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PREFACE.

I have been allowed to present this thesis to Glasgow
University by the kind decision of the senate to consider as a
third year within the meaning of the regulations, the year which
I spent on the research staff of Imperial Chemical Industries
(Explosives) at ardeer, subsequent to my two years (1934-1936)
as a matriculated research student in the Natural Philosophy
department. For this decision I am grateful. All the experimental
work recounted in the thesis was done during the time in the
Natural Philosophy department, as holder of the Thomson Research
Scholarship and the Houldsworth Research Studentship which
supplemented the research grant which I then held from I.C.I.

I should like to acknowledge my indebtedness to the University
and to I.C.I. for the assistance thus provided.

The matter in the appendix on a specifie heat conduction -
problem was also developed during the matriculated period, and a
beginning was then made with the theory of the ignition process.
After leaving the University the theory was further developed
and applied to the experimental results until it was possible to
present it in the fairly complete form given in the thesis.
Subsequent experience at Ardeer led  also to a further examination
of the possibility of the occurrence of chain explosions, and to
the development of the practical illustrations which have been

given.
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The apparaetus was designed by myseltr and made in the
department workshop. The experiments were carried out without
assistance and, so far as I am aware, the theory is an original
development obtained by applying generally accepted fundamental
principles of ignition to the particular case under consideration.
I have attempted to give full references in the text whenever a
statement is made which is neither an argument oi my own nor a
repetition of some well-known general principle.

For a neater text, I have thought it advisable to use
for certain of the figures cuttings from reprints of papers which
I published in the "“Philosophical Zﬁ‘ag&lzine“jE and which dealt with
gome portions oi the work recouanted in the thesis.

I wish to aoknowlgdge the helpful encouragement whieh I
received from Professor E. Taylor-Jones while under his supervi-
sion and for his continued interesf in the progress orf the work
since I left.

Dr J. Weir and Dr L. G. White of the Research staff at

+rdeer also showed encouraging interest in the work throughout.

-
September 1936. Vol. 22, p. 466. and april 1937 Supplement. Vol.
23, p. 633.
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1. INTRODUCTION.

The subject matter of this thesis is, so far as the
writer is aware, the first attempt to investigate the power of
a single hot particle to ignite combustible gaseous mixtures.
It is related to practical questions of considerable importance,
notably the explosion of methane-air mixtures in coeal-mines, and
was suggested as of interest for research by Dr A. G. White of
Imperial Chemical Industries (Explosives) Research Section at
Ardeer.

The potential sources of hot particles in coal-mining
are many and varied in their nature. Falls of roof, collapse of
supports, dropping out of stones from the roof, can all give rise
to frictional effects, and such occurrences have been reported to
be succeeded by explosions of firedamp. It has been thought that
small rock pieces heated by the friction may cause ignition.
Other possible causes, however, arise in these ocourrences such
as sudden compréssion of pockets of the gas which may heat adia-
batically, and outbursts of flame from broken lamps. Moreover,
considering the rapid sequence of such events and their effects
on surviving observers it may clearly be somewhat uncertain as to
which is the initial event. However, in the operations involved
in dbringing down sections of the coal face by blasting, definite
possibility of the presence of hot particles arises in different
ways. In general practice the coal about to be blasted is first

undercut, at the floor, and frictional sparks can easily oecur



from the working of picks or machine cutters in the process. The
same can be said of the drilling of the borehole into which the
explosive charge is inserted. Black powder fuse, which gives a
train of sparks, is not now used in fiery mines, the detonator
being initiated electrically. The detonation orf the detonator
and of the explosive charge is, however, a very likely source of
hot particles, and it is this source which is of the greatest
interest.

From the nature of the phenomena accompanying the detona-
tion of a cartridge of explosive, it is however to be expected
that more potent causes or ignition of the surrounding gas medium
occur, namely the flame from the explosive, the high temperature
gaseous products, and the compression wave engendered. These are
80 predominant that until recently the possibility of ignition by
hot solid particles from the detonation was omitted from consider-
ation. This is evident when we search through the regulations
governing the use oI explosives in fiery mines. As a result of
experience, empirical rules have been drawn up, but in most
countries these deal exclusively with the nature and size of charge
the method of initiation and the method of loading the borehols.
In Freance an attempt was made to give official regulations having
a basis in theory. According to the regulations of 1890, only
explosives of calculated combustion temperature less than 1500°C,
with sufficient oxygen in their composition for the complete com-
bustion of all carbon and hydrogen, were permitted. The belief
at the back of this was that products of explosion would be hot



enough to ignite fireédamp if their temperature was greater than
1500°C, and that, with insufficient oxygen, carbon monoxide and

hydrogen ejected from the shot and inflaming subsequently in the
atmosphere, were causes oi igniting the firedamp.

The fundamental aims of such regulations are

(a) to control the size of flame emitted by the methods
of initiation and loading;

(b) to control the pressure wave;

() to control the temperature or explosion gases by
suitable explosive substances.

The flame and the pressure wave were thus the only sus-
pected causes of ignitions of the surrounding explosive atmosphere.
. However, at the International Conference on Sarety in Mines, held
at Buxton in 1951, a paper was fiven by Dr E. Bayling(g), in which
he described experiments which seemed to show that neither the
flame nor the pressure could always be responsible for ignition.
Beyling concluded that the probable cause when neither of these
could be suspect, was hot particles or undecomposed explosive,
or hot particles of cartridge casing, stemming etc. In the dis-
cussion after Beyling's paper, M. Audibert remarked that he
believed that the Iirst group, i.e. particles of undecomposed
explosive, were a very likely cause.

At this stage the problem may be linked up with the
history of attempts to investigate the ignition of firedamp by
frictional sparks. The general results of such investigations are

summarised by ‘Coward and Wheeler in their seotion on Friotional



Sparks(l). The total oi the evidence is inconclusive. Recent
investigations have been performed by M. J. Burgess and R. V.
Wheeler{3). The general trend of their results is that frictional
sparks will ﬁardly produce ignition of methane. In the cases
where they did obtain ignitions, they draw attention to the heat
developed in the contacting surfaces. Again their experiments

on coal-cutter picks seemed to indicate that when ignition occur-
red it was due to a heated area of rock produced by the cutters,
rather than to the sparks given by the rock.

Now considering frictional sparks as small hot particles
which are not undergoing combustion, the negative results of the
attempts are important to the present subject. But from first
principles it is very probable that the size and temperature of
a particle will be prominent factors in determining its ability
to cause ignition. It 1is hoped that the work recounted in this
thesis will serve as a beginning towards the investigation ol
the importance of these factors and of the relationships existing
between them.

At this point we may profitably cohsider the difference
between hot undecomposed particles of explosive and hot pileces
of inert matter as regards general factors which would effect
gas ignition. Particles of hot inert matter such as metalliec
fragments, if they ignite at all must do so solely by virtue of
their initial temperature. An undecomposed particle of explosive
at a high temperature will, however, be reacting, hot carbonaceous

matter will burn. Additional factors are therefore brought into



play, namely the production of more heat, by thq reaction or
oxidation, and the formation of reastion produsts, normally
gaseous consisting mainly of oxides of carbon and water. The
importance of these will be discussed in Part II in the light of

the literature which is reviewed in the following section.

2. LITERATURE.

Apart from methane, the present investigations dealt
largely with ignitions of coal-gas-air, hydrogen-air, and pentane-
air, mixtures, and mention will now be made of the known properties
ol some such mixtures. The possible variations in composition of
a coal-gas supply make experiments with it of little quantitative
value, and little mention of ignition temperafures of coal-gas-air
mixtures appears in the literature.

Methane, hydrogen, and pentane have, however, been extens-
ively investigated from many standpoints. The figures in Table I
have been taken from Bone and Townend( "') , and show the average

ranges of inflammability of the three gases when mixed with air.

TABLE I.
IGNITION RANGES.

Gas Percentages in inflammeble mixtures with air
Yethane 5 - 13
Pentane 1.5 - 5

Hydrogen 9 - 65



Outside these limits flame will not propPagate throush
the mixture. Within the limits the mixtures may be exploded by
suitable igniting means, such as an elecstric spark or a flame.
Iueh work has also been done on the determination of ignition
temperaturés, which are taken to be the temperature to which an
inflammable mixture is raised under given conditions before ex-
ploding. The measurement of such temperatures gives valuable
evidence on the comparative intlammability of different gas
mixtures. An important feature which has been shewn to occur

if the time lag which elapses between the mixture reaching the

[0

temperature and its explosion. H. B. Dixon has investigated this

effect very thoroughly, and his work is tully reviewed by Bone

and Townend 9 ). He round thet, tor all the geses with whioh he

worked there were time lags of ignition at certain temperatures

and his results for methane and hydrogen are given in Table II.
TABLE II.

INFLUENCE OF LAG ON IGNITION
BIIPERA . (Dixon

Ign.

Temp. |746 | 728 | 710 | 674 | 657
lethane

%ggcs.) 0.6 | 1.0 | 2.0 | 3.0 | 10.0

%sn- 630 | 619 | 605 | 588 | »77 | 572

emp.

Hydrogen

?gics ) 0.5 | 1.0 | 2.0 | 5.0 | 10.0] 15
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Vie see that for the same lag, the ignition temperature
of hydrogen is considerably less thean that of methane. I‘ethane,
indeed, shews a very high ignition temperature compared with the
sas8e8 0L the paraffin series.

In Dixon's experiments, the combustible gas and air flow
separately to mix in the heated chamber. His results, therefore,
give no indication of the effect of composition of the mixture.
The effect was investigated by ilason and Wheeler( 6), for the
paraffin gases. Table III shews their results tor methane and
pentane.

TABLE III.
IGNITION TELPERATURSS OF VARIQUS COMPOSITIONS.

Yethane Ignition | Pontane Ignition
Percentage | Temperature | Pereentage | Temperature
2.45 690 1.5 548
4.05 684 2.15 532
6.0 685 2.75 520
8.0 692 3.75 502
10.15 703 5,30 486
11.4 711 7.65 471

12.8 720




Mason and Wheeler state that the general value for the
lag with methane was 10-16 Beconds at these temperatures, but
decreased rapidly as the methane content inoreased beyond 9.45%,
a 12.8% mixture giving 6.6 seconds at 720°. For pentane a lag
of about fifteen seconds occurred with percentages 1.5 to 3.95,
and tor a 7.65% mixture 5 sesonds. Pentane is therefore much
more readily ignited than methane and indeed judging by this
ocriterion i’ason and Wheeler found it relatively the most readily
ignited in the series from methane to pentane.

Stress is being laid on the literature dealing with the
relation between time lag and ignition temperature because it
may easily be seen to be of considerable importance in the igni-
tion of gases by hot particles. Experiments such as those de-
scribed above involve the admission of the gas mixture to an
enclosure maintained at the required temperature. A small hot
body travelling through an otherwise ¢old gas mixture is not
however 1n contact with any portion of the gas for any appreci-
able time. If it is to cause ignition it is then clear that its
temperature must at least be such as to indicate a very small
time lag. The possibilities inherent in this may be seen from
Naylor and Wheeler's work on methane. For a 6.5% mixture in air
they found a lag of nearly 11‘seoonds at 100°C, while 1175°C was
required to reduce the lag to 1/100‘““’01‘ a second. Temperatures
requiied in moving hot particles may thereiore be considerably

greater than the commonly accepted ignition temperatures.
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Now lgnition by heated metal bars and by hot wires
approaches to the particle sase in that, besause of convection
currents, the gas does not remain for more than a brief period
of time at the temperature attained by contact with the metal.
Again, then, one would expect the lowest temperature at which
a metal bar would inflame methane-air mixtures to be one for
which the time lag was short. Some results on metal bars are
given by Coward and Wheeler(1 ). No mixture of methane was ig-
nited by a nickel bar until the bar was above 102500. A straight
line is shown when igniting temperature of the nickel bar is
plotted against percentage of methane, the temperature rising for
inereasing coneentration. The experiment was performed for
various metals and steels, which give graphs similar to that of
niockel. The ourve for platinum was abnormal in that it rose to
a peak at over 140000 for 9 per cent. and then fell away, but
at all its points it was muech higher than the others. Coward and
/heeler, on the basis of work done by Coward and Gueat(8 ),
suggest that this is probably due to the high catalytic activity
of platinum. The conclusion from the experiments is that no bar
of heated material is capable of igniting methane unless its
temperature is at least near 100006, almost white heat.

While ignition by heated wires might be taken as a fturther
approach to the particle case, the work of Shepherd and Wheeler(’ )
shows that the problem is comﬁlicated by the current fusing the
wire. ©No sufficiently confirmed relevant matter appeérs in this

type of ignition.



) -

Lastly, reference may be made to work of I. W. MS David
in the Nobel Research Laboratories at Ardeer('o). He aimed at
eliminating the lag as far as possible, the express object of
his experiments being to determine the minimum temperature to
which a given gaseous mixture must be heated, by the sudden
application of a heated body, so as to ceause its instantaneous
ignition. The heated body wes a small electrically heated wire -
he compared results with Eureka alloy and platinum coils wound
on a small silica tube in which was a thermo-junction to measure

. thevtsmggrature. This was applied to a bubble of the gas formed

x in glycerine. He concluded definitely that "pure methane when
mixed with air does not ignite below 100000.," i.e., for the
short time-lag given by this method. For a coal-gas air mixture
he found an ignition temperature or 818°C., and states that,
within the limits of explosive mixtures, the variation of per-
centage of air in the mixture does not cause great variation in
the temperature observed for ignition. As regards his aim of
obtaining an instantaneous ignition, it seems probable that the
method of the present work will give a closer approximation, for
in this case the hot body is a particle in rapid motion through
the gas mixture, whereas his heated wire was merely placed

agalnst the bdubbdble.



PART II.

EXPERIMENTAL PROCEDURE AND RESULTS.

\5



16

PART II.

Section 1.
Introduction - The Effest or Reaction in the Particle.

The attack on the problem was adopted with reference to
the literature reviewed in Part I. It was decided, in the rirst
place, to use metallic particles which would not undergo combus-
tion. The dirferences between such a particle and a piece of
reacting or combustible substance have been given in our intro-
duction, and from the information summerised in the preceding
section we can now estimate their importance.

The primary effect in the burning particle is the produc-
tion of heat, which affords a compensation for radiation and
conduction losses which 1s entirely absent in the case of the
non-burning body. The temperature of the former may therefore
be raised even above its initial temperature, and certainly
under similar conditions of size)initial temperature)specific
heat etec., it will maintain its temperature longer than the latter.
For this reason, therefore, it must offer a greater potentiality
of ignition, since it can more readily fulfil time lag require-
ments. A secondary effect is the presence of gaseous reaction
products such as carbon dioxide and water. In some cases carbon
monoxide may also be formed and may itseli ignite, the consequent
flame readily igniting the surrounding mixture, (ef. French
regulations, discussed on p. b ). 4 less odbvious, but equally
important result of reaction or combustion is the fact that the
carbon dioxide and water must mix with the surrounding gas

mixture, and in general diminish the percentage of combustible
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gas present in a given volume. This is important since it is
clear that by doing so, a very rich mixture which is not ignit-
able may be brought to a concentration within the ignition range,
while at the other end a lower limit mixture may be rendered too
poor in oombustible gas consentration for ignition. It would
seem, therefore, so frar as the effect is concerned, thet for rich
igniting mixtures a burning particle would ignite more readily
than a non-burning particle, ceteris paribus. For mixtures poor
in combustible gas the opposite would be the case. Further, from
many explosives, oxides of nitrogen are produced, and these, as
well as water vapour can have a cathlytic influence on gaseous
reaotions.(ll) Summing up these factors we may say then that it
is highly probable that if a non-burning particle can ignite a
gas mixture, the other eifects whioh occur with a similar particle
capable of reaction or combustion will intensify its power of
ignition.

For this reason, the experimental work described in this
thesis was confined to the investigation of the fundamental
phenomenon of direct thermal ignition. Platinum was decided upon
a8 a Tirst substance capable of exposure to high temperatures
with only very slight oxidation, and later, quartz which has a

similar property, was used for comparison with platinum.
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Section 2.

Preliminary Experiments.

Vie first proceeded to try quelitatively the possibility
of particle ignitions. The information gleaned from these exper-
iments proved userful in determining the final apparatus.

Red-hot steel ball-bearings introduced in the coal-gas
air mixture stream rrom a bunsen burner felled to cause ignition.
So also 4id iron filings heated to redness in a crucible and then
poured over the 3mt . These experiments demonstrated the need
for heating apparatus capable of giving temperatures well over
700°C. Actual ignitions of coal-gas air mixtures by hot particles
were obtained in a very simple meanner. A brass cap with a small
hinged opening was ritted over a closed glass tube, and a toy
firework "squid"” held in a retort stand so that when 1lit it
direoted a stream of sparks against the cap. Explosions of a
coal-gas air mixture at atmosphere pressure in the glass tube
were obtained tvhen by opening the hinged aperture and allowing
sparks from the squibd to.enter. It was found that a diaphragm
of commercial "Cellophane™ over the other end of the glass tube
gave air-tight closure, wﬁile shattering easily when ignition
ococurred so that the pressure generated was released and the
glass tube remained undamaged. This principle was used in the
final apparatus.

The possibility of particle ignitions of coal-gas air
mixtures thus established, we proceeded to the planning of

apparatus suitable for quantitative investigation.



Section .

Final apparatus.

It was decided to use spherical particles as being the
simplest regular torm. The construction of suitable apparatus
and the development of suitable experimental technique presented
many difficulties, some of which are of interest - as an example
we may mention one form of apparatus which was tried. In it the
principle was to drop the particle vertically into an explosion
chamber, the particle being electrically heated by a resistance
woundround a tube. It was eventually abandoned ror the following
reasons:-

(a) Dirficulty in temperature measurement. The sphere had
to be loose in order to fall, and so a thermocouple
ooul@ not be connected to it.

(b) The convection up the tube caused very inefficient
heating of the particle.

(6) The greatest diffioculty was to devise a trap door,
platform, end a diaphragm arrangement to allow the
sphere to fall and to open the explosion chamber at
the correct time. Any platform used has to remain
mechanically efficient while at the same temperature

as the particle.

In the apparatus eventually adopted the particle was
heated in a horizontal tube. Thus the first of the above diffi-
culties was overcome by using an optical pyrometer, while the

second ceased to exist. After several trials an arrangement was



devised which would admit the particle to the gas mixture. The
main teatures of the apparatus are apparent from tig. | which
represents a vertical section. '

The explosion chamber on the lert was formed rrom a
brass eylinder, of diameter 8.2 em. At one end this was closed
by a brass plate in which a hole 6 mm. in diameter was made.

To the other end a brass ring was soldered, R in fig. 1, forming
a rim for the tube. A sheet of commercial cellophane was held
between two rubber rings placed on the rim, and & brass cover-
ring C of the same dimensions as the rim socrewed down, thus
effectively closing this end. Outside the hole in the other
end a slide S was constructed. In the slide was a S1it S1 6 mm.
broad and 2.3 om. long. This, sliding past the hole, served to
open the chamber to admit the sphere. The gas inlet and outlet,
each of which had a stop-cock, were on opposite sides of the
oylindrical wall of the chamber, in which was also a small
window. A brass strip was soldered into the ohamber to form a
target T which the sphere would strike, in order to prevent it
shooting through the cellophane. The slide was attached to the
soft iron rod L giipped into the hollow core of a solenoid.

The particle was heated by a coll of either niékel chrome
alloy or pletinum wire wound round a silica or porcelain tube P,
which was set in alignment with the hole in the chamber. The
sahooting apparatus consisted of a hand-pressure bulb B connected
through the timing switch TS to the end of the heating tube and
to a manometer. The timing switch 1s shown in detail in fig. 2
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The brass strip G there acts as a spring which constricts the
rubber tubing leading from the pressure buldb to the heating
tube. 1In fig. 2 this constriction is shown in section. The
ocup H contains mercury into whioch the dipper D may be pushed,
closing the solenold circuit. This also releases the pressure
by depressing G so that the particle is shot along while the
slide travels up. Adjustment for correct timing mey be made by
altering the mercury level or by the amount of friction between
the iron rod and the solenocid core, and so the particle may be
made to arrive at the end of the tube just as the hole is open.
The winding on the tube P was covered first by a layer of fire-
clay, and then by a winding of asbestos string.

The method of taking observations consisted in the fol-
lowing procedure. The gas mixture was made up over water in e
gasholder and allowed to stand to ensure a thoroughly diffused
mixture, and the rubber tube from the gasholder was connected to
the gas inlet. The sphere was placed in the quartz tube and the
heating current switohed on, at a value which would give a higher
temperature than the one being investigated. A previously
standardized optical pyrometer was set to measure the temperature
by looking along the heating tube rrom the end distant from the
explosion shamber, the leading tube Ifrom the pressure bulb being
at this stage not affixed to the end. When the temperature of
the ball had become higher than was required, the current was
ocut down, and the rheostats in the heating circuit adjusted

until the temperature reached and remained steady at the required
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value. This done, the leading tube from the pressure buldb and
timing switch was connescted to the end of the heating tube,
ready to blow out the particle. The gas mixture was then turned
on to run through the explosion chamber, the outlet leading to a
burner set with its mouth to a flame, so as to burn up the issu-
ing gas. The mixture was allowed to run through for a time
sufficient to expel the original air and ensure the required con-
centration in the chamber. This coula be judged by the appearance
or the jet issuing at the burner. The gas outlet and inlet were
closed, the former rirst, to avoid the risk of air re-entering.
This left the mixture in the chamber with a pressure slightly
greater than atmospheric, causing a bulge in the ecellophane
cover. The outlet stop-cock was then rapidly opened and shut,
to release this pressure, and then the release key depressed.

If the particle did not enter, the timing arrangement was

ad justed and the experiment repeated. When it went in, if an
ignition ocourred, the ocellophane sheet was shattered by the
explosion. In the adjustment of the pressure bulb it was always
set to the same pressure, measured on an open manometer, for any
one particle, so that an approximately constant velocity of
firing might be obtained. The eftect of varying velocity has
not been investigated in the present work, although in view of
the time-lag discussed in é::gg;n 1 it may be of importance.

The speeds used were measured by a trajectory method and were

of the order of 4 metres per second, but may vary between 2 and

5 metres per second.



The general appearance of the apparatus is shown in
Plate 1, where the objective of the optical pyrometer is seen
to the right pointing to the quartz tube. As a matter of inter-
est, it may be stated that the photograph was taken with an
ordinary Kodak snapshot camere and film, exposure 14 sec., at

£.16.

Note on Measurement of Temperature.

The scale-readings on the pyrometer are correctly
calibrated only for black-body conditions. As shown in tig.
the heating coill was surrounded with clay and asbestos wrapping.
Sinece the coils were usually from 5 to 6 om. in axial length,
there wag a rairly uniformly heated portion of tube on each side
of the sphere. Moreover, the particle was always at least{ 10 om.
from the end of the tube. The radiation entering the pyrometer
18 thus contained in a very small solid angle. For this reason
and since radiation from the ball is reflected from the walls of
the tube, the conditions under which the temperature is being
measured approach black-body conditions. This is 1mportaﬁt,
since tfor platinum Waidner and Burgesa(\q) have shown that a
correction, varying from 70° at an apparent temperature of 800°
to over 200° at an apparent temperature of 15000, has to be added
to the apparent temperature as read by the pyrometer if it is
only direct radiation from the platinum that is being observed.
The conditions in our case, while not exactly black-body condi-
tions, are much closer approximations to them than to those of
direot observation. The temperatures given in the tables of

results are thus the direct scale readings of the pyrometer.
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Section 4.
Results.

(a) Methane-air mixtures. First attempts were made with

the above apparatus using methane-air mixtures of soncentration
10% methane. Spheres of platinum from 1 mm. to 4 mm. in diame-
ter were tried, but no ignitions were obtained up to the highest
temperature attainable with the heating coils in use, namely
aboﬁt 150000. Above this temperature the heating coils failed
too rapidly to allow of experiments being made.

(b) Coal-gas air mixtures. In the preliminary experiments,

ignitions of coal-gas with air had been obtained. Accordingly,
when taced with the negative results of the attempts with methane,
we decided to investigate the particle problem in the rfirst place
with coal-gas air mixtures. By this means it was hoped that at
least general qualitative charaoteristics of the particle igni-
tion process would be obtained.

A strength of 10% coal-ges in air was first tried, the
supply being teken from the laboretory main, and the mixture
made up as already described. The first sphere used was one of
platinum, 4 mm. in diameter, No.6 in Table IV. Using nickel-
chrome alloy heating elements on the quartz tube, ignitions of
the gas mixture in the apparatus were readily obtained. It was
found that at éertain temperatures the ball caused ignition, and
that at .others it did not, and that there was appearently a certain
minimum temperature below which ignition would not take place.
Moreover a very sharp division was observable at this temperature,

since in this particular case 880°C and 8850C gave repeated
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ignitions while 870°¢ repeatedly failed tvo ignite, so that it
was quite possidle to specify 875°C as the minimum sphere temp-
erature required to ignite the gas. This sharpness testifies to
the mocuracy of the apparatus, since it implies that the experi-
mental scatter in the neighbourhood of the minimum igniting point
where the probability of ignition may be defined as %, is very
small. Actually 87500 was observed to give roughly 50% ignitions.
The sharpness of the ignition point is well shown in the results
in Table IV.

Having found such an interesting point for one sphere,
we proceeded to investigate platinum spheres of different diameter
Six others were used, the results being given in Table IV. 1In
every case a sharp minimum igniting temperature is found, which
is, however, different ror spheres of different diameter. The
smaller the sphere, the higher is the minimum temperature required

F: D

for ignition. The veariation is clearly seen innﬂ;aggii'where the
circles represent the points in Table IV, minimum igniting temp-
erature - which we shall call the "ignition point" - being plotted
against sphere diameter. It 1s of interest to compare our results

for the larger spheres with MoDavid's result (see p. %) of 878°

for the "instantaneous™ ignition temperature of coal-gas.



TABLE IV.
Platinum Spheres - 104 Coal Gas.
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Particle

No. 1 2 3 4 5 8 7
femetor .109 151 .197 303 349 .398 .500

Temp.| Obs. Temp.| Obs.| Temp.| Obs.| Temp.|Obs.| Temp.| Obs.| Temp.|Obs. Temp.|Obs.
1250 | + | 990 | - |1080| + | 945 | + | 920 | 4+ | 905 | + | 940 | +
1240 | + (1005 | - |10285 | + | 9165 | - | 895 | - | 8756 | - | 905 | +
1200 | + | 1lo25 | - 985 | - 955 | - 915 + | 890 | + 890 | +
1160 | + 1050 | + | 1040 | + 940 | + 905 | - 885 | + | 875 | +
1090 | - [1065 | + |1025 | + 925 | + | 920 | + | 880 | + | 855 | +
1130 | - 11045 | + [loo5| - [ 915 | + | 915 | +| 880 | - | 845 | -
1140 | - 2040 [ + |2085| + | 900 | - | 905 | +| 875 | +| 870 | +
1050 | - [1040 | + [10l0| + | 9156 | + | 900 | - | 880 | 4+ | 865 | 4
1100 | - (1020 | - [lo00 | - | 905 | - | @@0 | +| 865 | - | 840 | -
1120 | - 1025 | - |1015 | + | 915 | + 895 +| 885 | 4+ | 840 -
1270 | + {1030 | - |1l0l0 | - 910 | - 890 +| 87 | - | 850 | -
1230 | + | " v 1025 | + " " 8as | - w " 860 | +
1200 | + | " * 11000 | - "= = | 895 | - = | " | 850 | =~
1260 | + | » |» |00 + | " | |s00| +#| " | | 85| +
1130 | - | . L n | v | eso | +
1140 | ~ " " " " " n 885 | -
1170 | + | " L w 1w [ 890 | -
1160 " " " n n " 895 | +
1150 | +
1145 | +
1140 | +
1130 | -
1150 | +

ﬁﬁ“ 1140 1040 1015 915 890 875 855
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Note on the Cooling of Particles.

The rate of eooling of the spheres in moving from
the heated portion of the quartz tube into the cold gas mixture
will be greater for the smaller spheres. It appeared possible
therefore that some of the difference in the ignition temperatures
shown in Table IV might be due to this factor. To ascertain
whether the different rates of cooling influenced the observations
to a great extent, experiments were repeated for the spheres of
1.51 and 3.98 mm. diameter, shooting them from various distances
from the explosion ohamber. 1If cooling is sufficiently rapid to
be an important fastor in our observations, it should be shown
by a variation of observed ignition point with the distance
traversed, and this variation should be greater for smaller
spheres. The results for the two spheres mentioned are given
in Table V, and show no appreciable variation with distance
moved, the apparatus not being accurate to 50 in 10000. It
can therefore be taken that each particle, whatever its size
enters the explosion chamber at the temperature observed, to

a sufficient approximation.
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TABLE V.
Ignitions from different distances.

Platiﬁg?zéphere Platin§§.§?here
| Distance 26 om. | Distance 11 om.| Distance 24 om. | Distance 10 om.
Temp. Obs. Temp. Obs. Temp. Obs. Temp. Obs.
1040 - 955 - 925 + 908 +
1055 + 990 - 935 + 875 -
1050 - 1005 - 875 - 890 +
1045 + 1025 - 905 + 885 +
1050 + 1050 + 895 + 880 +
1040 - 1065 + 890 + 880 -
1040 + 1045 + 880 + 875 +
1085 | - 1040 + 865 - 880 +
1040 + 875 - 865 -
1020 - 875 - 885 +
1025 - 885 + 870 -
1030 - 875 -
880 +
885 +
i al- 1040 1035 880 875
_gggt:




Experiments with Quartz Spheres.

The above results show c¢learly the importance or the size
orf a particle of given materiasl in determining the point at which
it will ignite a coal-gas air mixture. It was now decided to

investigate the etffeot of using a diftrerent material. The specific
heat of platinum is fairly small, 0.032 cals/gm. (from International |
Critical Tables, Vol. 5, p.93), 80 as a contrast we chose quartz
(in ﬁhe form of fused silica) for our second set of experiments.
The specitic heat of these spheres is then about 0.28 cals/gm.

(from Internationel Critical Tables, Vol. 5, p. 105). Platinum

and quartz also represent a sontrast in thermal conductivity, the

values being roughly 0.17 and 0.03 cals/sec/deg.cent. (from data
given by Kaye and Laby(ip)). These values of the specific heat
and thermal conduotivities have been calculated for a temperature
of 1000° from the data given in the referenoces, ext;;polated where
necessary.

The quartz spheres were obtained in the same range of sizes
as those of platinum. The experiments were perfo:med gxactly as
before, with the results given in Table VI. In,;;g;:;t, the curve
was drawn with reference to the circles showing the platinum results.
The ignition points found for quartz have been added and are
indicated by crosses. The agreement with the platinum results is
indeed striking, the points lying practically on the same curve.
This result was somewhat unexpected, since it is clear from the
specific heats given above that a quartz sphere possesses between

8 and 9 times as much heat as a platinum sphere of the same size

at the same temperature. Hence the platinum sphere can ignite the



TABLE VI.
Quartz Spheres - 104 Coal-Gas.

Particle

Par 1 2 3 4 5
Dlemeter | .23 0.275 0.36 0.41 0.5
Temp. |Obs.|Temp.| Obs.| Temp.|Obs.| Temp. |Obs.|Temp.| Obs.
925 | - | 975 | + | 900 | *+ | 815 | - | 910 | +
940 | - | 945 | + | 885 | - | 915 | + | 880 | +
960 |+ | 935 | + | 880 | - | 900 | + | 855 | +
90 | - | 920 | + | 890 | - | 890 | + | 825 -
1000 |+ | 915 | - | 900 | - | 875 | + | 850 | +
980 |+ | 925 | + | 905 | + | 870 | + | 835 | -
970 | + | 920 | + | 915 | + | 865 | - | 855 | +
975 | + [ 915 | + | 920 | + | 860 | - | 840 | -
960 | + | 900 | - | 900 | - | 860 | -
955 | + | 895 | - 870 | +
945 [ - | 905 | -
940 | - | 915 | -
945 | - | 925 | -
945 | +
925 | +
915 | -
Tepitlon | g6 920 905 870 850
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mixture with only l/Bth of the heat required in quartz, if the

size and temperature are the same. The gize and the temperature
are therefore apparently the fundamental factors in the particle
ignition process, the total energy content playing a very subordin-
ate part. Further proof of this faot will be given in Part III

and its importence in oconnestion with the theory of the process

d1iscussed.

(o) Experiments with Pentane. The results of the coal-gas

experiments suggest the possibility of obtaining definite informa-
tion of great interest. The apparatus has shown itself capable of
determining a definite ignition point with reasonable accuracy.

The composite nature of coal-gas however renders results obtained
for it mainly of qualitative value. The curve appears at first
sight to be asymptotic for inecreasing diameter. If this type of
curve is a general feature of particle ignition in gases, it
becomes of interest to see how the sphere igniting temperatures
compare with the "ignition temperature" of the gas mixture as found
by the usual methods discussed in Part I. Experiments similar to
those with coal-gas are therefore required rfor a single combustible
gas, whose ignition temperature under ordinary conditions is well-
known.

We therefore again tried to obtain ignitions of methane-air
mixtures, this time using platinum heating elements. These also
burnt out readily at the required temperatures, and the hope of
obteining for methane a set of results similar to those for coal-gas

had to be abandoned. We did actually manage to ignite a 74 methane
in air mixture by using a larger platinum sphere. The ignition point




35
for a sphere 6.5 mm. diameter was about 1200°c.

Pentane was chosen in place of Methane, since Mason and
Wheeler's results (p.\\)indicate it to be muoh more readily ignit-
able. We commenced with a mixture whioch conteined 3% pentane in
air, made up by allowing the required volume of pentane to evaporate
from the liquid into the gas holder. The experimental proscedure was
exactly as before. The results obtained with platinum spheres are

shown in Table VII.
TABLE VII.
Platinum Spheres - 3% Pentane.

[ Ferticle 1 3 4 6 7 8

Lemeter 0.109 0.197 0.303 0.398 0.500 0.550
Temp.{Obs.| Temp.|Obs.|Temp.|Obs.| Temp.| Obs.| Temp.|Obs.| Temp.| Obs.
1220 | = (1200 | - (1165 | + |l0o85 | + |[1o75 | + 990 | -
1275 | - (1190 | - 1120 | - {1035| - |1035 | + |1025 | +
1325 | ~ |1240 | + [1155 | - |1075 | + |lo25 | - 985 | -
1400 | + |1220 | - {1170 | + [1060 | + |1035 | - |1l015 | +
1365 | + (1220 | - |1140 | - [1050 | - |l065 | + | 1005 | -
1400 | + |1285 | + |1150 | + 1045 | - |1055 | + |1025 | +
1400 | + 1285 | + 1135 | - |1060 | - |1l025 [ - |1l020 | +
1365 | - |1250 | + [1150 | + |1075| + (1046 | + | 995 | -

1220 | - 1120 | - [1050 | - [1015 | - |1005 +
1260 | + |1170 | + {1070 | + [1075 | +
1230 | - (1140 | - [1035 | - |1050 | +
1270 | + (1150 | - |1050 | - |1045 | +
1170 | + |l060 | - |1025 | -

1075 + |1035 | -
1070 + (1045 | +

1055 | - |1050 | +

k 1005 -

Ignition
Point 1370 1240 1155 1065 1040 1005




Ag for coal-gas, definite minimum igniting points appear
for the different particles, the temperatures increasing rapidly
as the size diminishes. Further experiments with quartz spheres
were again made, the results being given in Table VIII.

TABLE VIII.

Quartz Spheres - 3% Pentane.

Particle
No. 1l 3 4 5
Diameter
in oms. 0.23 0.360 0.41 0.5

Temp.|Obs.| Temp.| Obs., Temp.| Obs.| Temp.| Obs.

1300 | + 1190 | + (1050 | - | 1070 | +
1260 | * 1150 | + |1075 | 4+ | 1050 | +

1190 - 11120 + 11060 | + | 1030 | -

1250 + 1090 - 1050 - 1050 +
1230 + 1115 + 1060 + 1060 +

1220 | + |1085 | - |[1045 | - | 1035 | +
1150 | - {1115 | + [1060 | - | 1055 | +
1220 - 1110 + 1080 + 1025 -
1230 | + |1100 | + [1025 | - |1l030 | =-
1210 - 1080 - 1080 + 1050 +
1240 | + |1085 | - 1055 | - |1035 | -

1090 - 1060 - 1045 +

1100 | - 1060 | + |1045 | +

1135 | + |1075 | + |1l045 | -
1020 | -

1035 -
1045 +

p’fﬁiﬂ lon 1220 1100 1060 1040
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Tables VII and VIII show that within the limits of accur-
acy of the method the igniting points of the quartz spheres are
not appreciably diftferent from those of platinum spheres of the

FW"F
same diameter. The agreement is again illustrated in Sreph—=-
where ocircles again represent platinum and the crosses, quartz,
the curve being drawn first with reference to vhe circles. Once

again size seems to be a more dominant ractor than material in

determining the igniting point of a sphere.

(d) Experiments with Hydrogen.

The above results for pentane show that the minimum temper-
atures at which the spheres will ignite the mixture are mugh higher
than the usual "ignition vemperatures" of the mixture as determined
by common methods. Thus the curve has only a small gradient at
about 1ooo°c when the sphere diameter is 5% mm., while the ignition
temperature tror a 34 mixture is about 515°C (ef. Table III, p. !} ).
It was theretore decided to perform a similar set of experiments,
using hydrogen-air mixtures, to see whether the feature of a
minimam igniting temperature higher than the ignition temperature
still obtained, and, if so, if it oscourred to the same extent.

The hydrogen was obtained rrom a oylinder, supplied by the
British Oxygen Co. The mixture investigated was one of 20%
hydrogen in air. Experimental procedure being exactly as in the
previous work, the results for platinum spheres are given in Table

IX and tor quartz in Table X.



TABLE IX.

Platinum Spheres - 204 Hydrogen.

1;"3

Particle 4 3a 4 " 8
No.
jlameter | o 397 0.240 0.303 0.500 0.550
Temp. [Obs.|Temp.|Obs.| Temp. |{Obs.|Temp.|Obs.|Temp.| Obs. |
880 | - | 915 | + | 915 | + | 930 | + | 855 | + |
935 | + | 885 | + | 870 |+ | 800 | - | so0| +
885 | - | 845 | - | 855 | - | 80| - | 745 -
90 |- |85 |- |85 |+ |80 )|+ | 78] -
920 - 885 + 875 + 840 + 805 | +
975 |+ | 880 | + | 845 |+ |85 |+ | 790 ] +
940 |+ |80 |- |85 |- |80]|- |780]-
915 | - |89 | + | 835 |+ |85 |+ | 810 +
95 |- |8 |- | 845 |+ | 820 |+ | 785] -
960 | + 835 |+ | 810 |+ | 795 | +
945 | + 820 |- |85 |- | 790 | -
925 | - 835 | - | 820 | +
855 |+ | 800 | -
840 |- | 805 | +
815 | +
810 | +
s | w0 | oo | w0 | w0 | e




TABLE X.

Quartz Spheres - 20% Hydrogen.

Particle| 1a 2a 3 4 5
Plameter | 4,179 0.257 0.360 0.410 0.500
Temp.|Obs.|Temp.|Obs. [Temp.|Obs.|Temp.|Obs.|Temp.| Obs.
965 | + 865 | + 900 | + 835 | + 780 | -
885 | - 845 | + 875 | + 790 | - 820 | +
930 | + 800 | - 850 | + 825 | + 805 | +
910 | - 820 | - 810 | - 820 | + 800 | +
915 | - 825 | - 835 | + 800 | - 795 | -
935 | + 835 | - 825 | + 805 | - 820 | +
925 | - 840 | - 815 | - 810 | + 790 | -
925 | - 860 + 820 | - 800 | - 810 | +
940 | + 850 | + 830 | + 815 | + 800 | +
940 | + 840 | +
%ﬁiﬁ%m 930 840 825 810 800

When the igniting points in the hydrogen experiments are

Plotted against diameter of sphere as in Fig. 5/, it is seen theat

the quartz temperatures do not coincide so closely with the platinum

temperatures for the same diameter, a8 was the case with coal-gas

and with pentane.

The difference is now noticeable but is still

not very great, and is prominent only for the smaller spheres.
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Lrepir& shows the igniting points found in the hydrogen

experiments plotted similarly to those for coal-gas and for pentane.
The quartz temperatures in this case do not coincide quite so
closely with the platinum temperatures for the same diameter. The
differenoce is still not very great, but becomes noticeable for the
smaller spheres.

Now the ignition temperature of a 20% hydrogen-air mixture
is about 590°C.‘12). Hence, as already found for pentane, spheres
in the range of size used require to be at a temperature consider-
ably higher than the ignition temperature of the mixture, before

they will cause ignition. The excess required is not however so

great proportionally for hydrogen as it is for pentane.
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Seotion 5.

General features of experimental Results.

It is now convenient to summarise the general phenomena
which the results establish. 1In the first place it has been shewn
that for certain ignitable mixtures of given combustidle gases
with air there exists a minimum temperature which must be given
to a small platinum or quartz sphere betfore it can ignite such
mixtures. This minimum temperature has been shewn to depend very
greatly on the nature of the combustible gas, and it increases very
rapidly with diminishing sizes of sphere, but dependence on the
material of which the sphere is composed is not marked and in most
cases investigated is negligible. 1In the cases of pentane and of
hydrogen for which ignition temperatures by the ordinary methods
are known, these are considerably less than the minimum igniting
temperatures required in even the largest spheres.

These are the salient points which any theory of the
process of ignition of the gas mixtures by a hot particle must

explain.



PART IIX. THE THEORY Of IGNITION BY HEATED SPHERZS.
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PART III.
Section 1.

Introduction - Difficulties in accounting ror the observed
results.

The expsrimental results which have been obtained for
pentane, hydrogen, and coal-gas, show from the similar shapes of
curves representing the relation between minimum igniting tempera-
ture and size, that some definite process occurs when a hot par-
tiole ignites a gas, and that some definite requirements are
fulfilled. Two simple limiting conditions at once suggest them-
selves (a) that the total amount of heat required to ignite the
gas 18 a oonstent, and (b) that the initial rate of heat supply to
the gas must reach a certain constant velue. The condition (a) is
readily seen not to funetion as the limit requirement, since we
have already shown in Part 1II that a platinum sphere contains
roughly only 1/8th of the heat in a quartz sphere of the same size.
Moreover, for a given sphere material, it requires that Td3 =
constant where T is the minimum igniting temperature and 4 is the
diameter. The two values of T43 for the 0.55 mm. and 0.109 mm.
spheres with pentane are respectively 167 and 1.78 so that the
smallest sphere oan ignite the gas mixture with roughly only I%Gth
of the heat required in the largest. The second suggested condition
(b) is dependent on the area of the sphere surface, and requires
that Td2? = constant. The values of this quantity corresponding to
those of Td% above are respectively 304 and 16.3. Thus the larger

sphere requires to have an initial rate of heat supply to the gas



nearly 20 times that of the small one. Neither of the simple
conditions (a) and (b) can therefore account for the observed
results, and it is olear that the small spheres have a very much
greater "erficiency"™ of ignition, expressed in terms of heat re-
quired, and the phenomena must be sonsidered much more carefully
if we are to account for the results obtained.

(13) put forward a theory

Taylor-Jones, Morgan, and Wheeler
according to which ignition requires the attainment of the ignition
temperature in a certein minimum volume of the gas. 1In order to
test this theory, as applied to particle ignition, it is necessary
to know the temperature distribution produced in the gas dby the
sphere. This is, in itself, an exceedingly complex problem which
has nowhere been investigated experimentelly, nor has an exact
mathematical solution from heat sonduotion theory been given.
However in an attempt to apply the ignition theory of Taylor-Jones,
Morgan, and Wheeler, we examined the temperature distribution
problem thoroughly. Eventually it was found possidle to derive a
solution which may be assumed as a reasonable approximation to the
temperature distribution in a gas surrounding a stationary solid
sphere. An account of this work is presented as an Appendix to
this thesis.

One form of solution derived for the gas temperature

at radius r is

& o0
S 2
‘ % ~K
9:1‘;_9-& R Ay -|~I¢.>-E=- e dx T>a
T T m " ’
-2 n r+a

2 {ke a The
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Where T, is twice the sphere temperature, and a is the radius
of the sphere.

In the appendix, graphs are given which illustrate the dis-
tribution given by the above expression for various times, ior
spheres of diameter 0.5 end 0.2 ems. Now, consider the pentane
results. If the theory of Taylor-Jones, Morgen, and Wheeler is
eppliceble, the gas volumes which are raised to 515°C by the 0.5 om.
diameter sphere at 1040°C and by the 0.2 cm. diameter sphere at
124000 in the same short time should be equel. These volumes can
be ascertained from the grephs in the appendix, and it may readily
be shown that they are respectively approximately 0.004 oss and
0.0008 c&8 1.e. one is five times the other, Tfor t = .00l secs.
With inecreasing time the retio increases slightly.

These csonsiderations show that the theory of Taylor-Jones,
Morgan, and Wheeler breaks down when applied to the present ocase.
This form of simple thermal theory cannot therefore explain the
ignition characteristics of hot spheres. 1In order to do so we
have found it necessary to consider the gas reaction more funda-
mentally. We proceed now to a short discussion on general ignition
theory which serves to introduce the theory of hot particle ignition
which is advanced in this thesis, and in the light of which its

importance can be realised.
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Section 2.

General Considerations on Thermal
and Chalin ELxplosions in Gases.

The inflammation of gaseous mixtures has been the subjedt
of numerous investigations during reoent years. As a result it
is generally accepted that there are two distinct mechanism by
which explosion of gas mixtures can take place. In an ignitable
mixture at temperature 7°K the Maxwell distribution law indicates
that the number oIl molecules with energy greater than a value E,
is proportional to e-gm, e being the Napierian base, and R the
gas constant. Now the theory of chemical reactions in the gas
phase assumes that only molecules with energies greater than a
oertain energy A can react. A 13 called the activation energy of
the reaction, and the number orf molecules which can react is then
proportional to e-ﬁT. The number or molecules capable of reaction
therefore increases very rapidly with temperature if A is positive,
as it is in most cases. From these considerations, we see that
the velocity of reaction at a vemperature T is also proportionsl
to e-éw, and thereitore also inoreases rapidly with temperature.
Since the gas combustions involved in explosion are exothermio,
this means that the higher the temperature, the more quickly does
the mixture generate heat. In general, heat is also lost from the
system to the surroundings. For normal temperatures the number of
molecules capable of reaotion is exceedingly small, because of
high values of A, and the rate of heat production is quite insuf-

ficient to overcome the loss to the surroundings. But for a



sufficiently high temperature the heat of reaction will be produced
rapidly enough to compensate tor heat loss, and the gas temperature
will theretfore rise rurther. The velocity of reaction is thereby
continually accelerated and will be observed as explosion.

The fulfilment of the heat balance condition represents
therefore one possible mechanism of explosion. Such explosions
are called thermal, from their nature. The theory of Taylor-Jones,
Morgen, and Wheeler already mentioned is essentially of this type
but 1s detined with retrerence to the ignition temperature. The
reason for its breakdown is then apparent, in that the above argu-
ment shows the "ignition temperature” as generally determined to
be itsell dependent on the relation between velocity of reaction
and rate of heat loss in the particular apparatus in which the
determinations are made. It cannot therefore be used as a funda-
mental in ignition theory. To give an'adequate theory of any
thermal gas explosion it therefore becomes necessary to oconsider
the heat production and heat loss conditions prevailing in the
particular eircumstances.

This is not however the only type of explosion which can
ocour in gases. The theory of chain reactions shows that what is
called a purely chain explosion can take place. Chain theory pre-
supposes that on reaction, intermediate molecules are formed with
very high energies derived from the heat or reaction, and that
these can impart energy, by collision, to the molecules of the
reacting gases. This implies that the number of molecules with

energy E becomes greater than that given by the simple Maxwell
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distribution formula. The energies imparted by reaction products
may then be suffiecient to activate the recipient molecules and so

a new source of activation arises. The number of secondary activa-
tions arising from one initial centre of reaction is called the
length of the chain. The mathematical theory of such reactions is
extensively discussed by Semenorf(14). He shows that in principle
branching chains may ococur, and that under suitable conditions of
molecular consentration and with sufficiently exothermic reactions,
the length of chain may become infinite. This will clearly be
observed macroscopically as explosion. His theory shows, that if
the chains have no mutual action, the conditions for such an explo-
sion to ocour are independent of the number of initial centres.
When mutual action between the chains occurs, this simple theory
requires to be modified. Lf-%.is the probability of branching of
the chains, and 3, the probabzzity of their rupture, the equation

for the stationary state of the reaction is

N, *‘(@"%)m - © cerenneees (1)

N, being the number of active centres generated uniformly per unit
v;iume per unit time by thermal motion or other agency outside the
chain produstion, and n is the total number of active centres per
unit volume at the instant. Semenoff discusses a number of cases
of mutual action of the chains. In particular, when the branching
is dependent oh mutual action, but the rupture is not, we may put

%-z 80“—' This is the most favourable set of circumstances for



”E}o

explosion. Equation (1) now becomes
A —an =o
Y\o"’ QY\" 3— 900000000 (2)

If 4n°%o 2—39‘, the stationary reaction is thus impossible,
n becoming imaginary. The reaction is now self-acoelerated to ex-

plosion, the condition involving n the number of active centres

o
generated per unit time, so that the elementary simplicity is no
longer tenable.

The above short ascount of the two generally accepted
theories of gas ignition has been required in order to show how
it is possible to state derinitely the eclass of explosion obtained
in our experiments. We now proceed to show that the explosions

observed by us oome into the first category, i.e. are thermal

explosions.



Section 3.

The Classification of the Observed Explosions.

It is now more or less agreed that all gaseous oxidations
proceed with a ohain mechanism (of. Semenoff(ls)), the reaction
taking place at measurable slow rate unless one or other of the
above types of explosion can teke place. The first act of a hot
sphere when introduced into a gas mixture will be the production
of initial centres, the number of which will be proportional to
the surface area. Now, suppose that the mutual action of the
chains happens to be such that the most favourable set of conditions
for chain explosion, as derined in equation (2), obtain. Then in
the expression 4 ", @o = ‘}i , both sides are functions of
temperature and pressure, sincof}s and ¢ are both dependent on
these quantities, and since, moreover,n o 18 of the form Ae-gf.
In applying this discussion to the present work, we know that the
condition 4 No €o Z }9\ was not fulfilled with the gas mixtures
at room temperature and at atmospherie pressure, since they did not
explode. The introduction of a hot sphere can alter the gquantities
o, %—o a.nd.} only by raising the gas temperature. These quanti-
ties will therefore vary irrom shell to shell, according to the
temperature distribution. It follows that under such cirscumstances
the conditions Tor even a chain explosion lead back to a thermal
conductivity problem: n, ) %a and 2} are varying radially, and
the condition that for explosion to take place 4 no. go ;?L'ak
must be satisfied in shell after shell leads to some heat balance
condition which simply defines the temperature which must be

maintained.



It is suggested that the preceding paragraph throws new
light on the general relationship between chain reaction and
explosion, and thermal explosion.

Secondly, if we can assume that the mutual action of the
chains is negligible, the self acceleration to a purely chain ex-
rlosion is independent of the number ot initial centres, but can
only take place between an upper and a lower pressure limit. These
limits depend on the temperature. Hinshelwood and Gibson(lé) have
shown rfor oxygen and hydrogen that the upper limit rises with tem-
perature, and give it as 700 mm. for 576°C., while Sagulin,
Kowalsky, and Semenoff(17) show that the addition of nitrogen
lowers it. The mixtures used in our experiments were therefore
well above any threshold rfor pure chain explosion to take place by
a kind of trigger action of the hot ball. Even if they had not
been,the variation of ignition point with size of sphere shows
derinitely that a purely chain explosion independent of the number
of initial oentreé ocreated is not occurring. Hence even if the
effeot of mutual action of the reaction chains in the gases used 1is
negligible, the experiments were conduscted in a region where the
chain reaction was stationary. The explosions must therefore in-
volve acceleration of local reaction to a state where rate of heat
production is greater than rate of heat loss, i.e. the explosions

observed must be of the thermal type.



Section 4.

The Theory of the Ignition Process.

In the preceding section it has been shown that the
ignitions obéerved in our experiments are probably determined by
some heat balance condition. In the following theory, the simplest
possible assumptions are used to deiine that condition, and by the
treatment which is given, we are able to derive an expression tor
the minimum temperature T at which a sphere ot radius @ will
ignite a given gas mixture.

For simplicity we deal only with a stationary sphere, and
the tirst problem presented is that of the temperature distribution
produced in the gas round the sphere by conduction, neglecting con-
vection movements. It was originally hoped that the approximation
derived in the appendix, for the case of a non-burning gas, might
be developed by superimposing the effect of combustion. This hope
had to be abandoned. It will not be out of place, however, to give
the derivation of the simplest differential equation for the heat-
flow in the burning gas, although we have been unable to obtain a
solution.

For a non-burning uniform medium the Fourier equation for
spherically symmetricel temperature distridbution is

2 +2 36 - L de
%T“ * 5 * >t N )

where k is the thermometric sonductivity, whose veariation with

temperature is hereneglected. But in the case of a combustible
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gas mixture, when we consider the heat-cqntent of the thin shell
between radii r and r + dr we must allow tor combustion proceeding
at a velocity appropriate to the temperature & in the shell. If V
is the ifraction of unit volume of mixture which would react per
second, and if Q is the amount of heat produced by the burning of
unit volume of the mixture, heat is produced by combustion in the

_ L
shell at rate 4\\¢'v9er. The Fourier equation ia theretore re-

placed by
3101,1 36)+va_c Y
>~ ¥ ov ® Y
or 2% 4220 _ 123 VoG
a‘ e T' ,%\ C ? .......o.(4)

Chemical kinetics show that V depends on the concentration
of the reacting substances in a manner determined by the molecular
order of the reaction, and on temperature approximately in the
exponential fashion indicated by the Arrhenius equation for the
velocity sonstant m of the reaction, f.e., m = cdﬁ% , where C and A’
are oconstants, A being the energy of activation of the reaction,
and & is the absolute temperature. If we neglect the variation
with conocentration, which we may do for our purpose since we are

concerned only with initial stages in the ignition, we obtain the
gsimplest form of the differential equation as

-
R 2 06 =120 _ge °
5;?; A ¥y or kot ceevesees (B)

where o\ and ﬁS are constants.
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Since we have railed to find a solution of equation (9),
we turn to the tollowing convenient treatment. It is in general
undoubtedly inexact, since by leaving out the differentisl equa-
tion we are considering only a shell at the surface of the sphere,
and ignoring the effect of the heat passing out irom it on the
outer regions. But it may be the best possible theoretical attack
on the problem, since questions of adsorption and accommodation co-
efficient effects might in any ocase vitiate the application of the
exact solution orf equation (§).

Let us assume

(a) that the layer or gas immediately in contact with the
surtace is ralsed instantaneously to the sphere surface temperature
T;

(b) that the rate of loss of heat per unit area of the
sphere surface is proportional to the difference between its temper-
ature T and the initial temperature Te (room temperature) of the
gas, i.e., is p(T - 1,), where p is a constant;

(6) that this gradient is uniform throughout the thin

shell of gas instantaneously heated round the surface.

If these assumptions are permitted, we are picturing a
distribution of temperature of the rorm of fig. o.

Now we assume that extinetion of initial combustion is
caugsed by too rapid loss of heat into the unburnt portions of the
gas mixture. Then, considering the shell dr round the sphere sur-

face, heat will flow into it by conduotion at rate 4 1la* \’(T-fTo)
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while heat is also lost by conduction away from the outer surface
at rate 4\\(a + dr)ap('r - T,). Hence, if we neglect the square of
dr, we have a net loss from the shell at rate 8’\—\«\7(T - To Ydr.
Meanwhile heat has begun to be produced by combustion, and, since
in the initial stages, neglecting variation in concentration of
the reacting gases, we can put the fraction or unit volume of
mixture reacting per second as LA =.i‘&9, where ok. is the concen-
tration factor and ke the velocity constant. Assuming the

6

Arrhenius equation, we have ke = Ce where @& is the absolute

temperature. Hence the initial rate of heat production in the

—~A
h,if«xz it \LT B = K\ a4 @B e bl

shell 1is

where /3 includes the concentration factor and the C of the Arrhenius

equation.
Now it may be assumed that if this initial rate of heat !

production is greater than the above rate of heat loss by conduc- W

tion, the temperature of the shell will rise, heating outer portiona,?

and so eombustion will spread throughout the gas mixture. If it

is less, the shell will cool and we may consider extinction to take

place. The first case will give explosion, the second will not.

When the two are equal, the equality should define a limiting tem-

perature for explosion, and this equality should be satisfied by

the minimum temperature at which the sphere of radius = will ignite

the gas mixture. On equating them we f£ind, the temperatures being

on the absolute socale,
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gMap(T-Todde = WWQde Qpe 7 (g

eo} =1 Qva T cerenenene (7)

or we may express Q. in terms or T as tollows:

Nad
o = il\’ (_1' 'T‘) o BT
(59 cesscccses (8)
The theory thus leads to a relationship between sphere
radius and sphere temperature which is satisfied when explosion
only Jjust takes place. Hence T in equation (8) is the minimum
temperature at which a sphere or radius @ will ignite a certain
gas mixture. The gas mixture in question is characterized by the
constant /6 Q, while the material of the sphere 1s involved in the
constant p, since it defiines the heat exchange between the surface
and the gas. It is thus at present out or the question to test
the validity of this expression by direot caleulation and comparison
with the foregoing experimental results, since the constant p is
unknown, and in most cases so also are A amd/s, which are derived
from the kinetic equation of the reaction.
The validity of the expression may however be tested in-
directly. There are certain elementary properties which it must

have. Thus it ought at least to give a curve of the same general



form as those shown in figures 3—5 <for the variation of T with Q
and it may readily be shown by taking values of A, &, p and Q of
the correct order that it does actually do so. Figure 7| shows
the curve obtained by calculating T for various values of % rrom
equation (6) assuming A = 30,000 cals/gm.mol. Q = 0.50 cels/c.c.,
ﬁ = 10" p = 10 cals/sg.cm./°C/sec. These values of A and B are
the correct order and correct dimensions (ef. Hinshelwood Xineties
of Chemical Change in Gaseous Systems, sesond edition, Oxford 1929,
page 53. He gives A = 44,000 for hydrogen iodide, and from his
data there also ﬁ5 may be calculated to be 4.8 x 10"). The order
of Q is also correct ror the caloririe¢ value or unit volumes of
gas mixtures such as were used e.g. for a 3% pentane air mixture

Q = 0.85 cals/c.c. assuming the reaction

C5 Hyp + 6.4670, + 25.868N, —>>

0.234°%, + 4.76600 + 4.766H,

+ 1.234H,0 + 25.868N2

*

and using the values of heat of rormation given in the International
Critioal Tables, vol. V. The value of p is the most difficult
quantity of whieh to obtain the order, and what has been done 1is
to calculate it from the gradients for very small times derived
by the oxpressio%ﬁ. . o fz
b= Te & S Q:JKA¢ + P %i ‘S e A«
Jv .—a Jn vt fe v M

2 JRe 2%«
obtained in the appendix for the temperature distribution in gas

round a hot sphere. The result is of the order 10 cals./sq.om./°C/sec
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and has been taken for p.‘ﬁor correct order quantities) equation
(8) +hemegowre predicts qualitatively the results observed.

In another more obvious detall it fulfils requirements.
It we put T, =T N a becomes zero. T is the minimum temperature
at which ignition will take place. Clearly if the room temperature
Te 18 sufficient to cause ignition, no sphere will be needed to
ignite the mixture. This is the explanation of the zero value of @&

More particular tests of the validity of the expression

may be made. Primarily we see Irom equation (7) that if A and /3

t, log I - To d 1 14
are constant, log - plotte againsf T555. shou give a
straight line, whose gradiemt would be %. In rig. l. are
plotted the values obtained rrom the experimental results, taking

T as the minimum igniting points obtained for the respective

T-1T

spheres, and room temperature as 18°C. We have plotted 1og'o =

against 39..1.9.9.9.
abs. T

It is seen that the pentane and hydrogen results lie very
closely to}straight lines. The coal-gas lines are not 80 definite
but this is not unexpected in such an uncertain composition where
no single astivation energy can be supposed. If the sufiixes
1,2,3 designate pentane, ocoal-gas and hydrogen respectively, the

slope of the lines drawn give

= 10,470
= 10,790

= 11,510

& Ak FE
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Taking R as 1,98 cals. per gram molecule we get the follow-
ing aotivation energies for the three reactions concerned.

Cals. per gm. molecule

Pentane-o0xygen « « « o« ¢ o o o 20.700
Co8l~gas-o0xXygen .« « « o o o o 21,400
Hydrogen-oxygen. « « « « o« o o 22,800

The most recently published value for the aetivation
energy of the hydrogen oxygen reaction in the region of atmos-
pheric pressure is given by N. Semenova (Acta Physicoschimica
U.R.S5.S. 6 Jan. 1937, p.‘25), who finds it to be between 21,000
and 25,000 cals. per gram molecule. The above value therefore
represents very good agreement with the activation energy as deter-
mined by the study of the chemical kinetics of the reaction.
Unfortunately reliable values of a similar nature are not avail-
able for pentane so that a further check on the validity of the
expression cannot be attained here.

It can, however, be checked in another connection. In our
attempts to ignite 7% methane alir mixture we only Just managed to
cause ignition at 1200 C with a sphere of 6.5 mms. diameter.
Hinshelwood and Fort(le) give the value 61,400 cals/gm. mol. for
the activation energy of the methane oxidation. Using this value
and the values of /3’ and p used above (p.S?) we can calculate
from equation (6) the radius of sphere which should ignite the
mixture at 1200°C. Teking Q = 0.66 cals/c.c. ror the 7% mixture,
we £ind QU = 0.44 oms. Considering the possibilities of errors in

/5 and p, this represents reasonable agreement with experiment.
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The theory also offers an interpretation of the remarkabdle
equality of the igniting points for both platinum and quartz spheres
The expression for the temperature in terms of the radius involves
the material of the sphere only as a first approximation in the
quantity p, which defines the temperature gradient near the surface.
At temperatures of the order required, - the variations of p by use
of a different sphere substance will be small compared with the
variation of the term eﬁ%, and s0 in experiments of no greater
occurrancy than ours the effect of particle material will not bde
noticed. This approximate statement requires some modification
with reference to the possibility of catqlysis, which is given in
the next section. The average value of the constant%hﬁ?%]ﬂ@
may also be found from our results. For hydrogen it 1is B.f% with
a maximum divergence of 0.04 and for pentane it is 7.09 with a
maximum divergence again of 0.04. These small divérgences show
the accuracy of the linear relationship. Taking p as 10 cals/sq.om./
sec./deg. and Q, for hydrogen 0.52, for pentane 0.25 cals/c.c. for
the mixtures used we find /3 = 5.4 + 107 for hydrogen, and ﬁ =

9.9 + 108 for pentane. These quantities are of the correct order.



Section 5.

Criticism of the derived Expression.

So far we have seen that equation (8), derived from the
theory which was developed to describe the particulaer thermol
oqnditions determining ignition of the gas mixture by a hot sphere,
succeeds exBeedingly well in explaining the observed phenomena
qualitatively and moreover gives good quantitative agreement when
data aveilable from other work are compared. There are however
certain criticisms which may be made.

In the first plece, no account has yet been taken of the
possibility of catalytic action of the surrace of the sphere.

The general problem is or interest. The theory can be transtformed

to deal with it rather simply by assuming that the initial layer

of combustion whose obntinuance determihes ignition is the one in
which catelysis oceurs, and thet it is dAue to a heterogeneous re-
aotion between molecules adsorbed in the sphere surface. An expres-
sion of the same type 1s then derived, but the quantities /2>and A
refer now to the combustion rate of adsorbed molecules, A being

the energy of activation of the heterogeneous reactions. It depends
therefore on the heats of adsorption of the reacting gases as well

a8 on the octivation energy of the homogeneous reaction.

It is theretore necessary to qualify the simple explanation
offered in the preceding section of the similarity of the platinum
and quartz igniting points. If the initial reaction is a heterogen-
eous one on the sphere surtace, the equivalence of platinum and |

quartz is probably fortuitous, the net results of different
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adsorption relationships being the same. Enough is not yet known
about the adsorption of pentane, hydrogen, and air on platinum and
quartz to supply & test. In our hydrogen experiments it is clear
from the agreement between the predicted activation energy and

that recent value given by Semenova, ﬁgat either the initial shell
reaction was homogeneous or the heatsjadsorption of hydrogen and
oxygen oﬂ'platinum are such as not to alter the apparent activation
energy appreciably. The former alternative is probably the case
for pentane.

Further, ceriticism of the expression in equation (8) may be
made Irom the standpoint or what happens when & is mede very small.
On general grounds it is clear that Q. can diminish to zero provided
the temperature be made inrinite. Our expression fails to satisfy

this requirement. If we differentiate it we get

g = T
H R e (3)

8o that & has turning values when the bracket term is zero. If
A has a minimum value we get a curve similar to that in fig. ﬂ
which means that the sphere can ignite only at points within the
obtuse angle of the eurve, and that above the upper curve, it
cannot ignite. This anomaly arises from our assumption that the
rate of heat loss from the initial shell is proportional to the
temperature excess of the sphere, so that at a sufficiently high
temperature it again loses heat more rapidly than the combustion

produces, i.e. it is too hot to ignite. This does not mean that
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ignition does not occur; it must when the loss of heat brings the
temperature down into the allowed region. Such a process is
actually absurd. The expression breaks down here because in
developing it, the etfeot of the heat conducted away on the recip-
ient gas layers is not considered. This would require to be
allowed tor in an exact theory.

It may easily be shewn however that the above anomaly need
not prevent application of the theory to normal conditions, for
the temperature at which it arises is so high as to be meaningless.
If this is T, , we £ind by equating the bracket in equation (7) to

zero
{

T o= (-1,
Thus T’ is of the order of 1o,ooo°c, a quantity of no interest in
the question connected with gas ignition, (the explosion tempera-
ture of the most powerful blasting explosives being only‘about
500000) and indeed having little meaning as a temperature. Hence,
the expression may be considered satisfeoctory up to at least booo°c.
At the other end, the theoretisel expression may also be
oriticised in that it does not predict the "ignition temperatures”
observed by the various authors ocited in Part I. It does however
predict the values found in our experiments on particle ignition
correctly. The probable explanation is that the theory makes no
allowance for time-lag, and gives its accuracy in predicting
temperatures of the order observed in our experiments from the

faot that ignition by the sphere must be practically instantaneous,



since it is in motion. If time lag were allowed ror, igniting
temperatures might conceivably be reduced, since into the theory
would come the amount of heat produced after a given time as well
a8 1nitial rate of heat production. The theoretical expression
may therefore be considered as very good above about 70000 where

time-lags become small.
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Section 6.

Conclusions on the theory advanced.

The characteristios of ignition of a gaseous mixture at
atmospheric pressure by a moving hot sphere are adequately repre-
sented by the theory of a certain thermal limiting condition
developed in this thesis. The conditions prevailing are not
suitable ior the 1noidénce 0ol purely chain explosions. The theory
explains the existence of & minimum igniting temperature dependent
on particle size and leads tvo an expression which can be used,
provided certain constants in it are known, to calculate the mini-
mum temperature at which a sphere of a given size will ignite a
given gas mixture. The constants involved refer to the chemical
kinetics of the reaction, and some of them, particularly the
energy of activation may readily be determined from a set of
results such as ohtained in our experiments - ir the theory is
valid. This point is of coﬁsiderable importance, since it offers
a very convenient and simple method of determining actiyation
energies ot gas reactions in the explosive region. Here the acti-
vation energy cannot be determined by usual methods, since these
involve measurement of a finite reaction velocity. It is hoped
that the method will prove of use to workers in this trield. Similar
considerations hold if the reactions ooourfing are heterogeneous.

Further, onoe the constants are determined from a set of
experimental results, it becomes possible to calculate the igniting
temperatures of spheres so small as to be inconvenient for experi-

ment. This is oi great importance in connection with the 1gn1tion
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of gas mixtures by hot solid products rrom detonating explosives,
such as can occur in coal mining (ef. Part I.). Knowing the tem-
perature of explosion one can calculate the maximum safe size of
s0lid particle allowable in the products, or conversely if it is
known that a certain maximum size ot particle is produced on dis-
’integration, a safe® limit can be assigned to the explosion temper-
ature. For example, we may calculate the minimum size of particle,
from an explosive whose explosion temperature is 300000, which
will ignite a 7% methane-air mixture. In our experiments a sphere
of radius 0.325 oms. ignited at 120000. Applying the derived

formula to these figures and using the value of 61,400 cals/gm.mol.

18
given by Hinshelwood and Fort( ) for the activation energy of the
methane oxidation we trind the constant ILog Z%%g = 12.71. TUsing

this value, with the above value of A, we find a minimum required
radius of 7.7 x 10".6 cms. at 300000. S50lid particles ifrom the
explosive would be capaﬁle of igniting a 7% methane air atmosphere
if they exceeded this size.

Suffiecient knowledge of the size of particles created by
fristion is not available to allow calculation of igniting tempera-
tures for such sparks. Given such data, the caloulations ceould be
made readily on the above hypotheses.

The theory is approximate, and does not hold rigidly for ¢
tending to zero and for QL tending to infinity, since it does not
show an infinite temperature in the first case, nor is the expression
asymptotic to the ignition temperature in the second. 1In spite of

this, it is shown to be satisfactory at least in the temperature
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range 700°-5000°C. This is jJust the range which is of interest
in the problems enumerated in the introduction.

Values of kinetic eonstants derived by the application of
the theory to the experiments on pentane and hydrogen, described
in Part II, are in general agreement with known values from other
work. Such agreement, together with its satisfactory qualitative
interpretation of the results observed in our experiments,

constitute strong support 1or the theory.
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B. APPENDIX.

ON THE APPLICATION OF CERTAIN HEAT CON-
DUCTION SOLUTIOKS FCR A UNIFORM
MEDIUM TO THE TEMPERATURE DISTRIBU-
TION IN TEE GAS SURROUNDING A METAL
SPHERE.

1h
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INTRODUCTION.

In connexlon with the experiments on the ignition of
gaseous mixtures by heated s=pheres, the writer found it desirable
to obtain an expression for the distridbution of temperature in
the gas surrounding a metal sphere of known initial temperature.
The expression was required to allow numerical caleculation of the
temperature and temperature gradients at a point in the gas. A
gearch through the literature of heat conduction problems trajled
to produse such an expression. So far as the writer is aware,
no solution eapable of arithmetical treatment has been given to
the abovz general problem. Robertson(l) has given a solution
using the wave-train method developed by Green(z), but it is
not sonvenient for numerical evaluation. The direct methods of
Fourler analysis are inapplicable, because the co-existence of
the different media destroys the conditions whieh allow determina-
tion of coefficients. R. E. Langer(s) has explained a method of
overcoming this difficulty in the case of a certain eylindrical
problem. This may be capable of development for the case of a
sphere immersed in a different medium, but it is again doubtful
if it would lend itself to arithmetiocal treatment. The internal
temperatures in a sphere with known surface conditions are dis-
oussed by J. H. Awbery(4), but an external medium is not considered.
Carslaw(s), by conventional analysis, and Bromwich(e), by the
Heaviside "operetional method," treat of the temperatures in a
sphere with a surrounding thin shell of different material.

Their solutions admit of numerical calculation, as do those of
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Awbery, but the condition that the outer medium is a thin shell
renders them inapplicable to the present problem.

Thus, sinee no exact solution was found for the general
problem, we sought for a good approximation that might be taken
to serve for our special eircumstances. The argument proceeded
as follows. There are several known solutions of the Fourier
equation ror tvemperature distribution in a uniform conducting
medium. It seemed reasonable therefore to consider what condi-
tions prevailing in a uniform medium would approach most closely
to those produced in the gas by the presence of the sphere. It
is then possible that some of the known solutions might fulfil
such conditions. Then, by ldentifying the gas with the uniforn
medium and considering only temperatures outside a radius equal
to the‘radius of the metal’sphere, it was thought that a service-
able approximation to the actual temperature distribution would
be found. Such solutions have been investigated and may be used,
in the manner indicated by the present paper, to give arithmetical
values required in conmnexion with experimental work on ignition.
‘Apart, however, from this application, the form of the combination
of solutions for a uniform medium may be of theoretical interest
in showing how the source and sink method due to Kelvin may be
applied to satisfy arbitrary additional conditions. It must be
remarked, however, that the solutions discussed are considered
only with regard to eertain very limited intervals of time, such

as those which are alone concerned in explosion work.
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The Condition assumed in the Uniform Medium.

The first step is to enquire what conditions may be

assumed to exist in the metal sphere and gas problem. They are:-

(a) That the gas in contact with the surface of the
metal has the temperature of the surftace.

(b) That this temperature at the sphere surface may be
assumed to be constant at its initial value tor & short dut

finite time.

We are neglecting entirely convection and radiation, so
that these assumptions are justified by the foilowing considera-
tions:-

(1) The thermal capacity of'the gas per unit volume is
very much less than that of the metal, and its conductivity is
also much smaller. The gas in contacet with the sphere must thus
be raised almost immediately to the surfeace temperature.

(2) aAgain, because of the large difterence in capacity,
the heat lost by the sphere will have comparatively little effect
on its temperature, although it causes considerasble rise in the

ad jacent gas.

We are, in faot, treat;ng the thermal capacity of the
sphere as infinite in comparison with that of an equal volume
of gas, and are regarding the surface temperature of the sphere
as practically constant during a short interval of time. Thus,

sinoce our object is to find the temperature state in the space



outside the sphere, we may change to & uniform medium problem
8imply by regarding the sphere as an apparatus for maintaining

a spherical surface at constant temperature for a short but
finite time. e now enquire whether the above conditions can
be Qatisfied by superposing the known eftects of certain sources

in a uniform medium.

The Maintenance of Constant Temperature at a

Spherical Surface in a Uniform Medium.

The fourier equation for a spherically symmetrical distri-

bution of temperature in a unitorm medium is

v T

2
M'+’&%%:-t%e_t c e e e e (1)

where k is the thermometric conductivity of the medium, i.e., its
thermal conductivity X divided by its speeific heat per unit
volume e¢. The following solutions of equation (1) are known for
the different types of source indicated:-

(1) Instantaneous point sourece, generating amount of heat q:

_."1
1 Q,*kr ‘ |
= . ;’ e e o o e o o 2
% <(TTRO % (2)

(Fourier, 'Theorie de la Chaleur,' § 485.)
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(2) Continued point source, supplying q units of heat per

second:
A 2
-~
¢ = e A«
lﬁg-: . ] . 3 . (5)
x
DINE 1q

(Taylor-Jones, lorgan, and 'Jheeler, Phil. Iag. x1liii.
p.364 (feb. 1922.))

(3) Instantaneous spherical surtace source, supplying 2
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units of heat distributed uniformly over the whole surface,

radius b: Qr\%—)l (7+%)'L
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(Lord Kelvin, Enc. Brit. 9th ed. art. "Heat," sppendix)

The expression there should be divided by'Tr.

(4) Instantaneous spherical volume source radius b, total

heat supply Q: Ny v_%
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(Teylor-Jones, Morgen, and Wheesler, loc. e¢it. p. 367.)

To those we may add:



(5) 4 continued spherical surface source supovlying heat
per second. The distribution due to this source can be derived by
integrating evuation (4), thus:
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Vihere r £ b, the subsgtitution x = > z leads to the
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When r>b the required substitution is x = 2 kb’ and

i T

. e LS
lgﬂzi%{,\(‘k) - —




oQ

Now let a be the radius of the surtace whose tenperature
is desired to maintain constant. /e may begin by determining the
efifect of source (4) in the uniform medium. Let T, be written

éf‘
for ——-—5— the initial venperature ol *the source. If the result-
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ing distributlion is denoted by 9| , we have
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Then at the surface r = a,
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Let b = a. i.e., let the instantaneous volume source have

the required surface as its boundary. Then
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Since ior small values of %, e ke is very small, the
negative term in (11) is much larger than the positive. 6, thus

gives a rapid fall in temperature at r = a. It is clear that no

o 6

choice o:f constants can make ) zero at all times. e
§t T=A

can, however, superimpose another source upon that already present

80 as to obtain a resulting time derivative whose modulus Is ruch

less than that of ?_?;) . For we see from equation (4)
of /r=-a

that the distribution due to an instantaneous surfece source has

(-’1 as a factor, as does the negative term in equation (11).

Thiz expression is, however, the time derivative of the distribu-

tion due to a continuous spherical surtface source, as given in

equations (7) and (8). Thus ve may aenote the distribution due

to the continuous surrace source by 6 and. add it to 6, . Since
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if we let the radius b of this source also equal a, then
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Adding this to 06, ana putting 0 =6’+91 , we get
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Clearly Q =)\Wackbmakes the second term vanish for all

values of t. This gives the value ol the rate of heat supply

which must be supposed in the superimposed surrace source. iie
are left with -%;
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This positive residual quantity cannot in itself be
considered negligible, but it will be showvm by caleculating
grithmetical values of the expression for f civen by the super-
imposition of the two above solutions that its erfect during small
intervals oT time 1s negligible for et least a satisfactory
lehgth or time.

The expression for 9'admits of convenient simplification,

for, putting Q =I'.T|-°\<-‘\’~To in the superimposed part, we get, for r<a,
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Some of the derinite integrals combine to give
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Similar simplification of the corresponding expression

for r >a gives, since the signs of some of the definite integrals

are changed, o ol
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This is zero when t = 0, as is required. loreover, the

expressions (18) and (19) agree when r = a, and we haves, when

t ¥ 0, o
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Néw. because ol the instantaneous volune source, the initial
temperature of the surface r = a is T_ . But a characteristic of
the distribution due to that source is that the surface tempera-
ture, as soon as t is not zero, drops to T:,/z (vide Taylor-Jones,
Morgan and Vheeler, loe. cit. p. 367). The same happens in our
case, but then the growth of temperature due to the coincident

continued spherical surface source compensates Ior any rurther



fall. The temperature at r = a is then appreciebly constant at
(=)
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To/ , until the term To e dﬁ# becomes significant.
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This is clearly seen from equation (20). The smaller the radius a,
the sooner will the rise in temperature be appreciable.

Tables I and II show the distribution given by 6 at various
times for values of a respectively 0.25 cm. and 0.1 em. They show
that this combination of sources, which we shall call Solution I,
does serve to keep the surface r = a at constant temperature for
an appreciable time after t = 0. They also indicate the time at
which the temperature at the surface begins to rise percegtibly.

The temperatures are shown as fractions of T and are calculated

o !
for air, taking k = 0.5.

The plotting of these values in figs. 1 and 2 shows clearly
how the distribution curves rotate round the point r = a, 9'=.“7Gl

as t inoreases, for small times.

The Application to the Metal and Gas Problem.

This has been made directly by taking Te/2 as the

original temperature of the metal sphere and a as its radius.
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The values given above, for r >a, ean then bhe used as approximationsﬁ
, : |

to the temperature dlstribution in the gas, so long as the time in

question is one for whioh the rise in temperature at r = a is
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TABLE I.
Solution I. a = 0.25 em.
t Tempgi?ture at r em.
seconds.
0 0.22 0.25 0.26 0.30 0.35 0.45 0.60
0.0001 }.1.00001| 0.9984 0.5000 0.1527 0 0 0 0
0.001 0.9999 | 0.8053|0.5000|0.5613]0.0475|C.0006 0 0
0.01 0.9123 | 0.5657{0.5000 [|0.4423}0.257 |C.1135(0.0125 0
0.02 0.7044 | 0.5278|0.5002 |0.4536|0.3016}0.1713 |0.0437|0.0027
TABLE II.
Solution I. a = 0.1 cm.
R Temp;rature at r om.
secénds. ©
o |0.07 |{o0.1 0.11 |0.13 |0.20 [0.25 0435
0.0001 1l 0-9980| 0.5000{0.1444|0.0011 0 0 0
0.001 0.9653{0.,7552[{ 0.5000|0.3416|0.1318}0.0004 0 0
0.02 0.5160/0.5194|0.5227(0.4345/0.3022|0.0801 |0.0258|0.0017
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neglisible. Tables I and II thus give us an idea of the 1imit

0l time up to which 3olution I may be applied to the metal sphere
and gas proble~. This time may be e&lled the Limit of wpplication
0 Solution I. For a = 0.25 em. it is somewhat greater than 0.02
second, and for a = 0.1 em. it is about 0.01 seccnd. ‘e are, of
course, here concerned only with temperatures in the gas outside
the radius r = a, and the portions of the curves in figs. laand 2a.
for r>20.25 em. and > 0.1 on. respectively are thus assumed to

¢+ve the required vslues.

Fig. 1a

: A. t=0-0001 sec

v Bt 0'Q0 isec.

H

. C. t=0-Otsec. — . _ ﬂ
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vt =002sec

Solution I. a = 0.25 em.

fig. za,

A.t +0-000! sec
B. ta0-00Isec.
C. t=0 Olsec.

Solution I. a = 0.1 em.



It may be pointed out that, in making this application,
the instantaneous temperature T, of the surtace of the instan-

taneous volume source in the uniform medium is entirely ignored.

This is justifiable, considering the suddenness of the drop to
To/2.

An Alternative Solution.

We have seen that Solution I causes a rise in temperature
at r = a when the initial period oi constancy is past. This is
a distinet difference from the conditions prevailing in the sphere
and gas problem, where the temperature must begin to fall. It is
possible, however, to add another of the spherical solutions given
on pp. 13—30 %o Solution I so as to obtain a distridbution whioch
indicates falling temperature at r = a, after a preliminary period
of approximate constaney. (The instantaneous volume source alone
would, of course, provide such a fall of temperature, but this
would be much too rapid for the conditions of our problem, since
it would meke no allowance for the capacity of the sphere relative |
to that of the gas.) |
This second solution, which we shall call Solution II, may ;
be obtained as follows:- Let the distribution given by Solution I

be denoted by ¢ . Then
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Examining the list of known solutions, we rfind that
equation (2), which represents the distribution due to an instan-
: : . ="
teneous point source, consists of a term in t 2i.e., the
derivative of a continuous point source solution consists of a
“2 - e
term in ¢ , Which is the power of % in egquation (21). So
let us imagine that we have, in addition to the sources of 3o0lu-
tion I, a continuous point sink at the centre, which absorbs heat

qQ per second. If the resulting distribution is now § , we have
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Defining q as l'-“o\(‘k"o this becomes
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The expression for the temperature distribution due to

all thre® sources superimposed now becomes:

(a) » >a, 0 2 <
euj T e | T
SRR Jn
2% y+a
2¥KY
—2T% a (¥ _x — (24
I B
I



0

(v) r& a, - 'y
T
oD o | M L 3) ®
w ¥ Jewr ~NTT &y
2 3ex L A
x’L
—aTs & e Ay (25)
e G
g T
The temperature at r = a according to (24) and (25) is
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VWie see that this is approximately constant at T,/2, until
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begins to fall. This occurs much sooner than the rise in Solution

I, as is shown by the numerical values given (also for a = 0.25 em.

and a = 0.1 em.) in Tables III. and IV. The corresponding curves
for Solution II are given in figs. 3aand 4ea..

Now if we are to confine the use of Solutions I and II in
the metal sphere and gas problem only to values of ¥+ for whieh the
- surface temperature may be assumed constant, Solution II will
cease to apply sooner than the rirst, since 2 Soog_“ﬁlqu

* T

becomes significant berore j Q e . We see from
[« &

w——

NE Ly
equations (19) and (25) that the two solutions give identical

distributions for r Pa, up to the time when the second begins to

e s



Tall at r

= 8.

after that, II has a smaller gradient than I.

for r < a ti€y o not coincide, because the presence of the

sirk requires

- @

Ifor the temperature at the centre.

N

TABLE III.
Solution II. a = 0.25 cnm.
% Temperature at r em.
] TO
seconds.
9 |0.22 0.25 0.26 0.30 0.35 0.45 0.60
¢.0001 -w 10.9984| 0.5000}10.1527 0 0 0 0
0.001 -® [1.0000]0.5000] 0.361310.0475]10.0006 0 0
0.02 -0 [0.3917]| 0.4232|{0.3911 |0.2734(0.1618(|0.0873|0.0027
TABLE IV.
Solution II. a = 0.1 em.
t, Te@%erature at T om.
seconds. ')
0 0.07 0.10 0.11 0.13 0.20 0.25 0.35
0.0001 -0 | 09980/0.5000|0.1444|0.0011 0 0 0
0.001 -0 | 0.7011|0.4984]0.3412]|0.1518|0.0004 0 0
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Since the distributions are at first equal for r > g,
the question as to which of the two solutions is more suitable
in the application is simply the guestion of how long we are
entitled to assume constancy of temperature at the surface of
the metal sphere. It depends, therefore, on the capacity of the
metal sphere relative to that of the gas. The larger this s,
the longer we can assume constancy to continue, so that for a
very large capacity we may use Solution I up to its limit of
constancy. %With a sphere of smaller capacity constancy can only

be assumed to last for a shorter time, so that it may be un-

dig. o
0 I A. t=0°000! sec
T ) B. t=0'001 sec.
[} C. ¢t
D. 1

75

Solution II. a = 0.25 cn.

fig. 4.0

r

Solution TT. &8 = N.1 oanm.
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suitable to use the solutions for times after the beginning of
the fall of temperature at r = a in Solution II.

It is possible that a still closer approximation to the
conditions of the sphere and gas problem, applicable to still
later times, could be arrived at by superposing the effects of
a fourth or a fifth hypothetical source in a uniform mediuﬁ, but
it is thought that for the purposes of the experimental work in
connection with which these caleculations were undertaken, Solutions
I and II give a sufficiently close approximation, provided they
are not used beyond their time limitations.

It is tempting to suppose that Solution IT will continue
to hold as an approximation to the distribution in the gas even
after it shows appreciable fall in the surface temperature, since
this actuelly occurs with the metal sphere. The same, however,
might be said for an instantaneous volume source alone, except
for the difference in degree. Solution II only represents an
improvement upon the instantaneous volume solution in so far as,
ite tall of temperature at r = a being more gradual, it allows
for the scapacity of the sphere. This allowance may be inadequate
if it is used beyond the point we have discussed. Hence it is
advisable meéntime to confine the application of these solutions
in the problem of the temperature distribution in the gas round a
metal sphere rigidly to the supposition of constant temperature

maintained at the surface of the sphere.
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