_fagt, there seemed
to be np\censideratien that dust diona'conld”explode unt Il
a large ﬁumher'of explosions had occurred 1n1mines-émd-_
| industrial plants where no explosive geses were present,

It is well established that mixtures of inflammable gases
and air will produce an explosion if two basic conditions.
are‘satisfied*'namely, a gsultable mixture of the gases'and
an lgnition source, electrical or thenmal, suffieiently
intense to ignite the mixture. From this initial 1gnition1
the -gas moleeules_in theltmmgdiate vieinity of thg_hgat; _
source ignite, and they im:turn ignite the gas swrownding
theﬁ;. Hsncé; a flame propagation results which under proper
COnditions leads to a rapld lncrease in pressure,. As the
propertion of the 1nflémmable gas in- either air or oxygen
is decreased, a lower limit of explosiveness is reached at
which point 1t can‘be 1magined that the gas mnlecules are
too widely separated to suppert the flame-prepagationeneeded
for én prloéionﬁ It 1s therefore not inconceivable te
consider the phenomena of dust explosions from a similar
viewpoint to that for gases (2)s

Indéed, if a dust explosion is to oceur, every con-




dition necessary for a gaseous explosion must be satisfied.
The dust concentration must exceed a minimum explosive
11m1t. and there must be 8 suitable 1gnition source to in-
itiate the explosion and to cause a rapid flame propagatian.
However, the rate of flame propagatlon in dust explosions

13 generally mach 1ess than that for gas explosions. "In
addition to the analogaus gas_conditions'which;must-be met,
there is also the matier~of3particle size which must be
considered for dust expioéionsi This then means that where-
as gaseous explosions-aie gaverned primarily“by ébncentraﬁion
énd-ighition'souree, dust explosions are govérned by éencenp
tration, ignition source, end particle size or specific
surface.. - | |

Nature of Dust Explosions

be prodnced
b

only'when sn inflammable dust is dlspersed anﬂ 1gn1ted in |

Generally spe&king, dust explasiens cani

axygeg, air, or some gthgr_gaseous atmosphere whieh will
suppoft the;eombustien and fiaﬁelfrapagation. Hﬁwevef;

this is-not a rigld requirement,\since-it is p@ésible fhat
dust“wh%gﬁihas eollected on exposed sﬁrfaées;ean-centribﬁte'
to an e#piesion“aS'weil as initiate & combustion process
which in turn could create a dust cloud capable of: heing
exploded. This creates a two-fold problem fer dust ex-~
plosions whiehtdbes not exist for gases, that is, an actual

c¢loud explbsi@n and a-stagnant'éurface.combustion, either




of which may_initiate or contribute to the other;

% The ignition of dust clouds and the intensity of the
ensuiqg'explesiens are dependent on a wide variety of physical
and chemical properties of the dusts.. Some of the factors
have been mentioned previously, such as particle size,
concentration of the ¢loud, and the—imtensity and nature of
the lgnition securces Other physical cheracteristies 1nf1u-
'eneing the explosions are turbulence 1n the eloud, initial
temperature, Initial pressure, and coemposition of the ‘gase-
ous .atme'siah'e_re' with respect to oxyéén.--content, inert ges
content, and humidity. The effect of initial temperature
and pregsure is so slignt-thet-it'ean be~meglected 1f the
work is carried out under "room conditions.” The effect of
hunidity 1is quite’variabledin”that.1ntseme‘eaees the
moisture in the atmosphere might cause the dust particles
to agglomefate and thus lessen the explosive probability;
on the.otker-hend, the presence of meisture might-eitherj-
enhance the explosion by causing & more rapid oxldation of
the particies or deter the explosion by the formation of an
Insensitive oxide film, For metal dusts no gemeralization
can be made, but for carbonaceous material it cen be
broadly'stated that an increase 1m~humid1ty'tenee to dampen
the.expleeion'even though violent explesions have been pro-
duced under highly humid conditiens (3, 4).

The meisture.content of the meteriel affects the




explosioﬁs'in the game genersal way as humidiﬁy except'that'
experimeiits have shomn that actual molecular moisture
content lowers the explosibility or a material. This is
indicated in. Table I by the manked difference between
suerose (CyoHs-077), which contaips,ne water of hy_dra_t-a.on-',
and lactose (CyHpg017°Hg0), which contains one melecule of
hydration ;wa'ber.' ' Other chemical properties which are of

4

TABLE I
nMPARATIVE EXPLOSIVE PROPERTIES OF SUGARS AND STARCHES (5)

Coneentra‘bion Maximum Rates of Pressure Rise

Material of Dust in = Explosion (psi/sec)

in Dust  Atmosphere =~  Presswe . -
Cloud _ (mg/1) (psig) Avge Rate Max, Rate
lextrase 100 - 19 126 - 878
. 500 43 205 . 398
Sucrose 100 22 - 138 362

_ _ 500 31 167 526
Levulese 100 . 20 141 292

. 560 45 316 665
Lactose . 100 12 89 177

) - 500 b4 82 168
Starch 100 23 166 877
_{Corn) ' 500 43 360 863
Starch. . 100 18 138 - 36l

" (Potato) 500 : . 38 257 722

‘major importance are ash and vo]‘:.at-ile- matter contents, heat
of* combustion, and ease of oxidatioms. The last factor 1s
dependent on the particle size and Stmi’_é.ce 'ava;ilab‘ie for
oxidation: as well as the chemicel nature of the material.

e

e R



In nearly all of tha-wefk.done on dust explosions the-ﬂmini—
- mum ignition temperature® has béén'nséd-as a criterion of
the ease of oxidation offtﬁe dusts,. This temperature is
defined as the lowest temperature at which a visible burning
or flame propagation wiil‘tékn place and is a fumetion of
particle size in that aé:thslﬁhmerial'becomss finer, the
ignition temperature is lowered,. The-stﬁndard test -
equipmaﬁt used for this determination at the U. S. Bureau
of Mlnes 1is the Godhert-Greenwald 1nflammability apparatus
(8). o
o The shape of the ﬁarficies as well as the shape anﬂ
size of the test container are other factars ‘which afrect
the explosiveness of the dusts, or more correctly, it could
be sald that the severity or magnitude of any experimental:
or aceidental dust explosien 1s e function 6f the contaliner,
.bnilding. or structure in which the explosion oceurs,. .

Causes of Bust Explosions
" In order to have a dust explosion there must exist a
suitable dust-gas mixture which must come in contact with a

~_sufficient1y 1ntense heat sowrce to cause ignition._ Some of

the dnst preperties affecting explosions have been discussed
already, but even if these properties fall within the ex-
plosive raﬁge:there must be an 1gnition source to initiate
or cause .an explosion;'.Elimination*erfthg_1nitiaﬁing sources
would then naturally prevent all dﬂgt explosions except those




 cansediby-stat1c eleetriéal dischafge from the particles
themselves%-hbﬁéver, this means of initiation is of minor
Af not negligible importance. o

~ The first-and most important source of 1gnitiéh-1s
that provoked by .carcless smoking“and-métehesg= The safety
movement of the past few years has sowewhat eliminated .
smoking and. the use of matches in. and around plants where
cembustibie.materials-are produced or handled, but the:
hazard of carelessness.still exists. One exampis of what
has happened in the past is eited by Price and Brown (2)«
A men went to & flour stéragé=bin-t9=se&rh@w'ﬁuehfflbﬁrﬂit
.é@ntaina&; _He was wnable to see-because of the dﬁbt’raiéed
by the incoming flour. Tt ig presumed that he struck a -
match to see the fléur;iével;.and as a result of the momen-
tary carelessness, an explosion occurred which-kiiled.the'
man and severely damaged the bullding..

The use of open flames and vnshielded lights“hame_
alse bgén responsible for a g;eat number of explosions. One
pessible-sourceiof an explosion of this type cowld eﬁ@é- |
ahoht'frem the use of an acetylene'welding torch in ﬁ mack1ng
shop where a dust ecloud of metal grindings was createdvby :
sweeping the floor. There are many recorded explosions which
were results of a simllar, seemingly harmless, practice.
Explosions resulting fiom small-scale fires could be placed
in this same general class. A small fire which in itself




may be 6: &vm1n§r naﬁﬁme'eoﬁi&_bécoﬁe disastrous if
allowed to create or come in coantact with a ¢loud of‘dust;-
This obviates the neeessity of eliminating all possible
unnscessary dust collection sources throughout & plant,

The mest prevalent souree of ignition is probably
from electrical causes such as sparks from motors, fuses,
switches, short eircuits, ete.. 'In'addition-to'these-mere
or less obvious potential igniters, theré exist several
others in connection with electric lights., It 1s possible
for an explosion to stem from the breakage of a light buldb
in. an atmosphere of dust in air and alse from the collection:
of Gust on the bulbs themselves, In the latter case, & fire
starting on an wnshielded light bulb could drop to the floor
and set. up & chain of events which would rapidly become
hazardous,. - o |

| . Another prevalent ignition potential can be found in:
crushing, grinding, and pulverizing equipment, Sparks from
'such operations could eaéily'iead to a serieus-eiplpsiqn;;
The major part of”tﬁis type of ignition could,prebabl&'be
éttributedﬂto fbreign materiél in the equipment; however, in
" the case of metal duSts there is always present the possi.
_bility_ofuselr-ignitioﬁ; Again, mﬂnyISarety measures have
been adopted to_preﬁent exﬁlﬁsions resulting from this type
‘of source, |

. The final major isnltidn'saurcesvcan be'ineludéa_




wnder static electricity and friction. Friction between

sbme materials can create a statlie fleld or generate heat,
either of whichfis capable of causing & dust exp1051onzundgr
guitable conditions. The neutralization of static charges
 and the disslpatlion:of all possible rriction heat has greatly
reduce&fexpios;ons.1n1ti&ted by static elecﬁricity and"
frictions [
_' "The'eliminatioﬁ;anﬂ cpn#roi éf.all possible ignitian
soureésprnla.1mmédiately'rednq9_ﬁhbjdusf explosion: hazards:
in manyfindqstrial plants,. Safety codes for this control
have been publishaﬁ by the Natlonal Fire Protection Associ-
ation: (7) én@_much;wérk ontthe_subjeét has been done by the
U.. Se Bi_at"e&ua?- of Mines. |

- Prevention of Explosions N

' As has been pointed out in:the previous section, the

best means of‘prevehfing.QHSt explosions 1s to eliminate and
eantrol.aii potential ignition: sources, Special equipment
tins been designed for use In dusty 1nﬁustries_te-eliminate
many dust-explosion hazards resulting from mechaniecal and
electrical fixtures., Any charges-cffstatic-eleetriéity'on
machinery and drive-belts should be dissipated through the
use of ground wires and brushes. Additionsl preventative
measures can be 1n§0rperatéd in a saféty_prégram to insure
that all workers are aware of the dﬁst exploSian"hazard'and{
understand the need for care in handling dusty materials,



| The removel of all dust accumulation: 1s in many cases
éiffieult to accamplish, but wherever feasible this dust -
remeval should be practiced. In other cases the explosive
potential can be reduced-by handling;the epe:axioms, such as.
grinding, under an inert, gaseous atmosphere so that the. -
- formation of én’explesive atmosphere~becemes.1m§robeble;
An inert-dust,,Such as fuller's earth, can be used in some
'c&ses-te accomplish the same dampening effect'provided by
the use of inert geses. o |

Other proteetive meagures . which ceuld be adoPted to
1essen the efféet of a dust explosian could.be separation or
1selation of the dnst-preducing opersation, previsian of suita-
ble fire-fighting aaparatus that would not disturb stagnant
- dust, and provision of adequate explosion vents in the
roofing, walls, and heating and ventilating equipment.. The
use of vents 1s only a protective devicé and should not be
misconstrued to be: a preventative measure;: |

Industrial Dust Explosiong

It may be generally'stated that dust explosions have
occurred ever sinee industrial plants have been producing
1nflammable-dusts§ The variety of the types of exploslons
may best be illustrated by citing a few actual cases as

outlined by Price and Brown (2).. Ty ”
| A dust explosion-oceurred ina flour 5111 1n-Kansas
Gity,-MiSfburi in 1922 which was of umusual interest because



" plosiom was limited and confined to the dust-collecting

| department of a Wisconsin .aluminwa products plant. The ex-
‘ plogionﬂdevelaped'from'a*p:oeess whiech put algipssy_finish:

- wag drawn away from the polishers into a suctionzsjgtem

wire fell into the exhaust pipe and sparks were created

14

of the fact that it occurred im a mill equipped with the
latest type of machinery and dust-collecting _ee;uipment .
Tbs'evidenée avallable imiicatad.that.the explesién;eceurred
in the rolls and was probably causgdﬁby-SP&rks from foreign
maté:lal passing through the rolls. The extent of-fhe eX-

equipment .
In 1920, an explosion eccurred in the finishing

on: small aluminnm‘peiees by holding them against' a repidly:
revolving wire brush,. Aluminum Gust created im the process -

which: discharged into the opem.air., A heavy-piece of steel

which ignited the dust. The initial explosiom propagated
baek'thraugh the'sucﬁion"sysﬁem and went*into the pélishing
room, causing a secondary expl@sien which was felt two mlles:
from the plant. |

- A portion ef a Brocklyn» New Y@rk sugar refinery was.
dest:qyedzby:an 339105193%1911917 that xesulted_iu'the-lassl |
of twelve lives and property damage in excess of $1,000,000. ;
It was believed thet the explosiom originated im the sugar
pulverizing mechinery end thet it propageted to the qust
clouds present in the storage bins, and then throughout the
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other variéus parts @ﬁﬂthe plant, The fire which followed.
the explosion spread rapidly and was unchecked since the
Sprinkler-system was destfoyed by the 1n1tial explosion,
There are records of other explosions from dusts of
starech, rice, wood, sulfur, metal, cork, fﬁbber; plasties,
and many others too numerous to mention. Tables II and III
glve some.further.ind;catioa of the scope of dust'éxplosioﬁs
in this country.. It should be pointed out that these tables
“include enly-eases5reported'ta the National Fire Protection.
Assoclatlon and exelﬁde dust explosions in mires and mili-

tary ordnance plants,

™ F T

ST
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TABLE II: DUST EXPLOSIONS IN THE UNITED STATES (7)
(to July 1, 1949) |

Material Number of

Number Number Amount of

Classification: Explosions Killed _jnred Losses

- Cogl Dust " 32
Coffee Dust . on
Cork Dust =~ .. 37
 Cotton Dust 16
Feed & 'dereal __
Dusts o8
Fertilizér ,
- Dusts 26
Flour Dusts 105
Grain: Dusts 185
Malt Dust 24
Metal Dugts 62
Pitch & Resin
Dusts 5
Plastic Dusts 24
Rubber Dust 8
Seed & éeed :
Products Dusts 8
Starch & Corn
Products Dusts 42
Sugar Dust 26
Wood Dust 123
Other Dusts 94
Totals - 936

28
5

&
&

63

33
124

68

b b

146

29
26

598

3L $ 487,659

13 _ - 201,700
.28 181,190
12 - 264,070
230 8,866,977
20 . 852,450
88 11, 526,545
331 38,318,507
18 1,804,500
151 2,247,465
a7 2,055, 300
45 507,972
2 410,300

5 1,967,000
146 10,493,326
31 1,722, 360
150 6,717,904
118 2,749,815

1,466  $91,314,980




Date
Dec., 1926
May, 1947

 Apr., 1947

Feb,, 1932
Juiy, 1936 
May, 1934
Mar., 1944

 Apr., 1944

Feb, s 1948
Jan. ’., 1945
ian., 1924

Sept.,. 1948

Oct., 1945
@pr.,_l94§
Mar., 1945
Seﬁt.,;I944

s

TABLE. II1; RECORD OF DUST EXPLOSIONS AND CAUSES (7)

Location ~ Dust Cauge- | Demage
~ Chicage, Ills Flowr _Faurtgréléetpie-switch. ;150,@@@_
Hutehinson, Kﬁn;. Flour éulley frietibn. . 200,000
Dodge éity. Ken. Flour Frictiom spark 450,000
Kansas City, Mo. Grain Smhll.ri;e- | 512,0§0
Minneapolis, Mimn.  Graim Hot bearing 125,000
Painesville, Ohio Broniei Hetallie sﬁark lﬂsﬁéaa
Maywood, Calif. Magnesium  Grinding - 65,000
Pemberton,uﬁis; Celotex Spdnténeaus ignition: 338.0§®'
Elyfia, Ohiéhr Plaéﬁics Frictionior static spark 115,@6@
Fremont, Ohio Rubber | Electrie épark, 3804000
?ekins Ili; staréh 0verheat€ﬁ“beéring 750,000
Chicago, T1l. gtarch Fire in:dryer 5,000,060
. Alma, Mich;. Sugar _ élogggd_dﬁst collector . 100,600
_ Pine Bluff, Ark.  Wood Boiler spark 124,000
_ Ashelot, N.H. | ?apef |  Motor éparks? , 75,000
Ft. Worth,. Tex. Cotton “Broken light bulb 75,000

AT
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PREVIOUS WORK ON DUST EXPLOSIONS

Following a series of disastrous coal dust ex-

- plosions in the United States in: 1907, the U. S. Bureau

of Mines in)the Department of the Interior began investi-
gations into the causes of dust explosiems 1n mines and
mdustrial plants and to develop means of prevention. " The.
Te Se. Department of Agriculture assumed the respomsibility
for these investigations im: 1914 and continwed the work
wmtil around 1940 when 1t wes transferred beck to the
Bureau of Mines which has conducted neafly all dust ex-

piosion*:. studies done in thils country since 3;9_40._.;i

Price and Brown (2) ém&rized. and correlated all

of the informatiom available prior to 1922, Their book has

become a standard:'réference on:the subject of dust exple's,iqns :

and is rather extensive in the treatment of widerlying theo-
ries as well as explaining the nature of industries that are

| prone to dust explosions N the preventative measures generally
_recomended, the causes of ‘explosions, and historical .
;backgreund of dust’ explesienso This book also: centaims ar
-complete a.nd comprehensiva bibliam-aphy of work done: per-

taining to dust explosions prier to 1922, Gonsidering the
importance of dust explosions; it 1s difficult to understand

“the lack of basic resea.rch on the subject dur:l.ng the past

half century.
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Iﬁ 1935,-Edwards.anﬂlLeinhach (5) publiahed-data
showing the maximum explosion pressure, the average rate of
pressure rise, and the maximum rate ofzpreSSHre rise fer
over a hundred agricultural and other dusts. These data
were obtained with s modified Clement-Frazer apparatus |
naving a Volume of 0,049 cubic feet, in comjmction With &
'British coal-dust récording type manometer. Houévef,'only -
a few tests were made with esch. dnst and these were for
only two concentrations, Some of the results of this work
are shown in Table I. | - | | |

‘Iniaddition to the work of the U. S. Department of
Agricﬁlture, information on natural carboﬁgcéﬁué'materials
has been obtained by the Underwriters! Laberdtories-(&)_
and the Bureau of Mines (3, 9) which dsdls'with explésions
| of starch dusts. The Underwriters' Laboratories work was
primarily concerned with maximum explasion pressures: and
rates of pressure development in a 20 eubic foot cylindrical
explésion chember apﬁroximﬁtély 7. feet long by 2 feeﬁwin'
diameter. The Bureau of Mines studied essentially the same

. factors using the Hartmann explosionytest apparatus which

eonsists essentially of a_2,75_1nch inside d;amater 1uc1te
eylinder 12 inches long, & volume of 0,04L cuble feet, The
ﬁ@rk-of'thg Bureau of Mlnes giso includediinfbfmation on

relative 1nfiamm&hiiiﬁ?,\ignitioﬁ temperature, and minimum
1gn1tiennenergy;,'Tha7resuIts obtalined from these éeparate_




inyestigatibﬁ;:aie-in'w1de-digagréément, a fact which can !
in large part be attributed to the great difference in: size
of the test equlipment, methods of dust dispersion, ignrtian,
etc@..' ' -
Bust explosien hazards resulting from metal powders
were 1nvest1gated by the Burean af'Mines in an attempt to
obtain information on the extent of the hazards, the number
oﬁ’exﬁlosions, and ‘the -amount ef'damagezand loss-resulting
from explosions of metallic dusts. Brown (10, 11)'1nrest1,
gated;phs-1gnitien-£emperatumes, exploéiveﬂiimits; and_-

pressures developed by dusts of aluminum, magnesium, and
zline and correlated existing data to dbtermins the -extent
~ of the hazardiand“ﬁhe need fbr'méasures of-preventiaﬁ:and

'ﬁrotectien'from dust explosions, A later work by Hartmann,

Nagy, and Brown (6) treats the problem of metallic dust .
explosion in a more comprehensive menmer and deals with
many metals not previcusly studied ineluding powders from

atomization, vapor condensation, carbonyl decomposition,.

'millingi reductlon, and stamping. The metals studied were
“aluminum, antimany, trom, magnesium, manganese, silicon,

tin, titanium, zine zirconium, and two alloys of magnesium
and a;uminumm In addition to the ignitian temperatures anﬂ
pressure data, this work presented informstion on relative

inflammability, minimwm c¢louwd density, miniﬁum-ignitiam;

' energy, and effects of lnert gases.. The equipment used for
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'explosiﬁa-testing was the HartMann-apparaxus.

The most recent addition to the family of dangerous
dusts has been from the plastics industry which thus far
has experienced very-few:major_explosions; but where, |
nevertheless, the potentiﬁl-hazard is a large one., Hartmann |
and Nagy (12) have ilnvestigated the problem and compiled
information fer.plastiGS'offthe seme type whilch was col-
lected for metals, as.reviewed above;_ The materials dealt
with were representativé of 8ll dusts end pewders"likély
to be prodnced or used In the 1ndustry, this 1ncluded regslins
frem ‘ten different base materials and molding cempeuﬁﬂs ef -
seven difrerent types as well as primary ingredients- for.

" resins and fillers for molding compounds.. Their~find1ngs
inﬂiéate that the potential explpsianﬂhgzard-for plastiec
powders 1s of the séme'order of magnitude as that for metal
dusts, which puts them, as a class, in a comparable ex-.
plosive .‘pe'ait ion with the more explosive carbonaceous dusté
Such as.sugar-aﬁd-stafeh._ | |

, In Great-Britﬁain-the principal worker 1n.th¢ field
has been R. V. Wheeler (13, 14) who has done much work on
coal dusts as well as.oﬁ=a widé varlety of other dusts,

| Wheeier's'géneral classifications of explosive materials is
presented partially in Table IV. Even though some of his
work has been revised, the table still holds as & good
indication of relative dangers existing from certain dusts.
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. rhe-classifieation Wheeler established is: .

Clags I: Dusts which ignite amﬂfreadiiy'propagate
flame, the heat source required for ignition beilng small;
for exeample, a match or ecigerette, , |

Class II: Dusts which are readily ignited but which
require a 1;?59 heat source such as an electric arc to cause

‘a flame propegation,. _ B

'class III: Dusts which do not appear to be capable
of propagating flamé-unﬂer any probable faectory conditiens;
becauge (a) they do not readily form a cloud in air, (b)
they are contaminated with a large quantity of incoms

bﬁstible.material, or'(e) the material does not burn rapidly-

enough, The materials are arrangea.inreaeh'clasS'roughly
sccording to their relative potentiallexpiosionrhazard;

The criteria used to establish this classification
- were the determination of minimum ignition temperatures and
the study of relative ignition temperatures and flame propas
gation proPerties of the dusts. , |
' Some of the results -of other 1nvestigat1@ns which
have been conducted on dust explosions are listed in.Table
 V and VI which give a further indication of the relative
dangers existing from different dusts.

~The relative flammabllity as used in Tab&e vI'1s
dgfined'as thé perecentage by weight of 1nertxdnst {usvally
calcined fuller's earth) required in a mixture of flammable
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TABLE IV: CLASSIFICATION OF EXPLOSIVE DUSTS (13)

Class I
Sugar .
_Dexti'ineﬂ
‘Starch
- Cocoa -

Rice meal
Cork
Soya: beam
Wood flour
‘Malt

Grain (flowr mill)
Distillery meal

Cellulose acetate
Tea .

Grain: (storage)
Corn flowr -
Wheat flour

" Chleory

Phonograph record.

Clasg II
Copal gum |
I;.eather
"Dead" Icark
Ricg | _(miiling_)
sawdust |
Castor bean:
P_apei'

Yellow meal

011 cake

Grist milling

- ..Herﬁ meal '

Shoddy

. Shellac

' Tobacco

Spice milling
Bone meal -
Lanp black

Re'i;ort carbom

.Graim (cleanmg)

Tapieeé.-
brug grinding

Cotton seed’

Charcoal -
Fowndry blacking
ﬁr’us—h-:. -¢_a‘i-bo_m |
Stale coke . -
Bone charcoal
Rag paper




24

dust to prevent'ignitiog:anﬂ flame propagation when the
mixture 1s dispersed into a dust cloud in the presence of
. & standard source of ignition: (12).

' In'aﬂdition to the work on the explosibility of.
powders and dusts, the U. 8. Bureau of Mines has also con-
ducted research inte thezuse of diaphragms and-ethe#_-_

devices fo;‘venﬁing:dnét-explasi@qs-(15,~16);_"$hsse;studies'
‘were primarily concerned with the possible industrial applic
ggtien.or'blqwaout discs;»hingﬁd~gams;s,'and“glaSS"panes to

re;;eve the préssures developed during an explosion and thus
minimize the damages waich would result. The materials
tégted for peséible:vemt?clesure applicatibnainclﬁde&
plgstieize&lcleth'netting;,kraft paper, bullders' paper,

- aluninum foil, steel swinging panels, and many other materi-
als and variations, The information which has been:and is

- 8t1)1 being. ebtained will furnlish 1mportan$ design data for
equipment in dust handling industries.

PRNE L S L.




TABLE V: EXPLOSIVE PROPERTIES OF DUSTS

Ignitiom Maximum Haxm Avéra’gg
. Rate -
si/see

Material  Te

+  'Press.
 Cosis

Stareh : 4-’?(5
Starch . -

Starch 480
‘Starch. = 380

Starch -
Aluminum 645

- Aluminum 645

Magnesiva 520
Magnesium . \ &70
Hard rubber = 350
| sulfur 190

Coal 610.

Soap C 430
Polystyrene 490

Phenol resin: 580

Cellulose:

. Acetate | 420

Shellac 400

Ures resin 510
Sugar _( Suerose }410

Dextrose -
‘Synt. Rubber 320
Vinyl Acetate 550

T

5.
78
51
43

. .89
62,
7=
72
57

41
A6
60
44
51

68
56
85
31
43
59
49

3160

1740

2170
780

526

398

1870
490

800
-850
300
167
205
740

850

£5

Reference

’55.&_.@55_'113'135_#5#.}@#-@.h-mgmm-b
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- TABLE VI: RELATIVE FLAMMABILITY OF DUSTS (17)

Material

o organic Dists
Cellulose acetate resin ‘
Polystyrene resim _ .
Synthetic-rubber molding compound
Lignin: resin:

Phenolic. resim;

Shellae resin

Ce';li._‘,l.ulosé, -acetate molding cbmﬁdqi—s |

Urea resin:

Corm: aind ‘corastarch
Bituminous cosl:
Potato starch
Wheat flour

Magnesium .
Zirconivm
bow metal
from
Antimony
liangenese
Zinc
Gadmim

Metallic Dusts

90 plus
90 plus
90 plus
90 plug .
90 plus
% plus
90 pl‘i-:s |
80

70

I65

57

55

20

90 plus
90 plus
90
85«90
:
65

35
18
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' THEORY OF DUST EXPLOSIONS

Comparigen:of Dust Explosions and Ges Explosions

In a ges explosion there are two basile steps, the

- 4gnition and the propagatiom, If an explosive gas mixture

' comes in éontéct with an ignitién:s@uree, a rapid cdmbﬁétiona

pﬁocess 1s initisted which becomes self-sustaining and which
spreads throughout the area of the infiammable'mixture;
There 15 an optimum concentration for inflammable gas
mixtures at which a: maximum flame propagation rate eecurs
and the maximum pressure-is developed it the-mixture 13

" confined and the combustion process is explosive in nature,
_From;the Optimﬁﬁ peint, a shift in concentration causes a
: iessehing 1n“the éxplesiva violence until &-p@int 1s

reached whsre the gas eoncentration i3 too low to support
explosive combustien or where the concentration becomes too
high to suppert it.. At the lower limit, it can be con- |
ceived that the gas particles are too far apart to establish
the chain reaction needed; at the higher limit, ths oxygen .
eontent of the gas becomes insufficient to support the
reaction. -
| Thé maturg ef dust ‘explosions is mueh‘th; sémﬁﬁas
that for gases,.andﬁevery requirement and feature of gas
explosions must apply Af there is to be a dust explosion.
There is also an upper and lower limit for explosive dust
eencentrations, and a particular point at which the most
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violent explésion will'be produeed; mergén (18) has made
.mtrestigatiaias which have demonstrated that. there 1s an
sctual upper 1imit for dusts, but that in most cases 1t 1is
80 great -that-‘.fer -all. practical purposes’ it -d_;ée‘gj. ncit?"?éiidst';
In the ease of Bugsr, Beyersdorfer (19) calculated the
ioﬁéét eonééptrati_qn at yvhich. sugar hdu;t would exjalod'e to
~be 17,5 grams per cubier'- meter and the hi'fgh_sast' to be 15,500
grams, | | | 4

" ks has been previcusiy\p'eintéd; out there are some
fac_:t.er_-s ‘affecting dust_ Lo.=u:plos_i.c:u--w- which are nét precisely
- analegous to any a;ffecting__ga,ses, the prinelipal one being
particle size or surface,, In gﬁées; the: pé.rtieles are ef 3
molecular dimensions‘; wh_ie'rle'_és, for dusts the particles are
maﬂrdseroﬁi’c:,l .and the éxp];péions developed ﬁé-come- _é. fonectlon:
ot surface axid concentrat ion rather than conceﬁtra-tiom
slone if all other factors remam the. sameo | |

Flame and Pres sure Prop&gat 1on

An explosion reaction is characterized by the" ﬂact
that the reactio_n‘ veloci'by increases ‘with time untiltha
balance o:f.‘ explosive conditions is -'éi_'flsét and the reaction
ceases;. ﬂccordin;g to Jost (20) if & pressure-time curve
of & bomb explosion takes a course similar to those ‘shown
in Figwmres 6, 7; and 8 _'Ishe ﬁass comre_réicn veloeity inézie'arse-s
 as the --g_xp]:o-s.ion incresses, Assuming aspmarical éombust ion.
chm‘nber it becomes pessible to derive f__ciai?m'cl'.'-l-.ae which will
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give en epprcxﬁu&tien of the flame . velccityecr pressure
velocity, the two being clcsely related..

Let us take a spherical bomb” of radius Ro\which is
ignited in the center at time ty; the -1nit.1_.§.l pressure is .
Pos the'ma_xmm-préssure ié'Pé, and up to éa'cert-em time't,
in which the.maﬁerial consumed has been exploded, the
pressure 1s Pi The simplest possible relation between the .

rise in presswre and conversion.<—X is:

- (1)

Jost has shown that this. equatien is reasonable and
'valid.and can be applied to explosion: precesses in bombs.
Using the-pressure-time curve of an.explosicnielong~with
equaﬁicn“(l),.the actual burniﬁg velccity can be calculated
for & given initial mol ratio of oxygen to ccmbustible
materiel, essuﬁing a 3pher1cal flame front. From this
'equation, the radius ro of the sphere occupied by the gas
mass burned up to time t cam: be calculated, and drO/dt can
be obtained from a,diagram of rq vs. t. The volume of a
spherfcal shell of radius r, and thickness dr, is

4TTrozd'r° -

As this shell is reached by ‘the flame it 13 expended to the

greater value re and reaches & temperature T and a pressure'




P, Its volume is now - -
 4Tird ar,(P,/P)(1/Ty)

Over the time dt, the burning zone has progressed a
_distance'of Vpdt, where V, réﬁresents-the aveéase”flame
- velocity. If the thickness of the original gas layer is
' such that the gas progresses through 1t in the time dt,
thenm | ' B Sl

ATTTE Vpdt = 4TTrE i (Po/P)(E/T) (R)

Sinée the compression of the gases has been assumed to be
adiabatic '

(po/P)l - . (3)
and the velocity equatianﬁbecomes

Vp= (r/r)%P/P)YE(ar /at)  (4)

average flame velocity

initial sphere radius to contain
material burned

radius of burned sphere at time t

‘initlal pressure

pressure at time €

time.

Cp/Cv for gases

0'1;;1
(N

g
thot

 This equation has beenaappliedéto gaseous explosion-
processes and gives apprdxiﬁéte flame velocities for dusts
if 1t 13 assumed that the dispersed solld exists as a gas.
However, it 1s applicable only to explosions in closed
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veSSels_whose-shnpe_approximetes-e ephere and-dges“nﬂt
‘apply to fieme propagetion-in'longﬁtubes or cylinders{
Lewls and von_ﬁlbe-(sl) used the method described above to
_oelculate velocities in explosions of ozone-oxygen mixtures
and their results are of the same order of magnitude which
would be expected with dust explosions..

| A comprehensive discussion of flame and pressure
prOpagations resulting from explosions in closed vessels
1s presented by Jost (80) and Lewis and von Elbe (22).
“ggplosiens in Cloeed Vesgsels

When an explosion occurs in a closed container the
rate of pressure increase is a-fnnction-of_the gize and
shape of the vessel,’ In vessels whose dimensions do not
dilffer widely in eny direction, such as a wide, short
- eylinder, the flame and pressure propegations developed are
essentiellymthe same as for spheres, the primary difference
being that in the latterlstages, the pneesure or fleme
front adapts itself to the shape of theocontainer; The wall
e;?eots”experieneed.constitnte a poesible distortion of the
propagation,-eince-they may have-a.oooling or deactivating
_effect- or en the other hend. they can have an enhancing
effect by virtue of the walls being somewhet coated with
dust. The errore invelved are in 8ll probability of negli-
gible interest and do not seem to be major contributing or
deterring faotors.




Mechanistic Considerations

Two Germans, Beyersdorfer (19) and Jaeckel (23, 24),
in their work with sugar dusts hypothesized that the ex-

 p1es1ons_occurred in two phases; first, the gasification of

the dust; and second, the.oxidation of the sugar gases, It

was supposed that the gases formed from the sugar were

hydrogen, qarbon_monoxide, and'methane which_were-easily
ignited and initiated the_exploéion. These, in turn,
directly ignited the dust., Fieiich expérimenters, Taffenel
and Durr gg§)Jqon@uc§ed;tes§§ 6n:inflammabixity[p£ coél dusts
iﬁ_wﬁich_af§§ﬁl'6ffa kﬁoﬁn:voiatilé"matﬁéfléépxent'was'bloﬁn ;
ph;@ugh:a heated porcelain tube at 700° c., at ﬁhichftemperé
ature 1t d1d not infleme. On enalysis of the dust, it was
f@und-thﬁt-thé volatile matfer_content of the coal had

' decreaséd;'a fact which was considered to demonstrate that

the evolution of volatile matter precedes inflammation of

dust clouds. - o
On' the othér_hand, Britiﬁh exper1mentefs (25)_¢one1uﬂe

that évén though volatile matter is-released on heating of

-coals'to_thg.ignitioQ temperature, the amount of gas given
off in the normal period of contact appears insufficient

to form an explosive gas mixture throughout the cloud. The

-gqu;us;on drawn from this work is that the initiation and.

propagation of dust explosions in the early steges takes

place in the same manner as in the later stages, that is by
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rapid: exidation'of the dust particles themselves.. ‘In this
country, the ¥, S.. Bureau of Mines (&7) attacked the
problem of mechanism from two different aspects, one being
to drop a heated ball through a,dﬁst cloud and the other
being to raise the dust cloud with a blast of hot gas heated
to a’ temperature sufficient to ceuse-ignltion-of“the_dust;_
In both cases, when therelwas1gn-exygenteenta1n1ng atmos-
phiere, ignitions were obtained, Using a nitrogen atmos-
.phexe, it was.possible to;aﬁalyZe the gases given eff in:
the momentary heating of the dusts.

' As a result of these two 1ndependen$ inyestigations,
'it is evident. that it is possible to inflame dust sus=
pensions 1n air under conditions where the gaslficatlenief:
the_dust_éppeers to be so slight that it can not be con-
sidered to be an effective factor in eaﬂsing_lggitien:fggn_-
alternate-e;planation_seems to be that the fi%ely-divided
dust particles are directly attacked by oxygens The size
of” the duet-particles-is.an extremely important.facter in:
this relative flammability of dusts. .

It 13 quite true that dust particles in a cleud )
:present a8 1arge surface frem whiich- there could be a rapid,
distillatien of gases when exposed to a heated surface,
Hewever, the volatile centent of many potentially dangerous
dusts 1is so lew that, coupled with the above argument, it
seems to prove that in the ignition of a dust cloud there is
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a rapld oxldation of the particles 'theﬁéelv‘es“.r%ther than
a -_ga__.gi:tticat_ion,_‘;pr;ec;e‘sa. 'wmeﬁ' leads to 'eit;hez_-_._a;gia}s eX=
plosion or a combination gé.é-dust_ e_xpld.sie"h."._ﬂ - h

- Postulation of an actual explosion mechanism for

ca_rbonac_eous materials; such as sugar or starch, is extremely
difficult, since even the very simplest explosion ﬁr_ecesses'
are not well mder:stoqd or clearly ‘defined. Consider, for
exsmple, the réaetion between hydrogen and oxygen as
outlined by Laidler (28):

(1) . Hy—» 2 H

(2)  H 4+ 0y —w» OH+ 0

(3) 0 + Hy — OH + H

4) B4 0, —> H@g

(5) . Hop —» destructiom st surface
(6)  HOp'+ Hp —> HgO+ OH

| ('?.) | H'-;——{r destruction at su:_é'face
8) . OH — destruction at surface

This simple procé_.-ss » 83 may ve seen, involves at least
elght possible steps.. | |

_ - Assumning thiat the rat.és of equations (7) and (8) are
of negllgible mporté.ncé--,_ the application of a steady-state
" treatment gives the following expression for the rate of
reaction: for hydrogen and exygen combustioni. In the follow-

inhg equation; each "K" represents a rate conSta.iat, t is time,
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- and (Hp0), (M), (Hy) represent concentrations of water,
inert gases, and hydrogen. |

!
i

1 Ee 4+ E E

a(Hg0) N K | [ T Kg o+ KelHs) | -

R 1.“ ‘[2”552] ) l: KB ]
B | K, (M) K5+K6(H8)'_

The eomplexity of this "simple" equation may well
 serve as an ication of the nature of the mechanism in-

-, Volved in: dust explosions whera the particle size or surface

'would also become & contributing factor. For mona.tox_nic
dusts, suc_h as m_etals, the above approach could be applied
with little difficulty. For polyatomic dusts, the problem
~ becomes more complex.

. A brief consideration of the mechanism for methane
oxidatien ag outlined by Jost (20) ma.y ﬁ:rthsr indicate the
nature of the pattern which would be encountered in ana-
lyzing dust explosions of polyatomic ;ﬁoié-cules"; According
to Jost, the probabie- pattern for methane oxidation is;

(L) CHy + 0 -~ CHp + Hp0

(2) . CHp + 0y — HCHO + O |
(3) HCHO + 05 —= HCOOOH — HCOO+OH
() OH+CHy ~= CHy+ HO
(8) ' CHz + Og — HCHO + OH

(6) ' OH 4 HCHO —= HCO + Hg0

1

I3
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(7)  HOO + 0p—» HOp +CO
) H93+H——-H20+CO+OH
(9) ' OH — destruction at surface
(10) HOp+ HCHO +0p — COp + 3 on
(11)  HcHo + HCO “—= CH(OH)CHO.
(12) - CH(OH)CH) + O —» 2 CO + He0 + 3
(13 2Co+0p .00 |

The various radicals which are introduced make this
reaction somewhat more complex than the hydrogenpoxygen
'reactien, and the-calculation of the overall reaction;rate
1nvolves the 1ntroduction of twelve 1ndiv1dual rate
constants whereas the simpler reaction: required enly'six.

_ The pregression in this manner ‘can now be applled
_'to reactions involving mmre complex molecules. _lt can be
1magined that the same general meehanism would g?ply'to
~dust explosions involving sugars andltpe-dQStruction“of the
moleculg'wouldlfollow the same patterﬁ& As am exemple, let
ué_prOpose a possible mechanism for the cdmbuétion_or'a
hexose. From eguatlon (2) above, it can“be_seen that-thgl
chgln;indﬁctlén starts frém“an:aldehyde_structure; We can
then'write the very simpleét po:ssible mechanism as follows:

w (11,00K) (HOOH) 4(GHO) + 0p — (HZGOH)(HOOH)4(COOOH)
— (chon)(ﬂcoa)acr'no) + COp + H,0




(2)
(2)
(4)

5)
(6
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(HpCOH)(HCOR) 5(CHD) + O |
“—= (Hy00H) (HOOH)5(CHO) + GOy + Hy0
(HoCOH)(HCOH)5(CHO) + O

—» (HCOH)(HCOH)(CHD) + COp + Hg0

 (H,COH)(HCOH)(CHO), + O

—+ (HpCOH)(CHO) + COz + HgO

This simple mechanism assumes that the oxidatiom: is
‘a point by point destruction of the aldehyde structure and

introduces > preoposed chain branchlng or breaking A
more plausible mechan.‘-.sm would be one in:which some chalin:
breaking and/or branching ta}:es _plgce_.. __ _Tl_:rls should f_e_J_.lqw

.from the fact that the mass conversion: rates do. increase,

A more general mechanism would then:be:

H H H H H
© 0 0 0 0
HC-C=C«CeCe0z0 4 0
H H HE H H H
H H H H H
© 0. 0 0 O
~—» HB-C-C=C~-C=C=C=0
HE H 0O H H H
P H
'H H 0 . H
- 9 @ /N0
—+ HG-C=C=-C=C-C=0 + HO
H E v, H H -
_ 0
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o O -
(8) H-C~-C=CeC=CwC=0
H H ~/, H H
0
H -H H |
0 o 0
— B:C-C-+ -C=-C=20 + 2c¢o
| E H H H
'8 H H H
0 0 ) :
(3) H-,c-c-+og-—4»H-c-c-o-o-
H H H H
P
- 0 0 o _ 2
(4) H-C = C'-Q-O"A--—-rHCOZ*-l- co 4+ 2 OH
- H H
H
o
(5) -C-~C=0 + OH
- H H |
H
: | 0.
-—-Hao-c-c_-o-;-ﬂza-o-znco
H H

(6) HCO + 02--—2 + OH
(7) OH — destruction at surface
(8) 200 + 0p —>2 00

Im addition to being dastroyed at the surface, ‘the
OH radieal ‘could also attack another molecule thereby e
itiating another chain:mechanism, For exampi_l.e:
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H
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(17) HCO 4 0p — COz + OF

(18) o — destfmtion:. &% slai-fa_ceae

It should be pointed out that. thig ').‘l,s I OVer-
sitﬁpﬂ.ifi‘ed; mechanism in: that it as s*ames. - fée_nf.;'ral ‘molecular
attack and offers only one highly active radical, OF;
ﬁhere two or more prébably exist, However-, this_ mechanism

with its varlable forms pmv-ides a more logical pattern:

" than the one set forth initially and is also ‘more compat i~
'ble with the mecha@,iét’ic: theory for larger molecti;!.éfé as:

outlined by Jost (20) and Lewls and von Elbe.(22).
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EQUIPMENT AND ACCESSORIES

Explosion Chamber

The chamber used.fbr making explosion tests of the
dusts was a ten gallanz(l.es cubie feet),_cylinﬂrical,
pressed steel tank with a hemispherlcal bottom. The tank
walls were onééeighth inch thick and were rated as safe-at
operating preééﬁréslﬁﬁ_tollle psig.s. This was considered
safe for this work since the maxi;wmfpressures recorded
for dust_ekplosions.oficarbenaceeus materials or_the type"
to be téSted-wefeéféunﬂjtb be less than 80-p8ig.. As an
adaitianaxfsaféty'raetor, the tank was egnipped'ﬁitn &
pressure-relief’ valve set to epe&fgt é §résSure\6f I1ﬁ_;:"j
Psiges galopening.iﬁ the bbtt@mrof'ihe tank provided a
'cqnyepient method of attaching the dustldispgrsianrea-
quipment tq:the_system# The pressure recbrding devices
and-thé'#aeuum pump were comnected to the system through
a 4 inch pipe fastened to the side of the tank.

| The top of the tank was fasteped in place by means
of eight large wing bolts which when tightened gave an
airtight gasketed seal between the tank and the removable
top, The top was fitted with the electrical leads which
connected to the ignition system. The overall schematic
‘diagram of tﬁe}explasion chamber and test'eéuipment 1s
 shown in Figure 1, More detailed descriptions of the test
equipment are shown in Flgures 2, 3, and 4,
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Bispersian_Equipment

The dust clouds to be: tested were ereated by eausimg.
giblastrofwair_from.a small steelrbomb (approximately“a
cubic inches) to blow the sample out of a polished brass
famneijuﬁﬁards'iﬁte'thg tank, A pressure gauge was at-
tached to this dispersion bomb.. This gauge was needed since
_;At___wg_s-ldfe_sirabl'a_; to use the seme bomb pressure in:sll ex-
perimantalltests;. The bomb design 1s shown im: Figure 2be

. The actual dispersion. cup was a polished brass
funnel (Figure za) machined 1n such a way that a ‘blagt ef
air-through a 3/32 1nch hnle-at ths-apex'of the-cons would
cempletely clear the: funnel of the dust sample anﬂ, at the
same time, produce a reasonable uniform ‘clouvds The desired-
dispersion:was obtained by inserting_a small brass float
which'was anchored so that it cquld”rise'anly £ inch above
the apex of the ruxm:l. iih?qfﬁoa@ wasfgttached to one end
of aalflg.ineh diameter brass fod, the other end of which
was enlarged_so that it would step the vertical mevement
when the enlargememt reached & perferated brass disce Thg
float reguired"a_pressurg-o:;1?59300 pounds for operation;
th;a«peing;thé:apprqxﬁmate‘pressure needed to raise the
float. Once raised, its position: caused thglair £fom'thg
bqﬁp.tq impinge on the sides of: the -cone and blow the dust
ugmas into: the tank, It also _serﬁéﬂi‘as a check valve
‘ for the dqust sample by keeping 1t in the funnel and not




allowing it to sift through the small hole out of the
tank, o |

Before the float ‘eontrol method of dust dispersion:
- was adbpteﬂ', attempts were madéz to o-btai.m;ﬁﬁifbrm- dis-~
persions with an wnanchored float snd elso with no float
Iat all,. B.,_eish; of these attempls were wnsuecessiul si-ne_e\ .
_neither method permitted: the d’i:lﬁ‘.bl to be completely swept
from the dispersion:cone but only- a-“llowédi the eentral core
of the sample to be blown: into the tank. The dispersiom
‘cone’ and’ the bomb were. separated by an electrically operated
magnetic valve whieh instantaneously released ths air from
the- dispersion bomb, thereby creating the cloud and in-
itiating the explosion.
_gnition _ystem

The ignition gystem 1s ill’astrated in Figare 5. The

actual ignitions of the dust clouds were accomplished by
use of a high voltage €lsctric spark: between two pointed
brass e];ectfode‘-s which were held in place in the expldsioni
ehamber by :lnsulate& copper tubing which was attached to the
tank top., The high voltage was qbta—_ined by me_ans of a 5000
volt, 150 milliampere transformer with a 115 velt primary,

A voltmeter, variable transformer, and fluse were connected
on. the primary side of the system to afford & means of
contrelling the power inputs The secondary side céntained‘
a small neon' tube wired in. series so that a bright glow was
an. indiecation: of spark operation and consequently an indi-



cation: that explosive condltions could be produced in the
chamber. |
Pressure Recorw Eqﬂipment

A -sidea.m of .4 inech brass pipe was mo‘unﬁed on the
tank es shown im:the schém&tiew di@gram of Figure 1. . Con-
nected to this sidearm were: two Bourdon-tube pressure
gauges and a small vacuws pump. One of the .ga_.uge;s'.was- of
a compound' type (0-30 inches of mercury; O-150 psi) which
gerved as a guie‘te for the removal of air and. atmespherie’

' m.oistnre firom the tank by the vaeumm pump and also as am
-indicator of the moximan pressures develop_.edf_ by the ex-
pl;agions «. The sgecond gauge was :-t’ittledi with two bamboo.
p@’iﬁtérs whicke were used to record the ‘explosion pressure
én a rotating, soot-blaékened-’ cyliﬁﬁér". A ten inch stylus
was used for pressures up to 40 pomds and. a six inch.
-stylus far pressures above this..

Fer recording pressures, the t.ip of the pointer made
contact ‘with the blackened drum of a Phipps and Bird high
speed’ kymograph; The: instrument consisted primarily of &
six inch diameter, six inch high cylinder which was turned
at a linear rate of 200 inches per minute by a synchronous:
motor.. The stylus -traékirigg -gbtained i?'rom. this drum gave
pressure~time records from which the various rate data céﬁld}t‘.
be calculateds Samplé’ stylus trackings are shown in:Figures
6. 7y and 8 | -
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Théfopération of the;hlgh-vcltaga arc, the solenoid
valve, the vaeuum-pump. and the kymograph were all con-
'” trelléd-throwgh a'central.coﬁtrol system dlagrammed in
:’Figure'4;_

surfane:MQaSuméﬁeht”gﬁﬁgratus'

The equipment used fbr measurement of the Specific

a surfaees of the sugar dusts was the Blainﬁ air perme-

ability apparatns (29) illuStrated 1n“Figure 5. The
apparatus cansisteﬁ essentially of a brass permeability
cell of 1.27 centimeters: inside diemeter. The bottcm of”
the: cell contained a brass dise 1.0 millimeter thick with

aPP?QXimately;thirty l-millimeter holes evenly distributed |

over its area. The disc fitted snugly into the bottom of
the cell. | |

The plunger was machined to not .';%._e-é's ‘tham 0,1 milli~
meter smaller than the insideHCelI.diameter¢ The plunger
was providediwith_aneair vént_on-éne:sideaas_1ﬁd1cated:1n_
the diagram. The top of the plunger was éoliared so that
when in position there was a dlstance of 1,5 centimsters
between the bottom of the plunger and the perforated disc.
This 1.5 centime_ﬁef cavity contained the dust to be tested
and one filter'paper;disc.en the top and bottom of the
sample, | | | |

The U-tube manometer was constructed of Q-millimeté:
outside diameter.glass tubing. The top of one arm of the
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ina.nomejser was. ée.étad: to the base of the ﬁerﬁea*bility
~ cell, -This arm wes: marked with 'eaiibration lines at 1,5,
7.0, and 11,0 centimeters sbove the midpoint, This arm was
- also provided with a side outllr.et. 25 to 30 eentme_.ters above:
the bottom of the manometer, This side: arm was for evacu-
etion: of the meanometer arm connected to the permesbillty
cell,. '

Auxiliary Equipment - | |

In a.ddiﬁion"i to the 'equipnieni @escribed' above, this
“work made_, use 6_i'j" a set of U. S. Standard sereens for size
separation and a Fisher Prec‘.isiong? Mé‘dé';l gas analyzer (30).
The gas analysls apparatus contained a potassium hydroxide
solution: for carbon: dloxide absorption,. & pet*aséim hy-
droitideapetéséim pyrogallate: solutlon:for oxygen alisorption;
and a fractional combustion uwnit for oxidation of eé:bbbm

monoxide to- carbon. dioxide..
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EXPERTMENT AL, PROCEDURE

| Preparation of - Materials

- A1l of the solid materials used in this work were
carefully screened on a standard Ro-Tap machine using a

close seriles of U,"s;'stanﬁﬁrd'sieVBé in order to obtain

" the maximum number of narrow size fractions, particularly

in the range from 140-325 mesh, To obtain the necessary
size dlstribution, the larger size fractions were ground
with a mortar and pestlé and'reséreeﬂeﬁfuntil encugh ma- _
tEriai.ﬁas;obtained.to glve  sultable quantities within
ﬁhg:size range used'£or the explosion tests, Sineefthg
materials used were somewhat hygroscopic, it wﬁsfneeeésafy

to store fhe varloug size fractions to be tested*in'

?qtﬁghtly st@ppered bottles to prevent wmnecessary abserptien,

@f‘atm03pharic moisture. Prior to using the materials_
they were driled in a molsture oven:at 220° F. to further

"1nsure a8 low moisture content.

~ After drying, & sample of the particular size
fraction:of the material to be tested was weighed and even-
1y distributed in the brass dispersion cup. After the

electrodes had been set at the proper gap of-épproximately-'
one~eighth inch, the top was'plageé on the explosion .

chamber and the operation of the spark gap tested. If-the

arc was' functioning properly, the top was fastened in place
by tightening the eight large wing nuts which forced an

ey
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aifﬁighhj,sasketed seal betwéen the top and the test
chamber, The line to ﬁhe vacuum pump wes then opened, and
the pump evabaatéd the éhamber to & vacuum of 20 to 25
inches of mercury, After the desired vaéuum.w&s'reached;
the pump was turned off, and air bled slowly into the tank
through a drying tube containing calcium chloride, The
procedure of evacuating the tank and bleeding eir back

“into the system_through-a drying tube was- followeﬂ for each -

‘test to 1nsure that the exploaions would be carried out inw
. a dry ‘atmosphiere., The: initial pressure in each case was
approximately 1 atmesphere (o psig).;

. Operation: of l:plosion Chember
At this point the stylus ef the pressure reeerding

_apparatus was adjusted g0 that a slight oentaet would be
~made at all points on the revelving drum of the kymograph.

' This drum was covered with a highpgloss paper which had o
previously been blackened with 800t frem an acetylens tofch.
After the recarding needle had been properly adjusted, the
dispersion bemb was filled with air to a pressure of’ 875 to
'390 psig and the bamb cannected to the dispersion system:hr
the bottem.ef the tank.= The pressure rangg of 275-300 psig
was used, since it was f@@nd that the best and most readily
. repﬁedncible dust éisperéiéns were obtained when the initial
bomb pressures weréfwithin this range.,. The introduction of
this small amount of air to the test chamber caused & negli-
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gible-increase in the initial tank pressure, The.kymograph
was then turnad on and checked te see that the recording
stylus was adjusted properly. The valve connecting the
bonb to the solenold valve was opened, the spark turned,en,
and the variac adjusted to give a transformer 1nput of 115
velts. N

The explesion test was then ma&e.by presging the
switch{éentrolling the solenoid, This released the air
blast from the bomb through the dispersion coné and thus
created a dust elouwd which, if expleosive, was ignited by
the high voltage arc. All equipment was turned off imedi-
ately after the explosion: As the explesién progressed, &
record was mads on the kymagfaph of pressure vs. time as.
shown in: Figures 6, 7; and 8; the maximum pressure developed
was also noted visually, These records afforded a means ef
caiculating the desired 1nit1al, average, and maximum rates

of pressure rlse by detemining the slopes at varlous

points on the pressure-time curve. A samplée calculation of

' the initial and maximum rates is shown in Appendix III,

After the explosion was completed, the gaseous ex-
plosion products were sampled and analyzed for carbon
dioxide, oxygen; hydrogen, and carbon monoxide, ihs solld
residue of the material tested was then weighéd; this.weight
was taken so that it could be used in making a material
balance on the explosion process. The recording of the room
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temperatufe~¢empietéd the data taken for each explosion
test, The electrodes, dlspersion cup, and explosion
chanber were ¢leaned after each test by washing with water

. and dryingfwiph;compressed-air. In a@dition?;it was ‘neces~
" sary to polish the electrodes after three or four explesion

tests'had been made.

Method of Partiale Surface Heasnremenx

. An auxiliary experimental procedure involved the
testing of the various size fractions of each suger to des
termine thelr specifie surfaee’by the Blaine air perme-
ability method (29), An accurately weighed sampie was-
placed in the'pérméability cell between two discs of filter
paper as shown in.Figure_5§  The plunger was then depressed

" so that the collar made contact with the top of the eell,

The weight of each sample was such that it would give a
porosity of 0,500 with the plunger in the depressed condition.
Porosity, in this case, 1s defined as the ratio of vold space

to the total volume occupled by'theleampressed-test'bed.

The permeability cell was attached to the manometer So that
an alrtight connection was made. The air in one arm of the
ménometer was slowly evacuatediuntil,the 1lquid was above
the highest mark on the calibration scale and_the.stopcock
tightly closed. .An electric timer was started as the bettom

- of the meniscus of manometer liquld reached the sécon&”eglie

bration mark and was stopped as.the bottom of the meniscus
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reached the third.mérk. The time required for-the 11qu1d
to fall was recorded to tenths ‘of & secand. This time and
the equatien presented 1n.the following section were used
to calculate the speclfic surface of the sugars. 4 minimum
of?three-separate'tésts involvingﬁee@arately prepabéd beds

' was used te ‘obtain the average time needed for caleculation

of specific surface. The ealihratien'of'the'eqﬂipment was
made with a standard cement of imown surface (U. S. Burean

@f;Staadards, standards Sample No. 114 f).
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EKPERMMAL RESULTS

The time-presswre recards from the k:ymograprm tracings
illustrated im Flgures: 6, 7, and 8 were; tra.nsrerred to &
stralght arithmet-ic grid ﬁ-em whichr the initial and maximmn
slopes- ef the curves could be determined as" :I.ndicated In
Figure 28, Appendix IIT.. These: slope:s carresponﬂ to the |
ini‘.t.ia.l and max Imum r&i_-:es;- of pregsure inerease developeri
by the explosiom: tests.. The. average rates: ﬁere' .caled;lateid;
from the observed maximum pressures and the t_i’ma- required
%o reach these maxime- es teken from the kymograph tracings.

The meximun pressures were then plotted sgainst the
.dust"' cbnmént:_'atign's at cbns#a-nt speeifiec: surface as ‘shown:
im Pigures 9, 10, and 11, The dust concentrations are ex<
: prQS sied‘-.‘ mgams per éubie neter and’ were: c.alculated from
the 'wn.__weight_ -of sample In:each case a;m?_ the volume of
the test chamber. Constant specifie surface was chosem:
originally as a matter of convenience, but in:the course
of the.- investigatiom it was found that re,gardlé és of how &
material was prep_,a;-_e'df; whether through mixing of several
" widely different 'particlg sizes or the use of a narrow range
- of partlele sizes, the results o.btaineﬂ'- were substantia_.ll&
the same for any_pa:_'ticular ._ mateifial if* the specific |
surfaces were e.-ciual..__ The sﬁbstantiat-ing data for the-se‘ '
findings are not shown by separate tébulat‘ion.' However,,
the "DeB* and *R<B" runs which are shown in. Tables IX and X
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were made partially with material obbdined Fin'%‘--th*e'-‘ range
270-525 mesh by screening amﬂ partially with a mixture ef
two materials, one whieh wes: fimer than 385 mesh and the -
other in;the range 2@0—870-mesh. This mixing was necessary
to givé*an adequate supply of the Sugar which would have a
5pecific-surfaee:comparable to that of the true 270-325
mesh fraction., The rate and gas analysls data were plotted

in & manner similar to that uwsed for the meximum pressures.
.. Thé results are 1llustrated as follows: initial rates in

'FigurQSjls,'ls,'and 14; average rates in Figures 15, 16,
and 17; maximum rates in Figures 18, 19, and 20; and gas
analysis data in Figures 21, 22, and 23, The experimental

_and.calculated-data for dextrose are presented in Tables:
_‘VIII and XI, fer sucrose: In Tables IX and XII, and for
| 'raffinose in Tables X and xm. |

In addition to the individual twoudiménsional 6X-
perimental cwrves, more general three-dimensional diagrams
are presented in Figures 24, 25, and 26 which show concen-

_tratiqa vsé.maximﬁm pressure vs, specific surface for each

of thé sugars studled,

The Specific surface of edch sample was determined
by means of’ the Blaine permeability apparatus and tha
fellawing equation.

psw(l - e)

6
VesT/h : S ?
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K = eonstant .

‘€ « porosity (0. 566)

L8 eaeifia gravity.

T ~ time, seconds

n a-viscesity:ef_air poise
(0,0001848 at 8. Emg

Sw - specilfic surface, /gm

The experimenta.l sm'facepmeaswement data are shown
in Table XIV.




DISGI@SION-OF RESULTS

Minimum Explmsive c@ncenxration‘

The lower explesive lhmtt for a dust explesion is
defined as that point at which there is barely enough ma-

terial suspended in alr to support combustion and propagate

flame, The minimum explosive concentrations for dextrose,.
sucrose, and raffincse are shown in Table VII. For each
sugar, the relation between this minimum concentration and
specific surfaee can be represented spproximately by an

‘equation of the form :

log: Cmin sa- bsw

where Cmin.is minimum explosive concentration, S is the
';-speeific surface of the material, end a and b are constants.

e Tt should be noted that these concentrations are not
as sharply defined for dust clouds as they are for gases,

These conditions are dependant on:the nature of the source

of ignition, the physical céndition of the material, and the

. uniférmity_of the dust dispersion. Since it is difficult
to prodﬁce.and maintain an absolutely uniform cloud, the

- minimum explosive concentrations are subject to some inaccu-
. racles,

Optimum Explosive Concentration:

The optimum'exp1091ve concentration ls that'conceh-

: tration at which the max lmum axplesién pressure is developed




from the ignition of a dust cloud. That is, for each

specific sui'i_’a;ce__ofleaeh sﬁgér there is one particular
concéﬁtr:atibn at which a higher explosion pressure will be
developed than would be develeped by an explosion of & dust

of any other concentration. In F:Lgure 9. -3 dotted straight :

) lme is shown which represents the loci of the optimum
eencentrations or variow Specific surfaces of dextrese
dust. This *loci of optimar line shows the relationship
between Spe:eiﬂc surface, eﬁtiﬁm explosive concentration,
and optimum explosion pr'essure. |
The mterseetion of this line and a line drawn
threugh the origin gives a: point whose coordinates may be
arbitrarily defined as the *minimum opt imua explosive
_ g:oneentration and the “ma.ximmn“ 'o.pt_imm explosion pressure.
The line drawn through the origin is drawn parallel to the |
éxper:l.mental carves. _
A construction of this type is reasonable, since for

all 5pec1fie surfaces of dextrese, the meximam pressure Vs,

concentration curves a-re ;parallel, and the optlimum _explo-sie_n-; _

pressures and optimum axélosiye concent.rations -_lie on a
straight line, Therefore » 85 indicated above, the inte’r-'-
sect.ibn of a line through zero cdncentrat.ién, parallel to
the other lines, and a line through.: the optloum points

' gives a "minimum® optimum concentration and & "meximum®

optimum pressure.
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The maximum press'ur:'e. vs. concentratiom _'c;arve_!s_ for
sucrose and raffinose may be treated in a manner similer to
that dese?‘ibe& for dextrose. This has been done in Figures
10 aiad 1"1. The optimmn explogive concentrations, optimum
explosion pressures, and the calculated "minimm" and |
"maximum® optime for the sugers studled are shown in Table

'VII;

- If the "minimum" epti.mwn concentret lons are pletted |
egainst the number oi‘ carbon atoms im: the sugars, a straight
line 1s obtained. A straight line may e.l_se be obtained from

a diagram of "maximm" optimun pressure vs. mmber of carbon:

atoms in the _eugar_..’: These relationships, shown in: Figure
27, indicste that the explosibility of suger dusts is a

- funetien ef the rmmber of ‘carbon a.toms 11'1 the melecule or
-ef the 1ength of the carbon chaln, assuming that the sugar

molecules are linear.r-

Maximum Pressure _

- The maximea pressures developed by the explesions of
dextrose are shown in Figure 9.- The maxinnm pzfesseuje de- -
cre-eses_a-e the specifie surface of the material decree_see.;
The "loc_j. of optimaw J.:l.ne in: Plgure 9 represents the 1ocej.
of oﬁtimum explosion pressures for all specifie sux'fe.cess_ -
The intersectlon of this line with a line through: the origin

glves & polint which cen be te.ken as the theereticel absolute,
- meximm pregsure for 't.he explosion of clextrese dust. This |
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a‘eeelute- maximum 'represents the maximuvm optimum explosion-
pressure that any dextrose dust could have regardless of
how fine the particles may be, This is true since the l:lne
through the origin: represents a--_theeretiéel dust . whose |
minimem explosive concentration (lower explosive limit)
would be zero. | _ _

The max:l.mm pressure vs.l cencentratien curves for
sucrose and raff:l._nese_,g as shown in Figures 10 _and 11, have
been treated in a manner similar to that rer' dextrose. The
absolute "maximum* explosioen p__ressnres‘wei-e i?ema to be 87
_\ p3ig for &extroee: 70 psig for suei'o's'e-, and 50 psi'g' for
raffinose; these pressures ocour at "min:l.mm" explosive
concentrations of 180, 150, and 1@0 gms/ms, reSpectively.
The data for these thee_retiea_l optima or ucritieal-. points#
are presented in Table VII along with the experimemtal
optima. o |

- When the "maximum“ ept‘tmm pressm’es and sminimum"

epti'mum eencentrations -ere plotted age-mst the ber of
carbon at.ems 1n the sugars, as shown in Iigure g7, two
straight lines are obtalned which relate ‘these "eritieal
points? to molecular structurem Even though eae'h eurve
i3 represented by only three points it 1s felt that the
trend 1s significant, since in each case the pomts' glive
a good straight line,. | _

The maximm pressures obtained are alse presented

in three-dimensional form in Flgwres 24, 25, and 26, F.‘rem_
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thésg* pressure vs. u}:oncenﬁx"-atioﬂ vs. s_p_eeific surface
diagrams; 8 cdmpletg pletinre of the'e;plesive‘pressure' _
swfaée;- can be 3een._.' From these dlagrams, it can al‘se be
seen that the meximum pressure increases as the spec'ifie-
surface of the materiel increases.  The "pressure peak"
_w_hicﬁ is shown in these figures mu],q eont_inué to increase
with an increase in specifie surface ,'  apprdaehin:g : an- apex
ineach case which would oceur st the "maxtmume optimm
explosion pressure and the “minimum* optimum explosive
concentration, The specific surface of & material whick
would be represented by this point cam not be defined,
sinee as previously discussed, the lower explosive limit
of’ such a material | wculd be at 2ero cencentrat-ion;- _

. The follewing method can be used to caleulate an
appreximate value of the maxilmm pressure obtained from an
explosion of a sugar dust, _T_he'msethod egan_siders-ther &ns’
 analysis, and material end energy balances, For purposes
of ealeuvlation, i:l;e combustion process 1s assﬁned_t.e_- be
§diabatic; The nomenelature for the: following aevelcpment
is:: |
: velume ef test chamber 1.86 ft""’)

standerd volume (359 ftv/mol corrected
to test conditions)

PR
rr
=
[ I |

Ng : mols dry gas in test chamber
He - mols carbon oxides in chamber

'mels sugar burned
‘=~ mols Hp0 formed by combustiom
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Ny - total mols of wet gas. 1n chamber
after explosion: '
ng e carben atoms/mol suger '
D - nmber of Hydrogen atoms/mol of sugar
; Fg 20 = fractien Hp0, in zas:
Fp™ - fraction carbon oxides in gas
Fy ~ fraction inmerts In gas
Sy - hest capacity at - constant: volume
Hy =~ heat of combustion: _
Vﬁzo-__. « volume: eorrection for water
T4 <« indtial temperature
Tp =« final explosion temperature
Py = initlal pressure
Pg = final explosion pressure
The mols ;qf gas. m.thae-- tank are 'given by:
vNBtd ‘ ('T) A
-This is true slnce the final rest cenditionr with.tm
the tank 1s essentially at atmospheric temperature and -
' kpressm‘e. The combustion products ef sugars give gaseous
explasion products eontaining carbondioxide, water, and’

small amounts of carbon monoxide (L - 2¢). For each molee
- eule of é.tmosp-heric-f oxygen engsméd ‘there 1s one molecule
of carbon: cl‘iqxie__l_ez-z'férmed-;- lnegle_cting_; the small amounts of’
carbon monoxide,. Since the hydrogen-oxygen ratio i sugars
s the same as in water, only the carbon i the sugars re-
quires stmospheric oxygen. When these gaseous products
are: cooled to ?9.'.3“‘] ;témp'erawre ‘they reach & '_?931‘? ~condltlom
which is substantially at atmospherie pressure since the
water v&ﬁo_r _.-.'C-@énsﬁsjmﬁ there is present approximately

_one: inolet:uie ‘of carbon oxlde gas for each molecule of




oxygen which was censumed. Tﬁelsmall ameﬁnf of carbon
monoxide preéent 1s the nnly gas which keeps this final
rest pressure from being exactly'equal %0 the initial
pressure in the test chamber.. The fbllowing ean be used

to obtain the mols of carbon monoxide and carbon dioxide:
Ng = Ng(%ﬂg*'%ﬂ)/lw - (8) |
the mols of sugar expladed,
=N/ O
the mols of water Tormed by burning
Nﬂao 2 Hs(ﬁH/E) | (210)

the mols ef 1nert gases (nitrogan and remaining oxygen),
and the total mols of gas present.
HI-NG-NC - (11)

-,

| “'T . NG+ NHgQ - __.(;12)

From equetiens (8) thraugh (12) the fractional

- 1

| eemposit19n=af gageous prodncts of combustion can be ob

tainedo.-
Frpo = Nypo/Np co 18
Fo = Ng/Np . o (1)

Fros Np/Np (18




Using mean heat capacities at constant volume, the average

- mean heat capacity can be ea_leulated,.

(Cv)Avg z FHBQ(CV)H o+ Fc(cv)co"' FI(CV)N (16)
and the final explosion temperatwe can be found.

N ( g .

i
V(CV)Aﬁg‘ R

L USiﬂS this terﬂperature, the maximum. explosion
pressume can be calculated from the penrmct gas law,. 4

‘eorrection: factor for water_ mist be_ ineluded, gince the

 ‘water is present as & vepor at the finmal explﬂsivecen—

~dition and is condensed at the final rest conditioni

ng > Fmo X Vsta (18)
-meluding t-his eorrection the pressure :l.s g:lven by
pfg ——.——-——-—- s = e Pi (lg)

v Ti

This equat-ior_i glves pr_i'es_sure' ;va;-liues from 10 - 20% higher than
observed values due to the assumption that the process is
adiabatie. A- sample calculation of a typlcal test is showm
1m Append:ix III. _ i

.:Initial, Averggga, and Maximum Rates

A.n explesion of a sugar dust 13 relatively slow at
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Ithe'beginning, but as: the explogion progressgg,_this low
initial rate gives way to a rapid rise in pressure which
conxinneé to 1ngrease:ﬁn#iluthe-explosioﬁ ceases. The

initial rate vs., concentration curves for the three sugars

- are shown 1n Figurgs-lzg,ls, and 14; the average rate vs{

concentration in Figures IS,_lQ, and 17; and the maximum
rate vs., concentration in- Fis_'ures'-- 18, 19, and 20.
 The grphical analysis which was applied to the
maximm pressure vs, concentration disgrams ‘can also be.
applied to each of the rate diagrams. However, since the

rate curves do not exhibit such sharp maxima or optima as

~ the pressure curves, the analyses of the optimm rates are

_-Sqrfaee_of:the:gamplg_deereases;I;hg amonﬁt-prvmgter;g;lconp

‘Tess reliable than the optimum pressures. The various opti-

me and maxima for the retes are shown in Table VII, It 1is
probable that the optimum rates could also be related to
the number of carbon etoms in the sugers, but these analyses
have been emitted because of the wids possibility for imaccu-
raeies in%determining_the optima which would be needed,

Ges Analysls L o
The gas analysis curves showa in Figures 21, 22, and

23 follow the same geﬁeral form as the gﬁrvgé~for the

meximom pressures and for the various rates., As the specific

sumed by the explosion becomes less; end ss a consequence,

the amoﬁum @fﬂcarbon¥ox1dss in the gaseous products decreases
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- .and 'bhe amomt of oxygen remaining mcreases. Thﬂ percent .

of carban exides also decreases as the length oi" the mo-_ |
Yecular earbon chain is increased. '

- Slmilar to the eptimm explosiom presgsure which
~exists for each specifilc: surface of each sugar, there 13
also an optlmum oxygen: cencentration“ and an eptimum carbom
oxide concentration: (earbon oxide being used t.o inelude
both- .ea;&bem monoxide and carbon: dioxide) . These optimmn
gas coneentrations result from the explosiom of a partiqu--
lax dﬁsﬁ concéntrati§n=o£;dne Specific-éurfaee;_ For oxygen:
~ this optimum may - be defimd as the minimum percent of
oxygen obtained from an analysis of the. gaseous products of
- combustion; for carbon o;:-i;des; it may be defined as the
‘maximum percent’ obtaineds As for the optimm pressures,, .
‘these optima occur at one*"épecifié goncentr#‘l‘%ipﬁ: for each.
.specific surrace of" eac:h sugar. Straight lines ean be
drawn:through these points as :I.ndicated in Fig'ares 21, 22,
and. 23. These 11nes interseck the vertical lines drawn
threugh the mininmm optlmum ﬁencentratiorxs fdp each: sugar
‘at 0f oxygen and about’ 28% carbar.c oxides. _Th_ﬂ_._s further
su‘bstantiate_s the observations made cpnce_m-mig the _ept‘imm '

explosiow: pressures end concentrations, [Im additionm; it

indicates that these optims would occwr at a poimt where all

aveilable oxygen:would be comsumed Wy the explosion.
Computatian of Pressure Propaiationa

The veloclty of the flame propagation or pressure
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proyagatien can be caleulated by the-msfhod of Jost as
outlined on pages 28 through 31l. The basis for this calcu-
lation 1s equation (4). |

n = (Fo/re)¥(Pg /p)l/kcdro/dt) | (4)

'th;'average flame velocity R
‘- initial’ syhere radius to contain

r -~
° material burned ’
Tg - radius of burned sphere at time t
Po ~ 1nitial pressure
P « pressure at time ¢
t - time
E - cp/cv for gases

This equatlion has a prebablﬂ accnraey of about 1@%
when applied to the dust explosions studied. A semple
calculation ef this flame or pressure veloeity is shoﬁnf
-in*Appanﬁix IIIo

M&thematical*Analysis of Time-Pressure Records

!

'E:' Ths time-pressure rate of an explosion of sugar dust

may be determined as follows, Let us suppose that the rate
mechamism-ofsthe explosion is of the first order and that |
it 1is affeeted by the pressure inerease in such a way that

dp/dt = ap ~ @(p) ‘ (20)

where P 15 the pressure at any time. t, aisa eonstant; and
 #(p) is some function of pressure,. The negative sign has
been inserted since the pressure increase is ggsumed to be
deterred.by afresisting_fbree=prapo:tional to the pressurs,
Various assumptiens may be made as to the form of B(p), but |
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-

it appears from several forms attempted that
#(p) = bp? (21)
fits fairly well. We then have

| dp/at = ap « bp® (28)

This is the equation of the logistic and the
solut ieui, is

Po 1 + e (b = Yo) :

Where Po 13 the meximum explosion pressure, t, 1is the point
of inflection of the titnef%-'pre:slswe- curve, and A is a
characteristic ‘constant. |

" Both to and & may- be d.etermined from & legistic-
grid p].et as was shown by Wilscm (31). From several a=

nalyses, as shewn in Figure 29 ef Appendix IIT, it appears |

that &< has a value of about 0,95 and to a value of about
0.5 for all of the sugars studied at all concentrations

and specific surfaces,.

Equatien (23) ecan then be applied to all of the sugars

sttadied te abtain an approximation of 'bhe actual time-

pressure records lllustrated in Figures 6, 7, and 8._.-
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CONGLUSIONS

As a result of this study, the follev;fmg .conclu_s_ions'

may be drawn: o
" (1) The minimum explosive concentration or lower

1imit of explesibility for sugar ‘dust is a straight line:
funetien of ‘the specific surface of the material, This
lower 1tmit decreases as the specific surfaee-increéses
and as the number of carbon atoms in the sugar molecule
decreases, o |

(a)- The oppimﬁmféxpleiwé eOneentrafion i3 a straight
line function of the specific surface and decreases as the
speeifie surface 1nereases;‘ The optimm concentration is
inversely p‘ropérﬁ ional to the mumber of carbon atoms in
- the sugar molecule.
| (3) The maximum pressure developed by an explosion :
_.of sugar dust 13 a funetion ef concentration, specific
‘surface, anﬂ‘the number of earbon atems in the nmolecule.
'Fbr any given concentration the maximum'explosian pressure
-ingreaseS'as the'specifie;surface iﬁereasesrand-as the

number of- carbon atoms decreases, The optimum explosion:

pressure occursg at a concentration ﬁhich, generally speaking,

is only 100 to 150 gms/m® higher than the minimum explesive:
concentration'fop each specific surface of each sugar. -

(4) The maximum optimum explosion pressure of a sugar
dust isﬁin#ersely proportionsl to the number of éarbon atons
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in the molecules.
(5) The maximvym pressure developed by a'sugar dust
explGSién'cgn be_caleulated.theofeticallgjfrqm the gas

analysls data snd a consideration of material and énargy
balances. |

(6) The initial.rate of explosion can be used}és a
criterion of explosibility. Previovsly, oﬁly:thé average
and maximum rates have been used. |

(?) The 1n1t131, average, and maximum rates are

funetions ‘of dust eencentration, speeific surfaee, and the

1

- number ef carbon atoms im the suger mclecule. For any

given concentration the rates inerease as the sﬁecific

surface incereases and as the muber of Carbon atoms decreases,
(8) Thblgas analysis datsa 1nﬁi¢ate that the minimum

6ptimﬁmfexplosive éencent&abion:of:a part;cular speciric“

surface of a sugar oceurs when the concentration is such

"~ that all the: avallable oxygen iﬁ the atmosphére is cone

sumed bﬁ'ths-combuStibn of the sugar.

| (2) Dust éleuds of dextrose are the mast.hazardous
of the ngars studied* suerose and raffincse follow in
order.. Thls means that the dust explosion hazard for sugars

is 1nveréely proportional to the number of carbon atoms in

- the ﬁDIGCﬁlem

(10) The velocity of the pressure or flame propéa
gaﬁioﬁ of dust explosions in closed.véssels can be calcu-
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lated from experimental time;pressure records and equation
(4).

= (ro/re )E(PO/P)M!(dro/at). o (4)

. average flame velecity

initisl sphere radius to contsin
materlal burned

radius of burned sphere at time t©.
initial pressure :

pressure at time t

time

Gp/Cv,fbr gases

e"'#;;".
't

g
t Tttt

(11) The time-pressure relationships of explosions
of sngar“dnSts may be expressédfhy the following equatien:

> o (23
p, 1+e (b - to) '- o

where p 1s the expl@Sion'préssure at time t, p, is the

maximum explosion pressure, te\is the time at the point of
| 1nf13¢ti9n of the time-pressurg'curva; and <X is a ehﬁraeh

teristic constant based on the slope of the curve when the
time-pressure data are piotted on & logistic or autocata-
lytic grid.

catum
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TABLE VII: CRITICAL POINTS OF EXPLOSIONS OF SUGAR DUSTS
 Minimum Optimum Optimum
Speelfiec Explos, Explos, Explos, Optimam Rates
Surface Canc. Cone,  ~Press, _ _wp\s_i/sec) )
Hat.erial (emS/gn) (ems/m® ) (gms/n@) (psig) - Init, Avg. Max,
Dextrose 1480 360 440 57 17 82 160
' £350 220 400 65 20 90 200
2930 10 360 68 23 100 220
4500 20 310 72 27 1llo 245
Sucrose 1800 320 450 42 ‘12 45 95
2350 180 %20 52 15 65 125
2950 120 280 56 17 74, 160
5830 40 240 60 g2 88 195
Raffinose 2270 - 500 590 4l ‘T 36 80
o 2980 330 470 37 9 42 70
_ f 9
3700 150 - 350 33 12 50 90
Caleulated 'Theore’e-:lcal Optima
Minimm HaxAmum - Maximm
optimzn Optimum Optimum Rates
Gonc,  Press, (psi/sec)
| 1S’ Init. Avg: Mexs
Dextrose - o 180 & 35 160 300
Suerose = = o 150 70 30 130 240

Raffinose - 100 50 17 120




TABLE VIIT:

Maximam

EXPEBB&EMAL DATA; DEXTROSE

-80

- Ssample s@lid Gas Analysis

Run Weight Pressure Residue _ '

Number (grems)  (psig)  (grams) ¢ Cop _%‘ 0g & €0
D-A-1 50 63 38 12 1 e 9 2,3
D Aw@ 40 67 86,5 4.1 5.9 2.5
D~Au3 40 65 26 13,2 6,0 2.6
D-A=4 35 63 B35 9,0 10,9 2.6
DeAw5 . B5 70 10.5 13.9 6el @ 246
DeAx6 23 68 12.5° 9.5 10,9 . 2.1
D-4=7 20 70 64 12,0 7e8 8.5
DeA=8 17,5 73 5 13.1 6.8 2.6
D-2~9 - 12.5 68 2.5 9k 10,0 2.3
D=A-10. 10 62 2 96 10.9 1.9
D=A~ll 7 37 2 53 15,0 2.0
D-A=12 5 28 1.5 3,8 16,9 1,5
DnA-13 3 15 1.5 2,8 18,2 L.
D~A-14 2 4 1,5 X2 18,8 1.2
DehelS 1 l - -~ -
D=B-1 45 60 3445 12T . T8 2.6
DeBeg 35 62 23 1441 641 28
B-B-4 .. 15 65 2.5 13,7 e.o 2.1
DoB6 9 40 245 8.0 12,5 1.1
DeBaT7" 8 12 2 - - -
DeB~8: T 4] 7 - - -

. D-C-1 50 58 - 38 12.4 7.7 1.0
Dm Gl 30 . 62 1555 15 'r 4,4 1.0
DwCd 85 65 10,5 14,9 5.8 1,9
D=-C-5 20 68 Te5 l4.2 6.3 L7
DeC=6 15 55 6.5 11,0 9,2 1.7
D=C=7 13 32 6 ‘3 1540 2.0
D=C=8& 1= i 1=z - -
D-D=2 40 50 =T o S v
D-Dx3 30 54 18 - 12,0 - 8,6 045
D=Dad 25 60 12 12,7 7T Ou7
D=Dwb 20 87, 9 11.0 9.7 Cud
DeDw6 18 38 945 T.e5 1=2.6 0.4
DeD=8 16‘ 16 - - -




TABLE IX:

' EXPERIMENTAL DATA, SUCROSE

Sample ' ' SoXild Gas Analysis

Bun Welght Pressuwe Residue :

Humber (grams) (psig) (grams)_ % Chg %0 #CO
S-A-1 _50 50 - 38 11,7 - 8.5 2.2
S"A-S 40 53 27.5 ’ 9.1 10.- . _ 207
Selwd 30 55 19 9.k 12.1 1.4
- BelAwd 20 57 10 11.9_ Qa7 2.0
S=Aw=b 15 60 & 1l.4 246 1.8
SwlnE 10 55 3 11.2 93 2.0
SuleT 7. 45 1 6.6 14.2 1.8
S=A=8 . & 0 2.5 5.3 15.4 1.5
S=4-10 4 16 1l 3.6 17.5 1.4
S=A=-11 3 4 2.5 1.4 19,5 1.2
: S-Aa-la , 4 Q 2 w RS e
S—Byl 50 - 50 40 8.5 '19.9 1.0
SeBed 40 50 28 10,7 9.0 L2
S=Bed 30 53 20 11,8 Ted 2.3
SwBL5 - 20 55 - & '12.6 e 1.8
Swh»6" 15 85 4 9.5 10.0 1.7
S=-B=T 10 38 .4 7.9 2.5 1.9
‘Su=Bu8 9 32 4 4,9 15.2 2.0
S=B=9 8 5 6358 1. 19,0 1.3
3-C=1 53 47 40 . 13,0 Ted .2
S=C=2 5% 45 39 I4,4 6,0 - lid -
SwC-3 50 . 47 37 13.0 Tk 1.3
3=C=q 42 48 30 1.9 ~ 9.2 1.8
Sul=5S 35 48 £l.5 12,0 9,9 1.3
S G 6. £8 48 16 Ta6" 12.4 1.9
S=C~T 21 50 iz 8.6 @ 12.0 1.7
S=(=8 20 S0 T 10,6 10,0 XS
G C=9 15 53 5.5 9.9 11:3 1.1
Sem=10 13 45 JeD 10,4 10.4 0.8
S=Cm1l 12 40 3¢5 846 12,3 1.6
S=C=12 i1 31 545 5.0 . 16,2 1.2
S~Cwl3 - 10 16 4,5 33 - 177 1.1
S=Cwld 9 6 Te5 1.5 19.8 1.0
S=Cwlb 8 ¢ 8 _ - -
S«D=1 50 38 37 10.5 10.4 1.5
§=-pP=-2 50 37 43 10.1 10,9 1.4

_ﬂ



 Ruw _

TABLE IX: EXPERIMENTAL DATA, SUCROSE (continued)

. sample - Meximum - Solid .-
Weight  Pressure Residue

_ijasihnalysiﬁ

S=D-3
S=D-d
SwDe5
SeDub
S=DeT

S=D-8 .

SeDw9
SwDwl0
S-D-11

S-Do18

40
35

30

30

25

22

21

20

'18
1T

43

40
40
42
45
40
28
11

0

Is@'
24
20
21
15
8
12.5
13.5
15
17

% G0

9.6

8.5
85T
6.9
8,0

10 |;_5 '
8 1."_._1
4,3
1.6

10.6°

12,3
14.0
15.0
10,5
12 '.:7-".
16\.;2
19,0

£0g % CO

1.2

13

l.4

1.3
1.3
1.1

1.2




TABLE ¥X: EXPERIMENTAL DATA, RAFFINOSE

Sample
- Welght-
(grams)

‘Maximum
Pressure
(psig)

Solid
Residue
(grams)

Gas Analysis

50
35
. 80
1745
15
11
10

37
o8
3%
40
37
28 .
23
;5'
0

35
35
37
32
16

5

0_.
32
32
33
23
15

0

38
26,5
1
645.
€
5

. 45

8

35
26
13
845
16
16
17

39
2745
B2¢5

25

25.

26

Teb
643
6.0
a3
5,6
Sad
2.9
1.1

Ted
6.4
T8
2.8
1.5

Ta3
6.8
6 .._4.
3.0
2.0

13,4
14,6

145.7 )

15.4

17,5
17:6

19,9

13;3

13.0

14,1
12.4
17:9
19.4

13,5

14,0
14,1
17:5
18,8

0u3

045

O
Os4
Qsd
07
02

04
0.5
0.2

0,4

F Qa2
Ol

. Unable to obtain explosion at any conditiony

P T~




TABLE XI: JLATED DATA, DEXTROSE
Concen- Total ‘Maximum Time to Rates of Pr. Rise
Run. tratien Surface Pressure Max. Pr. = (psi/sec) _
Nunber (ma/m ) (cm2/ ) ('p'S'l’g") (see) - Init, Avgsy Mexy
D-A-1 950 428 63 0.66 21,7 83 194
D=A~2 760 . 342 67 0463  22.8 107 247
DeeAwd 760 342 65 061 25.6 107 244
D-A-4 665 £99 . 63 ~ 0,76 25,5 8¢ 185
DeAn5 475 214 70 0:63 28,8 111 232
Do 437 197 68. 0:s61 24,4 112 255
D-A-7 380 171 70 . 0.60 26,0 1log 232
Dehn8 333 150 = 73 0.66 26,6 112 210
Dwfw9 238 - 1lov 68 0,81 25,5 85 188
D-A&l@ 190 86 133 0,860 2@,7. 78 1658
 Dep=ll 133 60 3T 0476 11,8 43 86
D-A-12 95 43 28 0,76 le.9 37 65
D=-A«l3 5T 26 15 0857 B3 @ 26 43
D=A=14 38 17 4 0,29 T.6 14 . 20
DeAwl5 19 9 o - - - -
D=B=l - 855 250 60 . '0.77 . Bl.,t 88 207
D-Bef 665 195 62 0,73 22,4 94 210
DaBa3 380 - 111 68 Q.76 223 90 183
DeBed 285 84 65 0.72 20,4 90 180
DeB-5 190 56 45 0,700 12,7 64 92
D=Bw& iTl 50 40 o476 14,1 53 112
DuBaT 152 44 12 - “ - -
D=BX8 133 38 0 - - - -
B—G—l 950 223 . 58 0,72 1841 81 185
D~Cs2 760 179 60 0.67 2045 90 199
DeC=3 570 124 62 0,71 19,0 86 198
DCid 475 112 65 0,66 17.6 98 196
DaCwb 380 89 &2 - 0.70 18.3 88 152
D=(C=6 285 87 56 0,74 13.8 T4 1356
DCaT 247 58 38 077 10,2 42 86
D-C-8 228 54 0 - - - -
. ' . |
D-D=-1 95@ 141 50 C.70 15,0 72 135
D-D=2 760 - 1lig 50 - 0.65 16,7 7T 172
DeP=3 57 . 84 54 076" 14.7 T 137
D=D=4 475 T0 60 0_73 14,4 82 148
E-D=5 380 56 57 0,75 12,7 79 128
D=6 342 52 .38 0,78 9.1 49 80
D=D=7: - D23 BO ) - - - ™
D~D-8 = 304 48 0 - - - -




- Concen-

TABLE XII:

Tetal

85

GALGULQTED BATA SUCROSE

Mexdan Time to

Rates of Pr. Rise

Run tratiom Surface Pressure Max, Pr. (psi/sec)
Hmnber ( gms/me ) (cm_i./ oY (psig) -(see) Indt. Avg. ax,
S=A-1 980 364 50 6.75 18,9 &7 192
Sel-2 - 760 - 291 . .53 Qe84 - 2X.0 62 170
 Bulied 570 . 218 65 0:59 18,9 93 189
Behwd 380 145 57 0,79 24,0 T2 168
S=Awd = 285 109 60 C.82 2.2 T3 g04
Swluf 190 73. B85 0,84 20,8 €6 154
Sed-7 = 133 51 © 45 0465 15,8 69 195
S=A-8. .. 114 44 30 0,74  14.1 40 86"
S=4A=9 95 ‘36 21 0.86" 12,0 24 43
S«A=10 T76: 29 18 0,91 10,3 18 . 37
S=i=ll 57 22 4 _ ..95 4,0 4 5
S=Bwl 950 280 50 0&84 15.2 54 138
S=B-32 950 ° 280 52 - - -
SwBad 760 L4 50 080 @ 14.8 63 146'
SwBed 570 168 53 0.77 15.5 69 134
S5-B=5 380 112 55 0,78 15.5 T 178
SeB=6" £85 84 55 0.74 14,1 74 148
BuBeT 190 56 38 0.81 13,2 47 91
SeBu8 171 50 38 0,73 11,5 44 76
S~Bw9 152 44 b 0.4l 5.5 12 36 -
" 8=B=10 133 38 o . - - - -
8~C=1 1000 238 47 0.95 11,1 50 112
B Caa 1000 238 45 0.75 17,1 61 114
8=Ca3 . 950 223 47 0,88 15,0 53 94
S«Ca4 798 188 48 Q.77 14,1 62 115
S=C-5 665 156 48 0,88 16,4 55 97
SaC~8b 532 125 48 0.93 1).7 . 58 97
S=CaT 399 94 50 0,77 13.5 65 111
5=Cw8 380 89 50 - 0,79 15q. 63 95
S5~C=9 285 67 B3 0,70 11.5 76 125
S5=C=10 = 247 58 45 0,77 1047 58 89
S=-C=11 | 228 b4 40 0,72 S.4 57 72
S=Cwl2 209 49 31 0,73 Te2 = 43 57
5=Ce13 190 45 16 0,75 S 7 21 42
S-C~14 171 40 8 0.44 5.0 14 24
8-C-15 152 = 36 o - - - -
SwD=l 950 171 38 0491 2.3 ‘42 88
S=D=2 950 171 37 1.04 11. - 3T 82




TABLE XIT: CALCULML'ED DA’I‘A, SUCROS E (continued)

S-D~12

323

58

Concens Tatal Maximam Time to: Rates of Pr. Rise
Rum trati m S'arfacg Pressure Max, Pr. (psi/sec)
Number (gms/m (cm &/mS) (psig) (see) ' Im_.t. Avgy Mex.
B8=Du3 750. 137 53 0.95 N 7.5 45 86.
SeDPud 665 120 . 38 1,00 = 9,3 38 74
S«Dub §70 . 103 40 0,93 10,6 43 T
SwDu&’ 570 103 40 1.00  13.7 40 T3
SeDa? 475 86 42 i.lo 1.0 38 93
S=D«8 - 418 75 45 0.93 8¢ 49 95
§=D-9 399 -7 40 0.92 11,3 44 86
8-D=190 380 68 28 0682 8.8 33 e
SeDell 342 62 - 11 0. 60 5,0 19 27
0 o - - -




_ 87
g
E

eﬁﬁ_ XIIT: ﬁnﬁ%mu Ea? %E@mm

ooso@s.. eodﬁ.  Maximum Time to Rates ow Pr. wu.mm
- Run tration Surface wwmmmﬁ.o Max, mu. (psi/sec)
_zdsaeu Amam\amu Aaam\ AWm#mv _hmmnu Init, Ave, Max.

R-A<l 950 mmwf 37 0,87 9,0 " 42 72
R-A-8 . 665 246, 38  0.86 117 44 85
ReA-3 380 - 141 39 0.89 10,4 43 .78
R-A-4 333 123 40 0.87 10.0 46 80
‘ReA-5 285 105 37 0,88 14.0 42 80
R~A~6 = 209 7 28 05186 8.7 33 58
R-A-7 190 23 0.74 7.5 285 45

17 mm 5 - -
152 - 56 0 - -

855 255 35 089 76 39 6T

" 665, 198 35 . 0,92 .8.6 . 28 72

C 418 1Az 37 - 0,91 .87 . 41 68
C380 - 113 | 0,88 .2 36 57
361 . 107 16 0.85 6.3 80 37
242 1028 | 5 o.qq 3.8 7 12
383 .96 0 - & e @

NH@. Co 38
151 38
129 | 33
121 23
E . o - - - -

mo,oddmpaﬂmwuwompowﬁwﬂ any conditions

W

m_.:.- g5 -3




~ Sample
Number

TABLE XIV:

uaterial

- Std-1

8td-2
$td~3

Dhﬁﬁl..
- D=As2
D-A=3

DeBal
DwBu2

B3
DeCs1

D=Ca2
D=C-3

D-D-1
D~Du2

D-D-3

SeAsl
S=A=2

S-‘A%S ‘

8<Bwl
SaB=2
SwB=3

S=Cwl
B=0C=2
B (=3
S=D=1
SeDe2
S=D=3

ReA=l
ReA<8
ReAn3

R-B=l
R~Bw2
35333

sSucrose

stanagrdf
Be#trésez
Déxtrose
faextro se

Pextrose

- Suerose

S8ucrose

Suérose
Reffinose

Raffinose

SURFACE MEASUREMENT DATA

(mesh)

325 minuns

270 ~ 325

200 « 270

170 Q.zéO"'
325 minus

| 2?6 -:325
200 - 270

170 = 200

325 ninus

270 - 3256

Time

Specifig Surface

/sm)

(cm

tseé) :

108;2
106,2

lesid

50:4
49,5
50,3

21.8
21,0
20.5

’ . 13.

.....

3230
3230
3230

4530
4480
4510

2980
2920
2890

2340
2390
2330

1510
1470 -
1480

3930
3720
3840

2850
. 2990
2970

2360
2350
2340

1820
1800
1800

- 3700
3100
3690

3010
2950
2990

L




TABLE, XIV: SURFACE MEASUREMENT DATA (continved)

ample

Materlial Size

Number

R-G=1
R-C:2
ReC=3

ReD-1
R=D=2
R=D=3

Raffinose

Raffinese 170 <« 200

200 - 270

Tine

11.8
11.3
1.1

9,0
83

8:8

Spéciﬂ;e surface

89

2310

2260
2240

2020

1940

1990




APPENDIX -II
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Maximum Pressure (psig)
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4500 cn®/gram

e
@ 2930 cu®/gram
I | O 2350 cn®/gram
,‘ > ' ® 14810 en®/gram
0 uL _ L,, In _ | , .
0 200 400 600 . 800 1000

Concentration (gms/m3)

_ FIGURE 9: MAXDMTM PRESSURE VS, CONCRNTRATION, DEXTROSE
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FIGURE 10: MAXIMUM PRESSURE VS. CONCENTRATION, SUCROSE
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FIGURE 11:
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@ 1480 cn®/gram
30| _
I e
_ -~ 25 \M\
© | . . _
§ .
. £0 0
ot
| 2 . \0N
| . : .
| g 18 ———<®
:;
' 10
5
0 y.x L E t‘\ 11\ . . - -
0 200 400 . 600 800 1000
- Concentration (gms/nd)
FIGURE 12: INTTIAL RATE VS. CONCENTRATION, DEXTROSE




‘ Im.tial ‘IRat-:e_ (psﬂsec)

40

3830 cm®/gram
2950 em</gram
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2350 cnl/gram
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1800 cmZ/gram

25
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!

FIGURE 13:

200 400 | 600 800 1000
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35 }

30

© 3700 cx®/gram
® 2980 cn?/gram

O 2270 em®/gram

25

20 |

Initial Rate (psi/sec)

15
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| e
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FIGURE 14:

200

INITIAL RATE VS. CONCENTRATION, RAFFINOSE
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Concentration (gns/m
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2930 em?/gram |

140 2350 cm®/gram |

1480 cm/gram

120

100

14
i/

Average Rate (psi/sec)

20

A4

0 200 400 600 800 1000
‘Concentration (gus/mS)
FIGURE 15: AVERAGE RA‘I’E VS. CONCENTRATION, DEXTROSE




Average Rate (psi/sec)

101

160 o
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1800 ew”/gram

120

-
8

"

o L | . ] :

0 200 409 600 800 1000
S ~ Concentration (gns/m®)
P ., ' :

\ FIGUHE 16: AVERAGE RATE VS. CONCENTRATION, SUCROSE
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FIGURE 17: AVERAGE RATEZ VS. CONCENTRATION, RAFFINOSE
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~ Maximm Rate (psi/sec)
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320
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2930 cm®/gram

® 0

QO 2350 cn®/gram

£80

@ 1480 em®/gram

- 240
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FIGURE 18: MAXIMUM RATE VS, COﬁCENTRATION,- DEXTROSE
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Maximum Rate (psi/sec)

- 104
320 = .
| © 3830 cn?/gram
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FIGURE 19: MAXIMOM RATE VS, CONCENTRATION, SUCROSE
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320
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O 2270 cn®/gram

240
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80

40

|!1

0 200 400! = 600 800 1000
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o FIGURE 20: MAXIMUM RATE! VS. E-GONC;EET."RAQ.' ION, RAFFINOSE
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FIGURE 25: PRESSURE VS. CONCENTRATION VS, SURFACE, SUCROISE
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FIGURE 26: PRESSURE V3, CONCENTRATION VS, SURFACE, RAFFINOSE
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CALCULAT IONS

s .

Specific Surface Determinatiom

Caleculation based on surface measurement runs Std-1

and DeA-l and equationz(e);?"

r e LSud =)

/2 (Standard) -~ 3.15 gms/cma
7o (Dextrose) - 1.544 gms/cm® |
: e = 0,500 (welght of éaxtrose to
give this porosity ' 1.47 gms)
- @.@@Ol&%a at 800 F.
Sw(standard) - 3230 em%/
T (Standard) - 108.,2 seconds
T (Dextrose) = 50.4 seconds
- (3.15)(%230)(1-0 500)

V(o 500)5(108.2)/0 0001542
18,9

"

Then: from DeAel

,ou ey
18.9Y (0. 5n)3(50.4)/o.0001842
(1.544)(1 ~ 0,500)

& 4530 cma/gm

, An average was taken of three separate calculations of this

type for each Speeific surface of each sugar studied.
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Theoretical Ma.ximum Pressura Betermination

Calculation based on ™m D—A-?.

Data. ' %’00"2 12 0
- 2«5 '
800 Fo -
o 740 mm |
Voanic = 186 £td
Hc (Dextrose) = 673.0 kg eal/g:a mol

ot
'-h
ll'-il- ETS -u- .

Heat of ecombustion- firom N. A.. Lange, Ha.ndok of
Chemist_ v -l)Handbook Publishers, Inc., Sandusky,

‘The volume of one mol of a perfect gas a‘b the in-

:I.t aZL_ conditions 1s:

Vgtd 359(?60/740)(549/492)
£ 405 £t3

From equation. ('T),, the number of mols of gas :ln the explosiow

chamber is

Ng = L.86/405 = 0.00460 mols of dry gas
from equation (8)

Ng = (056@48@)(125@4—?#5)/100 ; a;ewigétmols.co & COg
from e;ciué.t ion- (9)

Nz = 0.067/6: 0.0'00111. mols é.-’exfrose: éxialéd’e&f |

from equation (10)




S Sy
—

from eguation (ll)

» . i & oW - Lok b e T _
FiEE G A RIS TORL AT S ik B ST T § N o

from eqpation (12)

l

Np & G.ﬁﬂ.46. *'F @.0606;( G , 00527 total mols of wet gas

.1._:, - "o L
1 * lEw it

.....

from equations (13), (14), and ( _):

Ly S .
oy A
v A '\;\ :9%— :

Fhgo = 0.127 Fg = o Fy = 0,746
}J-J A Qr\a

e O

TG, gn L
[

o Sermemmer 0 100w 37,

g" wi: mean. 'heat c%ﬁpacities were taken from )

Lo s onsidsodod ﬁ.n D L EEERERE
310, *mm(es-% ) 0 ’746(@?1@2*1*
T E i vl | FT

! RET T
= 06,0240 Btu/ft3/°r

Hf\.) W S eI U S

The final theoret.ical fleme temperature can then be obtalned
frem equation:: (17) . A S R VL RS e .

g

Froe s 1' ki (0“5@..111)(6'?5 “@)(“18@0) v e M UL

SR (1.86)(0.0240)

2 BOB0.OF: o snbids w0 e lur
R L ER LG | el ST gy B B .
STRRLE

from equation (18)

g E(B 0087 (dosy & isgs A T

T . R A L AR




117

gnd the‘maximum explosion.pressure can bhe célculatedzby
equation (19)
(1-864'0.38) - 3390 740 . }

Pe = 1.86 " 520 | Teo & 47

Pp = 100 psia = 85 psig.

Ps (observed) & 70 PSiSI _
P f( Calc ]F' - '. Pf(ObS) « 100

 Pg{obs)
100 & 85

o == =2 5 100 w 17,7 |
T 100 = % #

% Error =

E&ta: Pe~_

Ro ; 23,4 om (considering tank ag. sghere)
= i5.2 cm (from graphueal Integratiom
, of time vs. radlus di&gram)

0,60 sec

From these data

(drg/dt)pyg = Ro/t = 39.0 cm/sec
From equation: (20) the-aﬁeragé veloelity can he obtéined
directly as r, Re

(23.4/15.2)2(14.7/847)0+715(39)

vn - N
= 26,8 em/sec | :

s

Sincg_thgeexplosﬁen chamber has an actual radius of 7 inahes;

the expected velocity would be

e e VAo - o




Yy (observed) = 77X 342”54/69"6
- £9,6 cm/sec '

Garlculatien ef Initial and Maximmn gates

The initial and meximum ratsz of" pressure inerease
A5}

developed by an. 'ex;’;lbsiop. of sugar |
Irom the j.nj.tial. ‘and’ maxlmum sl'cpes\l of the time-pressure
curve as shown" in:Figure 28. | -

Calculation  of T Thsoretical Timeapresswe Relatiém:

Several ‘runs of each of the Lhree sugars were

'__ted on a logistic grid to determine the constants fsr

the equation discussed on' page 71.. A sample log;l_.stic
dilagram 1s showm in: Figure 29,

1st can be cal_eulate@_




Maximum Pressim (psig)

/Jﬂlom = Initial Rate = 14 psi/sec

0.2 0.4 0.6 = 0.8 1.0 1.2
Time (seconds) R

FIGURE £8: SAMPLE CALCULATION OF INTTIAL AND MAXIMUM
_ RATES FROM TIME-PRESSURE RECORDS (RUN R-A-4)

6TT




£ Saturation (Instantaneous Pressure/Meximum Pressure)

90

8

346156

J /

28

95

70

g

o 3
A

30}

O’ pextrose |,
Oismroae- |

0 08 0,4 . 0.8 0.8 1.0
Time (‘-:aaeeond_il)' |

FIGURE 29: LOGISTIC GRID REPRESENTATION OF TIME-
PRESSURE RECORDS o
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