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1.0 INTRDDU -

1.1 Origin of the Problem

The effects of explosions occurring in atmospheres Ls

grain dust have plagued ma two centuries.

recorded explosion, specif ical.

agricul dust, took place

immeasurable technological .3 ir.i'

not resulted In adequate methods of prevent .

plosions- Dust explosions contli

evi^

tetveen 195S ar.c 1975, v

the preceding 17 srlod the annual average

rtalnlng to ag]

was recog. :a:es in

and Solids, Depart

L resent

.

rnrds

occurring

,

handling s.



The foremost associated . .estigating either

igni r devola: tion phenome grain dust clouds are dis-

persing the dust -asona' us dust suspe-. in

the appropria supplying the energy necessa:

the chemical and p d phenomena .j:. nt

experimental have bee: d to achieve tfa

these discusser chapter. I'

I deper. me

des o obtain. . described herein is not conct

wit:. e clov. disp*

the phenomena that produce ignition, whether it be 2. m*r

a hot bearing, er it conce. l1

\s by which the dust ignites and burns once in suspension.

-:le pv.

.

(SPST) is 7

d devolatili

The • rses the dust sar

heater generally ,

10 K/se iheral diagr

op* dispers:

set o*

.

ion resulting -



a suspended dust cloud undergoes rapid heating.

The United States Department of Agriculture Grain Marketi:

Research Laboratory, Manhattan, Kansas, pi -he corn, miio, soy-

bean, and wheat dust samples in addle Lcn to the cow cockle starch used

in this investigation. These dust samples, originating from dust

collection fac: I in coramerc I ain elevators, were ball

to the desired size and were subs tly characterized

1) size distribution, 2) elemental compo^

experimental strategy consisted of first ietei era-

ture dependence of the ignition of the four gra

.

in an oxidizing environment. Insofar as analysis

that the release of volatile gases probal I .ys an integral re .

the ignition process, the second and comp portion of experi-

mentation was directed at quanti: I

drocarbons ^nd oxides of on pr; .

.

dust c Loud •

;
• ...

Inasmuch arch (

either the d use u;

or the me

an

comparison. T* . . ::•

included in • hose . Lag grain Just.

Si::. ...... ticli ign.



of Che Ignition mechanism esizeu . nllar to grain

dust are also include ilaio| era the experimental

apparatu . suits, and conclusions are discusst

rk

Si^; mt advar.. Lfl recent years I s a

understanding of the ignition process occurring in solid partic

sus n a gaseous medium. Howev ~>.g genera.

.5 somevhat inadequate and our knowledge con ; the ignition

-. more deficient.

to unfold th '.s cer.* j the developnent of a ption of

ion process. It begins by a _ . lion C

mployed in this study and is wed by a summary c

available results concerned with tfa lysis of grain dust or

stn; lis. The re oncluded with I

cussion of studies re -.esti^

ust S: re

dust may be characterized

exar . \racterized the physical properties of gr.

dust en t density, heat of combustion, and surface

I addi: . es cf

3 global

combus . proximate anal I
measure

aoisture, protein, and a substance as : from

a series e fied b social

.



of Official Analytical ~s''. The weignt percentage of starch

is then determined by difference from C .al percentage of t

six constituc: -_-ntioned above. The results of Martin's pre...

analysis of agricultural dusts are presented in Table 1.

From the point of view of a study of combustion, a mor'.

form of the data presented in Table 1 can be obtained usi: _n

values in each classification range. The percentage combustibles,

defined as the sum of the weight percentages of protein, fat, fiber,

and starch present in corn, milo, soybean, and wheat dusts, are,

resp -ly, 81.6, 71.3, 63.2, and 75.0 per,

craction of the weight percentage ash and moisture from 10'-

renor.v.alization of the data in Table 1 pr-

of the combustibles on a moisture and ash free has ;his dr

ash free tabulation is presented in Table 2.

The r a percentages of the various constituents, •

equivalent for the various dust types, do not pre

relative I ;on characteristics ( ^n

tern. re, minimum explosive

ig:.. .) Rather these data provi

Lsvolst i«

each constituent in ths global processes. . a di-

ire co Isssi: ns

- s .

Lns *ri I composed of amino a

peptld. generalized stl I of a protc
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Table 2. Dry and Ash Free . :.a:e Analysis C I

froa Martin in percencage by vc -

Grain __ _ „ .

.

Protein Fat Fiber S:

.

Dust

Corn 9.1 2.9 9.2 78. -

Wheat 13.3 21.1

Milo 9.0 .S

Soybean 13.0 3.1 15. 3 76.



of n amino acids is represented in Fig. In this diagram the R

groups represent the side chain or remaining portion of any of the

twer. illy occurring amino acids , :. , the R. group would

be a CH- 10 acid forcing the chain was alanine.

Fats, also called fatty ac lipids, generally contain an

even number of carbon atom* <ed together in a straight chain

terminated by a carboxyl group . Some fats are unsatura

up k double boru . ration,

^carbon chain. The structure of oleic acid,

ma- onsidered representative o: itty acid, is prest

-B.

^rage polysa -de of higher plants, cc of

two components, I amylopectin . Amylose, a linear pol>-mer

compo^ up to 3000 D-glucose residues joined together .-.. •

glycol la represer. .g. 1-C. Acylopectin is a

branched polysacc: e linear portion cont - *se

units Joined togethe- .die linkages. Th-

itructura of

repre

givt: -.e amc .ithin

. ts biolog

Fiber, composed r-riroar: cellulose,

i are Joi -her b r>sidic

links . se is shown
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Pyrolytic Behavior of Cr .. sts and Relate: rials

olysis can be i as the thermal degradation of a sub-

*
star. in inert environn.. ."

. The a n of heat to a so.

par* lotion a series sding

the release of a variety of gaseous compounds at these elevated tempera-

tures and a change of the parent mat'

•reus grain

dusts, but for reasons m discussed later, their applicabil

to ignition ion in suspension is questionable beca

~ed out only at relativ-

tures. Thus, this udes a discussion jrrent

knowledge eliefs cc: | Ag pyrolysis of coal ar.c collulc

ore is known about coal because of its historical place

as an Laport .ssil fuel while cellulose has been studied extensively

read.

Coal is a high molecular weight or. . -posed

nor.- -ing blocks, a sub percentage ch

possess an aroxat: NuatTOua investig.. , it111zing

. roscop -ral c

occ ~ed cc .

despite the . : exp«

.s of the bc2i phot

ione r ^sures MT-

*
.eat or - iiomatica
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face blistering. Cenospheres, essential!.] ollow particles possess,

surface holes or larger blew holes, are a. ribed to be thin- -ailed

lacy baloons with evident blow holes. SEM photographs, , 2,

of high volatile bituminous coal shock heat - .-.ere at Kansas State

University depict the physical changes ac: 5 pyrciysis.

Coal devolatilization experi~er.es ever Last t* I have

produced an unexpected discrepanc

original coal sample released as wc'. : .ned by the .rd

ASTM procedure and investigations employing ..

the prescribed value of approximately 5 K/min. For exac.

12
and Howard , reviewing coal devolatilization s, re~

five instance! when more volatile matter was obtained usir.g a

heating rate than wes determined for these 7M

procedure. They attributed this additional 1 . .

partially ^o an unidentified process which convertee rboc,

determined by ASTM analysis, into voiatiles. The author!

part of the enhanced vol

-eve a .ng rate. T . - more

13
crt- .dence*:

to heating has a

on total ;
•!• Lds and product dietribui bicuainous

and tits coals. Thus, :mencal procedure must rem..

important eoi ition In discuaaions of the devolatll: phenomena.
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-ng electron ?hs of Pittsburgn sean coal sub-
ted ti~ ressures and a

re c scale at the lover left of eacn ni
•

.
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The pyrolysis of cellulose has bee: subject of numerous

investigations utilizing a wide variety of experimental tec -s.

Once again, the effect of the heating rate on volatile yields as it has

14
been addressed in the literature, merits discussion. Mir. repor:

that the amount of residue present after pyrolysis of a cellulose

sample decreased with increasing heating rates, which of course implies

increasing volatile yields with increasing heating rates. _s

study filter paper (essentially cellulose) , was pressed aga

stainless steel wire screen contained inside a test section, the

temperature of which could be increased linearly at the rate ol

The pyrolyzate was swept out of the test section with nitrogen and

subsequently analyzed with a combustible gas detector.

reported (without explanation) that 16 weight percentage of the

original sample remained as residue at the 3 K/min while on]

percentage re ifft subjecting the sample to .

30 K/min.

Martin in. ited the pyrolysis of CS

weight percentage carbon black. The cellul.

mounted in a helium atmosphere be.

icced from a carb>

parabolic mirr\>r. Helium circ . throu I sampl

to a gas chrumatograph, as.

of t Lytic pre • aaas-sp. :c ana

At the ion irrad. .els employed, 20-35 weigh:



centage of Che decomposed i to be char while

at the higher level less tfa ed as char.

The author believed this trend of decreased char yield with high

heating rati ~cated that there -ore two fundamental ways in which

cellulose decomposes. low temperatur j23 K) H-0, CO

and C0
?

are released, while at higher temperatures hydrocarbons are

released.

>ng ot points presented by Martin are that a sir

: portion (approximately 50 weight percentage) of the decomposed

cellulose for Lai weight tars which had ar -.red-absorp-

tion spectrum nearly identical to that of levoglucos m, of

which is giv er in Fig. 3. Additionally it was reported th.r. -ous

volatiles, measured using chromatographic techniques, cc: roug:

ghc pt ige of the decomposed cellulose. The bulk of the

ographic

I

Lnad substances consiste . nd ox:

m. Pill . I some--

amount of ox resent in cellulose (roughly 50 weight percentage!,

acids, esters, acetals, and f

•r.i- .

cription of the evol gaseous products during

'olysis of cellulose is very siai the ->n of the re

: products d pyrol> lignite cc. ^red by Suuir-

et alogous manner, both authors cor. ter and

carbon d. »sed at temperatures to those at whi
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hydrocarbon evolution is observed. The similarity of these evolution

sequences is somewhat surprising con .r.g the differences in the

•ample Ml ia which the conclusions wi ad.

Martin deduced his tempera: pendent evolution scenario based upon

the level of radiant exposure to :he cellulose samples while Suuberg

and Ct . rs based their igs upon the temperature measurements

obtained between the wire mesh heating elements ng the coal

sample. I r.ilarity of the initially produced pyrolytic products

leads to the conclusion I C and carbon oxides may be released

first during ipid pyre of grain dust.

:adeh , ;
yrolysis and ignition of cellul.

materials, contends that mere are two fundamental nodes of thermal

decomposition. At temperatures lower than 523 X, the author concludes

that thermal degradation results in decompo- the oxides of

car --r and carboxyl compounds in addition to the production of

e decomposition was por -

; a

tilization accompanied by the formation of levoglucos

Both of these c :-.s are consists to Martin's niental

cs.

Lewel . alt provided an explanation which seems to ex;

the ^ rate on char yield and the role o: c,iucos

I process. ition consisted of

sorted inside a wire mesh heating element which

elium. (This was the same appar
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used to determine that the volatile yield was not a function of the

heating rates in the previously mentioned coal study.) The percent

conversion to volatiles, measured by weighing the original sample and

residual char after heating, was investigated as a function of final

temperature (523-1273 K) , heating rate (4 x 10 - 10 K/sec) , and

ambient pressure (0.0005-1 atm) . The authors concluded that over the

range of heating rates employed all of the cellulose was converted to

volatiles with the exception of the runs maintained a: .

hour or longer in which 2 weight percentage of the original sample re-

mained as char. The authors explained this char formation

taining that if levoglucosan was formed, as in their postulated

mechanism, then the levoglucosan would repol I char

it would be 20 K below its sublimation temperature d£ 543 K. A graphic

illustration of this explanation is showr.

inferred that at any temperature above -ting : is no

effect upon cha- I ceil

volatiles. Inasmuch as this author's exp. ion oc

tures much greater than 5 23 K, pyrolytic pre- .gh

temperature regime are more germam

The direct pyrolysis of cellulose in the to] robe of a mass

spectrometer equipped with a gas chromatograph-mass spectromei

18
:a system was performed by The i

procedure consisted of placing 35 ug of cotton Into a capillary tuba

which was then positioned in the sample chamber of the i *.
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A linear temperature programmer permitted heating of Che sample

chamber at the rate of - The rapid scanning capabilities of

the GCMS permitted an ion pyrogram to be generated at intervals

corresponding to a temperature increase of 0.7 K. The ultimate

advantage of a system capable of su id characterization of the

vol i is that qualitative information depicting whether t

observed products are released simultaneously or in a sequential

manner may be obtained. From the ion pyrogram the author concluded

.1 of the products of cellulose pyrolysis are formed almost

simultaneously. Thus, the pyrolyzate observed are the

pr: products eve. -nen cellulose is pyrolyzec. se observed

products are shown in Table 3.

19
Roberts , reviewing the pyrolysis of wood and related substances,

presents evidence showing that the activation energy for the pyrolysis

of cellulose varies from approximately 30 to 56 kcal/mole. The author

exp. this variation on the basis of the purity of the cellulose

sample. ideal conditions with carefully purified cellulose,

sis may proceed entirely by a react. . . th an activation ener

eq\. K>1< The presence of

inorganic salts, cata ite reaction pathways having an act.

about 30 kcal/mol. Ihlfl explanation is an outgrc-

numerous investigations concerned with the effects of flame re-

tarc -.e ignition of cellulosic materials. remost

of these investigations was perform*. - .o examined the
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effect of soaking iulosr :ous inorganic

salts upon d pyrolytlc behavior. :s analysis was based

upon standar . c analysis (TCA) and differential thermo-

gravimetric analysis (2>TA) which provide, respectively, plots of I

rate of weight los- us temperature and the differential temperat

bet- rence and the cellulose sample versus temperat'.

author reported I ect of these absorbed inorganic salts

was to cons ation energy of pyrolysis from the

value of approxir.ately 5-* kcal/T.ol obtain*- . . 1 pure cellulose to a

minimum v -al/mol obtained after treatment of ollulcse

sample with a 2* :<HC0 solution. The results of these two studies seem

particul.. ;ince gra as a significantly large ash

fraction which could conceivably affect the kinetics of devolatilization

, aimed a* evoglucosan

from star: . een conducted inasmuch as levcglucosan has pot

use ies for the manufacture of plastics, I

fact. lopives, prcpe I -, and e conditions

eoplov to produca a maximum yield of appr.

•S3urt" ' -20 tOI

significance indings is that levcglucos . .ed du:

rohibit levoglucosan forma" e thermal

degra : M postulated for cellulose may be extrapolated -
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The pyrolysis cf starch, cellobiose, and simple sugar? .
r-

formed by Puddiagton at temperatures less than or equal to -

1948. Inasmuch as its application to this investigation m tion-

able, a summary of the main findings is included for the sa com-

pleteness. Vater, carbon mcnoxide, and carbon dioxide were reccr

as the pyrolytic produces of potato starch, and the But s

that after the evolution of water, .ts occur

starch molecule which lead to the release of CO and cor.- ss

C0
?

. It is interesting to note chat the order of volati

is similar to that found by Martin using cellulose.

24
Bryce and Greenwood pyrolyzed starch in a furnace 3 K in a

stream of nitrogen. The results of the quai-

on the pyrolyzate using chromatographic techniques is pi -d in

Table - . I
.r.rortunate that the authors gave

what fraction of the starch was eonvartad

concentration of t -ntified species bi

. quan- e studies.

Lty of I Libia.

Chiotti and Morr

iust. The object

.

vol prod t date

prese:. a dus

t

| aystea to ino : lamoable gas concentration* becona

irdous. ..• pra . om py

:

ba wa: •

,

<t.
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In sumnary, most recent discussions nr. .ogluccsan as one of the

most important intermediates in the pyrolysis of cellulose. The prim^

reactions, are thought to produce principally levoglucosan from the

cellulose polymer. Levoglucosan is then believed to react further via

either a sequence of cracking reactions to produce volatiles or :

undergo repolymerization leading eventually to char formation. Starch

also produces levoglucosan upon pyrolysis. In light of the similar -

in the low temperature evolution of pyroiytic products from cellulose,

:rch, and gra ist, as well as the fraction of cellulose and starch

contained .;rain dust, it can be concluded that proposed cellulose

the: -.. radation mechar.- ay be consistent with those exhibited

by grain dus: ,

1.2.3 Ignition of Grain Dust and Relate rials

Combustion of dust in suspension may lead to either a

deflag- onation. A deflagration is a subsonic comb .

wave sustained by a chemical reaction and is ch. I

bet. . In a closed v. , a series of deflagrations ma-

preceeding ones re . the :
i of a

detonation is a violent process resulting in prop..

grea- .• local speed of sour, of shock wave

producing an al in press ietona.

is I by a series of d< compress:

of the un :ther than b ision of heat and reactive

species ahead of the wave as I lgration. Aidis and Lai" spe.



lace that the primary reaction in a grain elevator can be conaidc:

•flagration. They contend :f a c. re to occur in an

elevator, it would originate in a mixture coopoaed of dust and flammable

gaaea generated in the primary explosion. Inasmuch as Palmer" ports

jn of pressures up to 10 atn in dust explosions, Lt in Llkl

; may occur in the grain dust explosions.

I vast majority of the r . ;h concerned combu I of

grain dust has been dire l izing the physical parameters

necess . a grain dust cloud. Led

rts of the Bureau of Mines, V. . ent of Agriculture researc:

designed ich would provide thi necessary to determine

an explosibility index for grain dusts. Ibt uq . as

Lned by the Bureau of Mines is given below as":

a,C| ^ mi::

.

:<.d I

1— 1— 1— , — *

<,c

(1)

, I , ? . ? , arc .e relative

osion

pressure, and maximur. _n pressure rise I

the -is d and c refer to, respe I st du> I erence

coal duac. ne of such <- of an

ie explosib: Lit ^f a grain dust cloud tc

I coal

understanding of the dust ?Q procet



The Hartmann apparatus, b was developed by the 3ureau

9 7
over 30 years ago , is used to measur-. pressure I a res -

from an explosion. The standard expe:

.

-ted by forcing a

jet of air into the closed bomb causing dispers.

The suspended dust .hen passes by an i a source, I ....

electrodes, an ignition coil, or exploding fuse heads, caus

explosion. Pressure transducers are used to Ltor the pr

behavior during the explosion. Analysis .31 provides

the maximum pressure obtained, P , and the maximum race c -

max

pressure with respect co time, ? . The parameter ?
max max

into Che "cube law" which states that in an explosio:.

ture in a closed vessel the product of ? and the cu
max

vessel volume is a constant" . If this r iship holds :n a larger

ile, c -mporcanc ra:

of che devascacing ef feces of dusc explos.

Che u3e of venting tactics. n a paper

of che . bomb,

eon P \bir.ed cc: js
max

dus: es ch<^ and/ Jse may play a

role in che explosion process. Enomoco" , u r
.

concludes chat P increases v.

max

duscs. E <*d val ?
max nnx

paramet Table 5.
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The Hartmann bomb can also be utilized to determine the -i:.i-_~ dust

cloud concentration required to sustain an explosion. The or.. llfi-

cation of the procedure described for obtaining pressure data is t

removal of the top of the bomb, making it an open vessel" . toff

reports, contrary to intuitive expectations, that the dust gi the

largest value of P upon ignition does not produce the most I

max

rate of pressure increase, P
max

There are two commonly employed methods of obtaining the -inimum

relative ignition temperature. The horizontal tube apparatus" , con-

structed of glass, is 1.38 meters long with an interna

7.6 cm. A metered blast of air, made turbulent by a flow char,

at the point of dust entry, carries the dust cloud past an ignition

coil maintained at a predetermined teap<

by the presence of a flame in che dust cloud. The

ture that causes ignition is defined a re.

A Codbert-Greenwald furnace apparatu

minimum ignition temperature" . Again a air .:

tents of a dust holder, ipon t .ultin.

travels through an o; .be into a

The minimum ignition temperature is de:

temperature at vhich ignition I

temperature

is the prope- Inology for the results obtained us. :
«-

mentioned apparatus. He subs'



ignition temperature obtained utilizing the Codbe: nwald furnace

against the values obtai rlzoncal tube apparatus from

identical dust samples as shown in Fig. k, : r >m this plot, Essenhlgh

concludes that the lack of correlation is self-evident. e experi-

mental techniques employed to disperse and ignite the dust give rise

of ignition temperature. Obviously, physical

effects attendent with dust dispersion and ignition must play an imp

tant but elusive role in t.

utility of performing these "standardized" tests on a number

xplosive dusts lies in the ability to correlate the explosion

severity (as m i by •! iized tests phys. nd

28
chemical properties of the dusts. Bckhoff , using the

app d the explosibility parameters of 12 grain dusts.

The m> >f his conclusions can be summarized as:

1) • ia gave cons. ly reproducable values for

P and P (under a given set of conditions as performed t

max max

res- , 2) a correlation does not exist between grcss calorific

.e and eithe- , 3) A re . relation ex:
ix

°

betwee-. and the com'r ;tarch
max

le empirical relationship I .ce

Lze distributi

parti , and 5) a slmr
I x

emr is evident between ? d the moisture cc-
max
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Despite this impressive sounding list of accomplishments, *

experimer. described above is severely limited. What do these

test resu eveal? Is it not chat very smal .
- dust

particles i, .ore easi I rele<i / more rapic.

rslon of larger dust particles containing a si, nt

quantity of moisture? Investigations of this typv Md

at the iden: :ion of the underlying chemical and physical phenomena,

but towards the identification of some property, which

controlled, could be used in cer" nstances to reduce explosi

severity. This is contrary to the more basic approach to resear

ostigating the fundamental phenomena, . i case

igniti i subsequently applying the knowledge -se

itions ton the solution of the pra. problem of

erest, in this case grain dust explosions. Essenhigh , in his

concluding remarks to the 1977 International Symposium 00

Explosions, stated "The es L conclusions are th.i

control of dust explosions .creasir.giy tt under-

standing of both the phencr.' of ignition and pi

tion • problem is difficult but erable

as ~ed by the considerable advances rds

unde | the combustion behavior of coal suspt jring the

last deca of reasoning, a e the

ition . rented and is followed by a discuss.

•.ion M . ,m

"s

.
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Theoretical considerations of a non-adiabatic oxidation process

lead to a reasonable definition of ignition as the lowest temperature

at which the rate of heat loss is overbalanced by the rate of heat

generation . Ignition can occur by either a homogeneous or

heterogeneous process. Homogeneous ignition is believed to occur

in the gas phase after the solid particle has devolatilized in accor-

dance with the traditional "Faraday" r.echanism. Heterogeneous

ignition reverses the order of ignition and devolatiliz^ at

ignition occurs on the particle surface generating the heat necess-

- concurrent release of volatiles that burn in the gas phase.

Over the past two decades there has been considerabl gree-

ment among researchers as to which of these confl;

best describes the combustion of coal particles. In support ol

33
Faraday mechanism is the famous deGrey data ' which

the maximum observable flame speed increase

of the coal. This indicates t. e vola:

some obscure manner, controls the propagatic

Intimately photogr..

;n of bur provi ;• rrobor •

he observed an ej, of vol ) ignition.

There exisrs considc Jence fav :s

it ion of coal and conseque:. al

ignition is a surface phenome:-. . '/he most sai ence was

presented ttleton and St.- an invet.
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determining the effect of gas phase inhibitors upon measured ignition

delays of heated coal. Inasmuch as these inhibitors, specifically chosen

to influence only gas phase oxidation, -;ct upon ignition

;e heterogeneous , I ars ouch more plausible ur..

conditions char Lc of dust cloud explosions. ' direct con-

fli i Anson , Thomas and co-vorkers heated a single captive

particle, 1 mm in diameter, cf brown coal and reported t

seque:. h speed photographs of the burning revealed a post-

ignition (presuma'r lerogeneous) flashing of vi s.

The results of a theore:. I study of the ignition of coal particles

37
pert : -i : d Durbetaki provides insight into t

at particle size has upon the process of ignition. The

authors determined, by invoking the adiabatic ignition criter;

mctio: endence of the gas ignition t iture (in a

cess) upon the particle size using

38
t al. Additionally, the relationship . heterogeneous

.ture and particle si ilculated by ar

.

steady stat-. al ignition theory to the ass inetic data

39
:,,haduri ' . The xsportav

glea rom a comparison of these resu.

pyrolyzing par: . is that smaller particles ig:

proce- :les tend to undergo a hocoge

substantiates this a

cs whi r-ogeneous to
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homogeneous ignition of bituminous coal under rapid heating conditions

occurs within a particle diameter range cf 5-15 \m.

The ignition of cellulosic materials has been believed commonly to

originate in the gas phase. Weiker , in a review of the pyre

and ignition of cellulosic materials, states simply in his abst

that pyrolysis must precede ignition. Correspondingly, the a

defines ignition as the appearance of a flame in the volatile st

evolved from a material undergoing pyrolysis. He contends that

may be classified as either spontaneous if no external ignition a

such as an open flame or an igniting coil, is required or piloted it s

u

an external source is necessary. Furthermore, the author sta:

spontaneous ignition can be initiated at the solid surface -d

to the point where it ignites the volatiles or alternately, ignition .

result from heating the gases alone to the ignition temp-

Weatherrc- il. , investigating the thermal procc

heating of slabs i ils, prefer to

perceptably more rapid increase in I

tem; rould be predicted from

which oh, . heat ger.

based upon thermal ignition . cons. the o-

mental inve- 1 below.

embedded uples jyers se

sheets subjected to intent ition from a carbon arc source. The surface

expos*.- . was obs«. undergo an al 'emperacu.
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rise upon the onset of flaming ignition and appeared well-charred prior

to ignition. The author hypothesized that the I I surface was a

site for secon . tactions leading to the production of H ol Cfl .

Measurements (in an inert atmosphere) of the volatile

products showed a maximum rate of evolution at a time close to the

instant of ignition (in air). However, the author maintained th..

attempt to d cause and effect relationship between the rate of

volatile evolution and the onset of ignition is unjustified since

the rate of volatile production is directly related to the radiant

In any event, the author reports

that the role of the surfac- I he ignition process is as a site

for seconda: .ctions rather than as the site of 03 m as

would be ed if the process were heterogeneous.

. .nvestigat o weight loss resulting

when paper sphe: inging in diameter from 0.8 to 4.5

to a cont: read-out balance were burned .-.» spheres

were s vire into a 7.62 cm diameter combustion tube

possessing glass « I through .1 obs- n and high

speed pho: rocess was conduc:

of the air or oxygen enriched rough the tube ranged from

to 160 cm/sec. 7 o paper spheres we: cas

^ rs

observed tion, lie combustion was evident. At higher

.e appear- ream oi the burning spheres



Following the release of volatiles, the remaining char burnt out on the

upstream side in a reducing diameter process in contrast to a devolatili-

zation which occurred via a constant diameter and changing .rocess,

The most significant conclusion deduced by the authors . .at

pyrolysis and char-combustion were independent (except for competition

for oxygen) and yet they proceeded simultaneous,

conclusion, numerically illustrated in Table 6, was that one

the available char (approximately LOZ of the original sample) bur

along with the volatile matter present in the paper sphl

four-tenths of the total burning time. During the

tenths time char burnout proceeded zo completion . te authors

stated that the SO* loss attributed to loss of the volatile components

was not due to heterogeneous combustion, rather the loss resulted from

pyrolysis of the paper spheres. Consequently.

the weight loss does not result via heterogeneous igr. en

homogeneous : volatilized mater:

cellulose r.ust occur.

Only one pape: <; located whi )f

.st ignition proce. :oo-

geneous pro. , concluded

that g- by a : .-ous i.

logic behind this .u gra

.

alttd • eated in an oxidizing m g the

lb«rt-Gr«t • furnace. In addition, the authors

^ n rmed on coal dusc uaing the saae apparatus,
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Table 6. Approximate composition of paper spheres at various tines
during combustion (from (42)).

.ct ion Weight percentage of original sample

3urning T. Volatiles

0.0 30 20

10



little devolatilization occurred. I the authors this

implies that grain dust would not pyrolyze. The conclusion is also

based on the observations that ignition of metals can occur

significant quantities of vapor present, surface specific catalysts

increase the oxidative reaction rate of carbon black particles and

carbonaceous dusts ignite at temperatures at which the relea^

volatiles could not ignite. The authors' reasoning is so convoluted

and experimental details so sketchy that it is Impossible to place

much importance in their findings.

In conclusion, significant na Lscussi literature

surveyed may be summarized as follows. Grain dusts c

large fraction of voi material as detend

procedures. Cellulose, a major compor.

rel^ small quan:

<±s commensurate n. T

on I tCC that :. high

temperatures implying tl

(presumal volatile comp. :lose I

ugh a levoglucosa

UTS extreme

fast.
, andM I '••• I

on te ave been wei arise.

a parr parameter P Is
max

relate mblned iti lus cellulose content of the

dusc sample. Solid particles hava been observe i a
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homogeneous or heterogeneous fashion. However, most data have b.

compiled at unrealistic conditions insofar as explosions are con,

therefore. role of volati: the ignition process of grai:.

.tins unexplored at heating rates and c lures chl of

exploslo:
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2.0 EXP L APPARATUS

2.1 Shock Tube Gas Dynamics

In the simplest terms, a single pulse shock tube, S?ST,

thought of as a means of very rapidly generating high tc

pressures for a short, yet controlled time. These transformations re-

sult from the step-changes in pressure and temperature associ..

the propagation of a shock wave through a gas. The SPST at Kansas Sta'

University, designed and constructed by Seeker , is iiius:

Fig. 5. A dump tank, the purpose of which is to prevent rep<-

reflections, distinguishes the SPST from a convent

.

ibe*

Specifically, only an incident shock wave, whi^ erses the du

sample and hcacs the test gas and particles to a temp 00 to

800 K, and the reflected shock, which farther ':. particle ius-

to the final reaction tempe:

my unwanted shock waves is precluded bv -

reflected from I

t is initiated by bursting para:

the low pres as

in the di . -ion.

by the diapr. , from the R*i -Hugon:

equations x-c diagram shown in

Upon I- .

sHol iress . . ses and propagates c

the it supers • est as
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end wall, At b point 1: ta bac near:

volts teaperature i m cocacensv.r.iie with the passage

of che id in Fig. 6. also

n plat od 19

'.est i- a particle suspension t

i.on end wall by the propagation of

hea . nd the i

•ed she e produces an additional ie

teot • Tha

.d the J shoe. . . rig. 6, is

Le/test |

•ated temper

Ln this reg: a combinati

iugh c

• hind the reflected fhoc cal-

•

-D]
i

be, r«. .1 ?. ar
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corresponding pressures; y is the spec eat ratio of the test

and M is the 'lach number . icident I. - .e latter quant

is defined as the ratio of bock v- . o the local speed

sound of the test gas. Equations (2) and (3) are based on

assumption of a perfect frozen gas (I.e., the gas is ideal. -soes

no dissociation or ionization, has no vibrational or rotational vi v -

ration en-.: odes excited), and a

momentum). If the vibrational and rotational degree-

participate in the energy itor >.en both the specific heat

constant pi .e, C , and the specific heat ^t constant voluSM .

increase. Effective. . is lowers the - . .eac ratio,

causing an overprediction of the reflected shock gas te~

caiculated by Eq . (2) when a diatom: .s ezplcyed.

A discussion . :e behavior associated u

che chemical reaction .res a

be:. ihock tbfl contact surface,

I plane of contact between th< vn

th«. section until it

. . - '

•

expansion

from the end wall .is ra:

at

gad in : relati *.l spead

ta. 3ecauaa the ape«d of th* fa..



is great c- . that of the ict su. : Lng at v , i

refle irefactlon can be tnc :tive lengths o:

:ver and I

tact surface tube.

iref action C

reaches the end of the sh<- :itact surface act

reverses ^n and coves back to** .ver secti : .

e, r.o nixing of the tool -h the cool driver s

obs 'he contact surface La ;:ot overtake:. or.

wav . rable nixing of the dust/test gas suspension 0<

pr

.

. c

In ei . quenching occurs vbu e

T.es in coal is suspension. The cooling occurs

expa:. at a

sec .

reser.ee of the dcz:? tar-. it the reflected shock

;ces r .;er section end wall, -hich
|

ns

j.ve. f the oblique

:ton of the :

•ates ; gas I

.

.

n leac

• duop



where it is trapped into oblivion. Experiu-encal evidence doc . Lng

the effectiveness or the duc.p tank in suppressing shock waves

provided by Seeker .

In summary, the wave behavior associa: . .aenly bur

a diaphragn separating a high pressure gas from a low pr

be calculated through the conservation equations. The rest gas

ture and pressure behind both the incide:. I reflected she s

can be cocpucec .loviedge of the .art shock

test gas properties, and the initial conditions. Tta ciple benef.

o: studying chemical phenomena behind the reflected at

high '- Itures and pressures can be obtal re nod ±r

gas pressures than behind the incident shock and I

dust suspension behind the ted shod - The lati

to be ..g of I

product gases. A . n of the exper:

•

jtion oi this chapter.

PST op.

Chock Tube

Lor. o:" .

w <

-ire addressed by Seeker e

3.1
, which is use.:

test section from the real

ne SPS



The variab. .. was full

to ring all [hi ;r.-;. ration of the SPST for an

:al r;.

assure reprodu A comprchens of

idual steps required during tl • of a single t

.

.gns were used

: Lion. .". Ban

operated pi : to b

•

he sp pres. i

•phragr

.sed a- or all r-jns in this

.

oxi .

•

•
.

n was

a gas chr •
• in g

ixn : rora a

. >t sar; ^oatcg. sis

.ydrocarbon iapur:

3iS

>ts, corn, nilo, soybean, -ore

used . i addi: . :ow cc ed as a
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standard in devolatilization s'.adies. The results of a pr.-

(performed by Martin ) or the dusts useu . ...is s: . - Ln

Table 7.

Dust samples were inserted into the tube on a snail plate (appr^:.--

mate~\ 1.5 cm in diameter) suspended from the rep of the Cube and located

19.0 cm from the rest section end vail. The samples were stored 1 1

vacuum desiccator to prevent the adsorption of moiscurc; the:

experimentation in this study was conducted with moisture

test gases containing zero percent moisture.

The incident shock wave \as used to disperse the pos.

to a fluidized cloud flowing towards the test section end wall. Sub-

sequent arrival of the reflected shock dispersed tr.e ciou^. :er, as

brought it to an approx. ;/ stagnant condition. Seeker' c

that this method of dispersion was satis: ac Ic^s ri-.an

LO in in di ras lnt . to cL- .

small size distl in by sieving the lust thr . ,

lh screen ; however, a per

-
•

'

the -er Sc-

ored upon ng. Thus.

were ball-milled until luff

IS, as

e Data Labc

lis B. Size histograms



I calculated fron these pres In Figs. . 8.

il duat samples wee ma*se d .0 + 0.2 og or.

balance before e«

produ jf detectabl Lc products « .ile

keeping the heat ccpaci" 3ov (les *".) in comparison

b the heat capacity of the r.itre

The • )f a 20 mg - osses: . ic

heat of 2.00 J, \pproxima 10 ' J. Assuming a

observed for

par •
. . the r.itrog-

dispersic: assure >f 7, e of 1!

aately 5. i results of tnis approximate

that abo .
; acity available in the gas tutl

isper- .ear. the

.

8.0, and ig, for

ed to avoid

:-d in the anal f the duration of

til ob: :

oar
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incandescent grain dust particles was noni!

observation windows. Tr.e eaergent radiation pass.

filter (539.3 am, full width at half naxiBua (F I

=11.- .nd

was focused on a phototnultiplier tuba ''.RCA L?28). I

was used to determine the onset of ignition using the tt

described in the next chapter. A bean of -.one. tic r-

by a 1 mW heli . r (Metro 1 at a

632.8 nn was passed vertically thrc

The emergc-.t --an was dire

{ screen, and a narrow band pass filter 632.fi

nn) to obtain the iesired beam intensity

tinuum emission prior to stri

ccion of this a measure of the concern

suspension ng an

.

Into a load reals tor, re fad into a

'-del 551 ciua

atpuc was conv.

OOCOpc

.put i> :\ wa8

-tion portray* ese oi ;r*ma

c3isLar.cc gauge* -h aga . the



: ube wall at .aces > 2 and 99. .est section

vail. The and, correspor. he res

e passage c:

The resulting voltage pulses

preamplif . . (10). The processed

. ng th: I gauge was used to s
-

i tine

.1 pulse frou the - :n

I gauge was use stop the lint- I coun*. -er

a single sweep of the csci The . of th

was thus -sing t . ne required tc trive'

•lind t:

culated origin frozen gas equati tod (3) a:.

, eva.

qu»: . :he us«-

as alluded ro pre . sumption th.-

:t a func crature I

.

e pre jf the dispersion

^h an • n

£as equatic

. equations -
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gardir.g the specific heat ratio or ideality of the shock wave

The experiment requires that both the incident shock and the reflected

shock velocities be measured. Iowa .is end, the sweep spee*: e

oscilloscope was increased enough to permit accurate deter: .he

e between passage of the incident shock and the reflected shock pe

the pressure transducer as evidenced by the resulting pressure jumps on

the oscillogram* Hence, assuming that the speed of the Lncld lock,

a film gauges do^s not change slg

the speed of the reflected shock,'/ , can be read rom
K

the equation,

e - f- +f . mv v
I R

in which t is the time interval between the passage of the

and reflf B pressu- ..cated

d : ha test aactloa

shock nay

con 111 .3 beh.

•

;hock .

Leal

struc: ;re8 p I

ideal ions with a const i • com\•. td

roua approach. The rea ist aquare :

Che tenjpcretvij.es from b • Is

T
5C

• 0.8b96 Tj + 43.



36

«re Che tee irei b. fleeced shock as

celv i using the idt nservv

respecti.

is exp grees quite well u

values ot | an averaged w £ the sp at ratio

.-.inally c. '.ed 7.. Additi al justif icatie-

lating i presented by .In the

ob-

:ng Eq . (5) in which th3 subscript C was dropped :

.

Gas Chromatographic Analysis ar.d GdL .ae

were quenched, id and analyzed asir.g gas chrooal

M gas sampling ~, shown . ,10,

•.tors r.o Lsolst gas SS

. rube, v>. to a I

3
-

.e ga^ ugh a .Iter - I

pre: .5 \m .

sample b

v»del O gas 1

)BUltO>
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Gas chromatographic ana was performed usi gas chroma:

graphs. F ar.d M >toc:. ^matograph with a therm.:

detector was employed to det • concentration cf c*l

an>: he sample gases. A pair of - x 1/8"

stainless steel inking . at a

.re of lrbcn mo:, it

on di A corapretn ag of the conditions US' .r.g

the de' comr

of this di vas sc c reduced by .ion of the

filam. ) such an extent t I CO. concentration-

e impcssibl*.

A Traco- 1 560 gas chromaiogr* -*

ioni . detectors, was used to dc .ydroc.

.e, ar.

•

-; '»er. ' glas - rj»

pak Q. >t«vlou specie

detc I

M

Ca. natogr conditions use -g

gas s ievelope,. -
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Table 8. Operating condd .e chromatograph
used to detect oxides cf carbon.

Operating Operating
Parace.cr Conditions Conditions

Specie? Detected CO co
2

Colunr. Pack.1. Carbe S Carbosieve S

Carrier Gas \ H
2

Flow R . 55 nl/ml 55 cl/ir.

.

1 rent 200 j bA

.?. 50 C -3 C

Recorder Speed l'Vmin l"/«ln

Not .-spond to those of Che chromatogr



Table 9. Conditions used to detect C.-C carbons and separate
aae lc : omato.

Parameter Operation
Specialized
0; a

Spe -d (cr
Colutan Packing Poropa

N
:

- 35 mil

i Rate 400 ml/iain

0.8C i

3 C

Temper

Recorder Spe 1\

Prog:

re : C

.

.

. 3
-

old

c
:

Carbotiieve 3

45 ml

400 •

.

200 C

«.o

C

•
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3 3
of using 500 era sample bottles as specif- . Wegener, 75 cm

bottles were utilized. With this modification, the results obt^

usir.g the prescribed procedure were invalid ina as pr^ \xj

measurements of the pyrolytic yield indicated that more than 100 w/o

of the charged sample was devolatilized to lower order hydrocarbons!

As a result, a new sampling technique was developed which el: es

r.eed for the sample dilution multiplication factor a> pr

scribed by Wegener.

The recent addition of a ball valve between the sample -one (1

last 49.9 cm of the test section) and the remainder of the test . jn

facilitated the development of a new sampling technique. t I

two seconds after bursting the diaphragm, the ball valve is cios .

confining the pyrolytic products within t i .upie zone. these

,es are allowed to disperse throughout the j. :-one until a Of

homoge: .J. In the strictest tense,

genec I will never be obtained Ln tin

mental work; however, at-

ach: homogeneous

Tin- .i the or!

immc .liter t iction is qu

pro.. Ll greatest In t

( rough.

.tats within the « is

region through the ei



hypothesis was confirmed b) samples from I

-ample rone at twr 'ions, ugh the end-

anocher } al

run. Chromatographic analysis of I samples revealed that the con-

iration of products was signi at in the samples tak

through the end-wall. frus, r testing was performer .; the

Lng technique to daft fly unitorm

produ isted I the sample zc: . conclusion

d from such experixentation « at one hour was su

This experi proved that a product rich zone was no longer

ss, one add. Lion concerning the

sampling technique nerits discussion thero nt of t

product gases out of the sample zone and into th< taat section before

This question was resolved b

• omatOf.

^les r t the quant it

• .e quar. - bserv* La zone

.

dete.

his labc:

Pea tra samples c on

irbon the I *togra.

•- :ie spo d to
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identify the retention tines ol the species detected using the flame

ionization gas chromatograph.

Inherent in all quantitative gas chromatographic analysis I

assumption that the detector response is proportional to the oass (or

alternately moles) of the - ed cor.: . the response

also proportional to the concentration of the species i: >m volumes

of sa~ ected. Data presented in terras of conce;.- r,

are not meaningful since they are specific to the experimental apparatus

from which they are extracted. Therefore, it is more Jesirable I

express the amount of all compounds in terms of a more generic qua:

such as grams of gas per gram of sample or as a percentage of thc

'

This value can be calculated in a straightforward manner U

concentration (3/. -.~h sp- I the injected sai tel

• conce: .^le

zone . Matht-: eticel] :3

:

r-r« <*>

1

grains at coicpov.ent I

zo: . . are

che gas law as,

•w



.

P Pressure of injc .ample -
I

V - Volune of ^as Injected -
i

R - rsal gas co. S21
g-nol

T " Temperature c: J sample - 300

Evaluation of this equatic B. - 3.1? x 10" ' g-moles.

.\e to: .o sample zc

P V
s s

where, ? ^ In the sh. he

volume of '

-tution c: appropriate numerical values gives the following

forr ~ber oi gi D the sample zone,

.. 13 x 10" 2
? .

7>h used.

For the ox. :etec: t :ooductl

ssicr. H is givt

. >)

wher fs the cram.- :rbon

3jss :e of aatogr

ecorder paper



of interest resulting from a 2 x 10 -:.;;ctior. le

gas.

The calculation of the quantity of hydrocarbons pre- se

of a response weighing factor, F. This technique is disc, -n

detail by McNair and Bonelli"
1

. Tnese weighing factors are b- .on

the assumption that the ratio of the responses pr<

of two equal masses two ionizable species is equal I

for all flame ion: a detectors. The values of the res ng

factors used in this study are given in Table 10.

The species independent calibration factor was del

account for normal variations in the chroma: .ic equi

-4
was accomplished by injecting 2.00 x 10 of 100 ppm *.

calibration gas into the system and dividing Chi

ethyr.e by the integrated number of counts ur.

th the standard ca

cour.' ss weighing factor, , permitted

the mass (g) of corapoi the

.
•

. .

- (CF') .

re C i .

Sir.
, tht Bill,

M
g

- 5.05 x 10" 3
(?

ft

) . (1.
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Tabic 10. Flame 1 • weighing factors
used in this . Igation (From (53) .

Component

CK
4

Cj

H
6

c
:

C
3
H
6

Response
ighing Factor

0.9?

.

1.02

.

.

. (a)

1.09

(a) Assuned values.
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Division of M by the sacple size, 20 ng, and nuitipiication by 100

gives the percentage of the original sarr.ple present in each species of

pyrolyzate.
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The goal of thi nto the mechanics of

La agricultural lsmuch as Che optical data recorded

on che o till role ir. t --rpretat:

phenooena occurring in a heaced dust suspension in bot;. t and

ion of this ch.-. ;es

>.ese da is. [fl thi -econd section the on

ire prest- e third seccion concains a quancicacive

and qual : descripcion of the production of stable gaseous products

ng devolatiiization. In the final section, the results are discussed

ling the ignition and devolatil: . process

3.1 Interpretation of Optical Data

'.gnostics as

role in c g the ph-- I occurring in the heated dus*

gas suspi r.tinuum emission from the incandesc.

rved a -ans of defining igni

I

ion

behavior of the helium-nec i passing through I action rcne

.

ration. I. hese opt: robes tube «.

developed initia*. -
.

,er

beam was passed throu ut wai

a photos: nit ted



through the particle suspension is related C tal ex on

cross-section of the particles through Beer's law,

I f ? 1T= r =exP -
: N. ^ ,

(13)

o * 1=1

where I and I are the beam intensify incident upon the suspt-

and emerging from the suspension, resp. . T is :':.e frac:

laser transmission, N . is the number densit the particles in t:

i-th size class, ~ is the t-xtir.ctior. cress se>. . L is

the optical path length of trie laser bean: suspens:

In general, the extinction cross section is a complicated functl

of particle size and complex refractive index. The

simplified in the present case because the extinction cross «

a well-behaved function of particle size for diameters gre..-

n and may be adequately approximated c-. . .

7 2
sectional area' , The inportar.ee of :: .

.

verse

.ction coefficient -..cr^ net flap]

cross-sectional area of the part .ion it-

would at to deduce ar.y info: .«

as a function of time during the pyrolysis c

.

fore, for the p.

realize that only chan. area, ar.

e f rac e ob«<.

transmission.
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itive ap; >r Che kind of information vh

.

can be deduced from the la msmission behavior can be obtained

by considering the lase: >sion traces repr«. .g. 10-A,

se figures ( passage

ient and reflected shocks are if led io step-

changes : presi

trace mar I apld ( •-•fact:

wavi . .e behavior recorded when ben.-

gas phase is shock h in an inert -nment.

to : . chereby increasing the total volume fraction in the path

r bean, che laser transmission deer . igure 11-B

illust: havior when soybean dust is
|

:ed under similar

condition . ission is seen to drop dramatical

the du -t gas suspension is swt beam,

subse se in the trar.

e bear due I

pa*- evolatilizaticn or particle coa»:

Particle coagu'. inges the surface

of the s » it has the same

erpre: ransmission data as t

icr. •-•: ex.

•

int.;

obser
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100%

0%—

TIME v 5 mse c

div

— PRESS.

( A) BENZENE

1007,

co

CO

<

K
UJ
CO
<
_1

TIME y 5 msec

div

PRESSURE

(B) SOYSEAN :uS T

I007o

0%

ME , 5 msec

div

PRESSURE

1C) CAR -LACK

LI. Behavior c: ^mission and pressure traces d

gaa phase, (B) s

bean du«'~ ,

• :"lected shcu irefac.



Che Increase .-..smission after the initial decrease due

Co Che movement of the dusc cloud into the laser beam is attributed

Jevolit: • dusc pa: > che gas phase. .rocai

graphical: .ned presence of massive devolatilization in short

periods of tine, as shown later in this chapter, adds additional crede:

Co chis supposicl

:e shovm in Fig. 11-C, resulting from

low vol carbon black particles, reveals a

:':or the initial decrease i

by the movement of the persion into the path of the

beam. Thus, arbon black particles are observed to .a

.' unchanging suspension throughout lion of the reaction

period. rransaitsl in -races similar to those obtained from carbon black

e also beer, observed during pulverized c. volatilization. The

I cont.. leasr ;tor or nd

in the a ts. These three : om pyr

:onposed Ltlls cons'

and -le volatile . reveal how the laser

in be to give estimates o:"

•

La :i was emr to estimate the duration of ciev.

e reaction I

par. . -? necessa of a> on

as de* :>e was



estimated from the oscillograms as the period between the passage c

E

reflected shock and the point at w ..e transmission trace had

stabilized at a nearly constant level following the Inci

devolatilization. This time period was very sensitive to temperate:

and it was initially hoped that some use: aetic Lnforaatlc -

the devolatilization process be gathered totally from the optical

data. This proved impossible due to the sensi'

small unc-. lies in the photomultiplier current output. ion

of the output might give the required accuracy; howev t oecfl

equipment were not available during this study.

As previously described, the continuum emission from t.

dust particles passed through a narrow band pas

was detected by a photomultiplier tube. The waveler. r en so

there would be a minimum of interference :r:m the ba

gas phase s: . .> optical system - .

Se< :o record t': :o the .latior.

tempe: ;m of • However,

was em.

in •

i ; .

the parti • abov. gas.

. iveler. .

through Planck*



where E Is the monochromatic emis*ive power of a black body at

4th of the emission, T is the temperature, and both

C. and C
?

are r .on constants. . the output current fr..

photomuitiplier tube is proportional to the particle through

the observed inter. >i emission from the incandescent dust suspension.

Following the procedure outlined by S-

Jucteo .sure that the agricultural dust cloud te-

ture exceeded the gas temperature as predicted by the frozen |

equations. Afl expected, the ; le cloud

n the calculated gas temperature, indicating that exoth- al

-ons occur . combustion of the he* s.

Throughout the remainder of the ignition studies, the emissi used

to define the onset of ignition. Comparable ;lded

C 5893 A several orders of mat'.

se observec

cons: Ions c

diet . ned as the lowest at

rate

for the come

deterr.ir.atic ignition delay - locating trie I

of

. procedure depicted Hm .ay

is '
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of Che ictad shock and point of a of these two

lines.

The use of optical techni< i define ignition is by no means

;ue tc Fox, et al. , reported that optical -.iques

are ethods of determining the onset of ignition

aetal powde: I gin. Furthermore, the authors obs«-

that ve measurements, as employed in this stuc ,

gave

^n Delay

The objective of this portion e study u

temper.

i

once of the agricultural dust

samples subjected to shock heating in moisture free alTt Chi

recording havior c iust suspension through the e Ion of

a r.- -r.eon . :eam, and the rat- ftlaaloc

dispersion : ^et of exothermic reactions, prov -he dat

h to par: iracterize the .on process.

.asure of ig combu

subst

I

i raqulrad for the material to i| -.ce ex;

to • ropriati conditions. Ihi behavior of the

observed ; for r.ilo dust .ova i.. 13 as a functi

of Cure b«- reflected shoc

of all the dust . delay iecreas-

ere.. .al ma:.: . .ne

cor • | is the best : e data is



77

2000
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Q

o
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Ft* Obnerve. -leye versue gas ceaperetures ob:
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mas lys and the

temperatures at v. are give: i-ach of the

dusts in Table

' assumed th iction

the.— nship of the

-E-/K
k - A. exp

jseudo first order re rate constant (s is

pi cic i ition

sal gas cousta. . MS

7_ . With the adc

.

prop

rats. , . .to the form

"*!
1

ln(l/t) - - " + In .•
.

.
.

- ing

oybean, and wheat dust saaples 11

h leas' on

.

energies....'.
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Table 11. Ignition delay . ined from . lacloo al

dusts j% Doi itu air •

P.. T
5

I0
4
/T Ig. Delay ')

Run Dust (,-sec)
(atn) (K) )

Yll Wheat 6.71 856 .69 2000 6.21
Y85 .-.'heat 6.3S 877 11.40 1925 .25

W13 '•.'heat 7.00 917 10.90 1300 6.65
Y12 -.at 7.43 921 10.86 50 6. -

W87 -at 7.48 961 10.41 1050 6.

W86 -at 7.31 1026 9.75 800 -.13

Wheat 7.50 1037 9.64 750 -.20

W14 ^at 8.29 104J 9.54 550 7.-

Y18 io 6.55 847 11.60 -_50 6.1
- io 7.11 552 11.74 .JO o.l7

W19 io 6.82 333 11.32 1900 6..

1 io 6." 890 LI. ^0 O.

Kilo 7.39 919 .88 1375 6.59
W20 Kilo .24 920 10.87 1250 6.68

Kilo 9C6 10. • 1050 6.86
•

. Io 7. • 978 10.-- 850 .07

Y20 lo 7.87 1030 9.71 550 -.51

Y21 -io ".46 1070 9.34 300

Y35 So r. . 917 10.91 2150 6.

Y36 Soybean -.99 955 10. •
~5

W30 Soybean 965 10.36 L75 .
•

W36 Soybean 1000 10. 1300 .

W37 Soybean 9.13 10 9.69 .

• Soybe . 1036 9.65 550 . 50

Soybe 8.96 1: 3.91 250 .

V33 vbean 8. 8. 200 8.:

W39 can ^9 . id 100 .

W50 Corn . 942 10. .
.

Y50 Corn 7.09 949 10. • 6.

W51 Co: S5 959 10. 00 b.

Corn . 1007 . n
.10 104 9.60

)0 9. .

m 8.09 1187 8. 300
Co )3 7. 8.
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Table 12. The activation energic ignition for agricultural
dusts. Results of Aldis, e: al D0 . are presen:
for comparison.

83

Dust
(kJ/giaol)

Temp. Range
Appar:.

vor

Wheat 46.8 5.5 850-1040

Corn 51.4 r 6.3 940-1265

Milo 62.4 r 7.1 850-1070

Soybean 97.2 ±10.2 920-1195

Cow Cockle
Starch 59.9 725- 940

Corn Starch 1 .3 _5- 940

Snock tube Breip

Shock tube 3reipohl

Shock tube 3reipohl

Shock tube

ace

Furnace

, et al.

Aldis, et al.

56

56
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Inasmuch as the a orgies of ignition for agr . ral

dusc have not been address* . direct comparisons are

impossible. However, the work of Aldis, et ation

energies were obtained from ignition delays merits comparison since

star e major component of all the du:- I in t

study. The resul: . :ch ar- show:. pare impress

particula: :me cons: .ed at lo

•

:res 940 K) with ignition c. . :o

secor.

In the present case, soybean dust was Jetern'.ned to i sign;-

higher activation er.er. ba other grain du. J.

. gnition temperature of soybean cjs: -so

be sig higher than I bserved for other gr I

dusts (see labia 5).

tut obser m abcut t ie of ign. :de

from Et »r of the laser trar. - ind cor.tir.u; es

In light of the ensuing discussions, :es of

the behavior of t-\ese tra,

-ts are heated in air are r

conditio- -2se rur.s are gi 13. The sequen.

was obtaine.: id1vidua ;les of desiccated to]

ire apparent.

.e

e per



-i

Table 13. Parameters from soybean oxi a runs in OZ
moisture air. The oscillogr I se

experimental ru::£ are given in Fig. 17.

Gas Ignition
Figure No. TeaoeratLire Delay

CK) (.sec)

17A 917 2150

17B 955 1775

17C 996 1300

17D 1035 550

17F 1123

L7P 1195 100



M

Trar.saission

100Z nm
ox

Emission

(A)

ion

100: mmmmmamsss
)X

Transai9s
ioo:

OX

Mission

f soybea;.

?hc at sec p. .n.



87
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s.s

it passes thx suspc ~.un densi' reaaes

ising temperati tcood, the tine

required amission trace to st e at a relatively cc.

stant lev. reases with >.sing gas tempera: .:•• [a all cases,

an lor.- case i . . fron the miniraur. i the

iected shock is observed. In other words, no delay, such as an

ignition is observed in the transmission traces. Devol on

ensues at relatively low temperatures as compared to those characteristic

of igr. , it is not surprisin. amission trace

rrors the rapid inception of devolitilization.

ese observations have plausible explanations t; .pon the

-tion nee. The disappearance oi much cf the origi lid

natter from suspension occurs presuma the result of rapid

version of the Les to the gaseous p': . ^r rapid devol.v

The more ra: ;tion of n trace in-

•aticn occurs more es.

, that such observations must I larg-

qua ve. Ar. attempt to t - jase behi

the .etic tl.

. the phenomenological sigr.i

:5sion data cay be gleaned ure

:datio: -,s rec. -e

teaperatu. Lsslon lnei lr«d

per :r to a of ignitio: sion
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traces). Therefore, devol. Lon is possibly cc: ce the

onset of ignition. This behavior is cons^ster

mechanism of ignition which envisions ignition occurring : . :ae

gas phase volatiles rather than on 1 :e.

It should be emphasized that these oscillograms

acquired from the oxidation of soybean dust. The three other

dusts exhibited similar behavior. That the char.j.- -pension

cross-section (and probably devolatilization) is complete pri

ignition is witnessed by n .18.

Inasmuch as volatiles appear to play an imp. role in I

ignition process, the second, and c> , portion of this

was directed at quantitatively identifying the gaseous ;; - :; rc-

ised upon thermal decomposition in >-

geneous I ;n is ac: . ting in the released gaseous i

n one would expect that seme aspec r
.

,-a-vis the .

of the 01

3.3 P

The objective of this portion of

qua:

several dusts I

evolucio; . heae sub

.

tural

oc is as a

scanning electron microscope

,
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microscope explores the micros ~3?ie stru^ . i by bombarding the

prepared sample with electrons <?r.d translat Chi Into a

visual display from which photograpl Che unafa

dust samples were prepared by sprinkling the desicca:

sided adhesive tape attached to a 5.E.M. stub. Shock heated samples

were obtained from the optical port dire. ibove the i

shock tube using two sided adhesive tape.

From S.E.M. phocographs similar to those shown in F

I

described in Table L4, the following genei a obsai

four dusts. First, when shock heated, the dusts I Co proo

more organized (crystallir. Co an amorph

Additionally, with increasing gas tempera - erage diameter

of the pores observed increases and more I . .on

becomes apparen. . graphs 19E and F support

pyrol;

(Refer to Pig. associated discus

For lar*e part. it appear ... photo-

substant: n of the outer BUI

: .

Is this proces: ,

idea. The our.gabsing vol

ng a cam she I.' :\%

until fragmentation ibove set

pyrolyzed dust rennu
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Table 14. Identl: Lon of 1 cental parameters
associated with the scanning electron micro-
graphs she- ).

Du Conditions Magni on

19 .-at locked x 400

19(3) Wheat nocked .000

19(C) •at Shocked,
T
5

" *

000

19' Mt Shock
- 13CX

x 3000

19(E) Wh< Shocked,
T
s

- 1870 K
500

19(F) Wheat Shocked, A

T - 2100 K
x 8000

19G) Wh< Shocked

,

K
x 1500
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Scanning



(C)

. 19. (Continued)
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(E)

<i;

Fig. 19. (Concln.
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the particles collected from the optical port may r.ot be whol.

indicative of the behavior occurring within ir.e central core

of the shock tube. Specifically, they nay be more represe:;.

of the behavior in the cooler (and :r.ore turbulent) bound . . . r adja.:

to the wall.

Devolve ilization experiments were performed on soybean an^

dusts. Additionally, starch obtained from cow cockle plants ed

as a standard of comparison. The soybean dusu was selected be . .

its distinctly high ignition act. energy, with respect to t

. and ccrn dust studied because it contained the high-.

content of the three dusts whlcb had s .on ac

• temperature range (900-1400 K), the reaction pressure (7.5 1 el

and the reaction t: . by I extended

commensurate with the conditio

Tht- . ias been ed that volati.

temperati. >reviousl

samples in b . idtzing and reducing atmos usin^

radi . .-.hor reported t

lgr. . in an -tng environ \e

qua: . during
,

i :.

aves i aalogouH xa:

• presence c

buscible gases.

Tht: . . .
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froc Ids were con e iass

Chi charged sample I as a function of the gas

temperature behind t . shock. hydrocarbc is

resulting from the pyrol .oybear. dust

samples in each of the exp« presented in Tables

and 16. For the sake of comparison, the totals of the C -C, hydrocarbon

Ids obtained for each of the three sample types are also plot:

against C -.hown in Fig. 20. -.ore abundant h

'
, , . and C'H, have been p let ted as a

function e noted that the

line c | the dat hese figures is drawn only tc

in -on of the data. Error bars, equivalent to

approximate. . D% of the determined yield, were omitted from t

ike or

pyro" .rben monoxide I

Iha les collected ifur I i of cow

coc cities of CO and CO, bel

tectic

E

The

•

. rgies of

ass

. .
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Table 17. Carbon oxide 9 (g/g d-ist) rolysifl of

corn and soybean dusu.

Dust Run
r
5

(K)

CO yield

(g/g dust)
yield

(g/g d

Corn (ISO 954 < 2.6 _.o

Corn Y50 1002 < 2.6 ..6

Corn W53 1063 9.2 2.6

Corn Y51 1129 16.3 5 - 7
o

Corn W51 1136 • 6
1

NA
NA~

Corn W52 1249 .

Corn Y52 1362 31. :-

Corn Y53 L405 36. .9

Soybe . Y62 388 2.6 :..o

Soybean 949 < _.

Soybean 1034
"I

:.b
Soybean . ,n .

Soybean -5 15.9
Soybean >68 11.3 .

Soybean Y61 1289 20.

5

1

NA-
NA

9.5
Soybean Y6 5 1309 19.

Soybean • 1

Soybean r63 L347 . -.5

Soybean L4J 13.9 .

Soyb 06 .1 .7

- sample at

- Lot alibrati; tor.
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components in the unreacted portion of the sample. cally

,

is expressed as:

- k <Y*-Y) (17)

where k is the first order rate constant (sec ) in

volatile matter, V* is the Initial quantity cf sample, V is t

of the sample already volatilized, t is the re -

derivative dV/dt represents the instantaneous rate c.

Integration of the differential equation and s

conditions (v=0 § t=0) and subsequent subs:

lenius behavior of the rate cons: .

ln(k) - In
-ln(-

{

c
J

* (4) in
R

X
T

- In A (13)

rhlch, E is the energy of .tion of

me t ' .

vas sp<

matog:

anal . ,

shock

oscillogram, :»e gas

.

was accomplished by cal :ie

released ns plus

•.natogcaphic analyses a:



: )fl

vol At as spt I by the pro/.i^ate analysis perforaed on

these dusts. . • total quantity of C.-C hydrocarbons in the starch

was assumed Lght percent my estimati

of the purity of tht- hrocatographic detection ( os

other tnan hydrocarbons. The high level of unc .xption

to account in the erro: ^ presented in App

proce- id to .te the aaxiaur. I lie

content, of CO and CC i the corn and soybean dust

•; fit of the plot of

calculat. :tivation energy of pyrolysis. Such plots are

drocarbon pyrolysis data fro- . orn du

and soyb its in Figs. 25, . respec '.s

fot com and soybean dusts are illustrated

I slopes of the best

- ;ies a re obt

:ion ener .3 perfcrr.ee

-e points

ture

.

-on wfa

given in ".ibles 18 and 19.

axptrlncntal i -he ov-

as obtained "
, is also giv
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Table 13. Listing of hydrocarbon data used to calculate experi-
mental activation energies of pyrolysis in agricultural
dusts.

T. 10
4
/T

(K"
1

)

V t

Run Dust
(K)

(g/g dust) (rsec) ln(k)

W50 Corr. 954 10.48 0.0133 3.0 -.96

Y50 Corn 1002 9.98 0.0183 2.8 3.39
W53 Cc • 1063 9.41 0.0509 2.3 .66

Y51 Corn 1129 3.86 0.0860 2.1 5.37
W51 Corn 1136 8.30 0.0640 2.3 ..

W52 Corn 1299 8.01 0.1120 . 5.83
Y53 Corn 1405 7.11 0.2003 1.5 7.15

Y35 Starch 1000 10.00 0.0098 1.
-

Y34 Starch 1022 9. 7B 0.0115 2.3 1.97
W34 Starch 1067 9.37 0.02 . . .65
Y36 Starch 1091 9.17 0.0592 2.1 .

Y33 Starch 1161 8.61 0.0766 2.0 ..

H35 Starch 1262 7.92 0.1210 1.9 .60

H37 Starch 1323 7.56 0.1393 .

Soybean 863 11. 0.0053 2.16
Soybean 949 10.54 . .

Soybean 1034 9.67 0.0] . .

W60 Soybc 1081 9.23 0.0439 . ..

Y63 Soybean 1115 8.97 0.07 . 5.

W65 Sc 11 • . o.c 5. •

Soybean 1159 .63 0.0890 . 5.

Soybean 1245 8.03 0.13 .
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Table 19. Listing of carbon oxide data used to ri-

oental a .ral

dusts.

:
3

(K)

10
4
/T

(K
L
)

V t

J.is Dust (g/g dust) (osec) ln(k)

W53 CO Corn lc- 9. • 0.092 . .65

Y51 Co- 112 . 36 0.168 . 5.

CO Corn 1136 8.80 o.: . 5.

CO Corn 12-
. • . 312 1.9

T53 CO Corn • 05 . 12 0.368 1.5 .

CO
co;

Corn 1129 8.86 . ;57 . . D5

Corn ^9 8.01 . J87 1.8 5.

co; Corn 12'
• • 0.148 ->o

Y53 co; Cc ~)5
. 12 179 . •

CO Soybe 1034 9.67 0.048 . ..

CO Soybean 12 3.03 0.159 . 5.

CO Sc 168 . U3
Y61 CO Soybean 39 . JOS 1.5 "0

co:

Bl 9. . . • .

Sc 68 .39 0. . 5.38
Y61 bJ . 0.095 . 6.01

Sc 1309 .64 ".
•
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Table 20. Experir ' energies of act:

py: .9 for agricultural dusts.

Du it
B OU/g--

estigator
HC CO CO.

Starch

Co:

in

Cellulose

111.8 t 10.6 - - Breipohl

102. :.o 76.4 r 9. • 104.1 ilpohJ

100.9 t 10.0 13.1 91. -ohJ

159.8 Lewelle.i
17

Obtained fron overall weight loss data.
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3.4 Discussion of Results

The most prominent feacure of the de -

. -ization _

unusual decrease in the amount of C.-C -.rbcns :'::=

soybean dust with increasing ten] r^nge from 1250 ro

1350 K as shown in Fig. 20. A similar decrease

carbon monoxide and carbon .. -3 apparent : . r a

temperature range of approximately 13GO-138C .is behavior

obviously c^ I the assumed Arrhenius rate constant which

a continuous Increase in the reaction rate with tempera" tit

depletion. This behavior cannot be dismissed as an art

mental system because of the number of points ir.veiv e rep:

of these runs, and the stri .ncreasing beha

.

dust yields over the same temperature interval for both C - arbon
1

and carbc. is. The ef: C%ml, occurring .

:arbon monoxide, carbon

will be discussed later in : . Eton.

germane to t: of ignition because it occurs ftl

considerably above thi

The other salient observation Eroa

>f C.-c, hydroc :om al. he

pyrolyzed samples at temper

qu.i mentally de:

acttvation energies for these species.

r\d'.

froa a comparison of the temperature depc-

ydrocarhon species ( .« seat
;



::-

of che production t'ron soybean dust is

very similar at temperatures below 1250

The production of C, drocer

process. If one examines the stru. -D

and 1-E), it is obvious that a single oxygen atcn must be removed from

each carbon atom c d as a hydr> This implies that

since the pyrolysis of starch at 1323 K resulte. I nation

approxima- percentage of C -C, hydrocarbons, then approxi-

16 weight percentage oxygen must have been removed :ie

.ng the hydrocarbons. HI »ppens to the o;

lib i this process? Gas chromatographic analysis reveals that

weight percentage I converted into either CO

(less than 2.6 weight percentage cf each). 3ased on zhe ...

combus iepicted by the comb: el

with o: produc d CO or CO- (depending i.

complc :ographically determined absence

that cow o starch did not undergo Se

ing pyrci -. Presu. >ortloa .e released

a portion o: is incorporated into

:g compounds . aldehydes, and

Ice'- able usir.

employ-

:s arguaent I I question c.

oon« . carb< ropious quaai
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pyrolysis of corn dust and, to a lesser axl - = t.

Inasmuch as 35 weight percentage of the corn dust vas pyrolytically

converted into carbon monoxide and 13 weight percentage to carbon

dioxide at a gas temperature of - , ;; Lfl apparc - _on

products of starch must play an integral role in the productiDr. of CO

and C0_ if the proximate analysis given in Table 1 is accurate. One

possible explanation for the seemingly contradictory rol

plays in the formation of CO and C0 o stens from the effect which impuri-

ties have on the pyrolysis activation energies of eel i. As pre-

i 9
viously explained (see discussion referenced to Rober and Tang" )

,

the presence of trace impurities may catalyze a te rea -

h lower the pyrolysis activation f cellulose.

analogous manner, the cow cockle starch of presumably pur it ,

does not devolatilize through a pathway in which carbon I are

produc. •:. aversely, the iter

reaction sequence leading to the production of CO and CO^

.

-•mate pa -^n sec I

leading to M as the large c CO a:

observed in the pyrolysis run

it is Interesting to nc

elevator during or laoc

.

This is the sanu arge J and

were produce The elemental anelyaJ



dusts (see Table 7) reveals thac oxyge: rises rough! -eight

tage ol total mass of * ha: as a

result :ompos: I be formed.

Recombination of these free radicals with hydrocarbon radicals either in

r on the su: C part

.

lead to an exother rn inc-

cloud temperature above th gas t<

this has bee d in the

59
• ste by 3rauastein . Due to the large amour: present, a

increase a might acconp.;:

could result in self-ignition. It is uncertain as to vhether these

oxidative reactions could induce self-ignition in .cient

ut it is conceivable that they would b ,-h

promote flame propagation even : spheres id eted 03

r.s.

it the temperature dependent prod 'i of C -

carbons ed corn dust so closely follows the behavior exhibit .

njech. i, to CO and C0 7
pr

hydrocarbon product:

of CO production, the e ally determi :on

•.•s of
1

>t CO production I g-mol

tor C action; tend to substan:

both the ignitior. I :lysis studies dust

ex';.: rent V

Bas
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study, the exact reason for c'r.e significant!; er activation e

of ignition of soybeans cannot be explained. However, the relative

higher activation energy of ignition of soybean dust is consists

with the activation energies of pyrolysis for the release of CO;

indicating that CO might play a major role In I . cess.

The relative ignition activation energies are consisten:

observed for minimum ignitirn ter.p.-

trations of agricultural dusts. Specific . .. . not only soybeans ex

the highest activation energy, but its -ir.imun ignition te

minimum explosive concentration as determined by the Crai:. g

Research Cen: were substantially greater than those

wheat, or milo dusts.

Obviously, in the temperature interval where

yields are observed from soyb-

carbon oxio -n

at lower temperatures. prom the me^

quantity of descriptive was obraine;

The question in atterapcing ro an.-.

e observed

behavior. Based on the in
I

me Instance,
[

-s, can probably be ruled

out.

The c Ley or il analysis arises from

and cor. present In a|



example. - s assumed Chat fa'. . lulose, and starch components

in soybean dust and their dect ion products do not cause the

easing yields with increasing temperature c ange in questi

then only the pre: tnd ash fractions remain as possible contributors.

The only thing about the ash on is it is not combustibl

however, it may contain compound h catalyze a yet unknown reaction

sequence. The role of impurities as catalysts is witnessed in the be-

havior of the higher .on ac: m energies of pure starch as

compared t ion accivacion energies of corn dust which concains

search in a contaminated form. Consideration of the protein portion

begins invescigacing Che bonds e linear procein I
o-

ceeds Co an examinacion of Che remainder of che amino acids atcacK

to che Linear idenoced by R groups in Fig. 1). This becomes ve:

complicaced, s hm organic R groups in amino acids car. aracterized

.sis of acidicy, aromacicicy, degree of unsacuracion , and nicrogen

concer. .ame a Therefore, sotr.e recomnendaCions are presenCed

in che nexc or which should help Co expose che reason for Che

obs soybean dusc

.

roughouc chis chapcer Chere has been .. -.g concep .

namely chat ignition proceeds via a homogeneous mechanism. The experi-

mental evidence support: s statement is ed below. Fir

a

portion of the agric . being d to E

gac i.s. 3ecc M. photograpns provi
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supportive evidence as to the occurrence of substantial devolatilization

Third, the laser transmission behavior in the lov cemperat - ma in

air indicated that agricultural dusts devolatiiize prior to ignition,

and finally, chromatographic analysis of the stable gas phase devola-

tiiization products revealed significant quantities of conbus".

C -C, hydrocarbons in the temperature Led. A definitive

statement of whether ignition proceeds via 3 homogeneous or hetero-

geneous mechanism is often difficult as evidenced by the controversy

in the literature concerning the mechanism with regard to coal,

ever, the above experimental rinding provide strong e\ . Chat

ignition occurs in agricultural dusts via a homogeneous r

even at heating races in excess of 10 K/sec and for par-

less than 10um diameter.



4.0 Conclusions and Recommendations For Further Study

Ignition and devolatilization studies employing a single pulse

shock tube and its associated diagnostics revealed that corn, wheat,

alio, and soybean dusts probably ignite in the gas phase after devol-

alltilization via a homogeneous mechanism. Additionally, a new gas

sampling technique was developed r.s validity confirmed. Tht Its

of chromatographic analysis indicated that the evolution of carfeoi xide

may in important role in the ignition process. Purthftraoro, role

in the devol tation process is a complicated one

as evi .e lack of agreement of carbon ox. ields from starch

and corn dusts. The activation energies of lg I and pyrolysis wer

-.entally determined. Soybean dust displayed an ignition a -on

ener ouble that of the other gr.. vestigated. .er-

more : .lso exhibited an unexplained decrease in devola-

ields with increasing temr -. ature

lit Such behavior is probably caused by a combination of transport

anc iamm* ~.~ is believed that a more comprehensive

identification of the released volatile* wculd provide an explanation

sister.

I

•
I lytic behavior observed for soybean d-.

.

ree methods are proposed to explore mere L*-

tilization process i: • dust and a. iusts

. mass spectrometry coupled :as chromatogra Mt chemical

to more complete: ,-acter



gas phase products of pyrolysis. Second, the use of techniques, re.

developed in this laboratory by which the solid product- ng

after a devolitilizaticn run can be characterized, could further il

the devolatilization process occurring in agricultural dusts. Final. .

an examination of che temporal behavior of the pyrolytic process, both

physically by S.E.M. analysis and chemically by mass spectrometry m

gas chromatography is necessary.

The following procedure is recommended to determine if agr.

dusts heated in an inert atmosphere can undergo self-ignition. ...stead

of monitoring one wavelength of continuum emission, the emission fr.

the incandescent dust particles should be monitored at thri

From these measurements, the temperature of the heated du

can be determined accurately as a function of time and a more ..e

statement to the likelihood of ignition can be

With respect to the practical problem of grain i .

commercial grain handling facilities, it is re.

of biologically safe gas phase inhibitors upon bot ..me

propagation in grain dust suspensions be thoroughly invest i*:a:
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Appendix A

Experimental Procedure

The procedure employed to obtain gas samples for post-shock

analysis is summarized in the following checkli

1) Remove test section end wall and dispersion plate.
11 the pressure transducer back 0.5 cm from

the observation prot.

2) Separate the test section from the driver section and
blow compressed air through test section.

3) Insert 10 nil mylar diaphragm into position.

4) Clean the inside of the test section up to the ball valve
using acetone and paper towels.

5) Remove and clean 15 micron filter with acetone.

6) Replace all parts.

7) Open valves to vacuum pumps and evacuate both -jns

of the tube.

_3
8) U section is evacuated to less 10 ' torr.

close valves to both vacuum pumps.

9) Ht section to 40 tor-

10) Close the valve to the sub-atmospheric gauge of the

test section.

11 N Fill the driver section to 200 psia helium.

12) 3urst the diaphragm (this shock is used to clean the

ad vent the tube.

13) Remove ruptui aphragm and in :.e appropriate
lar diaphra. ) positic .

14) Remove gra it from desiccator, p] . mg of sample

on dispersion plate, and return dust to desiccate-

15) Place sample cc - ng dispersion plate in shock Lube.



133

16) Repeat step 7.

17) Align the laser beam and position oscilloscope traces

(pressure, emission, and transmission) on scree

18) Repeat step 3.

19) Fill the test section to the appropriate pressure
the desired test gas.

20) Repeat step 10.

21) Fill the driver section to the appropriate pressure
with helium.

22) Turn off overhead lights, recheck oscillos4

and return function switch to single sweep

23) Reset time interval counter and oscilloscope -r.

24) Open camera shutter.

25) Rupture diaphragm.

26) Close test section ball valve.

27) Close camera shutt.

23) Turn on 1. record : -iaphragr.

time indicated by time . .d gauge

pressure after the she.

29) Connect a sample bottle to sample system and open :

valve co vacuum
,

30) One hou r rupturing
pump, open the valve to the gas sampling system,

the gas boc:

ISO a po^ pressure lose the val

sample bottl* a

The procedure emp: jbcain i t: i delsy dl somewhat

simp 11.- -itepe

be omitted.
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Raw ia:a of particl -sis by

Particle Data Laboratory.



Particle Size Analysis by Particle Data Labs. - Elzone Method
115 Hahn Street, Elohurst, IL 60126
Telephone: 312/332-5658

For: USDA
Or. Sample: Colo. Corn
Date: 12 Feb 73

Tabulation

Data ID 5672 Date 12 Feb
Size-Nornalized Area Distribution
Total = 347231

Chnl Size Area Chnl Size Area Chnl Size Area

1 .72 3 40 2.79 756 79 10.79 6051
2 .75 21 41 2.89 777 80 11.17 6859

3 .77 26 42 2.99 806 11.56 7753
4 .80 426 43 3.10 835 82 11.97 8596

5 .83 871 44 3.. 833 33 12.39 9520
6 .86 1198 45 3.32 805 S4 L2.83 10532

7 .89 1334 46 3.44 756 35 13. 11288
8 .92 1308 47 3. 86 13.75 398

9 .95 1193 48 3.68 692 B7 14. -

10 .99 1057 49 3.81 713 88 .74 132 •

11 1.02 944 50 3.95 748 89 15.26 13266
1.06 861 51 4.09 785 90 15 13

13 1.10 801 52 4.23 • 91 16/35
14 1.13 760 53 4.38 364 92 .93 13

1.17 730 54 4.54 905 93 17.

16 1.22 715 55 -.70 1080 94

17 1.26 708 56 -.36 1131 95 .73

18 1.30 706 57 5.03 41 96 19.

19 1.35 709 58 5.21 1303 97 13 -09

20 1.40 713 59 5.39 13 98 7383
21 1.45 714 60 5.53 13 99 .

1.50 714 61 5.78 1370 100 .

1.55 715 5.98 197 101

24 1.60 720 63 6.20 • 59

25 L.I •

• 6. • -. 3685
26 1.72 750 6. 1587 533
27 1.78 769 66 .37 01
28 .84 7 7', 67 7. 18. 106 .

• 1.91 760 . IV • .

30 1.97 69 7.1 95 108

31 .
•

. 70 7. 07

. 734 71 . 110
. 8.

,27 771 8.76 31

. 799 . • 35.

,43 815 9 1

i
-
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Chnl zt Chnl Si. Area Chnl . r.e Area

115 37.56 1411810 76 •

38 .60 780 77 10.06

39 70 78 10.



Particle Size Analysis by Particle Data Labs. - Elzone Method
115 Hahn Street, Elmhursc, IL 60126
Telephone: 31- - --5658

For: USDA
On Sample: 784 05 Milo Dusc

Date: 29 Nov 78

Tabulation

Data ID 5626 Date 29 Nov
Size-Normalized Count Distribution
Total = 301999

Chnl Size Count Chnl Size Count Chnl Lzc Cot

36 5.53 5873 70 18.14 1177
37 5.78 5760 71 18.78 1029

4 1.84 3224 38 5.98 5577 72 19.44 873
5 1.91 3945 39 6.20 5369 73 20.13 733

6 1.97 4676 40 6.41 5193 74 20.84 603
7 2.04 4960 41 6.64 5058 75 .

8 2.12 5171 42 6.87 494 76 .

9 2.19 5256 43 7.12 4811 77 . . 304
10 2.27 5236 44 7.37 4641 78

11 2.35 5233 45 7.63 ••35 :~.78
12 2.43 5346 46 7.90 4226 80 .66

13 2.52 5537 47 8.18 - ,18 81 26.56 90
14 2.60 5725 48 8.46 3810 32 .50 65

15 2.70 5884 49 8.76 3588 33 28.-

16 2.79 6003 50 9.07 3376 84 29.

17 • 49 6051 51 9.39 32C3 .51 •

18 2.99 6029 9. 3060 86 .59

19 3.10 6050 53 10.06 •31 87 .70

20 3.21 6131 54 10. • -51 88 33.

21 3.32 6326 55 10. 89 35.

22 634 6346 56 11.17 2677 36. 10
23 3.56 - 32 57 11.56

,

24 J.I 6132 58 2^96 38.89 10
25 3. L94 59 . 39 175 •

• .

26 3.95 6248 60 .33 o 68

27 ..09 61 1 30

28 4.23 61 • 13. *5 96
29 4.38 5975 97

4.54 11 . 1386 98

5; 65 99
• .H6 58 66 .79 100
5. 5". •

. 35 1499 53.
•

. 68 93

35 5. • 5918 69 17. J6
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Par is by Particle Data Labs. - Elzone Method
115 Hahr. Stree- urst, IL 60126
Telephone: J 32-5658

USDA
On Saaple: Colo Beans
Dat. 2 Feb 78

Ta 1 n

Data : 5684 Date So Da

ed Area Distribution
Total - 996<

Chnl ze ea Chnl :e ea Size

: .
• 30" • 5.11 93 • 80 35.

3 .78 30: • 5. 9313 81 37. 2306
4 . 1525 43 5. • 92. 82 38.

5 2S 5.93 9090 83 ^0.86 2008
6 .90 45 6.2 3 8917 •

. 1995

7 -02 6.54 8708 85 • 1956
J 1.00 213 6. 8484 86 •

9 1.05 -79 48 . 8269 87 -9.81 1803
10 1.10 49 .59 8084 88 52.

11 1.16 50 -.98 79 .00 1302

1.. 51 8.38 784 90

13 8.31 71 91 -
. 1988

- 1. 53 9.. 63.80
1. - 20' • 9. 7b. 93 .

• •

1. 19- 55 10. 7503

1. 191 10.73 '0 95 •

13 • 11.28 "235

19 1. 58 11.85 7093 97 81

1.81 16' 59 6973 98 - 2956
>0 .08 6855 99 .2

1.99 61 13.75 6728 94.

23 10 14. . 6550 101 .

.20 14061 63 15.18 18 104.68

25 .31 64 .95 6039 303 109.99 365*

12( .76 5809 104 115.58
27 .55 .61 5519 105

.
-.37 67 18.50 106 3136

. 68 19. 00 134, "05

30 96- 69 -8 108 • 21

31 3.11 9070 • 109 .04

8666 71 . •4 110 155.55

33 3. 412 163.

.
• .

•

<S0 ,

99 • • •

894 39 3; 199.
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Chnl Size .-.rea Chnl Size 2a Chnl Size Area

116 209.3638 -.40 9132 77 30.36 3103

39 4.63 9264 78 31.90 2937

40 -.36 9339 79 33. 2702



s by Part le Data Laas. - Elzo: od
IIS Hal )126

T^lepho::. )8
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On Sample • 02 Extrap. B< ust
Dat. S

Tabulation

Oaca ID 56: Dace v

rmalized Count Distribution
Total - 2599469

Chnl Count Chnl Size Count Chnl Count

1 .77 161S9 34 3.52 53205 hi 16.16 980
2 .30 19 35 3.68 48299 68 16.93 871
3 s: 36 3.86 69 17.73 766

.88 • 09 ..04 39: • 70 13.57

5 . 29 : 38 ..:3 35 71 19. • • 599
6 .96 33438 39 31386 .36 531

1 1.01 40 4.4 26818 73 .33 459
8 1. • -.36 23070 34 375

9 1.11 60 • 5.09 720 75 23.39
10 1.16 51 • • 5.33 64] 76

11 1.. 56843 5.58 - 77 66 188
1. 61" • 5.85 78 .37

13 1.33 66555 6. : 12505 79 111

-0 71181 6. 10801 80 29

15 *6 48 6. 91 81 30.87 -

16 53 79539 49 14 7884 33 56

1.60 83106 50 ~.37 7064 33. •

IS 1.63 86159 51 7. 35. 38

38636 )8 55 85 37.13

.84 8. • 11 38.

. ?3 -61 • 8.86 40.

61 55 9.23 31 88 65 15

. 56 9. 3C. 89

.

- 10.18 I 90 10

66 S7 91 49.00 6

11.17 1931 92 .51 •

60 .70 16- 93 53-

28 80509 61 . 94 56.28

13 33 14. 95 58.

63 13. 1390 96 3

J. 06
'

1301 2

. 03 1

36 58: 15. • 70.91 1
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Appendix C

Error

Because of che many uncertainties associated with research on a

system in which heat and mass transfer and che -.inetics are con-

cur nvolved, a concise er ^ment is seldom made. ough

the shock tube . zes some of these errors, it also introduces others.

The error -is co: i herein is aimed at finding the approximate

range of the error associated with the activation energies and to iden:

major sources of error in the calculation of the activation energies

^nition i od of propa. error utilized

i analysis i ussed in detail by cdy and Nevelle.

The expression for the activation energy of ignition was given .

Eq. (16) as

ln(l/t) - -j-i (±) - (CI)

e ignition dela

and T thi -rature. Solving this expression for E. | the

lial d< spect to each of these

and

R [InA* - ln(l/x)J

r-1 -
—

"

"

(C3)

. -iated at the M
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the lnA' obtained from the least sqear these partial

derivatives for T and t are set equal to the r.ow variables a and b

respectively, then the approxii-ate expression for the standard i -on

of the ignition activation energy, a , becomes
h

,22 ,2 2,1/2
a- - [« a_ + fa (C4)

where, a and o are the standard deviations of temperature and ignition

delay, respectively. The value of a was assumed to be 50 K I n the

reported uncertainties in Gaydon . e. The measurement o: :

ignition delay was assumed to have a standard deviation of 2 - seconds,

Evaluation of Eq. (C4) yielded the values of j_ pres<_

If E were a random variable with a normal distribution n an

value given by that obtained from the least square- en the

probabil: . .
J 5 that E T lies between E

T
- 1.96 a anc - 1.96

I I

Similarly, the energy oi activation of pyrol _s obt.-.

Eq. (IS),

In

fv*-vU

IS " ^ (h + In A.
R T

The . ndent variables in this ...
Solving th f B ani taking the part ill -jil-.at:.

is

3E_

- R A - In (-ln(V)

I
c

J
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P RT

t
(C7)

? -RT
, (C8)

aV (7*-V) in v^-v
' v*

and

iE
„ V

2
_^- _3T :

V* (V*-V) in V*-V 7*
* V*

(C9)

By letting the new variables v, x, y, and z represent the values

these partial derivatives of E with respect to 7, t, V and V* evaluated

at the aean values .ese quantities, respective' . allowing

expression for the standard deviation of E is obtained:
P

I
M - % O * + y-;..- 4-

-.- -
, (CIO)

P

where ff , J , r , I— , and (J_. are the standard

?

subscr variable .

The analysis for the error associated with E proved to be rati-
P

indepc of the assu: '.ions

exception of t: .nS ?„ in the case of B (CO) andTV p

the sake of compli.-* ^, tba ;g val u ., jnd

! as shown in Table C. •.. cated below,

of T and t -ere assuaed to be 50 K 10

ion in the chrotnatograph

.

V
HC

was assumed to be 102 aean value of V for each duat.

• tanda re dev .ae &s



of the respective value for each ol asmuch as the

rmal conduct gas chromatograph was less sensitive than the

flame ionization gas chromatograph and significantly larger

was introduced in determining the cono ion of CO and CO^. There-

undard do n in V, was assumed to be 5Z of the initial

mass of dust in the analysis of the error associated with thf .ation

rgies of carbon ox ndard deviation associated

:\ the maximum carbon oxide content was assumed to be 10* of :

oective volatile content of each du

iluation of Eq. (CIO) yielded the values of c given ir. • CI.
B
?

If E is a random variable I normal distribution and a mean val
P

given by the value of E as determined from a least squares fit of

Ea. (18), then the probability is 0.95 that E lies between E -1.96
P ?

and E + i.96 :_ .

p

Ob-. , there are a nucber of assumptions involved in obtr,

a bound on the error associa: fl1 tivation energies

.e analysis reveal , ven with se

presumably conservative es' ^, reasonably small uncertainties are

obi errc. resui I ca

temperature. [ntull . -.is

is expected ite of lease is

expc mperature.

attempt at a c . analysis on the data obtj:

7. at Kansas State -; recomme.



L47

at reducing the number of assumptions i :his analysis be

undertaken, particularly with respect to temperature measurements

.
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Abstract

The chemical and physical mechanisms of grai - -

been studied for the first time under temperatures, heating rates, a

pressures characteristic of those found in explosions. A single pulse

shock tube with optical diagnostics was used to study the se

of ignition of sized samples of corn, wheat, nilo, and soybean dusts.

Whereas the corn, wheat, and milo dusts all had activation energ

.

ignition in the range of 46.8 to 62.4 kJ/g-mol, soybean du^'

an activation energy nearly twice as large at 97.2 kJ/g-

Laser transmission measurements through the reac: .st cloud

in both oxidation and pyroiysis runs coupled wi .on

from the incandescent dust particles ir.-icated that corn, milo,

and wheat dusts underwent substantial devoL. .tion prior to on.

Scanning electron microscopy of the solid re

indicated massive voiding of the pa:

particle surra.

Gas chromatographic analysis of the p

to one half of the samp s cievolatilized within :

compsr

and corn r, carbo:-. •• a

factor

detected from •
. . is po «;d to

naae m boa monoxide and lowi ro-

carbona ire thought to be imp ?cest.




