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INTRODTCTION

One of the oldest observations with reference to the storage of
agricultural products is_that certain materials, such as hay, cattle
feeds, horse manure, and many forms of cellular wastes, undergo a
process of heating. the rise of temperature under some conditions
advancing to the point where spontareous ignition is produced. The
economic losses from fires that develop from this cause umount each

year in the United States to many millions of dollars.t (Fig. 1.)
Unfortunately, the data for making an aceurate estimate of these
losses are very meager. The stutistics of American fire losses, com-
piled anmmaily by the National Board of Fire Underwriters, give for
the reported destenction of property from spontancons combustion
in the United States during the year 1925 a loss of $17,391,393; dur-

1One of the earlipst referenees in the Tnited States te the Imporinnee of spontancous
combustion wag mode by Henry Wallnee (29, p. 47002
= Itulic oumbers In parentlicscs refer to * Literatore elted,” p. 87,
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ing 1926, $15498,812; and during 1927, $13,640,804. In order to
cover the losses not reported te its actuarial burcau the National
Board of Five Underwriters adds an additional 25 per cent to its
compilaticns, which would bring the estimated total loss from spon-
taneous combustion in the United States to $21,789.241 for 1925, to
$19,373,515 for 1926, and to $17,051,005 for 1927. The actusl annual
losses from spontaneous combustion in the United Stutes are, how-
ever, much greater than the amounts just mentioned, for the re-
ported destruction of property from unknown causes of fire, of
Wwhich spontaneous combustion undoubtedly formed a high per-
centage, was $199,179,533 in 1925, $202,369,737 in 1926, and $171,-
038499 in 1927. A rough estimate of the chemical engineering divi-
sion of the Bureau of Chemistry and Soils, based upon the reports of
farm mutnal insurance associations in various States and of other
organizations, indicates that in farm fires alone the loss from spon-
taneous combustion in the United States may exceed $30,000,000 a
year, which is 20 per cent of the total estimated annual loss of
150,000,000 from fires on farms and in rnral communities.

Fravur I.—AU that was left of & Maryland barn destroyed Ly the spontatreous
Ipnitino of the bay in it

Statistics of other countries indicate an equally high percentage
of losses from spontaneous combustion. The fire marshal’s office of
Toronto, Canads, estimates that in 1920 the Province of Ontario alone
saffered a loss of nearly three-quarters of a million dollars from the
spontaneous combustion oft hay and other farm produce. G. Laup-

er estimates that at least 0.5 per cent of the hay supply of Switzer-
}?and is lost each year from spontaneous combustion, the total annual
destruction of farm produce and buildings from this cause amount-
ing for this small country to 18,000,000 francs or $3,600,000. Esti-
mates of the losses in other countries are not available, but the pro-
Eortional desirnetion of property elsewhere from spontaneous com-

usticn must have been equaily high, To these losses {rom fire
must be added the losses in the value of produce from overheating
(which in many cases proceeds to the point of carbonization without
final ignition), that do not appear in the statistical estimates of fire
losses. 'What this secondary loss may amount to can be inferred
from the statement of Laupper that for every 25 actual fires result-
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ing from spontancous combustion in Switzerland there were not lesg
than 167 cases of carbonization, as a result of overheating. The
great possibility of fires from spontancous combustion is apparent
from the fact that the usccident of exclusion of sufoient air is all
that prevents a carbonization from developing into an ignition.

REVIEW OF PREVICUS THEORIES

ANCIENT OBSERVATIONS

For he oldest obscrvations upon spontancous combustion we must
£o back to antiquity. The storing of cut grass for the sustenance of
sheep, goats, horses, and other domesticated animals during the wip-
ter was practiced by man a$ a yvery early date, and the phenomenon
that green grass when piled in heaps undergoes spontaneous heat-
ing with danger of final ignition was undonbtedly noticed Iong be-
fore the rules of agricultuial procedure were reduced to writing. A
proper method of curing the cat grass intended for the winter feed-
ing of cattle was gradually evolved gs a consequence of long experi-
ence, with the result that in the ancient classical works upon agricul-
ture are definite practical rules for preventing the spontaneous heat- -
ing and combustion of hay. Columella (8), a Roman writer of the
first century A. D., makes the following statement, for example, in
Lis elassical treatise upon agricnliure

The Lest time to cut bay is before it driex up: first beenuse it gives 0 lavger
vield and seeond Lecnuse it furnishes a product that is relished better by ani-
mals,  There must, huwever, be a certain mean observed in curing hay in
order that it may not be gathered either too dry or too green. In the former
cuge, if it bins lost all its juice, it is only good for bedding; in the latter case,

it it retaing toe moeh of its duice, it rot= on the scaffold and when it has become
Lot often ignites snd catches live,

The elder Pliny (23), a contemporary of Columella, lays down
the following rule in his famous encyclopaedic Natural History

« .. When the grass iz ept it should he turned {owards the wun and must
never he stacked unfil it is quite dry. If this inst precaution is nok exrefully
tnken, 2 kind of vapor will be seon arising from the rick in the wotning, andg
us foon as the sun is up it will ignite to a certuinty wnd go be econsumed,

In this passage Pliny seems to indicate that solar heat is the final
cause of ignitien,

ANCIENT THEORIES OF FRICTION AND OCCLUDED HEAT

The ancient Greeks, who were keen speculators in every field of
knowledge, naturally developed & theory for spontanecus combustion.
At a very early period of their civilization they were familiar with
the process of producing fire by the friction of wood, a method em-
ployed by nearly all primitive races, and at a later date, when they
began to philosophize, the Greeks made this idea of friction the
basis of their explanation of spontaneous combustion. Many illus-
trations of this could be given, one of the best known being a comment
that the Greek historian Thucydides (26} makes in his famous His-
tory of the Peloponnesian War, where, in describing a conflagration
of wood, pitch, and salphur which was set by the Peloponnesians
during the siege of Platuen, he remarks:

+
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The conseguence was a fire greater than any one had ever yet produced by
buman agency, though it could not of course he cumpared to the spontaneous
conflagration sometimes kuown to occur through the wind rubbing the branches
of u mountain forest together.

The explanation of the action of friction in setting fire to wood or
other substances, according to the Greeks, was a loosening and coa-
lescing of the minute scattered particles of fire which they supposed
to exist in every combustible material. This old concept of flam-
mable substances containing a hidden heat that was ready to break
into five under favorable conditions was inherited from the Greeks
by the philosophers of the later Roman and medieval periods and has
persisted even until comparatively modern times. Bacon (I, ». I,
p. 186-187), the Elizabethan philosopher, in his famous Novum Or-
ganum, made this idea the basis of his explanation of spontaneous
combustion :

All herhy and green and moist vegetalles seemn to contain some secret heat,
though so smuall as to be imperceptihle to the tvuch in small portions; but when
many are joined, and close shut up together, su that their spirit cannot breathe
ont jufo the air, but the parts must mutually foment and cherish each other,
g manifest beat is produoeed, and somefimes a flame if the matter is disposed
ihercte.

The doctrine of hidden particles of fire was especially claborated
by the Greek philosophers of the atomic school, Democritus, Epi-
curus, and their followers. Their ideas were made use of by the
Latin poet Lucretius (49, ». 7, . 40} in his scientific poem upon
The Nature of Things. In commenting upon the spontaneous origin
of forest fires, as previcusly given by Thucydides, Lucretius makes
the following argument:

But it often comes to pass on high mountaing, you say, that configuous tops
of tall trees rub together, the strong south winds constraining them to de so,
unti? the flower of flame has broken ocunt and they have burst into a blaze,
Quite frue and yet fire is not innate in the woods; but there ire many seeds
of hent, and when they by rubbing have streamed tegether, they produce con-
flagrations in the ferests. But if the flame was stored up ready made in the
forests, the fire eould not be concenled for any leugth of time, but would
destroy forests, burn up trees indigerimintiely.

Although this idea of forest conflagrations being produced by the
continual rubbing together of the branches of trees in the wind rests
upon a mistaken assumption, the old Greek theory of the spontaneous
production of fires by friction found a very general acceptance until
comparatively modern times. Without giving an account of the
development of this theory in all its historic details it might be
mentioned that the Arab writer Ben Mohalhal about 942 A. D. re-
ferred to the fact that the leaves of a cane which grew in Kabul were
ignited by the rubbing of the leaves against each other in the wind,
and thet as late as 1644 the celebrated French philosopher Descartes
(9) in his Principia Philosophie explained the spontaneous heating
of vegetahle tissues upon the basis of an inner friction produced by
the movement of plant juices through the dry contracted cellular
vessels. _

The ancient conception of hidden or included fire was also held by
the famous Dutch (hlemist Boerhaave (4, pt. 3, p. 175-176) of the
University of Leyden, who in his New Method of ghemistry describes
the first attempt to analyze the products that were formed during the
spontzneous heating of hay.
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1. Throw together any of the tender, green aml succulent parts of recent
vegetables, whether acid or alkaline, in a large heap, in the warm open air, and
press them down with an additional weight, if their own be inconsiderable;
and the middle part of the heap will, in a litlle time, spontanecusly conceive a
small degree of heat, and pass successively thro' the other degrees, till it comes
fo a state of ebullition. In the spuce of three days, from the first putting
them together, they will yield a heat, perceivable by the hand, equal to that
of the hunian body in a state of healtli; Ly the fifth it will be foo great for the
Land to bear without pain; and lustly, by the sixth, seventh, or eighth day,
the juices will generally appear ready to boil, and sometimes the matter will
even flame and burn away. (2.) By this spontaneous operation, the vegetable
ticquires an abominably putrid, stercoracecus, or cadaverous, taste and odour;
and turns entirely into one soft, shuilar, puppy mass, or erassamentum, greatly
resembling fetid human excrement in scent, and putrefied fesh in taste. (3.)
If now this fetid matter, thus obtain’d, be directly, whilst it remains in its
fetid state, committed to a glass retort, and distill'd with proper degrees of fire,
there will come over, Ist, A water impregoated with an urinous spirit, pertectly
like that obtainable from animal subjects, and separable by a Tresh distillation,
slowly made in a tall glass, into elementary water, and a large gquantity of
pure, white, volatlle, dry alkaline salt, not te be distingnished from animal
#alts. 2dly, A volatile, alkaline, oily salt, that shoots in glebes. 8dly, An
exceedingly volatile and a thick fetid oil, both which are alse entively like those
of animals, 4thly and lzxstly, the remuinder being calein'd *n an open fire,
affords not the least particle of fix’d salt; just as if the subject bad reually been
of the anlmal, and not of the vegetable kingdom,

2. This process is truly universal, and holds equnlly in all kinds of vegetables,
tho ever so different in thelr nature nud vivtze, I have my self miade the
experiment in the coldest and most succulent or watry plants, such as purslain,
solrel, ete, as well as with the liottest or most acrimonicus, such as the
spurges, etc., and always found it sueceed; but the soouner, as the vepctables
employ'd contain'd the grenter quantity of oil; tho with the same phenomena.
It will likewise succeed with dry vegetables; provided they be muisten'd with
water before they ure throwu info heaps. And thus we sometimes see that
staeks of hay will spontaneously take fire and blaze away ; especially if it was
ot well dried in the making. . .

8 ... We see alsn that vegetable putrefaction is begun nnd promoted with
heat, and finished with ¢oetion, which reqttires a degree of lieat much greater
than that exciied by fermentation, as being capable of cansing an ebullition in
the plant, and even of turning it into flame: and indeed the immediate cause of
fermentation, is the motion of the zir intercepted bDetween he fluid aml viscous
parts of the fermentinig liquor; hut the cause of putrefaction is fire it self,
collected or included within the putrefying subject,

Boerhanve thus regarded the heating of hay not as a fermentation
but as a putrefaction of which a collected or included fire was sup-
posed to be the cause. Boerhnave's statement that he obtained a
volatile alkaline spirit and salt (ammonia and ammonium carbonate)
in the distillation of hay that had undergone spontaneous heating is
one of the first references to an observation that was frequently made
by later students of the subject.

THEORIES OF VITAL HEAT

Another explanation of the spontaneous combustion of hay and
other plant produets, which is more modern than the purely physical
theory of friction, is the accumulation of vital heat. One of the
oldest observed characteristics of living matter is the generation of
warmth, which was noted by early man not only in the case of ani-
mals but in that of many vegetable materials, such as heaps of sprout-
Ing grain. It was supposed by many who speculated upon the sub-
ject (and the errov still persists) that if the warmth generated by the
tissues of living plants, such as freshly eut grass, could be completely
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confined within a well-insulated space, sach as the interior of a
haystack, the continued accumnulation of wital heat would finally
raise the temperature of the mass to the point of ignition. A little
reflection ﬁ.m’,{ experimenting ave sufficient, however, to demonstrate
the faisity of this theory. One need only suppose a large bathing
pool, with water, atmosphere, and building at exactly blood heat,
filled with men. No matter how closely crowded the bathers may be.
although each is a producer of heat, the temperature of the water and
of the bathroom as a whole will not rise above that of the men's
bodies. The temperature of o mass of living ovganisms, as of bees
or bacteria, is the same as that of its individual onits and no more.

The production of heat by living plant cells has, however, an im-
portant bearing wupon the problem of spontaneous combustion,
especially in the early stuges of the process. When it was recog-
nized by physiologists that plants not only assimilate carbon dioxide
and give off oxygen, but also breathe the same as animals, by taking
in oxyvgen and giving out carbon dioxide, the generation of heat by
vegetable tissues and organs began to be explained, as in the ease
of animals, as a result of o respivation process. The botanist Gép-
pert (10) began in 1830 to male the first scientific experiments npon
the heat developed by the respiration of plants. He showed that
when grain was allowed to sprout in o woaden box, temperatures as
high as 50° C. might be obtained, and he concluded from his numer-
ous experiments that plants liberate measurable quantities of heat
at all stages of growth from germination to flowering,

Goppert failed, however, to differentiate between the heat that
was evolved by the respiration of the living plant and that produced
by the vital processes of adhering microorganisms, a distinction that
remained for Cobn {7), a plant physiologist of Breslau, to demon-
strate in 1890. Cohn, by making improvements upon a device of the
Wiirzburg botanist Sachs, constracted an apparatus by which the
gas exchange of oxygen and curbon dioxide in the sprouting grain
could be measared, while, so far as possible, any loss of heat by
radiation and evaporation was prevented. After the compartment
of this apparatus was filled with germinating malt, which had been
well moistened, there developed in the first howrs a rapid increase
in temperature, which gradually diminished with an apparent tend-
ency to terminate at 40° C. or at zbout the death point of the young
plantiets. This pavse in temperature increase was only temporary,
however, and there scon began wnother rapid rise in the thermometer
which finally hecame stationary at about 63°. The first period of
heat development in this experiment, up to 40°, was explained bhy.
Cohn as resulting from the respiration of living plant cells, and the
second period of heat development, up to 65°, after the life ot the
plant cells had been destroyed, as resulting from the vital processes
of thermogenic or thermophilic microorganisms, of which, in the
heating of malt sprouts, the dspergifus fumigatus seemed to be the
most active. Cohn demonstrated that the presence of oxygen was
necessary for these biological processes of heat production by show-
ing that when air was excluded from the vessel containmg the
germinated malt, the temperature came to a standstill,

In further confirmation of his demonstration of the two stages of
heat production in the storage of malt, Cohn showed that it the
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microorganisms adhering to the surfuce of the barley were destroyed
by immersion of the grains in copper sulphate solution only the first
stage of heat development during the sprouting of the malt took
place, and the temperature did not exceed 40° C, If, however, the
steriized malt was again inoculated with the necessary thermo-
philic organisms the second stage of heat production could be pro-
duced, and the temperature then rose to a maximum of over 55°.

CHEMICAL THEQRIES

The maximom temperatures ohserved in the most carefully con-
- trolled experiments vpon the heating of plant materials by kiological
agencies rarely exceed T0° C,, which is about the thermul death point
of most vegetating microorganisms. This temperature is far below
the 280° or more which is supposed to be necessary for the ignition
of hay, and students of the subject, thevefore, felt themselves obliged
to seck some other cause, either physical or chemical, which would
explain the rapid rise in temperature of haystacks from the 70° to
80° which 1s the limit of biological heat production, to the 280°
or more which is necessary for ignition.

The attention of scientists was first attracted to possibilitics of a
chemical nature in producing spontaneous combustion by an experi-
ment that was performed in 1823 by the German chemist Débe-
reiner, who showed that when finely divided platinum is brought
Into contact with hydrogen gas, the hydrogen ignites. The phe-
nomenon depends upon the fact that platinumn sponge, or platinum
black, has the property of condensing within its pores many hundred
times its volume of the gases to which it may be exposed. The simul-
tancous occlusion in large volumes of oxygen from the air and of a
combustible gas, such as hydrogen, in the pores of the metal brings
the two into such intimate contact that they unite chemically, with
ignition. In the same way carbon monoxide, ethylene, aleohol
vapors, and other condensible guses can be made to ighite spontane-
ously.

Of a somewhat different character from the ignitions produced
Ly the reaction between oxygen and combustible gases in the pores
of intensely absorbent materials ave the spontancouns combustions of
substances in the so-called pyrophoric condition, by which is meant
a state of material resulting from exceedingly mirute subdivision
of 1ts particles that permits of such rapid atmospheric oxidation as
to raise the temperature to the point of incandescence. A large num-
ber of such pyrophoric substances are known to the chemist. IT lcad
tartrate, for example, be heated in a glass tube and air excluded the
lead is reduced to the metallic condition and left in such an exceed-
ingly fine state of division that if the tube be tightly sealed, cooled,
and then reopened, the minute particles of mefal upon coming in
contact with the air will combine with atmospheric oxygen with
such avidity as to take fire spontaneousiy. In a similar way, when
potassiam or sodium sulphates are thoroughly mixed with lampblack
and ignited in a covered crucible, the salts of these alkali metals are
reduced fo the corresponding sulphides, which are mived with the
charcoal in such a finely divided state that the material ignites spon-
tancously on exposure to the air.  Another mixture of similar pyro-
phoric character is obtained by igniting potassium or sodium alum
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with lampblack, starch, or flour. Various metallic oxides, such as
those of iron, cobalt, and nickel, when heated in hydrogen at low
redness, especially in admixture with alumina, magnesia, or other
infusible materials, are reduced and leave the corresponding metal
in a very finely divided pyrophoric condition.

The employment of the principles of gas absorption and py-
rophovesis as an explanation for the spontaneous combustion of hay
was first made in 1872 by Buckner (24, p. 367), professor of chem-
istry at the University of Munich, in the following words:

If o spontaneous decomposition of Tiny with a consceguent considerable evolu-
tion of warmth is sceepted as a well established fact, it ean then alse be sup-.
nosed, when the grentest part of the water contained in the hay has evaporated,
that, as a result of ihe coatinual absorption and decomposing action of oxygen,
the heat under e=peginlly favorahls conditions may be raised to the point of
jgnition, 7This idea is basecd upon the supposition that during the progressive
decompsition above mentioned the huy undergoes 8 kind of earbonization and
wint the curbonaccous residue formed in this wny, similar to many other forms
of carbon gueh a2z many peat carbons, mixtures of peat ash and earbon, or vari-
ous mineral coals that are contaminated with finely divided pyrites may, in
cousequence of its great pornsity and the presence of foreign substances that
are susceptible to rapid absorption of oxygen and oxidation, acquire the property
of a pyrophor and in the presence of a suflicient amount of zir, condense the
latter upon its surface to such an extent that the material becomes red hot
and ignites. N
PYROPHORIC CARBON THEORY OF RANEKE

This conjecture of Buckner was immediately subjected to a critical
test both hy an actunl observation of a case of spontaneous combus-
tion and also by practical Iaboratory experiments by Ranke (24).
His article upon the subject 1n Laebig’s Annalen for 1873 is of such
fundamental importance that it has heen made the starting point of
practically all subsequent discussions upon the subject. The reports
of cases of spontaneous combustion previous to Ranke’s investigations
are so contradictory that many of the statements appear wholly un-
reliable, Ranke was one of the first persons with scientific tramning
to describe an actual case of the spontanecus combustion of hay, and
as his description enumerates practienlly all the details of such an
occurrence and agrees so completely with later observations it has
been transiated as one of the best typical accounts of the phienomenon.

On my estate Lanfzaen, which is situated south of Munich about four hours
by post near the Griinwald forest, a brning odor was observed on the worping
of Octoher 19, 1872, in the west corner of a large massively constructed baim.

In this section of the barn wis stored a part of a erop of rgwen that had
been harvested upon {he estate and unleaded in two adjacent piles, one of which
contained about 221 tons and fhe other about 15 tons.

This rowen had all been harvested in apparently weil dried eoudition during
excellent wenther between the Oth, and 10th of August. During the whole of
September there was noticeable only the customary strongly aromatie odor
of liay which increased in intensity until finally on the 3Tth and 18th of
October a perceptible Lurnt odor began to be noticed. This empyreumatic
burnt oder had become so strong on Saturday moerning October 19 that my
manager was convinceed the inferior of the mow had caught five, e determined
at once to remove the hay as earefully as possible and in ease five should be
discovered to extingnish it with a 1arge quantity of water,

All available buckets, casks and other coniainers were accordingly filled
with water upon the scaffold of the barn above the vowen and at 10:30 A. M.
the removal of the hiy was very carefully commenced.

It was evident that the burnt alor proceeded only irom the larger of the
two niles, which was bounded on the west and south by a solid wall of masonry
2 ft. thick and 17 £t high, was open on the east slde to the threshing floor.
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and directly conoected on the nrorth with the smaller pile of hay previcusly
mentioned. The dimensions of the large pile were 23 ft. high, 23 ft. long and
16 £t from Tront to back,

In the upper portion of the mow the rowen was sweating so strongly that
drops were actually hanging on the spears of grass. The cotor of the entire pile
so fur as could Le determined from the outside was a bright green and as far
as the exterior was concorned no inerease of temperature couldl be observed.

The rowen was carefully removed, priveipally on the side next to the
threshing floor, and hauted out of the barn. On the top only the swoeating
portions were removed down to a depth of nbout 8 feet, and as the rowesn at
this point was in & dry and very hot state the removal of hay from the top
was temiporarily suspended, In continuing the removul froin the side next
to the threshing floor, an inerense of hent Legan fo be obrerved ot a distance
of about 11 fect toward the center of the pile. The olur which escapeil during
these opuratious wis stroualy empyreanmtic,

Ag the removal now bewan to be pushed more vigorously from the top there
were suddenly observed at a depth of gbout B feeb several sparks. At the
saine time sinoke and flashes of sparks were snddenly obeerved on oue of the
wigons, vpon which the Intest removed portions of rowen were being hauled
fronr the barn.  This was abonk 1:30 P M.

The entive mow uand the londed wagou wove now drenched with water, The
rowen that was new being hauled out was of a deep brown color and was
spread owt upoen the grass near a pond situnted bebind the barn.

From noew on the remeval of rowen could be performoed only with constant
drenching with water, since almost every forkful #s saon as it was taken out
began te glow. It was also frequently necessavy to noear wafer agin upon the
materigl which hud been loaded since oven fthe bourds of the wagon repeatedly
hroke into flnnes. Even the rowen that bhad lLieen sprend ouf on the grass near
the pond reignited repeaitedly, so that it had to be extingnishied three fhnes,
The material outside in the epen hroke ont into actyal fNames, which was pre-
vented inside the bamn by the conslant encrgetic drenching with water, It mighi
he mentionsd in this conneetion thut on tle Tollowing day fhe grass sod, upon
which the removed rowen had heen spread, was found {o Le compivtely burned,

Oo the side of the pile undermoing combustion was the above mentioned
smaller pile of about 15 tons, which was found to be in perfoctly guoad condition,
In order to separate it from the other pile it wns necessuvy to eut through a
gection about 314 feet wide. In performiny this work there was such a nowerfal
out-flow of aas, prebably carbon menoxide, fhint no workman could stay there
for more than 1 to 2 minutes. The laborers Loeame pale and livid and with a
fecling of suffocation rusbed out gasping for air,

Finally after it had become dark the work of removing the burnidz materinl
from the barn wasg completed. The burnt mass formed, as it were, the core of
the pile and was estimated to have a dinmeter of aubout 11 feet at the top;
it extended downwards to about 1% feet from the floor where the diameter
of the hot portion, however, had parrowed dewn to about 4 to 5 feet, The
burned area extended backwards to within about 114 feet from the rosr wall
of the barn.

The condition of the burnt mass was that of an actvual carbon with a reten-
tion, however, of ils original structure. The form of every spear of grass and
of ¢very flower counld be plainiy recognized. If this grass earbon was rubbed
upen peper, the latter wus colored black,

Figure 2 shows the vertical section of the hay mow damaged by
spontaneous combustion uas described by Ranke.

Ranke attributed the repeated ignition of the carbonaceous mate-
rial from the haystack to t]he strong absorptive power that it had for
atmospheric oxygen. He next proceeded to prove this theory by
means of a series of experiments, which he carried out at Munich
in the laboratories of Liebig and Buckner. He found first that when
the rowen was heated to such n temperature that ail volatile empy-
reumatic substances were expelled from the residual carbon, the latter
upon exposnre to the air possessed no pyrophoric properties. When,
however, the rowen was carbonized between 250° and 300° C. in g

56790°—20——2
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flask placed on an oil bath, the resultant carbon after exposure to
the air began to heat and then suddenly became red hot in a number
of places. Since spontaneous ignition did not take place when the
empyreumatic substances were completely removed from the carbon,
Ranke concinded that these volatile products of destructive distilla-
tion very probably played some réle in the phenomenon of self-
ignition, perhaps stmilar to that observed in the familiar spontaneous
ignition of oily waste.

Renke states in concluding his article that the hish tempera-
ture of 300° C., which seems to be necessary for the formation of
pyrophoric carbon in a
haystacl, is possible only
by reason of the excellent
insulating properties of the
heavily compncted rowen.
Theheat which is developed
in the preliminary fer-
mentation processes and
afterwards increased by the
progressive  chemical  de-
composition of the rowen is
mostly retained in the in-
terior of the stack with
but little loss by radiation.

LOW.TEMPERATURE CARBONI-
ZATION THEQRY OF MIEHE

In the subsequent de-
velopment of Ranke’s pyro-
phoric carbon theory, a
number of writers, in order
to avoid the difficulty of
explaining high tempera-
tures, have adopted the
Ficurp 2.—Vertieal seetion of hay mow damaged view that carbo_mzntlon cun

RS ol o 3L aie Tantory, - e produced at much lower

t‘.I:»&licri]J}LIon of'RanI:le. A, l.:émp-lof‘;l:r ch:lrretllfmy; temperatures th:l_n the 250°

I, partly ehacred hay; C, wuinjured hay. After {g 300° (€. which Ranle

Moedem (20} P .

employed in his laboratory
tests. One of the chief supporters of the low-temperature carbon-
ization theory was Miche (27), who in 1907, while he was instructor
in botany at the University of Leipzig, published a very instruc-
live little hook upun The Spontaneous Heating of Hay. Miehe
in_this work made a very exhaustive study of the thermophilic
microorganisms that arve concerned in the spontaneous heating of
hay, chief among which is an organism diséovered and named by
him Bacillus calfactor. The gencral conclusions of Miche upon the
biclogical and chemical factors that are involved in spontaneous
heating and combustion are translated from the following summary
given ab the close of his book (22, p. 116-£21) :

That heat is generally produced hy plants is made apparent when they are
pied together in large gquantitivs as flready lmileated by Gonppert, In such
cases the outer layers hold the heat back so that it can not excupe as fast as
it is produced. The temperature must comsequently inerenso,  13ut with the
rise of femperature, the intensity of resplration ulsv inereases, this in turn
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causing more heat to be produced. As a rosuli of this a large part of the
carbohydrates Bugar, sturch, ete.) iz comsumed, 2s is shown by the results
of analyses in Chapter 111, Finally the heat Leeomes so great that it killz
the plants, whick thus virtunlly breathe themselves to denth. Since the
thermal denth peint for grasses is about 45°, this will be the temperature at-
tained by such living plants uuder these eonditions. The increasge jn tempera-
ture would have to terminate here, were it not for the develupment of the
Bacillus calfuctor.

The above remarks apply in even greater degree to the bacteria and molds,
The thermephilie baeillus gemmninates rapidly at 40° and multiplies very
quickly, as shown in Chapter VIIL, as scon it it can natilize the excellent supply
of nutrients that are now mude available in the exuding juice of the dying
plants. Its respiration euwergy will beeome currespunidingly  intense, so thak
the temperature aganin increases until the maximum for this baeillus is also
reacked, that is to say, a temperature of about T0°, The vegetative orgunisms
now die and oniy the spores ave left. Spontaneous heating has thuy reuched
its highest point.

This picture of the process of spontancous henting only applies when
wilted piants, that is to say, only sunch as are still pavtly alive and breathing,
are piled together in large beaps. If the plant tissues are already dead, then
the microorganisms are the only agencles that accomplish the whole process.”

* % # * + & #*

During the whole course of spontuneous heating large quantities of the
Imbibed water contained {n the hay are evapuritted, so that the hay becomesy
gradually dry. In this way heat is naturally used up. If the mass of ma-
torial, which is undergzoing spontineous leating, is very moist then the pro-
duction of heat will be cotrespondingly slight, since it is self-evidlent that a
Jarge mnomnt of warmth is token up in raising the temperature of a greaf,
quantity of liquid. Tor fhis reason the dung piles, for example, which Holde-
fleisg drenched with ligmid manure, rewained mueh eooier.  The appurent
greater heating propensity of those dung piles that were treated with kainit
and mixtures of superphosphate and gyvpsum depended partly upon their looser
strocture and partly upon the partiul desiccalion which resulted frou the
water absorpfion of the salts,

Finally, if wpon the basis of onr experience we attempt te define briefly the
condlitions under which spontnncous heating inkes place, we would mention two
points of importance, vig, first the size of the piles and sccond the water con.
tent of the hay.

The greater the piies are made, the guicker the maximum fempergaiure will
he reached and the longer the lieat that is developed wilt be retained, since the
Inrzer quuntity provides a greater reacting mass and at the same time o more
effeetive insulation. It can readily be imagined that in piles of many tons the
high temperature may be mainfained for months in the entire innér core with
the result that the carbonization process can proceed to a very wide staze. It
the piles nre smaller {1 or 2 tens) the maximum heat may indeed be still
attained but the temperature diminishes onre quickly, Finally with still
smalter piles rnly slight elevations of tomperatere ave reached and the cooling
off pracess takes place even more rapidly,

The second determining factor is mioisture. Its presence in suficient quan-
tity is absolutely necessary for ihe development of mieroorganisms, If the
Dlants arve very joicy or if the mass of material for other reazons is very moist,
it will then sink togother vory compaelly and g different kind of fermeuntation,
resembling more pufrefnction. will develop, which is probably enly a1 conse-
quence of the more limited supply of oxygen. Heating will also develop bur, for
the reasons previously indictted, will relunin compnratively slight, The product
will vesemble manure. Afolds espeeially develop with excessive moisture,

Wiih an average moisture content of 36 per cent, such ns is found in wilted
hay, the process of spontaneous heating proceeds in the mormal way., Ii the
witer content is lewer, sponfancous heating will develop only incompletely, in
case not very large masses of hay ire employed. Completely dry hay will hent
elther not at all or only imperceptibly, T a normnl cottrse of spontaneous
heating is desired, as in the preparation of “ brown huy ", the hay should have
a moistire eentent of about 36 per cent and he piled in heans of only medium
size. Tralk regards about 2 to 214 fons as the most suitable auantity.

If the nplles are very Iarge, bud conrequences develop and this leads us finally
to an exceeldingly important practieal question, pamely, that of spontaneous
¢ombustion,
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What is the conneection Dbefween spontaneous heating aud spontaneous com-
bustion? That both processes do not have a common origin but only exceed-
ingly indirect relations to each. otber, is cvident from onr preceding discussions
withent furthier remarks. Mieroorgaulsins can never produce by their vital
processes a higher temperature than they ean endure themseives, Yet for the
jgnition of hay-like substances a tewperafure of at least 300° is necessary.
How cun this happen?

I would like at thiz peint to gueote In a fow words a case of spontanecus
combustion which was observed and deseribed 33 years ago by . Hanke with
mout satisfactory attention to details and which possesses uan especial value
becanse of the experimeniul evidences aftiched thereto (tle only ones of their
kind so far as I am aware).

As the account of Ranke’s observations and experiments has al-
ready been quoted, Miehe’s abstract need not be given. After men-
tioning that Ranke wsas unable to explain how a temperature of
300° C. could develop in the interior of u haystack, Miehe continues:

We need gt this point before everything else new observations. It should be
established how high the temperaturve can rize in a large hay stuek of sotme
25 tons which is allowed to remain in o completely undisturbad condition. It
-would not be permissible to muke the measurement in the nspal mauner of Low-
ing in a hole nnd ingerting a thermometer. Instead of this o maximum regis-
tering thermometer or better a thermometer with self-registering distant cou-
pnection should be previously paecked inside. If holes are bored, the possibility
is not excluded that, by the action of the copious supply of entering oxygen, the
actual ignition provesg may stirt and the femperature ge ap. By such n mens-
urement a$ this a great deal of light would be thrown upon the whole process.
I regard it as blghly possible that a higher temperature than 70°, or at the
utmoest 802, would never be observed.

I Dbelieve that earbonization may indeed take place even at this tetnpera-
{ure, for it must be considered that the action continues for a cousiderable time,
even for months, The hay underpgoes-so to speak a dry distillation, in which
the eclements of the orvgunie compounds arg renrranged; new volatile com-
peunds of simpler compesition are set free and the material remaining behind
appreaches more and more the compesition of pure carbon, That oxidations
still take place above 75° nud 80° has already been indicated by the exper-
iments of Schlising and of Boekhout and DeVries. The carbon is of an ex
tremely fine porous structure, each cell retaioing ity structure. It is plausible
1o suppose that such carbon may condense oxygen in A mannher similar to
finely divided platinom (platinum sponge). It would then perhaps similar
to platinum sponge dequire a strong oxidizing power and perform oxidations
that would be possible normally only at a much higher temperature. It could
exercise this cxidizing effect either upon itself or upon the absorbed easily
oxidizable gases, such as hydrogen, phosphine, volatile hydrocarbong {methane,
ethylene, etc.), that ure produced by the slow distillation or decompmsition of
the organic constituents of the hay. Huch oxidations might perhaps take place
even in undisturbed piles of hay after a certain interval of time when the
ingress of oxypen was limifed. The temperature would then slowly iancrease.
Or, as seems more probable, the oxidations would develop only when an abun-
dance of oxygen can enter, or in other words when the pile is torn open or when
air passages ale erented intentionally or unintentionally. In faet it is the
general concensus of opinion (see Medem gand other ert(‘lS] that ignition is
only prodnced when free entrance is given to the air by the insertion of
noles, construction of air pits, opening up of the stack, ete.

An approximate piefure of the process of spontaneous cowmbustion might be
constructed in the above way. Complete cerininty can be ruealized, howover,
only (to repeat my former statement) when it has beep definitely established
how high the temperature can go in an undisturbed hay-stack of great'dimen-
sions and how long a tempeviature of T0° can be maintained thore. In the
second place iL must be demonstrated experimentally whether plant materinls
at this temperature and within this time can be converted into a carbon-like
mass, that is to sey whether the same result can be accomplished at medium
temperatures ever a long period of reaction that is attained at higher tonipera-
tures in n short period such as in the dry disfillation of weod. In the third
place it must be shown that sueh a mass will ignite spoutaneously if pro-
vision is made for the aceess of suflicient oxygen.
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These experimenty must finally be made both with and without the pre-
liminary action of microorganisms in order to determine whethier the latter
provide only the heat or alsp the easily oxidizuble compounds which in one
way or another participale in the conditions that give vise to spontaneous
igpition,

EXPERIMENTS OF HALDANE AND MAKGILL

Miche's division of the biological phases of spontanecus heating into
a lower-temperature period of chemical oxidation and a higher-
temperature period of microorganic exidation was confirmed in 1993
oy Haldane and Makgill (11), who determined the rates of absorp-
tion of oxygen and liberation of carbon dioxide in a sample of wetted
hay at different temperatures. The results of their ohservations are
given in Table 1 {77, p. 35%).

Tasea 1 —Rates of absorption of seygen and Hberalion. of carbon diczide by
welied hay

Carbon
s%:gr Ot:]d diexlde
Draration per honr praducer!

of ex- Time exposed b per hour
d ¥ 100
periment grams by 100

of hay Eﬂg;

Ce
4. 53
9.7
6.8
5.8
87

[0 ]

20 minutes. .
55 minutes__

{20 minliles.
35 minutes

In commenting upon these results Haldane and Makgill make the
following remuarks:

A\t first sight the extraordinary fiuctuations in the rate of oxidation during
this experiment might geem unintelligible; but in reality these Suctuntions not
only confirm the bacteriological conciusivns of Miebe, but show that side Iy side
with the bacterial oxidation there is what may be distingnished as & simple
chemical oxidation. ''he latter oxidation diminishes with lapse of time in g
maunner similar to the chemical oxidation of coal at low temperatures, but is
more complete, as shown by the fact that the volume of carbon dioxide libernted
correspouds much move nearly to (he oxysen which disappears.
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It scems evident thak during the first four hours the exidation was a simple
chemical oune, diminighing in the nsual manner zs the oxidisabie material
became exhansfed. Meanwhile, however, bacteria were developing owing fo
the mwoisture and afier six hours their activity began to show itself in the
measured oxidation. With their further growth ilie oxygen conswnption shot
up, during the next 16 hiours, to about 60 thmes the value of the chemical oxida-
tion. The femperulure was then raised to 51 deg, Cent.  Plie result of this was
to kill off or stop the aclivity of the existing B. coll organisms nnd Tower the
oxidation fo about o sixtecnth. Bleanwhile, however, the spores of the
thermophilic B. Celfacior beguit to develop ; and in u few more hours the growth
of this orgonism inereaxed the oxidation about 90 times. Rauisivg (he tempera-
ture to 01 deg. Cont. caused only a limited diminution in the oxidntion, ag the
B. Ceifactor still fiouriches fairly well at this temperature. But when the tem-
perature was roised to T deg Cent. there was on enoritons fall in the oxidation
rute, and the diminution continued stilt further, since all bacterial activity was
suspended, and oniy the chemical oxidation, which Jdecrenses with time if the
tempetature is constant, was reft, A further rnising of the temperature to
&1 deg. Cent. caused n temporary increzse io dowble in the oxidation rate, and
a similur resuit eveurred on riising the fewmpersture to 90 deg. Cent.

As regards the " cliemical ™ oxidations at the bipher temperaturces, it showid
be remuarked that they would almnost certainly bave been much higher if the
hay had not already been expoged to oxygen for so long ot the progressively
riding temperalures.

Haldane and Makgill noted that hay which had been fermented by
microorganisms had a greater absorptive power for oxvgen than un-
fermented hay either in the dry or wet condition. This fact would
indicate that fermentation had produced substances of a more easily
oxidizable character. In the general dixcussion of their results Hal-
dane and Mukgill make the following interesting statement:

Although the sponianesns firing of a haysiack is, Tike that of o mass of
broken coal or other easily oxidisable material exposed to the action of
oxygen, due to an oxidation process, the process, in fhe case of hay, has peeuliar
features owing to the initinl co-operntitn of living organismng in the oxidation
nroeess. The experiments described above have shown, however, that there
is mo essentini diffevence bBetween the provess in the haysinck and in 8 ‘mass of
conl, The vapid development of Leat in o lurge mass of dnmp hay is due
amost entirely {o the growth and activity of bacteria, of which one species
raises the temperature to about 42 deg. Cent., while another species, which then
Deging to grow, can take the temperature to nenr T0 deg. Cent.  Oxidation,
however, ocewrs in the damp bay at ordinary tempervatures ot z limited rate
even when bsncterial aetion is absent; and a perfectly sterile haystack would be
capable of spontaneous fiving if it were large enongh and were given sufficient
time, just a5 nay sufliciently large mass of bicken coal is capable of spontiheous
firing, As wag pointed out by one of us in dixcussing fhe sponlaneous fiving
of coal, the cumulative action of the heat carried forward by the air currents
which establish themselves owing to convection (or to ventilation pressuve in
1he cnze of gob fires), mast inevitably lead to firing sniess the heat praduced
can exeape at such a rate as to siop indefinite rise of temperature.

The fact that haystacks do pot spontancousiy fire more frequently is in the
long ran due to their being of only modernte size.  With sticks below a certinin
size the hay can never fire, since even If theve is considerable heating from
baeterial activity the beat produced by purely ehemical activity at the tempera-
ture fo whick tite bacterin have been able to raive the hay is loo smail to balaucee
the loss of heat from ihe sorface,

ENZYMIC-REG OCTION FHEORY OF TSCHIRCE

The hypothesis of the formation of pyroplorie earbon by the dry
cistitlation of hay at 70° C., as propased by Miehe, was criticized by
Tschireh (27) of the University of Bern in 1917. Dschirch at the
same time advanced a new theory which is based npon the reaction of
reducing enzymes. The following extract is translated from his
article upon the subject (27, p. £185-147) :




THE SPONTANEOUS COMBUSTION (QF HAY

The combustion of hay destroys snnually in Switzerland millions of value
whicih: might be saved to the covutry if there were some means of preventing
these fires entively or at least of checking themn. A prerequisite for preventing
the fires, however, is to know how they are produced, There hias indeed been
ne lack of explanations, The explanations most rencraliy accepted regard the
cuuse as an accelerated intermoleeniar respirmtion in the ivterior of the still
living plant eells which produces ns a consequence an incrense in temperature
ang thereby creates Ffavorable conditions for the deselopment of mieroorgan-
isms. Respiration is lhought tv raise the temperature to 40°, and nctivity of
microorganisms to 70° and more, Ab this tomperature & “dry distilla-
tion ” I then thought tp tuke pluce which gives rise to a combustible gas and
byrophoric earbon and then to an igpition of the combustible gax. This explana-
tion is manpifestly wroug, as a simple consideration of the muatter will Show.
Let us exanine its arguments. By vespivation in the plant physiological senxe
we meni 4 process opposite to assimilation as a result of which oxygen is
consumed and carbon dioxide produced, in other words & gas is generated that
bhas preeminently the property of preventing iznitions end of extinguishing
fires. By dry distillation we understand o redzetion process that is produced
only far above T0° us a result of which muteviais arve broken Jown in the
clused refort to simple hydrocarbons of the nliphatie series, with a simultane-
ous reducticn of curbon dioxide to earbon monoxide and a formation, by the red
hot walls of the retort, of aromatic hydrocarbons by a process of ring closure.
The temperature in the retorts of gur illuminating gas factories exceeds 1000°.
At no phase of the process iIs there any formation of pyrophorie earbon, Com-
bBustible gas can therefore not Le produced in z haystick and if it is oot pro-
duced it can consequently not ignite.

We are therefore comgpelled to zbandon the above cited explanaticn and
must look fer another.

In ¢councetion with 2 study of the processes that tnke pliace in the drring of
medicinal plants I have encountered a1 series of experiences which I would like
to make the basis of a new " Huystack Theory” The fundumentn! reagetion
which takes place in a haystack that is heating and approgaching ¢ final state
of ignition is an infercellinlar enzymic reductica process which invelves, cven
at 2 moderate inerease in temperature, the amino aeids of the plasma as well as
the saceharides of the tissues and eell contents amd results in a splitting off of
oxTaen. A rapid evolution of oxygen has also been vecognized In numerous other
cses (I need only mention calcium chlornte explosion) sx n cause of explo-
sions and haystack fires ave an exact picture of explosion fires,

Plant cells contain o complex of different ensymes, partiaily antazonistio—
oxydares, redueiases, hydrolses, ebe—which either do not react at all, or ouly
very slightly, (that is to say nre in o state of inactivity) at ordinary temper-
ature in the cells that have become low in water confent ns i resalt of drying
out and whith even in the crlls of somewhat higher water content of half
dried thinly spread lay exercise no special action at moderate temperature.
{In this connection it should be remavked that the discoloration of grass when
it is changed to hay is only partinlly due to enzymes and is to be attributed
nrineipally te the action of the ucid juice of the cell upon the chloropbyll}.
If, however, half dried hay is packed tightly fogether in a thick layer, the wiost
ensily rencting oxydases (oxydation ferments or oxydizinyr enzymes) are the first
to become avtive,

This first pliuse of the reaction ix the first nondangerous stage that is asso-
ciated wilh only o slight inerease of icmperature. It is an.oxydation or com-
bystior process that invdlves a consumption of oxygen. As soon as the oxygen
is uged np, however, the netivity of (he reduetnses (reduction ferments or re-
ducing enzymesd) sets in,  They find points of attack in all the oxyzen-contain-
ing coustituents of the cell contents nnd eell mwembrane, In the cell contents
they find the polypeptids of the richly albuminous plasma, which sre built up
of amino acids, that is to say structures of the type of aspartic neid
COOLICILCHNILCOOTI.  In the membranes, sturch and sngar thuy find poly-
saccharids, highly oxygenated structures of the type of CHL.OIT CHOH CIIOH
CITEL CHOIL COIL Cellulose, for example, contains D19 and aspartie acid
459 oxygen. The reduction process which advances rapidly with rvising tem-
perature s the second dangerous stage which sets in about H0°-70°. At these
ranges of tempernlure the reduclises apparvently attain their optimum of ac-
tivity,  Very favoraile conditious for their fiction exist especially in the in-
ferior of a haystack where ali the oxygen is consumed by oxyduses.  The dis-
Integration process renches its maxinnmn, {herefore, in the interlor of the hay-
stack and cun proceed bere to cowplete carbonization, precediug which In a
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preliminary stage, there are first produced brown coleved intermedinry prod-
ucts, that sthil contain H and O, and wihich also constitute the busis for the
cotor of “hbrown hay ™. The abundant supply of oxyzen, that is suddenly made
availabde in the reduction procesy within the firmly packed luiystack, where no
outlet is possible for the geuerated gns, leads finully s in so mwany other cases
to an expiosion, that is to say fo o rapid combustion of the available curbon
compounds, both those reduved a2 well ag those still unreduced. The heat
that is generated in the reduction process cannot alone explain the ignition
sinee this never mounts to the ignition temperature of cellulose. It is only
the generation of oxygen and the oceurrence of mn explosion that explaing
sutisfactorily the ignition,

That bacteria are concerned in the process which takes place in a leating
hagstack appears improbable,  The course of the process does not indieate this.
At any rute they nlay only 4 secondary rile.

BURRI'S THEORY OF HEAT-RESISTING ENZYMES

In 1919 Burri {(6), director of the Swiss Dairy and Bacteriological
Station of Bern-Liebefeld, proposed s somewhat moditied view of
the enzymic theory of spontaneous heating, The following extract
is translated from his article {6, p. 30-32):

That hay or other plunt materinl of low water content can undergo spon-
taneously in the presence of oxygen an incrense in temperature from, say,
45° to T0° C. as the result of a wimple oxidation process, intensifivd subse-
quentiy by catalytic agents, appears in the Srst place bighly improbabls  In
the next place we observe that in the processes of spontaneous heating, and
especlally with hay, the temperature frequentiy exceeds T0° and resches limits
in which the life of microorginizms or the activity of the usuuily very delicate
enzymes, whether of microbial or plunt celiular origin, is absolutely excluded.
If now with the exclusion of biovhemienl factors temperainres of 80°, 90° umd
more ¢ean be renched in haystaciks, in which only purcly chemicst heat souvees
couid be involved, then the view appenrs pluusible thut the<e same sources are
already active at lIower temperatures, as belween 50° and 70°.  This ides is in
conformity with the previously mentivned oxidation experiments of Boelkhout
and de Vries apon huy and tobaceo leaves in closed gluss tubes. The fact
that the temperature inside of the large heuns of tobacco leaves, such as gre
scen in indusfrial use, can rise to 60° and wore without there lieing any de-
teetible Important development of microorganisms, may also be pointed out in

aver of an oxidation process, unless one excludes the Hen that the respiration

enzymes are Still nelive at higher femperafures thun is ordinarily supposed.
The lalter possibility will be reforred to sgain later, If Miche shows that
sterilized hay Is not eapnble of spoutaneous heating, thut is not a sutficient
proof that chemicil oxidalion provesses do not play any role in tempernture
ranges of 50° to T0° since the sterilization process might prodnce chunges in
the pant that are unfaverable to subseguent oxidution,

Briefly it can be said that good rensons exist for the view that in hay which
1s suficiently wet, after exciuding the hent of plant respiration, g further in-
creage In femperaiure cnn be produec) by o chemical oxidation process.
Whetlier the intensity and dvuration of {142 yrovess would be sufficient to intro-
duce the third undoubtediy purely chemiral heat-production phaxe of 70° C.
and npwards remains an open guesfion although it seems improbable.

AL leaxt the micrebiclogicnl theory is as convincing as the oxidation theory
for explaining the temperaiure inerease from 43° 1o T° Q. According to this
theory, which at present scems fo have the preference, the heat priniueed by
respiration and subsequently by the bacterin whose growth-optimum lies around
40" gives rise to cenditions Tur the development of the thermophilic micraormin-
isms which because of their aduptation to hizh femperntures flourich hest bi-
tween 40° and T0° and are fhevefore in position by their astion upon varions
substances fo profduce perceplible anuapds of henf. Ay alrendy mentioned
the Baecillug calfoctor arcording to Miche's investizations is thought te be esie-
cinlly active in hay and to be sble to raive the heat from 45° to T0°. This
view however ig not yet definitely estnbiished. Phere are Incking, for example,
in the cases of spontaneous beating conmunicsicd in Miche's work, contingous
quantitative bacteriologicn! tests from which it can be concludedl that 2 epusativo
connection exists us stuted between increase in number of organizms and
Inerease in temperaiure. It must be considered alse that the simultaneous
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occurrence of the three factors, nuirieats, warmth and nwpisture produces
under all cooditions a more or less luxuriant Lacterigl vegetation, a condition
that ean easily give rise to a coofusion of vause and effect. We have seen
in the case of tobneeo that 2 marked tempernture increase (up to 60°) can
result without any apparently noticeable development of bacteria. The same
causes could be operated in bay as iz tobacco, while in addition 2 somewhat
higher moisture content might fuvur perhaps g certain microflorn, which in this
case should be regarded not as the eause but gs the result of the warmth.

Now with regurd to the enzymatic theory of spoutaneous heating, this af
first sight Ias something enticing, at least su far ss the oxidizing enzymes are
concerned. These Iatter may be identified, without further argument, with
the respivation snzymwmes and I am inclined to atiach & greater importance to
them for spoutanecus heating than has genernlly been done, and especially upon,
{he basig of the following arpunent.

The experiments conducted by bignt physiolegists upon the course of respira-
tion at higher temperatures bhave sbowed that with increasing temperature the
respiration breonles more and more intense, until it ceases quite suddenly at
a temperature that lies between 45° znd 50° C. which thus indicates the death
of the plant, We know, bhowever, that enzymes are not equally sensitive under
all conditions and this is especially true if they oceur in tissues that have a
relatively low water content, Certain plant seeds, for example, which we know
also respire, can be heated to 100° apd over without lesing their germinating
power. In this case the lower waler contenf of the materinl protevis the
engymes against the injurious action of g high beat. In 2 similer way perhaps
the moderate drying of grasses and plants, customary in hay making, might
put the engymes that they centain into a more resistant, although less active,
conditioh which would have the result that the process of heat formation result-
ing from respiration would become quicscent not at 45° or 50° but perhaps at
60° O, or higher., In case {his supposition should be correct, there would
then be the possibility that tire increase in heut might lead, without the eonpera-
tion of bacteria, to o temperature level where purely chemical and physical
processes would be able to iake over the process of further heat-production. I
would like to give an enzymic theory of spontancous heating, modified in the
munner just indicated, equnl consideration with the oxidation ant miecrobio-
logical theory. On the other hand I am unable to aceept the hypothesis pro-
posed by Tsechireh that in the especially important temperature range of 50°
te 76° C. reduction enzymes play the important part. In the first place it would
be pertinent to rvemark that the biochemicsl reduction processes which tuke place
in a lack of oxywen with plant cells such as microorganisms, would be able to
liberate only moederate ymounts of beat and that therefore au geitual spontanzous
Lenting could hardiy develep. In the secotd place it ean be stated that in such
processes, at least so for as I am aware, moelecular oxyren is not prolduced but
the oxygen undergues m change of grouping with other elements of certain
molectles a8 1 general result of which the larger motecules are split into
smaller ¢nes. The latter are partly less and partly more strongly oxidized than
the unsplit molecule. To the most abundant bighly-oxidized products of a
metabolism, that takes pince without the purticipation of free oxygen, belong the
simple carbon acids and curbon divxide. In apreement with this view the plant
musses which bave been subjected fo spontaneous heating always contain
considerable amounts of free aeids, and so fur us the gases contnined it the
intericr of such heated masses have been examined up to the present time, car-
bonic acid has been founx! in excess with exygen and nitrogen,—the oxygen as
a matter of faet in smaller amount than corresponds to the relation of oxygen
to pmitrogen in the air. The amount of oxyren found Is obviously only the re-
maining utmospleric oxygen that has not yet been used for oxidations.

HILDEBRANDT'S CERITICISMS OF THE ENZYMIC THEORIES

The enzymie theory of spontaneous heating as proposed by Tschirch
and later modified by Burri has !‘ecentTy been contested In an
important paper by Hildebrandt (13, p. 485-484) from whose work
the following paragraphs are translated:

In my experiments I was able fo confirm again the discovery muade previously
by Cohinn (1883} and by Miehe (1907), thai In sterilized materinl, whick was

O6790°*—29——3
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incapable of spontaueons heating, an inoculation with miereorganisms could
clevate the tenrperature fnr beyund 509, us soon as these forms of life coulil
multiply sufficiently in this substance, This observation alene did not mnke
il possible, however, to dviw any direct coneclusivi ns to the cause of the
spontanecus heating of hay; especially the question as to the heat producing
activity of plant enzymes remained unexplained, Since I experimented only
with dead hay only the post-morial acting respiration enzyines of the hay
itself or the excreted cnzymes of the microflorn are involved in any such
production of heat, I therefore atfempied to find an experimental answer to
the guestion.

If the water content of the hay was so reguluted that ihe development ot
the organism flora was just excluded, then the eupaeity for spontaneocus heat-
ing was also prevented. The treatment of the bay with different antiseptics
whicli so far as could be determinerl suppressed the orpanisms but not the
cnzymes produced the same results.  Also the addition of a germ-free oxydase-
containing pressed juice into the sterile hay caused no increase in temperature
(I have already explained in Chapter T how Mschireh and Burri artribute the
jnitil stage of spontaneoas leating to the activity of oxydoses). On the
other hand old meadow hay vnderwent heating in a perfectly normal way
although after earefully rubbing with a little water in a mortar it showed not
the slighest oxydase reactinn while fresh grass and potato sprouts, for exn mple,
gove a distinet positive renction with the tost.

These experiments did not give any support to the theory of heat produetion
by the nctivity of oxydases. That Tschirel's view of n further development of
lieat beyond 45°-50° by the action of reductases is untenable I believe to have
shown in my previous experiment No, 8. This experiment had for its original
nurpoze only the establishment of an estimate of the oxyzen consumption of
i mass of hay in an gelive state of spontaneous heating and it showed that
the =upply of oxygen in a 0.1 cubic meter bell jar was alveady completely used
up at 47° C.  If the Tschirch hypothesis were then correet, the activity of the
reductases afier eonsumption of all the oxyzen should have set in at 47° C.
without fail and the henting should have at least sone to the temperature
(G3%:°) obtained experimentally under normal eenditions. Liltewise experi-
ment 17d. in which an sddition of possibly oceurring miernbial eNZFMes Wias
tried upen sterile hay, gnve o negative result. Bpontaneous heating could not
ke produced.

The experiments that were undertaken showed without exception that n
sepiration of spontanesus heating and mierebial life was impossible. A com-
pletely decisive answer as to the causes of spontaneous heating ean. however,
not yet he given notwithstinding the complete agreement of the experiments,
There still remains especinlly the objection that not only the organisms but
Alse the plant erzymes were checked by the disinfection that was used, or that
in the additino of the expressed plant juice to sterile hay the enzymes did not
reach the hay in an active condition. An absolutely (lefinite experimental
answer fto the question of whether microorganisms or enzymes are the pro-
ducers of spontaneous heating can be given only when it is possible to abtain
successtully a sufficlent quantity of a  pure cultural estract (material thnt is
free from microorganisms) of fhe higher plants and theu fo investizate this,
after the cessation of all life in the hay, with respect to gus exchange and
after germ-free poeking with respect to cupacity for spontaneous heating,

Meanwhile the defenders of the enzymic theories of spontaneous heating
must for a long time bear the burden of proving convinciugly the correctness
of their views. So far as can bhe determined experimentally everything indi-
cates with the highest degree of probability that the sponfanesus henting of
hay is due to the metabolic activities of microorganisms,

THE CATALYTIC OXIDATION THEORY OF BOEFHOUT AND DE VRIES

As the result of a long series of investigations upon the heating
of hay and tobacco, Boekhout and De Vries (3) of the Agricultural
Experiment Station of Hoorn, Holland, conclude that microorzan-
isms play no part in the phenomenon, which they attribute to purely
oxidative chemical processes. Their theory is based upon the sup-
position that—

the chemieal exothermie decompositions whiclh produce this phenomenon gwe
their origin to the interaction of substunevs rhat oceur in the eell juice, proto-
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plasm and cell wall of plantg, that is to suy substances tlutk exist already
formed or that arise during the (rying of the grass as » resolt of intertnolec-
ular respiration or other cause. Unfortunately the experiments that were
undertaken with the purpose of identifying these substunces did not legd to
the desired result, Neither treatment with water por with 2 per cent alkali
solution nor with the 3 per cent hydrochlorie weid conld effect a sepiration of
groups of bodies that were capable uf chemieal inter-reaction. (8, 4. 21 » P 808.)

As a result of further investigations upon the subject Boekhout
and De Vries came to the conclusion that—
the spontaneous heating of bay is an exidation process in wlich the iron that
oceurs naturally in {the plant acts as a catalyzer. 1he part which water plays
in the process is {1} that of comverting the pentosans and nitrogen free ex-
tracts info » state of eusy oxilizubility angd (2) that of causing g dissociation
of the iron eompounds with 2 greater production of free iron-ions that intonsify
the cafalysis, In accordance with thiz view any ciause that produces an in-
crease in the iron content of the plant gives rice to 1 predisposition on the
puxt of the hay obtained thervefrom to undergo spontaneous heating, (8, v. 21,
B 07}

That the pentosans of hay are particularly subject to oxidation
was demenstrated, according to Boekhout and De Vries (8, v. 44, p.
903), by the fact that furfural could be detected in the goseous
products obtained from the fermenting hay.

LAUPFER’S THEORY OF PYROPHORIC IRON

In 1917 Laupper (17), a chemist of Zurich, Switzerland, who has
probably observed more actual occurrences of the spontaneous com-
bustion of hay than has any other student of the subject, made the
announcement that it was not gy.l'ophoric carbon which caused hay

to ignite spontuneously, as had hitherto been supposed, but pyro-
phoric iron. By treating pyrophoric carbon prepared from hay
according to Ranke’s method with concentrated hydrochloric acid
in order to remove all occluded iron particles and then heating the
washed residue fo redness in a test tube, Laupper found that the
carbon had lost its pyrophoric properties. If, however, the ex-
tracted carbon be moistened with a solution of an iron salt and again
heated, the original pyrophoric quality is regained, the proe-
ess being similar to the production of pyrophoric iron by heating
iron oxalate. The conclusion was thercfore formed that it was
pyrophorie iron and not pyrophoric carbon which caused the car-
bonized hay to ignite. Later experiments by Laupper showed, how-
ever, that the iron which occurs naturally in hay in organic or in-
organic combination is not rendered pyrophoric except at a tem-
perature of about 280° C. The problem of explaining the clevation
m temperature between the 70° or 80° which marks the termination
of biological processes in the hay and the 280° required for spon-
taneous ignition was, therefore, no nearer solution than before.
Laupper was therefore induced to subject the so-called haystacl
problem to another critieal study, the results of which are contained
In an exhaustive report with historical introduction und very full
bibliography in the Landwirtschaftliches Jahrbuch der Schweiz for
1920 (17, p. 1-54). The following schematic diagram (Table 2)
gives a summary of Laupper’s conclusions with regard to the sup-
posed development of the chemical changes that take place in the
spontaneous heating of hay between 20° and 340° C.
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The temperatures noted in Laupper’s diagram pertain only in the
very lowest ranges to the haystaclk as a whole, whereas those in the
higher ranges are confined entirely to a very localized section of the
stack, the so-called hot Eocket, fire pocket, or combustion chamber
{Wirmekammer, Brandherd, etc.), which is the principal seat of
chemical activities. The first requisite for the formation of such hot
pockets is thorough insulation, and this is furnished most effectively
by the hay itself, which, when forked into mows or stacks forms
regular compact layers that prevent the escape of heat by rnghgtxon.
Even when apparently dry, hay contains 2 considerable quantity of
moisture, anc%)the still-living plant cells, especially when the grassy
tissues have been crushed or bruised by stamping or treading, begin
to develop heat by respiration, oxygen being absorbed and carbon
dioxide evolved. )

The heat that is generated by plant respiration and the activity
of microorganisms displaces a consideeable quantity of moisture that
condenses in the overlying strata of hay, making the hay soft, dis-
solving the soluble carbohydrates, pectins, gums, and albuminous
materials, and cementing the whole layer into 2 compact nonconduct-
ing cake (Laupper’s heufladen), which acts as a very efficient in-
sulator to the heat that is being generated in the pocket underneath,
Ammonia, formic acid, and other volatile products begin to be
evolved, and the sugars start to carbonize as a result of the action
of the ammonia in 5}8 presence of heat, with splitting off of chemi-
cally combined water.” Chemical reactions are now intensified in
the hot pocket, and as the temperature appreaches 100° (. there is
a rapid distillation of water, the consumption of heat for this pur-
pose causing the temperature to remain quiescent for a time, When
most of the moisture is expelled from the hot pocket, the temperature
begins to rise rapidly again in consequence of the sccelerated exo-
thermic processes, with the result that a destructive dry distillation
and carbonization of the hay begins, the hot pocket now approaching
the character of a fire pocket.

Laupper calls particular attention to the presence of nitrates in the
caked hay that surrounds the hot pockets. e found that the nitrates
occurring naturally in hay are destroyed in the preliminary process of
sweating and that the 1.5 per cent or more of combined nitric seid
in caked hay must therefore have been produced by a synthetic
process. He explained that this result was brought about by the
oxidation of the ammonia (distilled from decomposing nitrogenous
substances) in the presence of free oxygen that is simultaneously
evolved. Laupper found upon heating dry nitrate-free hay in a
combustion tube through which oxygen and ammonia were conduected
thai the two gases united with explosive violence with production of
nitric acid. Laupper attributes the formation of the crystals of
ammonium nitrate, which he isolated from caked hay, and also some
of the explosives observed in haystack fires, to this renction. The
presence of flimmable gases of fermentation; or destructive distilla-
tion, origin might also contribute to such explosions and fires. Faup-
per indicates 110° C. as the first danger point of explosion and 170°,
the observed temperature of the explosive ignition of a mixture of
ammonium nitrate and hay carbon, as the second danger point.
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Laupper demonstrated the possibility of a violent exothermic re-
action at this stage of the heating process by heating wet hay, with
which a little ammonium nitrate and glucese had been mizxed, in a
hot air oven at 150° C. Under these conditions when the hay ap-
proached 150°, the temperature shot up suddenly, in a few scconds
reaching 350°. The carbonaceous residue igmted spontancously,
after breaking the flask in which the reaction was conducted. This
ignition was attributed by Laupper te pyrophoric iron, which was

estimated to be
formed at 280°—the
third danger point
of spontaneous com-
hustion.

According to Laup-
per, the heat that 1s
developed in the fire
pocket or combustion
chamber as a result
of the increasing in-
tensity of the chem-
ical reactions causes
the evolved gases to
exert a strong pres-
sare upon the sur-
rounding walls of
caked hay. “Chim-
neys® or “smolke
channels ” are forced
out from the fire
pocket into the sur-
rounding hay in va-
rious directions, these
openings  following
the paths of least
resistance until they
approach the surface
of the stack or mow.

Figeua 3.—Fire fine in a havstack parvtly desiroved by ’(‘Flgs. 3- and 4')
épotntn.xicou's combustion. Afier Laupper (48, Pafel 17) The escamng odor of
burnt hay, noted in
Ranke's aecount, is usually the first indication of impending disaster.
Finally, when one of the smoke channels reaches the surface, there is
an inrush of air, and upon contact of the pyrophoric iron with oxygen
ignition takes place. An explosion of carbon monoxide {with blue
fﬁtme) and of other flammable gases follows, the discharge of flames
through the varicus smoke channels sctting fire to the whole stack
with the great rapidity that is characteristic of the spontaneous
combustion of huymows.

Such, in cutline, is the theory of the spontancous combustion of hay
as developed in Switzerland by Laupper as a result of laboratory
investigations and of many entical examinations of haystacks and
haymows that were either in a state of heating or of actual
combustion.




THE BPONTANEOTUS COMBUSTION OF HAY 23
DIVERGENCE OF OPINIONS

The extracts that have been quoted from the very voluminous liter-
ature upon the spontaneous combustion of hay are sufficient to indi-
cate not only the complexity of the problem but also the extreme
divergence of opinions upon the subject. Scarcely any topiein chemi-
cal literature is in a more controversial state, In'the passages selected
for quotation there are theories of ignition by gus condensation
versus theories of ignition by pyrophoresis, of pyrophoric carbon
versus pyrophoric iron, of bacterial heat versus enzymic heat versus
chemical heat, of oxidases versus reductases, of wet distillation
versus dry distilla- :
tion, of carbonization
at high temperature
versus carbonization
at low temperature,
of flammable gas ver-
sus nonflammable gas.
Examples of such
contradictions of sHEAVES
opinion can be great- o caam
Iy multiplied, and the MACHINE
student of the subject Sneo
finds himself help-
less when he attempts
to strike a satisfac-
tory balance between
the various opposing
views.

NEW SUGGESTIONS
A8 TO THE CAUSE
OF THE SPONTA-
NECUS COMB U 8-
TION OF HAY

In the remainder _: o, Pty

Of this bulletin thc s £ —Plan ol ¥ nw di vm“z; hy i toane c:’

S . * Y ' i -E'RF; Pl M H O Iy mow nn_ung v Eponti Ous can-
writer will make an bustion nt  Ducbendorf, Switzerloand, July 95, D20,
attempt to develop a showing locntion of fire pocket and Hues,  Affer Luup-

theory for the spon- 'o ©o & H)
tancous combustion of hay which, if it does not solve the problem,
muay provide at least a clue to its final solution.

FACTORS IN THE SPONTANEOUS IGNITION OF QIL-COATED COTTON

The clue proposed is a departure from the ordinary method of
approach and, with the elimination for the present of ali the complex
varinbles that exist in a fermenting haystack, consists in confining
attention at first to some of the factors involved in the more simple,
purely chemical example of the spontaneons jgnition of a wad of oil-
soaked cotton. The production of fires from the spontaneocus ignition
of cotton waste that has been used by painters for wiping up linsced
o1l is a familiar ocenrrence. In this case the cotton serves as a porous
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combustible vehicle that gives the adhering films of unsaturated oil
the most favorable opportunity for combining with atmospheric
oxygen, the outer fibrous layers of the wad serving also as an insulat-
ing material for the retention of the heat that is dontinuously yen-
erated in the interior of the mass.

Without going too deeply into the chemistry of this reaction it
may be assumed that there isfirst an absorption of molecular oxygen
from the air at the easily broken points of unsaturation in the oil
molecules with the formation at first of fatty peroxides® 'The latter
then decompose in the
presence of moisture

[ into hydroxy com-

pounds and atomic
oxygen that from its
intensive combining

power may form
either hydrogen per-
j oxide or exert dircctly

an energetic oxidiz-
ing effect upon the
organic matter with
which 1t comes in
contact. As heat be-
gins to develop, the
speed of the reaction
slowly increases until
finally when the tem-
perature has reached
a4 point in the neigh-
borhood of 100° (.,
the constantly accel-
erating oxidation
raises the tempera-
ture of the oil-coated
cotton very rapidly
to the point of igni-
tion.

- The curve in Fig-
ure 5 shows the

course of an unpub-

0 W Z0 30 _40 0 4 lished experiment b
Time - Minutes E J Hioffman," iﬁ

Figurs b—Curve showing temperature Iherease In oll- which 50 grams Of

conted cottonl wnstu

cotton waste coated
with a mixture of 50 grams of raw linseed oil and 5 grams of a
linseed-oil solution of cobalt oleate (approximately 0.1 gram cobalt)
was placed loosely in a wire basket 5 inches deep and 3% inches in
diameter. The basket was set on an iron tripod indoors under a
hood with the bulb of a thermometer ubout 2 inches below the
top surface of the mass. In 30 minutes the temperature had risen
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* Bee griicle by Browne {5) for a discussion of the theories of the oxidatlon of unsntu-
rated fufs.  See arflele by Trehlreh ami Barben {£8) on the exlstence of farty peroxides
ond hydrogen peroxide in oxidized fats.

¢ Chemist in the chemienl cngineerlng divislon of the Burcau of Chemistry and Solls
engagced in researceh on furm Hres.
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from 25° to 30° C., in 49 minutes to 40°, in 60 minutes to 100°, in 73
minutes to 260°, and in 86 minutes to 400°. When a gentle air blast
was applied to the mass at 400°, the oil-covered cotton burst into
flame.

The spontancous heating of linseed and other unsaturated oiis
spread upon cotton has recently been subjected to a critical study by
Thompson (25) of the Factory Mutual Laboratories of Boston, in a
Mackey testing appavatns. "t was demonstrated that spontaneous
heating was favored by increasing the humidity up to the point
where the cotton carried about 10 per cent of water. Thompson also
showed very strikingly that the spontaneous heating of oily waste
was greatly accelerated by the products formed during the oxidation,
a sample of oiled cotton, for example, which had been heated and
cooled off, showing a much greater initial heating rate than a freshly
prepared sample at the same temperature, This effect is very prob-
ably owing to fatty peroxides previously formed. Thompson also
cbserved that the presence of metailic oxides, such as ordinary iron
rust, had a catalytic effect in hastening the process of spontanecus
heating, which was probably similar to that of the cobalt oleate in
Hofhnan’s experiment.

OXIDIZABLE, UNSTABLE, FERMENTATION PROBUCTS AS A CAUSE OF SPONTANE-.
OUS HEATING

The theory of the spontaneous heating and ignition of large masses
of hay that the author proposes is based upon the preliminary pro-
duction by microorganisms under more or less perfect anuerobic con-

ditions of unsaturated, highly unstable, intermediate-fermentation
products upon the surfaces of the porous, cellular materials (the
condition being thevefore similar to that of the oil-coated cotton).
The_duration of existence of these readily oxidizable fermentation
products is dependent upon the quantity of air that can guin access
to the fermenting mass of hay and also upon the quantity of moisture
which is present to serve as a reacting medium. If the heaps are
small or of open, loose structure the Intermediary compounds are
destroyed almost as soon as formed, with the result that when vegeta-
tive microorganic life is all destroyed at 70° to 80° C., there is not
a suflicient residue of such easily oxidizahle, unsaturated substances
to carry the production of heat to higher limits. The heat of the
microbal life period is probably owing in large part to the oxidation
of the same intermediary unstuble products that participate in the
elevation of temperature nbove 80°, so that the supposition indicated
by Burri (althotugh apon a different basis) is undoubtedly correct.
For example, “if temperatures of 80°, 90° and more can be reached
in haystacks, in which only purely chemical heat sources could be
involved, then the view appears plausible that these same sources
are alrveady active ab lower temperatures, as between 50° and 7007
According to this view there is tllen no difference in the character of
the heat production between 50° and T0° amd that between 70° and
150° or upwards, the entire range of heat production being thus due
to purely chemical causes. In other words, the niicroorganisms simply
produce the highly unstable compounds whose subsequent oxidation,
like that ot the unsaturated oil upon cotton, generates the increasing
quantities of heat that lead first to the destruction of the organicms
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themselvez and then eventually to the ignition of the hay. The
rapid oxidation of such intermediary unstable compounds would
explain the high oxygen nbssrption and high carben dioxide produce-
tion that Haldane and Makgll obtained in their experiments with
moist hay at G0°. The subsequent rapid falling off in oxygen absorp-
tion and carbon dioxide production noted by these observers is
simply the indication that the formation of these easily oxidizable
compounds has come to an end.

The foregoing explanstion of the spontaneous combustion of hay
may be criticized on the grounds that theve is no evidence for the
existence of such highly unstable intermediasrvy compounds as this
hypothesis requires. T){le difficulty in the experimental search for
such compounds is that in the drawing and manipulation of hay
samples from a fermenting pile the highly unstable substances are
unavoidably exposed to the air so that they are oxidized and de-
stroyed hefore the chemical examination can be completed. Tt is
possible, however, to duplicate in the laboratory some of the condi-
tions existing in a hay pile for the formation of such unsaturated
compounds and, by adopting suitable means for preventing access
of oxygen, to effect their separation and. identification.

EXPERIMENTAL PRODUCTION OF UNE_[TJ%ELE. UNSATURATED COMPOUNDS FROM
R

One of the most commen ebservations made in the examination of
agricultural products undergoing spontanecus heating, such ag
horse manure, and hays of various kinds, especially clover and
alfalfa hay, is that ammonia is produced. Boerhanve, Cohn,
Miehe, Laupper, and many other anthorities call attention to the
evolution of ammonia from hay that is undergoing spontaneous
heating and to the alkaline condition that is produced thereby.®
Plant sugars in dilute alkaline solution at a moderately warm tem-
perature undergo interesting changes, especially in the absence of
atmospheric oxygen. Considerable uncertainty still exists concern-
ing the nature of the first compounds produced in the breaking
down of the simple hexose sugars by dilute alkalies. Numerous un-
saturated compounds of a highly unstable reactive character ave
amonyg the substances formed as may be demonstrated by the follow-
ing simple experiment.

If a 1 per cent aqueous glucose solution is treated at 67° C. with
one-half per cent of Ca(G (completely slaleed in water) in a flask
from which the dir is excluded, the solution turns a yellowish brown,
and a copious flocculent precipitate soon forms. ‘After settling, the
precipitate is filtered upon a DBuchner funnel, washed with dilute
milk of lime solution and then with aleohol and ether, being always
covered with ligquid to prevent oxidation. It is then transferred as
rapidly as possible to a vacaum desiccator, from which the air is
immediately exhausted. If, after partly drying, a little of the moist,
white precipitate be stirred, in a beaker exposed to the air, with the
bulb end of 2 thermometer n considerable darkening in color with a
rapid rise of temperature (20° to 48° C.) will be noted. Oxygen is
rapidly absorbed, as can be seen when the crumbled, moist precipi-

F Berthelot (2}, eontrary fo wmest other observers, repocted the sbsence of ammonly in
hig experimensts upon the gages produced by Lhe fermentatiou of hay,
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tate is placed in a flask of this gas attached to a eudiometer tube. If
the lime precipitate be decomposed with dilute sulpharic acid and
then extracted with ether a crystalline highly unstable compound is
chtained upon evaporation of the solvent. This compound, which
recuces silver nitrate and Fehling’s solution instantly in the cold, is
found to be highly unsaturated, as shown by the avidity with which
16 absorbs bromine, iodine, and hydrogen. Elementary analysis and
molecular weight determinations show it to have the formula
C,H,O, with the probable structure of CHOH : CHCOOH, which is
hydroxyacrylic or glucic acid® The compound readily decom-
poses into formic geid with polymerization into complex substances
of an unknown character. It undergoes a partial sublimation at the
temperature of boiling water, and a compound of this character, if
formed in the interior of a fermenting hay pile, might be distilled
in the absence of oxygen from the region of a hot pocket to a cooler
part of the stack. The possible bearing of a dry distillation at com-
paratively low temperatures upon special phases of the haystack
%roblem 1s therefore not to be wholly excluded from consideration.

he production of formic acid by the breaking down of hydroxy-
acrylic acid is a possible explanation of the presence of formic acid
in the irritating gaseous emanations from very hot fermenting hay._
(See Table 2 for temperatures 45° to 70° and 70° to 90°.)

The formation of easily oxidizable unsaturated compounds similar
to, although not necessarily identical with, hydroxyaerylic acid,
would appear to be highly probable under the complex anaerobic
conditions that exist in the interior of a fermenting Laystack where
higher saccharides and proteins are broken down and where the hy-
drolytic products of these (sugars, amino acids, ammonia, ete.) wn-
dergo at a most favorable temperature numerous reactions among
themselves and also various decompositions as a result of miero-
organic activity. The process that has been sketched for the produc-
tion of hydroxyacrylic acid is only one of numercus possibilities for
the determination of which there 1s need of extensive research.

The supposition that a we~kly alkaline medium, such as would be
produced by the evolution of ammonia * in the fermentation of vege-
table proteins, amino acids, ete., facilitates the conversion of reclucing
sugars into the easily oxidizable substances that give rise to spen-
taneous heating, finds a certain confirmation in the fact that the
hays which are the richest in nitrogenous substances, such as clover
and alfalfa, are the most likely to undergo spontaneous combustion.
This is especially true of the aifaifa meal-molasses mixtures (rich in
both sugars and ammonia-producing ingredients) that are so ex-
tensively nsed for cattle-feeds and the frequent spontaneous combus-
tion of which in warehouses, freight cars, etc., has caused fire insur-
ance and transportation companies to regard the handling of such
materisls as a great risk. Haylike materials, on the other hand, that

See article by Nelson and Browne (22) for further informaotion perizining {o this
compound,

Fle n paper wpen Mieroblni Thermogenesis by James, Retiger, and Thow (26, p. 137)
aticotion 1a called to the rapid prudoection of swmmonin deving the spontancous beating of
cenacked corn niter lmpenlation wHh o pure eulture of an aclively thermopgenic I snbltilis
stroin,  The quantity of smmoenia-nitromen ohtuived rom the eorn before henting began
wis 0.91 mp, per 115 pmy, of corn. This guantity had inerensed In 38 howvs after heating
Eo 87600 wy., o 40 hours to 1260 my., in 65 Dowrs to 17.T3 mg., and in S5 bours o
2 HTTLA
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are deficlent in sugars and proteins, such as straw, are very rarely
susceptible to spontaneous combustion.

RATE OF OXIBATION IN FERMENTING HAY

The prophecy was made by Miche that the temperature of an
undisturbed haystack from which air was excliuded would never be
found in any place to exceed 70° or 80° C. Miche (27, p. 21) demon-
strated the fact that damp hay in a container from winch all oxygen
had been displaced by hydrogen underwent no increase whatever
in temperature. Hildcbhrandt (15, p. 450} showred that 300 grams of
dry hay wet with 200 cubic centimeters of water in a Dewar flask
when placed in » tightly closed bell jar of about 100 liters capacity
underwent an increase of temperature in four days from 23° to 47°,
when the process came to a standstill, all the oxygen having been
consumed and the bell jar being completety filled with carbon dioxide.
Upon the removal of the Dewar flask to the outside air the tempera-
ture in three days increased from 43° to 62°, which indicates & rapid
penetration of atmospheric oxygen under conditions that were not
the most favorable. Hildebrands estimates that for the attainment of
this temperature from 30 to 34 liters of oxygen were consumed by the
308 grams of hay,

It must be recognized that in a mass of such loose structure as a
pile of hay the outside air can penetrate through the interstices tn-
tween the stems and blades for a long distance into the interior so
that oxidations can take place in a considerable zone in the region
immediately surrounding the center of heat production. A smalil
quantity of oxygen also undoubtedly diffuses through the compact
cakey mass of hay that acts as an insulating wall about the so-called
Lot pocket. where chemical activity is the most active, The oxygen
penetrating in this way combines energetically with the unsaturated
substances produced by microorganisms, thus giving rise to addi-
tional quantities of heat, but the sapply is not sufficient to produce
ignition until a disruption of the cakey wall at some point by the
pressure of internal gases permits an inrush of air that is sufficient
to hasten the oxidation of the hot material to the point of ignition.
No doubt it frequently happens that the oxidation of the unstable
fermentation compounds is graduaily completed before ignition sets
n, in which case the haystack begins slowly to coel and the danger of
spontaneous combustion is past, a cake of partly carbonized hay-re-
maining in the interior of the stack to tell the story of an escape from
clisaster.

Sufficient aeration of all parts of a stack of hay at the early stages
of fermentation has been suggested as the best means for stopping the
process of spontaneous combustion, and, in view of the oxidation of
the unstable heat-producing compounds before the zones of bacterial
activity have become too wurm and dry, such a procedure is per-
fectly sound in theory. If the aeration is performed at an advanced
stage of heating, however, the procednre is attended with great risk
as 35 indicated by the experiences of Ranke and others.

VARIATIONS OF MOUSTURE CONTENT IN FERMENTING HAY

It has not been found possible to cffect the spontaneous combustion
of hay in small laboratery experiments for the probable reason that




THE SPONTANEOUS COMBUSTION OF HAY 29

the exact condition of moisture content that is most favorable for
the development of the phenomenon did not exist or there was
an insufficient supply of the easily oxidizable fermentation com-
pounds to produce the necessary heat.

The range of wmoisture content in hay at which spontaneous igni-
tion can take place is probably within scmewhat narrow limits. If
the moisture content is too high the heat is used up in the evaporation
of water; if the moisture content is too low the course of the finul
rapid heat-producing reaction is retarded. Thus Thompson found
that a moisture content of 10 per cent was more favorable than
smaller quantities for the spontaneous heating of oiled cotton. In a
large stack of hay or in a Inrge pile of manure there is a much better
opportunity for a wide range of moisture content in different parts of
the pile and hence a much better chance of obtazining somewhere
the exact conditions necessary for spontaneous ignition than exists
in a smaller mass of material.

It must also be recognized, as Laupper and others have pointed out,
that spontaneous combustion may take place in Lay that apparently
has Leen well cured and put in the barn or stack in a uniformly
dry condition. In such a pile of material a displacement, of moisture
from the warmer to the cooler parts of the mass begins at once, with
the result that local zones of higher moisture content are produced,
and then begin to heat. The whole pile of hay is thus thrown into
a state of very unequal moisture distribution with some parts over-
moist and others overdry but with an intermediate zone at some point
where the conditions of moisture content, temperature, presence ot
oxidizable decomposition products, catalytic agents, and insulatiox
are exactly right for rapid oxidation and spontancous ignition.

SPONTANEOQUS IGNITION OF HORSE MANURE AT ARLINGTON, VA.

The greater opportunity for spontaneous ignition in a large mass
of fermenting material was made apparent more than three years
ago by some troublesome fires that Lroke out in a pile of horse
manure on the Department of Agriculture farm at Arlington, Va
of which the following account is given by James, Bidwell, and
McKinney (14).

The observations reported in this paper were made upon a large pile of
stuble manure and straw at the Arlington Experiment Farm, Rosslyn, Va.
Manure for fertilizer purposes had heen haunled from a neighboring cavalry
station and placed on the farm grounds in an open plot. As the manure wus
unloaded the horses and wagims were driven over the pile, and the loud wis
deposited on the top. The custom hiud been to *ewre® the maoure fronn one
to three yeurs before spreading it. The first londs had been deposgitid some
{wo sud one-half years before, und the mass had crown to a pile about 200
feet long, 50 feot wide, and from 1 to 20 feet high, (i 1) Moderate ltesttings
of the manure had been accepted as an essentinl part of the curing, though
fire had not formerly oceurred,

Before September 0. 1025, ihe date of the outbreak, the weather had heen
wirm, ranging from 87 1o 95° ¥, There had been no heavy tains for two wecks,
Dafty additions had bheen made to the pite, aid, although the mazs wis known
to be excessively hot, the condition was not considered dangeruns. Fire broke
out during the night of September 9, and wus discovered by the night watchman,
The flames quickly spread over tho entive wesr sitle of tlie long pile.  Wuter
wius applied from pails, aud the flanies woere extinguisherl. Within o few
hours, fire aguin broke out along (he suiwe side of the mass, When this wag
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controlled, efforts were made to cut away as much of the materinl a: was
still af a dangerously high temperature. Churred straw and manure to a
depth of about 2 feet throughout the greater part of the length of the pile
were removed. The material was firmiy pacledd, black, dry, and brittle to a
depth considerably beyow! any possible peneteativn by the fire.  (Pig. 2)

The temperatures of various peints in the mass were determined with the
aid of a thermocouple and i potentiometer. Holez were mude by foreing a
long iron rod into the pile; the thermocoupie wias inserted in the opeunings. A
series of readings (Tuble 1} indiceated that in the center of the pile und up to
within § or 6 fvet of the culer surface the temperatures wove not extremely
bigh, averaging only about 51° C.; G6* was the maximum. The temperatures
of the outer layers, however, were considernbly higher, In pinces where the
munure wis Hrmiy packed, us on the dismantled side, the highest temperature
was usuily within 6 inches of the surtace. wherens on the tep, where reeent
additions still Iny more o less lopsely, the maxbmun temperature wuas usually
found from 134 to 2 feet within the mass.

The temperature of the opposite or enst side of the pile was niso excessively
high, theugh no fice had yet uppeared. This cide was watched carefully., The
following afterncon, September I, fre broke out on this side, appenring ficst,
as the others had, at from & to 10 feet shave the ground.

When this had been put outb an inspection of the sfack revealed so many hot
arcus aloag the edge thut the entire sitle was removed under frequent sprink-
Hing with waler. (Fig. 3.)

The mass was packed so firmly that progress wius stow and fire broke out
twice before the work was compleled. In one of the hotiest sections (fir. 3, A)
a forkful of material was renioved nnd spread out upen the ground.  The straw
wits hot and steaming. About one minute later the stenm bad changed to
smaoke, which increased in density until alter about three minuies the maferinl
glowed 2 fiery ved. BExactiy fhe sanx conditions appeared in the stack adja-
cent fo the spot from which the material had been removed,

Tempernture readings of the glowing coals and adjncent materials (though
these of the former are probably only approximate) gave the following results:

°g.
Temperature of glowing straw removed from pileoomeee . 167
Temperature of glowing materint remaining in pile—_______ 132
Temperature in stack 3 inches from glowing eonls____ . 80

The fire smoidered a few minufes, then went out. It is significant that the
temperature of malerinl ouly a fow inches from the glowing couls was net
ahove §0° C. Moirture determinations showed that material in the stacek
adjucent to the puint where the red glow had appeared contained oniy 3.7 por
cent of water, wherens material 2 feet away, appnrentiy just as badly scorched
and brittle. contained 30.2 jper cent.  Alaterial from the top of the stuck. which
wits hot Lut showed no signs of scorching, contained 60 per cent molsture.

Figure 4 shows the contrast bebween materinl which has undergone excessive
heating without firing and neriual material from the surfuce of the pile. The
chuarrved material was very dry and brittle

4As the heating mass of materinl offered excellent opportunilics for study,
the following day further data were obtained, In genernl, the mass bad
cooled considerabiy, though o few aress were still hot

Since “spontancous™ hgnition hus boen known to take place apparcstly enly
as the result of rapid oxidation, it wis assumed that further temperature rise
would be produced in the manure pile on the introduction of air, or, preferably,
pure oxygen. A brass iube nnd the thormormuple wore introdaced sinmuitane-
ously into the center of an area having a temperatnre of 82.5° €. At 11.95
&. m. gxygen wag introduced from # pressure tank, and changes in temperature
were carefully noted. The temperature hnmediately began to vise rapidiy and
continued to increuse for oune-half howur; the rate of oxymen fdow wis geen-
siomally increased.  (Table 2} At 12 m. the femperature had rveached 100° ¢
an increase of 26.5° in 36 miuutes. TFurther acration vesulied in a show cooling
to 107° gt 1 p. m. As the beafing material was inciosed within the mass, the
estimation of the oxygen reguiroments was purely conjecturzl. Thus it is
not surprising if the oxygen rale must faverable for hoat production wes not
maintained apd only limited heating atlowed to take place.
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TavrLe 3[2].—Temperafures obiained by infroducing orygen inte hoi wrew of
munure pile (2 feel bencuth side surfuce)

Temper-{ Oxygen | Read- : ;Tomper- | Oxygen
nkire fiow , i Time E iure flow

FEEZERED
(==t ] YT FI)

° o
8| 43 am 106. &
Hegum. @ i IO, iocremsed.
H Wi tbidle. m_ .. 105.0 :
Increased, 11, 15,00 m 000 ;

! I P12 05, . 105 5 1

=R~ N

[avp——

|

Figures 6 and 7 show the manure pile on the Department of Agri-
cullure farm in which spontaneous ignition was observed by James,
Bidwell, and McKinney.

Several significant facts are to be noted in connection with this
fire. The first point is the confinement of the heated areas to sec-
tions of the manure pile not deepor than 12 inches below the surface,
in other words. to those locations in which oxidation could most read-
ily take place. The second point is the rapidity with which the tem-
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Iiguse 6~—Muanure pile on the Depariment of Ageiculture farm at Ariington, Va,
Dark portion shows srez whore spontamcous Tgoltion wis observed in frosbiy
withdrawn materini

perature of material removed from the pile at 82° €. is raised to the
state of ignition. The maximum tempersture of 167° observed
with the thermocouple in the glowing straw was undonbtedly far
below the actual ignition degree because of the inadequate protec-
tion against radiation. There is here no opportunity for a previous
production of pyrophoric carbon or iron (which requires tempera-
tures of 250° to 300° for its formation) and unless we assume that
pyrophoric materials can he produced at temperatures as low as
82° the only explanation apparently available for the sudden rise
of temperature is the exceedingly vapid oxidation of highly unstable
substances produced by anacrobie fermentations in the dense com-
pact layers of the manure. The third point is the great variation
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in moisture content between different parts of the manure pile, mate-
rial adjacent to the point of ignition containing only 3.7 per cent
water {a low percentage that was probably caused by the heat from
the adjacent Igniting mass), wheveas material 2 feet away, appar-
ently just as badly scorched and brittle, contained 30.2 per cent water,
and litter on the top of the stack contained 66 per cent water. It
was probably a lack of the exactly necessary conditions of moisture
content that prevented the ignition of the manure when oxygen was
introduced into a hot area of the pile having a temperature of 82.5°,
The temperature could be raised only to 109°, when it began to
diminish, the excess of easily oxidizable fermentation produets hav-
ing probably been destroyed. :

Althongh the conditions existing in a pile of fermenting horse
manure are different from those in hot haystacks, with a consequently
different class of phenomena with respect to hot pockets and smolke

Mgrne T.—Close-up view of manure pile shown In Fignre § when heated materinl
wis bDeing turped over and the fire quenched withh water

channels, the basic causes of heat production and ignition are
undoubtedly identical in both cases,

PRODUCTION OF COMPOUNDS OF HIGH CARBON CONTENT AT LOW TEMPERATURES

Miehe and others have raised an interesting qnestion regarding
the possibility of the production of pyrophoric carbon from hay at
temperatures below 100° €. Txperiments conducted by the author
over a long pericd of years indicate that the reducing sugars of
sugar-cane molasses may undergo even at ordinary temperature a
slow spontaneous decomposition info products high in carbon and
Iow in oxygen content as a result of the continued dehydroxylation
of the sugars. These conmpounds, which are unsaturated. ave of 2
colloidal character and with the progressive splitting off of hydroxyl
groups become insoluble, approaching more and more the state of
carbon but never attaining its actual composition. As the tempera-
ture of & hot haystucl increases, the formation and decomposition of
these humuslike products are undoubtedly accelerated and their affin-
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ity for oxygen may possibly play some part in the final stages of heat
production. Tt is doubtful, however, if a true carben is ever pro-
duced from hay even at temperatures bordering upon the point of
ignition. )

Ranke commented upon the presence of empyrenmatic substances
in the hay carbon produced by heating hay to 250° C. in an oil bath
and suggested that these volatile impurities, which were probably
unsaturated, may have rendered his carbon pyrophoric, since after
their destruction at higher temperatures the carbon no longer ignited
spontancously. Ranke in fact compared the possible spontaneous
ignition of these impurities in hay carbon to that of oil upon waste.
The difficulty of obtaining a pure carbon under such circumstances
is indicated by the fact that even the purest vegetable carbons,
obtained from sugar or cellulose, contain usually several per cent of
hydrogen, which may be present in an absorbed gaseous state ov in a
resistant hydrocarbon combination. Laupper’s results in rendering
Ranke’s hay carbon nonpyrophoric by treatment with acids may pos-
sibly have been produced by the removal or destruction of the re-
tained easily oxidizable empyreumatic impurities and not from the
solution of pyrophoric iron,

TEMPERATURE OF THE EXOTHERMIC REACTION OF HAY

The temperature of the exothermic reaction at which perfectly dry
normal hay decomposes with evolution of heat is probably very close
to that which Hawley (22) and other observers have found for
wood, which is about 275° C., and this coincides with the tempera-
ture that Ranke und Laupper have set for the spontaneous ignition
of hay as a result of pyrophoresis. If it is assumed that the tem-
perature of hay can be raised to 275° as s result of the rapid spon-
taneous oxidation of unsaturated compounds, the sudden evolution
ot additional heat at the exothermic point will explain the ignition
of the material without the necessity of assuming that this is due
to the production of pyropheric carbon or iron. Whethe~ the tem-
perature of the exothermic reaction for fermented hay is lower than
that for normal hay (a factor of possible significance) remains to
be determined.

LENGTH OF TIME NECESSARY FOR THE SPONTANEOUS IGNITION OF HAY

Miehe in the development of his theory of carbonization at low
temperature calls attention to the fact that the period of heating at
70° C. may continue for several months. Although an interval of
this extent has been observed in many cuses of the spontaneous
combusion of hay there are also well-aithenticated instances where
the period between the start of the bacterial heating of hay and
the time of spontaneous ignition is only 2 foew days. A case of this
kind occurred on November 7, 1927, near Middiesex, Vt., during the
heavy floods that devastated the valleys of the Winooski and other
rivers of this section. (Fig. 8.) The scene of this fire was visited
at the time by L. H. James and David J. Price (15) of the United
States Department of Agriculture, from whose report the following
observations are taken:
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BARN FIRES IN VERMONT FLOONDED AREAS

The npusual conditions in the Novthern Vermont flooded sareas, where {he
water reachod fhe haymows of hundreds of barns, offerstl excepiionnl oppor-
tunitices for studies relating £o the spontnneous or self-heating of asricultural
rroducts. Observations were made by Department of Agriculture investigators
in many barns in the Winooski, Limoille, and Mississquol River Valleys, Lx-
eessive heating set in almnst immnedintely after (he flond wuters recedod, in
many cases endangering the hotres and other farm buildings. The observi-
tions on spontaneons henting s Vermont baras ean be swnmavized as follows:

1, The hay was covered with wafer ranging from one-half feet to 17 foef.

2. In every pile of wet hay vbserved some “heating ” had taken place, many
to the point of being considercd dungerous,

3. Heat wus generated in the boltom layers of the piles and, eseaping up
through the hay, led to the production of drafts of hot gases or * flues " that
rose to the surfuoes.

4. The large quantity of meistare carried with the hot guses from the lewer
layers was condensed on (he wpper, coolor hay, or in the air above. Muny
hay piles had been soaked thronghout by the falling condonsed moisture.”

FiaurE S, ratruetion of R Vermont barh angd sile by spontancous igoitton of hay
following the flood In November, 1427

0. While fhe hot hay was being removed from the barns, one farmer observed
charrei materials, .

6. The most marked covidence of excessive heating was obsorved by the
farmers on the second and third daxs after the recession of the flood waters,

7. A clenr-cat ense of spontuneous ignition gecurred nonr Middlesex, Yermont,
This farm Is in a parrow porties of the valley of the Winooski River where the
Hood waters rosc exceptionally high., The barn contained nabout 50 tans of
meadow huy and a litlle alfaifu, The hay had been kept in 4 bay in the
rear of the barn and resfed upun boards laid flut on the grouml, The contelns
of the bny . . . consisted ofy

Abont 2 feet of the previous yeav's {1920) hay.

About 6 inches of fHrst cutting alfaitn (1927), which had rotted somewhat
in the field but which was dried before bBeing stored in the barn,

Abouat 45 feet of good meadow hay.

Abont § inches of good, second cutting alfaltn {1927),

Abeut ¢ inches of rowen on the top.

%Many farmoers wentloned the strong eidor of ammonin that was ghserved during the
bentlmg of e buy In the brns of the fouded nrens of Yermout,
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There was also o small pile of old dry straw on the barn floor,

The flood waters eovorerl 17 feet of the pile of hay and most of the straw.,
No heating of the hay had heon noticed  before the Nood, bhut colisiderable
steaming was in evidence 24 hours aftor the witters had  receded, The
crest ot the flood ovenrred eaviy on Friday morning, November 4, 1927, aml
the born barned hetween 4 -0 and 5:00 p. oo Moday, Novemher T, or abour
two diyy after the flond witers reecded.  On Sunday morning much heating haed
bren noticed, ang on Moy o distinetly eharred ndor was observed befare the
fire slarted. The barn burneg to the ground and a silo, elose by, fell over ol
wits destrayed. It is interesting to note that the barn and Lay stood in from
three to five feet of water when the five broke gut.

The weather conditicns at the time of the Vermont floods are indi-

eated by the following quotations from the reports of the TUnited
States Weather Burexu for the station nt Burlington, Vt.:

I Noventher

=
St EIE

I GI° F, ! oo° F, [43” F A0 F s B {40 F, | as® F,
o] e | wiE L8 Trace | 013 | o0

Mimum temperatnre ... ...
Rainfall (inehes) .., 777000

It will be noted that the maximum tem peratures at the time of the
Middlesex flood and fire were low. No evidence of spontancous lieat-
ing was noticed in the hay hefore the time of the flood.  The interval
Letween the time when the hay was first wet and spontaneous heating
began and the time when the fire broke oot was less than five days, o
period that is much too short for the formation of pyrophoric carbon

at low temperature ns styreested by Miehe,

UNBATURATED SUBSTANCES OCCURRING NATURALLY IN HAY

There remains finally to be considercd the statement of Faldane
and Malkgill that the heat of oxidation of pertectly sterile hay in a
sufliciently large pile will eventually lead to spontaneous ignition.
The only unsaturated substances that oceur naturally in hay are vege-
table oils, wlich are too small in amount to be of significance, and
the lignin, which constitutes about 23 per cent of the dry material
of the huy. Lignin as it oceurs naturaily in hay and strawin associa.
tion with cellulose and pentosans does not appear to be readily sub-
ject to spontancous oxidation, although in the changes to which it
may be subjected during the heating of hay there is a possibility of
its being converted into some more exsily oxidizable compound. The
possibility of perfectly dry, well-cured hay ever absorbing enough
oxygen from the air 1o ignite spontaneously, without the agency of
fermentation, appears too remote to be of practical significance.

Flammable gases, pyroploric substances, and some of the other
factors enumerated by Laupper in Lis diagram of the spontanecus
combustion process may pos<ibly play a contributing pact in the
final stages of the phenomenon.

Bub these adjuncts of the process of spontancous healing, in the
author’s opinion, ave {o be regnrded more as eflects than as canses of
the primary reaction, The writer beljeves that future promress in
the study of the problem of the sportancons combustion of hay and
of other agricultural products will be made chiefly in the careful
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chemical investigation of the unstable unsaturated intermediary sub-
stances which arve produced by microbial action and whose rapid
oxidation leads to the high temperatures that resuls in final ignition,

NEED OF FUTURE INVESTIGATIONS

The determination of the exact conditions that produce the spon-
tanecus Ignition of hay, cattle feeds, horse manure, and other agricut-
tural products is one of the most important problems in the field ot
agricnltural resenrch. As most truly pointed out by IProfessor
Tschiveh, of Switzerland, a prervequisite for preventing the enormous
financial losses that oceur cach year from spontancous eombustion is
exact definite lknowledgre ng to how such fires are produoced.

The answer to the problem can be obtained only by extensive co-
operative experiments by chemists, bacteriologists, and engineers
upen the changes that take place in large piles of fermenting hay.
The piles must be sufliciently large (5 tons or more} to furnish the
retention of heat and insulniion that are necessary to produce spon-
tanecus ignition ot the hay.

In ebserving the changes that take place in large piles of ferment-
ing hay and developing methods for the prevention of spontaneous
heating and ignition, investigators must give special attention to the
following factors:

The rate of heat production in different parts of the mass of
material,

The changes in chemical composition of the hay.

The oxygen-consuming power of fresh and fermented hay and of
extracts from the same,

The migration of moisture from the warmer to the cooler parts of
ihe stacl.

The production of gases in different parts of the pile.

The effect of the entrance of outside air at various stages of storage
upon producing an increase of temperature in different parts of the
pile.

A study of the conditions existing in the aveas of highest heat
production.

The effect of varions methods of curing the hay,

The effect of the addition to the hay of salt and other substances.

The employment of ventilafing flues and other devices.

The experiments must be conducted with the most improved appa-
ratus for the aulomatic recording of temperatures in different parts
of the hay pile. for the collection of gases, for the determination of
moisture content, and for conducting the numerous bacteriological
analytical, and engineering investigations demanded by a research of
this laand,

While sych an investigation must extend over a period of several
years and while the costs for material, apparatus, personnel, and
other expenses for a large-seale cooperative research of this kind will
be considerable, the expense, in view of the immense agricultural and
industrial losses which result each year from spontancous combus-
tion, will be amply justified. It is only by such resenrch that the
exact causes of the spontancons combustion of hay and other agri-
cultural products can be determined and that satisfuctory means for
its prevention can be found,
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