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INTRODUCTION

DEAS about flame go back to the beginning of ideas.
Their development is traced elsewhere 40, In the
small compass of this book the authors cannot attempt
more than a brief survey of the present state of our
knowledge.

The flame of a morsel of solid fuel, burning in ajr,
consists of a heterogeneous mixture of gases, mutually
reacting with emjssion of heat and light. The mixture
is sustained by the diffusion into the flame of ajr coming
from without and of vapours, distilled from the surface
of the fuel, coming from within. The form of the flame
is determined by a variety of circumstances, but there is
always the effect of the disparity that exists between its
own density and that of the air ; and there is generally
the effect of the motion of the dark hot gases that have
burned and now rise rapidly into the air.

The simplest example is the flame of the candle,
drawn upward by its own draught. There is a dark
central region ; this consists of the vapours of the fuel,
changing chemically because of the temperature, but
not burning. Then comes the yellow, luminous region
where the vapour is mixed with a little entering air
and burns with the precipitation of sooty particles which
are incandescent not merely as a “ mantle ”’ or a wire
is incandescent when heated, but also because they are
largely consumed as they meet more air. There is a
faintly luminous region between the two, another
between the yellow zone and the air, and a third at the
base, where the flame almost touches the fuel.

The flame of & fuel that is liquid may also be exempli-

1



2 FLAME

fied by the flame of the candle (since it is exactly similar
to the flame of a lamp), the process of distillation being
a common essential to the combustion of all non-gaseous
fuels ; but here the function of the wick is not only to
serve as a stillhead for the fucls but also to localise the
combustion and thus to keep it under control.

It will be clear, as Davy ! pointed out, that all lame
consists in the combustion of an explosive mixture of
gases ; and at this point it may be well to say something
of what is meant by the word ‘* explosive .  The explo-
sion of a mixture of mutually reactive gases may in
certain circumstances be indicated by a percussive
expulsion of gas from the container, but this is no cssen-
tial criterion of the phenomencn to which the word
¢ explosion ”’ is nowadays applied. An explosion occurs
when the radiant shell passes through the mixture. The
quiet burning at the mouth of a  bunsen ” is no less an
explosion than the burning-back to the base which is
attended by a noise. It is true also, therefore, to say
that an explosion occurs when the mixture passes through
the radiant shell. The inner cone of the Bunsen flame
is a true explosion-flame. The outer hood consists
merely of the burning of fuel surpluses and end-products
in the atmosphere, and it may be reduced to a negligible
thickness by forcing the air-supply until the burner
becomes a ‘“ blowpipe . The inner cone of the Bunsen
flame is thus a stationary explosion. Its angle fluctuates
with the rate of the upward stream. When the gas-tap
is gradually closed, the cone declines to a flat disc, dips
inward, and passes down the tube. That is the most
commonplace example of the * propagation ” of flame
through an explosive mixture of gases; it is produced
by the introduction of air into the distilled gas before it
becomes flame. If, on the other hand, an inflammable
gas is present in the atmosphere round a flame, there
are further phenomena : when the content is small,
there is luminous combustion in a small outer zone
which is called a ““ cap ™ or ““spire ” 2; as the content
is made larger, the vertical dimension of this aureole
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is extended until, in atmospheres which are all but
explosive per se, it becomes a pillar of lame which tends
increasinglv to burn outwards and downwards. This
is a “flare 7.

The simplest example of the “ propagation ”’ of flame

through an cxplosive mixture of gases occurs however
when ignition takes place at the centre of a rigid spherical
container, every plane passing through a diameter being
a plane of symmetry. The faintly luminous surface of
the flame is itself a hollow spherc concentric with the
container ; the motion of the unignited gas outside it is
uniformly centrifugal, (its own movement is uniformly
centrifugal until it dims, yielding its réle to the neigh-
bouring outer layer) and the movement of the ignited
gas within it is uniformly centripetal.® The rigidity of
the container obviates atmospheric disturbances which
are not absent when the sphere is a bubble ; and gravi-
tational effects may for most purposes be entirely
neglected when the period of inflammation js small.
Many costly researches have been vitiated becausec these
conditjons have not been observed, and ** central ignition
in a sphere 7 is now the usual arrangement for many
types of flame-analysis.
. The pressure-system is dynamic, since a continuously
renewed generator is continuously dissipating its power.
The fall of pressure inward from the flame-surface to
the centre is stecply exponential without discontinuity.
The fall of pressure outward from the flame-surface to
the wall, however, is preceded by an abrupt fall, since the
surface of the flame, which is in most respects the acme
of pliability, is in this respect an unbreakable piston-
head. The fall of pressure in the unignited gas is
therefore strictly comparable mutatis mutandis with
the fall of pressure along a cylinder that is receiving a
moving piston.?

Whether because the pressure at the flame-surface
reaches a critical value characteristic of the mixture or
because the rate of rise of pressure at the flame-surface
reaches such a value, flame may in certain mixtures be
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propagated at a rate comparable with the speed of sound
in the hot gases or with that of the molecules themselves.
This is the phenomenon of detonation. The rise of
pressure in the container is otherwise unfavourable to a
high rate of propagation of flame.

The distribution of temperature is less simple. It fally
sharply outward from the flame-surface into the neigh-
bouring unignited gas ; if the thermo-chemical equation
were realised at the flame-surface and if there were no
further irruption of heat in the interior of the flame, it
would in its carliest stages fall continuously inwards
also, the fall extending to the centre: that normally
this does not happen is an important datum in the
formulation of a theory of gascous combustion.

The retarded completion of the encrgy transaction is
often manifested hy the emission of radiation from the
ignited gas within the flame. This residual emission of
energy is not fully accounted for by shifts in the chemical
equilibrium that are brought about by the rising pres-
sure ; it occurs also when no such effects are possible.
The region chiefly concerned emits that visible radiation
which is usually and naturally regarded as characteristic
of the flame-surface (because the infra-red radiation,
which is far more truly characteristic of the surface,
is invisible). This visible radiation is immedijately due
to the quiescence of clectrons towards thejr final orbits
within their molecules. A proportion of the molecules
lose electrons by collision ; it is this loss and this restora-
tion that confer upon flame-gases certain electrical pro-
perties which will be reviewed. The radiation may be
analysed by the spectrograph and assessed by the
photo-cell. This examijnation demonstrates that the
emitters from the flame-surface are not all always
present in the ignited interior gas which is chemically
quiescent. The emission from this gas is ascribed to
the operation of the rising temperature upon the freshly
produced linkages. Its appearance was noted in the
case of clectrolytic gas by Bunsen 4; and Frankland &
showed that a continuous spectrum was produced both
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by this mixture, and by the similar mixture that contains
carbon monoxide instcad of hydrogen.

This phenomenon may be observed also in jet-flames :
Frankland ® produced it in the hydrogen flame by in-
creasing the pressure; Smithells ¢ produced it more
simply. He showed how the two cones of the aérated
flame of Bunsen’s burner might be * separated . In
this invention he may be regarded as having sheathed
the mixing-tube of a bunsen-burner with a longer outer
jacket. In such an arrangement, an adjustment of the
rate of mixture-supply will—while leaving the outer cone
at the outer extremity of the jacket—cause the explosion-
flame, the * inner cone , to * burn back * through the
ascending mixture to the end of the mixing-tube.
Now under these circumstances the “ inner cone > may
be swathed in an aureole ? somewhat less luminous.
Mixtures that give this aurcole at atmospheric pressure
in the separator may naturally exhibit it also when
the flame ““ burns back *’ or passes through the mixture
at atmospheric pressure in any other experimental
arrangement 8,

In the ordinary jet-flames of carbon compounds—as
of methyl alcohol, which Frankland 5 made to burn
with a bright white light—the increase of illumjnation
under pressure is probably mostly due to an increased
production of the incandescent carbonaceous solid
particles to which Hooke ?, and later Davy 1, ascribed
the light of flames. The proportion that is due to these
particles may also be increased by increasing the carbon
content of the fuel (as in Henry’s 1 substitution of
unsaturated hydrocarbons for methane), or by raising
the temperature of the flame (as in Nejlson’s invention
of directing two flames into a common zone of com-
bustion). The operation of temperature is again of
especial interest : that it has a share in the production
of light from ineandescent particles is proved by the
experiments of Knapp 11, who fed the mixture-supply
of a luminous flame with various diluents with the effect
of making it non-luminous ; that it has also the other
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réle, previously mentioned, is again shown by Wibel’s 12
cxporiments—in which he made the ordinary bunsen-
flame luminous by merely heating the mixing-tube—
together with Heumann’s!® corollary investigation,
which demonstrated that this heating did not alter the
composition of the gas-mixture supplied.

The processes of ignition provide the experimental
investigator with perhaps his most difficult subject.
* Ignition ** rcfers to the extremely minute volume of
gas that is first enkindled. The ignition may be due
{as in the later propagation) to the proximity of the
mixture’s own flame, and the first increase in kinetic
energy (and in consequent molecular collisions) is due
almost solely to the temperature, since burned-out end-
products or hot inert gas will also cause ignition. It
may be due to spark or other discharge, where the first
increase in kinetic cnergy (and in consequent collisions
of molecules and ions) is induced electrically. 1t may
be due to a hot surface, where the preparation is not
altogether independent of the actual orientation of the
adsorbed molecules. 1t may be due to adiabatic com-
pression, which includes too many possibilities to be
free from doubt as to cach contributory item. The
processes of flameless combustion and of the * cool
flames ’ are studied with much less difficulty, though
the difficulty remains considerable.

An explosive mixture that by a small alteration in
constitution or condition may be rendered non-ignitible
is called a *limit-mixture*’, and the term is most
commonly used of a critical mixture of the fuel with air.
The speed at which flame will pass through such a mijx-
ture is comparatively very slow.

The ignitibility of a mixture is usually expressed by
reference to the method of ignition. When, for example,
an electric spark is employed, the minimum sparking
current is such a measure 141516 When the explosive
mixture is raised to a given temperature, the ““lag on
ignition ”’, the time taken for flame to appear, is a
measure of the ignitibility of the mixture. The igni-
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tibility increases as the conditions alter in a sense
favourable to a greater rate of chemical reaction. The
* dilution limits of inflammability > have a very definite
technical value when they refer to air. The chemical
reagent supplied by air is oxygen, the nitrogen acting
mostly as a moderator of the reaction. 1t is not, how-
ever, a simple diluent ; and it is customary in research
to avoid the difficulty inherent in this fact by the use
of argon or helium when simple dilution is all that
is required. The cncouragement of reaction by such
bodies as nitrogen peroxide, and the inhibition of reac-
tion by such bodies as iodine, is a branch of research
in itself.

The speed of propagation of flame in an explosive
mixture is a fundamental constant, and it must not be
confused with the rate at which the flame moves under
some particular cxperimental conditions; for these
affect the motion of the medium through which the flame
is moving. When we leave the sphere with central
ignitjon, we admit a number of new considerations which
will be examined and explained.  'When the container is
tubular and open and ignition oceurs at the vent, we
lhave the condifions adopted for study by very many
flame-investigators, and the uniform movement of the
flame into the container has provided many data useful
in formulating generalisations on the relative explosi-
bilities of fuels.



CHAPTER I

HEN a flame is started in the interior of a
container, it grows at first in every direction at
the same rate. If the source of ignition is a point, the
flame is a sphere. As it grows, two changes may occur ;
and in these two respects the flame behaves for a time
exactly as if it were an unbreakable luminous bubble, -
blown from within. (This analogy yieclds still longer
service if we allow for a growth of the flame that is
roughly uniform and normal at every point on its
surface.) There may be a change in its position, since
it must move toward a position such that the resistance
to its expansion is everywhere equal ; and there may be
a change in its shape for the same rcason. The only
condition under which there is no change in position is
when ignijtion occurs at the mass-centre of a gas-space
that is compact and geometrically simple. The only
condition under which there is no change cither in
position or in shape is Central Ignition in a Sphere. It
is the lic of the wall about the flame that governs hoth
its shape and its position 3.

Change in Position

During the injtial, spherical, growth of the flame, its
expansion displaces the neighbouring unburned, gas,
and this in turn displaces gas that is further distant
from the flame. The amount of displacement decreases
with the distance from the flame, because every parcel
of displaced gas accepts a small compression. This
compression iy highest next the flame-surface ; and it
falls to zero at a distant spherical surface in the unburned

8



CHANGE IN SHAPE 9

gas. The radius of this rapidly receding outer spherical
surface increases at a speed that is equal to the speed of
sound in the unburned gas. This surface is the oufer-
most limit of the cushion of gas that fends the flame
from external obstacles and resistances. It is the end
of a pressure-gradient that falls outward from the flame-
surface uniformly in every direction. It encloses all
the gas in which there is & flow or displacement due to
the expansion of the flame. This flow is outward from
the flame-surface in every direction, and the rate of this
flow at any point is a function of the pressure-gradient
at that point. As soon as this spherical limit of acoustic
disturbance reaches the wall of the container, the pres-
sure tends to mount therc, and fending begins, the
pressure-gradient along this radius becoming stationary
and the radius itself increasing as the flame expands
preferentially in other directions. Thus in any compact
gas-space the most noticcable result is that the lie of
the wall, the external resistance to the outward flow
from the flame-surface, causes a centring of the flame
in the cavity 3.

Change in Shape

For the same reasons (since the flame-surface, though
unbreakable, is exquisitely pliable), as it smoothly
changes its position theve is a smooth change in its
shape. The flame does not only move toward the
centre of the container : it also accommodates itself to
the shape of the containing cavity. Since gas must
always be quiescent, in the sense that there must always
be flow towards a uniform level of pressure, the general
flow in the gas-space is dictated by the maintenance of
two isobars. There is an isobar at the wall of the con-
tainer, or a rectifying flow that tendsto establishit; and
there is an isobar at the flame-surface. The isobar at
the wall is stationary ; the isobar at the flame-surface is
mobile. There is a flow from one to the other that
compounds with the flow which is eentring the pressure-
source (the flame) in the container. The flame-smiface
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burns into this flow and is thus extended preferentially
in the direction of greatest room 3.

Change in Area

Another way of stating this is to say that the isobars
in the unburncd gas tend to every shape intermediate
between that of the flame-surface and that of the bound-
ing wall, and that the flame-surface tends to lic succes-
sively upon these shapes. If for any reason the isobars
are disturbed, and thus increased in area, the flame-
surface in due course registers this disturbance. The
disturbance may be produced from the cexterior by the
force of a jet, or a fan may be spun in the gas-space 1721
or therc may he some local fall of pressure due to local
cooling or to the development of a leak. Just as the
flame in a container that is shaped like a cone will taper
towards the apex, so a flame in a gas-space open to the
atmosphere will taper toward the leak or ovifice. Simi-
larly, a flame in one compartment of a chambered gas-
space moves toward the communicating orifice ; and a
flame in a chamber of a gallery that is not uniform in
structure is extended towards the vents, symmetrically
only if the ventage is symmetrical. When the flame
has passed through such an orificc or tunncl or re-
stricted channel, it appears on the other side as a long
tongue having a very low ratio of volume to surface-area.
Hore it may increase its arca with consequently high
rapidity ; or, on the other hand, it may be pulled right
back into the first chamber by some collapse of the
pressure within the flame-gases 3.

Such a collapse is brought about when a large tract
of the flame-surface comes into contact with the wall of
the container. For this has two results, both tending
to the collapse of presswre: first, there is the local
cessation of pressure-gencration ; and sccondly, there
is the creation of an actual drain of energy (by cooling)
over the region of contact. Thus, in general, it may he
said that a flame that starts at the wall, or at some later
stage makes contact with the wall, is held to it by the
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same forces that hold a submerged bubble of vapour
to the wall of a beaker containing a liquid that is about
to boil 3.

Another cause of collapse of pressure in the flame-
gases is seen in experimental techniques wherein some
of the internal gas is drawn off through a hollow probe
into a vacuum. Finally, pressure within the flame may
be lost if a leak or burst is developed in the region of
cooling contact. Inany event, the position of the flame-
surface is affected by every volume-change or pressure-
change as between the ignited gas and the unignited gas.
If a leak or burst is developed outside the flame, the
movement of the flame towards it is much swifter than
if the orifice had been operative throughout the whole of
the flame-period ; and the degree of turbulence is
heightened accordingly 3.

Rise of Pressure

When ignition is central in a sphere the internal pres-
sure mounts, as more and more gas is burned, until as
the last spherical layer is inflamed, it reaches the
maximum. This maximum pressure, Py, has a value
higher than can be attained under any other condition’;
for there is no other condition under which all the gas
in the container can be burned without a severe local
loss of energy due to cooling. This maximum represents
the translation into expansion, and thence into pressure,
of all the heat liberated during the flame-period that is
not dissipated in radiation and in conduction-losses.
(There can be no loss by convection : the flame ¢s the
gas * conveyed ”.)3

Although the combustion of the same gas-mixture in
a differently shaped gas-space would procced to a
maximum pressure of lower value, there are portions of
the flame-period during which the rate of rise of pressure
will be greater. For comparative periods prior to con-
tact between the flame and wall, the rate of rise of
pressure is at a minimum when the container is spherical
and ignition is central. The extension of the flame-

o
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surface towards regions of lowest pressure increases the
rate, because at any sclected point in the rise of pressure
the pressure-generation is proportional to the surface-
area of the flame. Similarly, a local fall of pressure due
to a local release of unburned gas greatly increases the
rate because of the responsive expansion of the flame
towards the vent. Even the loss of pressure by contact
of burned gases with the wall may causc an increase in
the area of the flame-surface, so that this loss may still
diminish the nett figure of maximum pressure reached
rather than the nett rate of rise of pressure 3.

Clerk 17 showed, however, that a maximum pressure
nearly as great as that associated with central ignition
in a sphere can be produced (with very rapid ratc of rise)
in a non-spherical gas-space. This occurs when the
igniting agent is an antecedent explosion in a small
auxiliary compartment ; for a shaft of gas is thrown
thence very abruptly into the major container, and an
atomised spray of flame, consisting of innumerable
independent points of ignition, follows upon it. Here
again is the principle of the chambered gas-space which,
as Beyling * was to show later, must be eschewed if rapid
rise of pressure is to be avoided. A similar result in
turbulence (which is a crumpling of the isobars, and
conscquently of the flame-surface) is obtained by the
entrance of a shaft of gas alone, as was pointed out by
Schlésing and Demondésjr 8, who shortened the time of
total inflammation of a quantity of gas-mixture by
spirting a jet into it. This is the principle of the car-
buretter. In the cylinder of the internal combustion
engine, the flame starts in a wind-storm ; the charge
enters on the hecls of the piston in a misty jet at the
speed, as Clerk put it, of an express-train. The charge
is already turbulent when ignition occurs, and its pro-
pagation is turbulent. Such turbulence has often been
imitated in experimental techniques by the use of a
spinning fan 19-21,

The maximum pressure attained in a vented con-
tainer varies with the relation between the form and
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arca of the vent and the volume of the container. The
importance of the lic of the wall about the flame has
somewhat diminished. The flame behaves as if it wore
the flame of the antecedent explosion in Clerk’s experi-
ment, with the atmosphere as the major container.
Yet the position of the ignition has its importance :
ignition at the wall opposite the vent mcans that the
flame sweeps the container clear of unburned gas;
ignition at the vent means that the flame burns into
the container against a contrary motion ; intermediate
ignitions involve a sailing of the flame to the vent,
followed by an inward burning against the gas-flow.
Every additional intricacy of flow means an increase in
area of the flame-surface, and thence an increase in
rate of rise of pressure with a consequent development
in the gas-flow. There is thus a culminating voiding
of the cavity into the atmosphere ; this is percussive,
and is what is intended in non-technical language by
the word * explosion .

If the ventage is not opened until some time after
ignition, thesc effects vary according to the pressure
that has been attained and the development of the
flame which till now has grown in a closed gas-space.
In experimental work, the ventage may be the rupture
of a soap-film, or the break-down of inertia of gas-
flow in a capillary, or the blowing of adhesive tape
away from an orifice that it closes, or the smashing of a
glass lamina ; but ventage is most satisfactorily timed
by some kind of accurately controllable automatic
mechanism 3.

The Gas-Flow in a Spherical Container with
Central Ignition

The pressure-gradient in the kindled gas falls rapidly
and smoothly from the flame-surface inwards to a value
of the same order as the mean pressure in the container.
If we take a section at a diameter, the flame-surface is
a “ridge of high pressure . The height of this ridge,
and the sheerness of the inward fall, will be modified
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by any delay in the emission of energy from the kindled
gas. This inward flow within the flame probably sus-
tains the tendency of the surface to remain a sphere,
even when ignition is not central in a spherical gas-space;
it has no other important effect. The shedding of
pressure in this inward flow from the watershed ridge
is the same shave of the total pressure that 15 being
generated at the flame-surface as the volume of the
flame is of the total volume of the gas-space.

The flow in the unburned gas falls from a valuc ab
the ridge along a pressure-gradient that is the same as
if the flame-surface were the moving head of a piston.
That the pressure (as well as the temperature and
density and chemieal constitution) is abruptly changed at
the flame-surface is evident, if only from the considera-
tion that the pressure just outside it is continuously
rising while the pressure just inside it is continuously
falling. The rate of flow in the unburned gas at any

point appears to vary inversely as its distance from the
flame-surface 3.

Gas-Flow under Asymmetrical Conditions

These conclusions reqguire little alteration for the con-
ditions where ignition is central in any compact gas-
space. Where ignition is not central (and not at the
wall) there is the slight asymmetry of flow that pushes
the flame toward a central position. Where ignition
is at the wall, the inward flow within the flame is
increased to compensate the cooling of the kindled gases
that have made contact with the wall; less energy is
available to move the residual flame-surface, and the
nett ** propagation ” is siower. The maximum pressure
attained, moreover, has a lower value, as is shown by
fig 1 in which ignition at the ccntre of a sphere is com-
pared with ignition at various other points.

Pressure-meets and Planes of Stillness

When two flames grow symmetrically in the same
container, there is between them in the unburned gas a
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surface separating the two outward flows. On hoth
gides of this surface the gas is flowing towards it, but
there is no motion at the surface. This * pressure-
meet ”’, a word coined on the analogy of watermeet,
is a planc of stillness and is undisturbed throughout
the explosion. If the flames are not symmetrically
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placed, this surface moves undisturbed towards a position
of symmetry ; but in cither event cach flame bhehaves
at any moment as if the rigid partition which we have
called a pressurc-mect were a solid wall.  If, for example,
we employ a tube having a length which is an integral
multiple of its diameter, we may regard it as a scries
of square cylinders, scaled rim to rim; and we may
start a flame at the same moment at the centre of each.
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All the flames will behave exactly as if the square
cylinders were mutually sepavated by solid partitions.
This has enabled Ellis and Morgan 3 to examine the
temperature-gradients in nearly spherical flames without
involving the curvature of the container in their caleula-
tions. They employed quintuplet flames. (Sce fig. 3
in refce. 34, fig. VILI 3 in refee. 40, or fig. 23 in refce. 7.)
On the other hand, if in such a composite tube one
flame is started bhefore the others, the younger flames
will move at first in the flow that it has sct up as
“ straws ”’ or * marker-flames "’ registering the speed of
this flow ; but, as their size becomes significant, pressure-
meets will be established, and the behaviour of cach flame
will be regulated at any instant by the size and shape of
the gas-region that is bounded by the wall of the tube
and the then position of the nearest pressure-meets 3.

Convection and Gravitation

If the source of ignition is a gradually heated surface,
such as a wire bearing an clectric current, convection
is set up in the gas before the flame is started ; and
there is a consequent compounding of this factor with
those already deseribed. When the coxplosive gas-
mixture has a very high thermal conductivity, there is
a characteristic fraying or pitting of the flame-surface.
Apart from these two instances, convection is limited
to the post-flame hot gases; during the flame-period,
while there is eonvection within the flame, there can
be no convection, properly so called, in the unburned
gas around it. This gas does of course, however, suffer
the motion consequent on the expansion and upward
translation of the flame. Indeed, the effect of gravita-
tion is always apparent, except in the propagation of
flame from the centre of a small spherical gas-space
confaining a mixture of short flame-period. When the
movement of flame is to be predicted, an upward vector
must always be compounded with the other forces con-
sidered. Flame tends to slide upward past the mixture
into which it is burning, just as air-hanks slide past cach
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other in the atmosphere. Any propagation, for example,
that is initially horizontal soon becomes canted. The
apex of the coned form that is adopted by the flame-
surface after the ‘* arrest  in a closed tube (scc pp. 40,
86) falls along a parabola..

The apparent absence of gravitational effect upon a
flame that is started at the centre of a sphere containing
a mixture of short flame-period is partly that the accele-
ration starts from zero and has little time to develop,
and partly that the denser surrounding gas, which would
mould the flame, is quickly merged with it and has no
reinforcement from the atmosphere ; for when a flame
is thus started, even in the fastest mixtures, if only
they are contained in a bubble, the moulding of the
shape of the flame is clearly seen. This change of shape
and position is best observed, however, in a closed
spherical gas-space containing a mixture that is only
feebly inflammable. If ignition takes placc anywhere
on the vertical diamecter, the flame rises through the
mixture, taking the shape to be expected of any light,
pliable, submerged body. Thus its vertical chords
tend to ecquality, and a recess is developed at the base.
As the flame develops a boring action, this recess
becomes a sharply defined cusp. This rise of the entire
shell of flame takes place even when the ignition is at
the base of the sphere, the adhesive tendency being
entirely overcome by the gravitational one.

When the crown of the flame reaches the roof of the
sphere, an extensive area of cooling is formed, the
pressure in the sphere falls, and the unburned gas
beneath the cusp is greatly expanded. Then this
vortex-shaped flame-suwrface burns slowly downwards
in the spinning gas to the base of the sphere.

In the weakest mixtures, the recess is not a cusp but
develops a symmetrical vase-form. Disturbed, the flat
disc that has replaced the point of the cusp may become
an oscillating protuberance.

‘When ignition is not on the vertical diameter, a vector
representing the centripetal action of the gas-flow is
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introduced. This applies also to cxperiments in gas-
spaces that are not spheres,

In mixstures of intermediate inflammability, the
effects are a slight rise of the mass-centre and a flattening
of the flame-base. In a vented vessel, flame in a weakly
inflammable mixture sails to the vent and lodges there ;
where the mixturc is a “rich” one, a flame of the
bunsen type is then constituted, with an inner cone
that tends to burn back into the vessel and will do so
if the mixture is not too rich to admit the propagation
“ per se” of the flame 3.

Rotation

The apex of the coned flame-surface, that falls along
a parabola under other conditions, travels in a thin
helix when the tube is vertical ; and it would appear
that this boring movement is the incvitable method of
the expansion of one body of gas through another. In
detonation, the path of the flame is helical 3 79,

Detonation. The Pressure at the Flame-Surface

The speculation of Mallard and Le Chatelier 158 as to
the initiation of this phenomenon has heen generally
adopted. Nernst 22, for example, writes: * First we
have the condition of slow combustion, heat being
conveyed by conduction at adjacent layers and there
following a speed of propagation of a few metres per
second. But owing to the high increase of pressure that
accompanies the combustion, the speed of motion of the
flame must continually increase. As soon as the com-
pression in the still unburned layers becomes so great
that spontaneous ignition results, the now much more
pronounced compression-waves must he propagated
with very great velocity, and we have the spontaneous
development of & detonation-wave.” This picture has
not been challenged. If we adopt it, we must imagine
that in a series of mixtures that detonate, the height
of the ridge of pressure in the flame-front depencds on
the intensity of the chemical reaction there. When the
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mixture ix clectrolytic gas, this pressure is of the order
of twenty atmospheres 23 21, We must further imagine
that in a scries of mixtures that do not detonate, the
pressure in the flame-front varies from a small quantity
(with very weakly inflammable mixtures) to a high value
(with mixtures that all but detonate). In the initiation
of detonation, this pressure in the flame-front must
reach a critical value characteristic of the mixture.

Flame Temperatures

When a mixture burns at atmospheric pressure, the
temperature of the surface of the flame may be assessed
by colouring it with sodium vapour and balancing the
brilliancy of the D doublet against the continuous
spectrum of a tungsten strip 25731, Attempts have also
been made to apply this method to the flame-surface
of an explosion in an enclosure. As to the gas behind
the flame, its temperature has been assessed by changes
in the resistance of current-bearing wires 3% 33, by the
response in current of thermo-electric junctions?, and
by measurements of its refraction of a line-shadow 28, 34,
In an enclosure, the temperature of the gas usually
mounts from the flame.surface towards the interior of
the flame 32733 ; and this is not merely an effect of the
compression of the burnt gases : it occurs before appre-
ciable compression can take place.

Measurement of Pressure

The carliest attempts to measurc the pressures pro-
duced in gaseous cxplosions were probably those of
Cecil 3¢ (1820), who made explosions rupture strings of
known breaking-tension, and of Bunsen 4, who measured
the mass that an cxplosion would lift against gravity.
The object of such investigations was usually the caleu-
lation of explosion-temperatures.

In 1861 Hirn 37 published explosion-pressures that
had been obtained with a Bourdon spring manometer.
Twenty years later, Berthelot and Vicille % used a light
piston working against a spring in a tube, which was
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attached to the iron explosion bomb; and at about
the same time Mallard and Le Chatelier 3 employed a
Bourdon gauge.

Dugald Clerk 17 (1886) was the first to obtain a record
of the development of pressure during the passage of
flame through an explosive mixture. It was odographic.
He used a Richards indjcator, replacing the reciprocating
drum by a revolving one. This carried smoked paper
to record the movement of a scribing style. The
pressure of the explosion acted on the indicator piston,
and the attached pencil traced on the drum a ‘‘ pressure-
time record ”’, which showed the rise of pressure during
the explosion and the progressive loss of pressure on
subsequent cooling.

The most notable types of pressurc-recorders used in
rocent years arc those in which the explosion-pressure
“does work ”’ against a very strong spring or against
a metal diaphragm, the resultant small movements being
magnified by optical methods. The best-known example
of the first of these types is the Petavel manometer;
and diaphragm manometers have been used by Fen-
ning %1, Morgan 4! and others. The inertia and lack of
critical damping of necarly all these manometers tend
to invalidate the pressure-records obtained, because of
oscillations in the moving parts of the manometers
themselves ; especially is this so with the faster-burning
mixtures, or with a vibratory propagation of flame.

An clectrical recording manometer of low inertia and
high natural frequency has been described by Allsop
and Lloyd ¢2; and this has been successfully used for
recording very rapidly developed explosion-pressures.
A diaphragm unit receives the pressure, and the small
movements of the diaphragm are detected through the
consequent changes in the clectrical capacity of the
system, These produce corresponding changes in the
current of a valve voltmeter circuit, and can thus be
recorded on an oscillograph.

Many investigators have sought to utilise explosion-
pressurcs for the determination of specific heats. The
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method was never satisfactory and it ix now definitely
superseded by the spectroscopic method of Nernst.

For the measurement of pressure-changes in the
vicinity of the head of a detonation-wave, or of a shock-
wave, Robinson 23 has developed a method, used—follow-
ing Thomson’s suggestion **—hy Keys 23, that employs
the piczo-electric properties of certain crystalline sub-
stances, In particular he has used a slab of tourmaline
suitably cut with respect to its crystallographic axes.
The relation between the applied force and the quantity
of electricity that is generated is linear, and with tour-
maline is 54 5 1078 c.s.u. per dyne. This ° piezo-
electric gauge *’ has no moving parts and there is no
inertia or lag. It develops immediately the extremely
minute high-voltage charge due to the operative pressure.
The voltage is recorded on a cathode-ray oscillograph—
the only type of oscillograph that is not debarred, by
reason of the inertia of its moving element, from faithfully
following the voltage variations of the gauge. The some-
what earlier method of Campbell 24, applicable to the
detonation-wave alone, depended on the rupture of
laminae of metallic foil stretched across the entire cross-
section of the containing tube.



CHAPTER II

The Registration of the Movement of Flame

ERTAIN early methods of recording the movement
of flame-surfaces are now of only historical inter-
est. Such are the method of Bunsen 4, who balanced
the outward flow of an ignited jet of explosive mixture
against the inward movement of the flame-surface
through the mixture ; the method of Fonséca 43, who
forced the jet at high speed from ity orifice and deter-
mined his result from the dark gap between ; the method
of Schldsing and Demondésir 8, who employed a stop-
watch to record the point-to-point motion of a flame-
surface along a tube; and the Pneumatic Method of
the Marey drums 44,

Mecthods now usually employed only upon special
problems where photography is out of the question have
been based upon the rupture of L.T. electrical ecircuits
at metal strips placed in the path of the flame 458,
the completion of H.T. electrical circuits by the discharge
across the flame upon its arrival at sclected points 49,
and the current-change in electrical circuits 22 by the
increased resistance of metal strips in the path of the
flame when its surface reached them.

The Dbases of the photographic registration of the
motion of light-emitting bodics against a dark back-
ground have been very fully explained by Marey 44,
It was he who in 1877 combined with these the odo-
graphic principle of Poncelet and Morin 44 into a con-
trivance by which a continnousimage of a luminous tra-
jectory was projected on to a moving surface that was
photographically sensitive. 1n odography, motion in

22
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one direction is scribed upon a surfuce moving in another
divection ; when the scribing pencil is a ray, the method
may be called odophotography. This method was intro-
duced into flame-research by Mallard and Le Chatelier 50,
and it has since been habitually employed hy their suc-
cessors. We owe to Wheatstone 31 the use of the
rotating mirror c¢mploved in the flame-rescarches of
v. Ottingen and v. Gernet 32, but these authors them-
selves appear to have originated the idea of governing
the ignition of the explosive mixture by the motion of
the mirror. It is by large increases in the speed of the
relative motion of mirror and sensitised surface that the
odophotography of flame has heen carried to its highest
pitch of delicacy and beauty as in the work of Fraser 88
and in that of Payman and Woodhead 34,

It was probably Bunscn ¢ who first employed a slotted
disc for the timed visual observation of the combustion-
process ; but it is again Marey 4 who used it in the
timed intermittent pictorial photography of luminous
objects, using a pair of lenses so that the photographs
obtained upon the stationary plate might be cither
single or serial, and cither alternate or stereoscopically
paired. This method was introduced into flame-research
by Ellis and Robinson 3, who incorporated with it the
idea of making the disc itself the controller of the ignition
(as well as of other electro-magnetically controlled opera-
tions taking place during the experiment) in such a way
as to register not only the interval between successive
snapshots but also the interval by which each snapshot
{or other operation) followed the moment of ignition.

This snapshot method is in many ways more con-
venient than the still carlier invention of Janssen 44, who
in his * astronomical revolver  rotated not the shutter
but the plate itself ; and it is Iess expensive than the
method of Muybridge 1%, who used massed batteries of
electro-magnetically controlled cameras. These snap-
shot, devices, which were the immediate antccedents of
the cinematograph, have not as yet in flame-rescarch
been superseded by cinematography.,
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The method of Spark Photography, developed by
Savart, by Boys, by Tépler and by Dvorak 3%, can be
applied to flame-research in two ways. Both depend
upon the fact that a ray of light that is passing through
a gas, or through a mixture of gases, is deflected by
differences of density. The photographic material
does not receive focussed light from the flame of the
explosion, but is irradiated by a beam of light across
which the flame passes, giving a kind of shadow. The
simple shadow method of Dvorak has been applied to
the photography of flames and of pressure-waves by
Payman and Robinson and also by White 5. The
Schlieren method of Tdpler has been similarly adapted
by Payman and Shepherd 5. Topler’s principle has
heen applied in the quasi-cinematography (the move-
ment of the film being continuous) of flames in weakly
explosive mixtures of hydrogen and air by Terada and
Yumoto 3, The Dvorak principle has been combined
with the method of direct snapshot photography in the
study of similar flames by Guénault 59,

The Fundamental Speed of Flame

If experimental conditions remain unchanged, ignition
must communicate itsclf to successive layers of the
mixture at a constant rate, and the motion of the con-
tinuously renewed luminous shell will be uniform. The
conditions that must not be changed are the temperature,
the pressurc, the arca of the shell and the flow of gas
near the shell. Then the motion of the shell through
the mixture is the symptom of the continuous repetition
of an unaltered proeess, and its rate is in a constant
ratio to the = fundamental speed of flame ” in the
mixture. For explosive mixturcs that can be burned
at a jet as a regular cone, Gouy %0 has shown that this
value may be determined from the formula

V =wv. sin «
where V = the rate of trauslation of the conical shell,

normal to its surface and relative to the
mixture,
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v == the gpeed of the flowing mixture, which
strikes the surface of the cone at an angle,
o«  (the “angle of the cone ")-
and where, moreover,
v — tho speed of the flowing mixture
the area of the conical shell
Numerous investigators have sought to adapt and
embellish this method, but it must nccessarily remain
inferior to any other that is free from its inherent limita-
tions ; for example, the geometrical imperfection of the
cone and the impossibility of avoiding the entry, at its
base, of some of the external atmosphere. In the
method of Coward and Hartwell 8¢ these flaws are
eliminated, and the method has the further outstanding
advantage that, by varying the experimental conditions,
flame-surfaces of various areas may be made to pass
through mixtures of the same constitution. In this
method, a column of gas contained within a cylindrical
tube is ignited at the open end. The septum of luminous
shell, as it is continuously renewed, moves inward
through the mixture; and it is photographed inter-
mittently at regular intervals. So long as the shell
retains a constant shape and area during a defined
period of a given experiment, any change in the condi-
tions prescribed above is indubitably negligible. Then
the ““ fundamental speed of flame ” in the mixture is
obtained as before from the formula

V= the volume of gas burned per second
- the area of the sholl

The tube may be supported in any position whatever,
and it may be of any practicable diameter ; for though
a change, either in diameter or in orientation, will affect
both the numerator and the denominator of this ratio,
it does not affect the ratio itsclf,

Lewis and von Elbe 82 have developed a method
for determining the “ truc speed ” of flame, relative to
the moving unburned gas at any point in & closed sphere,
Their determinations depend on analyses of time-
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pressure records of explosions. The basis of the calcula-
tions is the establishment of the relation between the
amount of gas burned up to a certain time and the
pressure established at that time. They have employed
the work and equations of Mache 3% to deduce that the
speed of flame,

g dnfm\e Ty By
—(lt 7y T_IP—

where r; = “radius of the burned phase when no ex-

pansion occurs.”

7, = radius of sphere containing the expanded
burned gas.

T, = temperature of the ‘ unburned phase ™.

T; = initial temperature of gas.

P; = initial pressure of gas.

P = pressure of burned gas.

Speed Determinants

Three formulae have been proposed as bases for dis-
cussion and experiment. The first is that of Mallard 63

(1875) :
T —¢ 2.L
V= L /r—.y

where V is the speed
0 initial temp. (abs.)
t ignition temp. (abs.)
T temp. abs. of kindled gascs
o a constant for the mixture
L thermal conductivity of the mixture
r.y constants of the tube.

In the second, that of Mallard and Le Chatelicr &
(1883), the terms relative to the tube are discarded ;
since the material of the tube (giving y) is no longer
regarded as having importance, and since the authors
belicve that if a tube of sufficiently great radius is
employed, + can be omitted. The speed is made, pro-
portional to the conductivity instead of to its square
root, and the term ¢ (" the mean specific heat of the
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kindled gas between 0° and T ’) is inserted. Then, if
k is a numerical constant, the speed may be given by

In the third equation, that of Danicll 5 (1930), the whole
expression is put under the root-sign and three new
terms appear.
J is ““ the rate of reaction, that is, the reciprocal of the
time in which the reaction is completed ”’
po is the initial density of the mixture
0, is a harmonic mean temperature which is probably
nearer to T than to ¢
¢ is definitely C,. The cquation is
V = T—-00Lf
t—005¢cpy’

Discussion and experiment have largely been limited
to the second of these. In none of the equations can
we substitute values and thereby caleulate the speed
of flame through a mixture ; but large support for the
soundness of the second equation may be found in the
fact that during fifty ycars of rescarch, experience has
shown the truth of certain contributory factors and of
T—¢
- finds
strong support in the results of Mason and Wheeler 48,
They conclude that in mixtures of the same thermal
conductivity the speed is proportional to the numerator
of this term and inversely proportional to the denomina-
tor. The equation may also be examined in the light
of considerations relating to Reaction Velocity, Calorific
Value and Thermal Conductivity.

certain deduced corollaries. The term

Reaction Velocity

This is a term which Chemistry has accustomed us
to apply to the progress of homogencous reaction in an
intiniate mixture, and some caution is necessary in its
use relative to the zone of reaction that moves through

?
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such a mixture when the problem is that of flame. It
will depend on the frequency of collision, that is, on
the temperature and pressure ; on the cnergy of activa-
tion ; and on the numerator of the mass action expres-
sion, that is on the product of the concentrations of the
reacting bodies : and this last factor is perhaps the most
important as being nearly akin—if we except the energy
of activation—to the origin of the others. On this
account, Payman %7 has argued that in a scries of
mixtures of oxygen with an inflammable gas the speed
of flame will be greatest in the balanced mixture and
that any excess or defect of oxygen will decrease the
speed. The truth of this contention has been proved
experimentally in two types of propagation ; it is true
when flame moves along an open tube at a constant
speed towards the closed end, the pressure and tem-
perature being constant, and it is also true when flame
moves from the centre of a sphore (with the same
development in all directions) towards the wall, the
temperature and pressure rising.

The reaction velocity therefore, as would indeed be
supposed from the considerations advanced in the
opening paragraphs of this chapter, appears to be the
over-riding determinant factor governing the speed of
flame 68,

Calorific Value

In the comparison of series of similar mixtures, the
equation yields various deductions which experiment
confirms. Since the rise in temperature is cqual to the
result of dividing Q, the liberated heat, by ¢, the specific

heat of the burning gases, or T — ¢ = —?, then we may

write the equation
£L.Q
“og—0 ?

p being a speed-term which should be inserted in any
equation to express the fact that there are mixtures
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where V is zero, although the other factors are all posi-
tive. Then, in such a secries as 2C0 4 O, -+ m.Ny,
where differences in the amount of nitrogen malke large
differences in Q but small differences in I, ¢ and (¢ — 0),
we may write
V =f.Q — b where f and b are constants.

This has been proved experimentally in two types of
propagation ; it is true when the mixture is ignited at
the centre of a sphere, and it is truc when the mixture
is ignited in a tube and the measurcment refers to the
movement of the flame during the period before cooling
contact with the wall takes place .

Thermal Conductivity

If, on the contrary, @ is kept constant, the equation

reduces to
a.L
V= el where d and @ are constants.

In view of the doubt as to the value of ¢, it is more
satisfactory to avoid great changes in specific heat.

Then we¢ may write

VYV =d.L— a,
that is, the velocity is a linear function of the thermal
conductivity. That this can be true for extensive series
of mixtures has been shown by firing a number of
suitable media prepared by adding nitrogen to basic
mixtures of the constitution 2.C -+ #.E, where C stands
for the balanced mixture of oxygen and carbon di-
sulphide, and E is electrolytic gas. The choice was
indicated by the low conductivity of carbon disulphide
and the extremely high conductivity of hydrogen.
Five series of such mixtures were prepared, Q being
constant in each. In all five sets of results, it was
found that
V=dL—a.%®

That,this is not universally true, however, is demon-
strated by the results of Coward and Jones 68 with
mixtures where the diluent gases are argon and helium,
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Increased Initial Temperature and Pressure

If the initial temperature of the mixture is raised
before firing if, then the term # — 0 is diminished and
the speed of flame is increased. This increase masks
the decline in Q duc to the ravefaction of the gas before
ignition. The result has been demonstrated in all the
three types of experimental treatment that have been
mentioned 21, . If rarcfaction is prevented, the con-
sequent rise in pressurc may he presumed antagonistic
to increase in speed, though it will generally be masked
by the effect of the increased temperature, since it has
been shown that other things being equal, the pressure
corresponding to the highest speed of flame is, for

some unknown reason, in the neighbourhood of one
atmosphere 2L,

Displacement of the Maximum Speed

In a secries of mixtures of a fucl with z.R -+ 4.0,
where R is any inert gas and the proportion of a to y
is constant, Q must increasc as the proportion of fuel
increases, until we come to a mixture where there is
exactly enough oxygen to burn the fucl completely ;
thus the balanced mixture of methane and air would
burn completely to carbon dioxide and water without
leaving any residue, cither of methanc or of oxygen.
At first sight, it might appear that any further increase
in the fuel content would waste available heat in bringing
“ cold ”” methanc molecules to the temperature T with-
out burning them; and that the surplus methane
wounld act as the nitrogen does on the whole, that is
as a diluent or cooler. On this view, however, though
Q would now diminish, L increases ; for the thermal
conductivity of methane is higher than that of ajr.
The speed of the flame also continues to increase, and
—although as we add more and morc methane we come
to a point where the speed of the flame begins to diminish
—the mixture in which the speed of flame is greatest
contains more methane than can be burned to carbon
dioxide and water.
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This displacement of the maximum is general and
oceurs also in series of mixtures where the thermal con-
ductivity of the fucl is less than that of ajr %3, 7. The
effect of L is almost negligible in this matter as com-
pared with that of Q, if we define Q as the heat liberated
in the chemical reaction that is taking place in the flame-
front. The mixture exhibiting maximum speed must
be nearly the mixture in which Q, as so defined, is at
a maximum. For example, when the fuel is carbon
monoxide, the balanced mixture cannot complete the
combustion to carbon dioxide in the flame-surface ; a
more complete combustion is attained with an excess
of carbon monoxide; when methane is the fuel, the
flame-surface is the arena of very few triple collisions
of two oxygens with one methane as compared with
an cnormous humber of hi-molecular collisions of the
type giving the reaction

CH,+ 0,=CO -+ H,0 + H, } 80 calories
half the oxygen being inactive in the flame-front, so
that the addition of methane to the mixture will increase
the production of heat in the flame-front and raise the
speed of the flame,

These results also have been demonstrated in all the
three types of experimental treatment that have been
mentioned.

The Uniform Movement

It will now be well to speak briefly of the three experi-
mental treatments which have been mentioned. In the
phase of propagation that Mallard and Le Chatelier
called Le Mourement Uniforme, a septum of flame
surface may move inward from the open end of a tube
for some distance at a constant speed; and if the
diameter and the orientation of the tube are standardised
many uscful results and thcorems may, as we have
seen, be based upon measurements of the displacement
of the luminous septum or shell relative to the tube
itself. They cxact a careful technique, which has been
standardised by Mason and Wheeler 7, gince any dis-
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turbance at the mouth of the tube may be continued
throughout the propagation of the flame-shell by dis-
tortions of its shape that nccessarily alter its area.
When, for example, the mixture contains an excess of
fuel, the gases expelled from the mouth of the tube will
burn there as a jet, or ** outer cone ”’, in the atmosphere ;
and Mallard 83 expressly excluded such mixtures from
certain of his generalisations. An adventitious disturb-
ance ab ignition may be cqually cffective in causing a
change in the propagation of the flame ; the shell may
recreate itself steadily, it may move forward with a
scooping or boring motion, or it may develop a surface
that is crencllated. Thus, of a scries of results of
differing value for the same mixture, the value required
is not the average but the least : this value corresponds
to a shell of minimum area and to a gas-flow of minimum
disturbance 72,

A certain flow of gas is clearly incvitable. The flame-
sholl has three aspeets : it is the unbreakable boundary
between the kindled gas and the gas about to be con-
sumed, so that it registers any local gas-flow ; it is the
source of this gas-flow whicli is due to its local expansion ;
and it is a pressure which, at the axis of the tuboe, presses
cqually in two directions, hackward upon the atmno-
sphere and forward upon the column of unburned gas.
In addition, thorcfore, to the lift of the hot gascs, there
is a forward flow at the axis of the tube ; and there is
a hackward flow near the wall, where the shell itself is
a zone in the gases that are flowing outward ; for the
unburned gas flowing outward does not escapo ignition
as it bends the flame-shell back, bhecomes in its turn
part of the flame-shell, and, having in its turn expanded,
passes out of the tube. It will be noted that the column
of unburned gas is at a pressure slightly higher than
that of the atmosphere ; but for all except acrodynamical
purposes this difference in pressure is less than nogligible.

The second cquation of Mallard and Le Chatelier
differs from the first in that it makes no mention of the
diameter of the tube. They sought to climinate this
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factor from the problem. Davy! had shown that for
any mixture there is a limiting diameter beneath which
this type of propagation cannot take place; and
Schlésing and Demondésir ™ had found that the pro-
pagation takes place at higher and higher speeds as the
diameter is increased from this limit. Mallard and Le
Chatelier % cxplain these kindred facts by the observa-
tion (originally, perhaps, duc to Blochmann 11) that
flame cannot touch a cold solid; so that the shell
is always surrounded by ‘“ a very thin annular zone of
unburned gas-mixture in which there is a gradient from
the temperature of the wall to the temperature of in-
flammation. The gas in this annulus escapes com-
bustion until it has diffused into the hot gas.” * Ex-
tinction is the more casily achieved the necarer the
mixture to the limit of inflammability and the greater
the ratio of the cold annulus to the cross-section of the
tube, This ratio increases as the diameter of the tube
lessens and as the flame-speed lessens.”” They conclude

that T will not be affected when :—v is negligible as

compared with the specific heat of the hot gases: that
is, when r and v arc sufficiently large. Now r is the
radius of the tube, v the speed of the flame and £ is
“a certain coefficient of conductivity ’ which is thus
climjnated with benefit by the use of a tube that is
suitably wide.

Thus the material of the wall of the tube has no
influence or an influence within experimental error. A
further intercsting ¢ conclusion to be drawn from this
work is that the diameter necessary for the complete
absence of drag-by-cooling is the bigger the smaller the
flame-speed ; and that the diameter causing immediate
cxtinction is the smaller the bigger the flame-speed ™.
As to the ratio between the two diameters for any given
mijxture, the one for no propagation, the other for
completely free propagation, it differs little from 5:
“in other words, if we take a tubc of diameter five
times the limiting diamecter, we can be pretty sure of
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finding ourselves working under the same conditions as
if we employed a tube of a diameter indefinitoly large ”.
This freedom, however, does not result in making the
recorded speed independent of the diameter of the tube.
Mason and Wheeler 7 show that there is a progressive
parallel increasc up to the highest diameter taken, which
e
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was 96:5 cm. (see fig. 2). Using a 10%, methane-air
mixture, Chapman and Wheeler ?3 found their results
nearly expressed by the equation V == ¢.D*, where ¢ and
k are constants. It has been shown by Coward and
Hartwell 7 that the results would probably be the same
in all tubes wider than 20 cm. in the absence of some
factor which becomes increasingly prominent in tubes
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of more than 15 cm. diameter. ‘The naturc of this
factor was first indicated by an obvious contrast between
the photographs of the uniform movement in narrow
and in wide tubes.” The one is smooth, the other
crencllated. For the same mixture, the one does not
cant as much as the other. Both differences are due
to convection, to the lift of the hot gases. Both differ-
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ences involve a greater proportional area of the flame-
shell in the wider tubes,

The great importance of convection had already been
demonstrated in Mason and Wheeler’s extensive in-
vestigation of tho effect of differences in the orjentation
of the tube (sec for example fig. 3). As to the length
of the tuhe, Mallard and Le Chatelier observe that the
distance travelied by the flame during the uniform
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movement increases not only with the diameter but
with the length 79, “ up to a point, after which no useful
purpose is served by increased length. The useful
length increases as the diameter increases.”

Numerous published results (sce fig. 4) relate to tubes
of 25 cm. diameter and 150 cm. in length, but the

5o

-
<
l\‘\

Speed in centimetres per second

150]
RROoN MoyonIDE
125 Marrerns)
100; ‘ i s h
s < G g Tt L2
L e ] 7 \\
= ST A<

. T
§ 10 16 20 26 80 35 40 45 50 55 00 65 10 76

Percentage combustible gas
TFie. 4

generalisations deduced are independent of thesc par-
ticular experimental conditions. For example, such
tubes were employed to test the generalisation of Pay-
man and Wheeler as to the speed of flame in mixtures
involving blends of fuels, but exceptions to the applica-
tion of the generalisation do not refer to the type of
flame movement. It is true, for example, of all blends
of saturated pavaffing, It has been stated thus75:
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Given two or more mixtures of air or oxygen with different
individual gases in each of which tho spood of propagation of
flame is the same, all combinations of the mixtures of the same
type (all containing excess of oxygen, or all containing excess
of combustible gas) propagate flame at the same speeds under
the same conditions of oxperiment.

Ignition Within a Tube

Many results relate also to the shell that is carried
out of the tube (or towards the far end of a closed tube)
under the expansive force of its products, to which is
added the speed of its propagation into the unburned
gas, i.e., the speed that is governed by the surface-area
of the shell and the fundamental speed of the mixture.
A large portion of the nnburned gas then leaves the
tube ahead of the flame and is mixed with the atmo-
sphere. The student is warned against the pitfall of
supposing that the gas ahead of the flame-shell is in a
state of rest. There is a gentle gas-flow, demonstrated
by Coward and Hartwell ¥4, even under the conditions
of * the uniform movement . Consider now the condi-
tions where the tube is closed at the firing end and the
flame-shell has moved half-way along the tube towards
the other end which is open. If there is no movement
in the unburned gas, then the column of burned gas,
in a tube open to the atmosphere, has been raised to a
temperature of some 1500° C. without expansion. This
of course is absurd. Actually we can demoustrate the
expulsion of the unburned gas by stretching a soap-film
across the open end of the tube, and a shadow-photograph
measures the extent of the growth of the bubble that
takes place heforc the flame reaches it 3. 'When the
tube is open to the air a Schlicren snapshot is a very
simple means of demonstrating the expulsion of unburned
gas ahead of the flame 57,

A similar movement in the unburned gas takes place
when the far end of the tube is closed. The pressure
rises throughout the tube, but the rise in the unburned
gas is brought about by a shift of gas; the rate of this
shift at any point being measured by the earliest move-
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ments of ¢ marker-flames » started independently at
sclected point-times in the unburned gas. It is pro-
portional to the distance of the point considered from
the original flame-shell 3,

Three general truths from Chapter I will explain much
that is common to the sclected examples that follow 3,

1. The flame, as a source of pressure, tends to move
to a position where the resistance to its pressure
will be everywhere cqual.

2. Any cooling contact provides an areca of adhesion,
since over this area cnergy is lost, while every-
where else at the surface of the burned gases
energy is being liberated.

3. The gas outside the flamic-shell is moving outwards
under the expansion hrought about near the
surface. The gas ingide the flame-shell is moving
inward under the expansion brought ahout near
the surface.

Ignition in a Tube open at both ends

If in all other respects also the ventage is cqually
free at both ends, the flume-gases expand to atmospheric
pressure cqually in both directions. If the tube is long
in comparison with the diameter, there is a momentary
check on the expansion ; since the harrel of the flame-
surface makes contact with the wall of the tube. Instead
of the clongation by expansion of an unbroken single
surface of flame enclosing the flame-products, we have
thenceforward two scptums of flame-surface each of
which propagates towards its own end of the tube with
a velocity equal to the velocity due to the net expansion
of the cooling interior gases plus the veloeity that is
governed by the surface-area of the septum and the
fundamental speed of the mixture.

Central Ignition in a Tube closed at both ends

The burned gases within the flame expand towards
whatever is the pressure to which their expansion has
alrcady compressed the unburned gases outside the
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flame. The pressure-gradient is thus much less steep
than in the last example, and the recorded movement of
the flame-shell gradually diminishes (in comparison with
its rate in the last example) until it is markedly less ;
the rate of this diminution depending upon the length
of the tube. The axial diamceter to which the flame
expands before the check also depends upon the length
of the tube ; it can never be greater than when the tube
is open at both ends.  After the check, cach septum of
flame-shell is usually a flanged cone, the apex pointing
inward, this increase in area assisting to make good the
sudden discrepancy that occurs between the pressure
within the flame and the pressure without when the
long barrel of luminous surface, which has till now com-
pletely enveloped the burned gases, itself burns out
against the wall of the tube.

Asymmetric (axial) Ignition in a Tube closed at
both ends

The mass-centre of the flame moves centrewards until
the check occurs. Thereafter the two residual septums
of luminous surface burn towards the appropriatc ends
at such speeds as would scem destined to complete the
two tasks at the same instant. The septum having the
longest distance to travel is usually a flanged cone, but
the other is often ellipsoidal. The diffcrence is due to
the difference in the amounts of unburned gas involved
in the inward backflow that is necessary to cquilibrate
the pressurc-loss in the cooling burned gases between
the two septums of luminous surface.

Interior (axial) Ignition in a Tube open at one end

The mass-centre of the flame moves towards the
atmosphere with the gas-flow until the cheek oceurs.
When the check occurs, the burned-outl barrel of the
flame is held by the area of adhesion, but the residual
luminous surface facing the atmosphere is still assisted
by the outward flow until it passes out of the tube;
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_ thé residual luminous surface facing the closed end burns
S‘:aga.inst the gas-flow as in the Uniform Movement.

FLAME

" End (axial) Ignition in a Tube open at one end
This is a condition not covered by the last example.
The flame is never a sphere, nor is the luminous surface
at any time a continuous surfuce enveloping the burned
gases. It is a dome which clongates rapidly as its
circular basc increases towards the cross-section area of
the tube. The barrel then collapses, and this is the
first of many checks. Mallard and Le Chatelier called
this Le Mourcment Srecadé.

End (axial) Ignition in a Closed Tube

This differs from the last example in proportion to
the length of the tube. The growth of the dome is also
dependent on the length of the tube ; since the pressure
developed at the flame-surface is shared between the
burned and the unburned gases in proportion to their
volumes. (Certain minor corrections involving cooling
surface and flame-shape arc here ignored.) When the
barrel of the dome collapses, the residual surface moves
for some time at & constant speed towards the far end
of the tube, its shape being usually that of a flanged
cone.

It will be clear that, other things being equal, the
initial speeds in these various examples must necessarily
increase with decrease of diamecter or with increase of
length. The slowest axial speed would be given by a
tube approximating to the compactness of a sphere, that
is, a square cylinder. The check or arrest, which ushers
in the second phase, is due fundamentally to the disposal
of the pressurc generated at the flame-surface. When
the volume of the flame is half the volume of the con-
tainer, the greater share is thenceforth exerted inward,
not outward. The greater share may be exerted inwards
carlicr, however, if owing to the narrowness of the vessel,
there is an carlier cooling contact which exacts—for the
continuous cquilibration of pressure throughout the tube
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—an increased direction of the generated predstiy
inward.

1t will be clear that any comparisons of the speed at f
which lnminous surface moves along the axis in different
mixtures must be based on experiments carried out
under conditions that have rigidly been kept the same.
Comparisons have usually been limited {o a selected
distance of the run of the flame in one direction during
the first phase, that is during the period that elapses
before the check. Even so, the diameter, length,
orientation, sparking position and sparking ecnergy
must remain identical in all experiments ; and, if end-
ignition is employed, the material of the tube must
also be the same, since owing to the rising pressure the
cooling by contact at the wall of the tube is no longer
negligible.

Propagation from the Centre of a Sphere

The third mecthod of registering speed that we have
mentioned is to record the movement of flame from the
centre of a sphere towards the wall. This method is
applicable only to mixtures in which the propagation is
developed at the same speed along every radius.  If the
record is symmetrical when the moving drum has a
vertical axis, the method is suitable; since this is full
evidence that the buoyancy of the flame due to gravita-
tion may be neglected. The temperature and pressure
rise throughout, and they are at a maximum at the
moment when the luminous spherical flame-surface
expires at the spherical wall. If the sphere has radius
R, and the radius of the flame at time ¢ is =, then if »
is the mean rate of the movement of the flame through
the medinm over time #,

r = ut -} k.[(]}—;——r)a
0

The term # differs from v, the fundamental speed, in
that the layer being ignited at any moment is greater
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in area than the igniting layer; it differs also in corre-
spondence with the changing temperature and pressure.

The sccond term of the expression expresses the fact
that the pressure developed at the flame-surface at any
moment is shared hetween the burned and the unburned
gases in proportion to their volnmes.  When the volume
of the flame is half the volume of the container
(r = 0-794R) there ix no abrupt check or arrest, but the
rate of change of recorded speed is at a maximum, and
we have in the odograph a * point of inflection ™ 76,

The recorded speed of the flame hecomes approxi-
mately equal to the rate at which the hot gases can
expand to atmospheric pressure in the ideal circumstances
where the hollow sphere is not rigid but can be in-
definitely expanded without work. These circumstances
are closely approached in the contrivance of Stevens 77,
where a sparking-plug is introduced through the blower,
which it closes, into the interior of a soap-bubble con-
taining the explosive mixture.

The Movement of Flame through Still Gas

The Detonation Wave is the sole example of this.
Having been set up, it travels at a speed some eight
times as fast as the progress of the outer cdge of any
disturbance that may already have been created in the
explosive mixture. Onee it has overtaken and passed
this outer edge, it moves through mixture that is ab
rest.

It supervenes upon the other type of propagation that
we have studied, when the pressure attained in the
flame-surface reaches a critical value that is character-
istic of the mixture 22, This pressure, as we have seen,
is exerted both upon the burned gas and upon the
unburned gas that lics between the flame-surface and
the outer edge of the acoustic disturbance. The com-
pression at any point in this unburned gas varies as its
distance from the flame-surface and is highest in the gas
adjacent to the flame. This gas is heated both by
contact and by the compression, so that its ignition is
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hastened ; the communication of pressure is thus accele-
rated and layer after layer of gas then ““ spontancously *
ignites under the adiabatic compression. There is a
back-kick through the burned gas, and this is the Re-
tonation Wave 78. This is the simplest example of what
may become a highly complex problem, and much
investigation is still in progress. The discovery of
Campbell, Woodhead and Finch, that the detonation-
wave may follow a helical path 7® along the tube con-
taining the mixture has for the time being put back
into the melting-pot the numerous formulae that have
been advanced to express its speed.

There are certain fundamental ideas, however, that
must find their recognition in any final scttlement.
Berthelot 45, the discoverer of the phenomenon, said
that it appearcd to be due to the transmission of the
snecessive shocks by the molecules of the gas and that
it was comparable to the speed of sound or to the speed
of translation of the gascous molecules as determined
from their absolute temperature. He later inclined to
the latter explanation. The speed would then be given
by the equation of Clausius %, in metres per second, as

[T
25)'3"4J ;, and the molecules considered would be

those newly formed in the reaction. This formula
approximates closely to the experimental results for
many mixtures. The speed of sound itself was pre-
ferred by Mallard and Le Chatelier and by Dixon. This
gives rosults some 309, lower than the previous method ;
they are very close to the experimental results for many
other mixtures. Dixon’s formula is

~ Q ) ( final vol. yr-1
7 % 29-354 202 4 10 abs. !l )
07 x 29 3"*«/ “{MC,, b do® abs. (4 i vol.
the mean density of unburned and burned gas

where MC, refers to the products, and the volume ratio
refers 'to measurement under similar conditions.
Payman 8! has investigated the inception of the
4
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detonation-wave in gascous mixtures and has developed
a method for photographing the invisible shock-waves
or compression-waves that pass through the gas during
the pre-detonation period. In fig. 5 is shown a diagram,
traced from an actual odophotograph, of the setting-up
of detonation in the mixture C,H, -+ 30,, ignited 5 mm.
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from the closed end of an iron tube a metre long and
2:5 em. wide. The compression-waves—which have
such a marked effect in increasing the speed of the
flame and, ultimately, in initiating the detonation-wave
—appear to originate in the gases through which the
flame-surface has passed and to travel at speeds much
greater than is the speed of sound in these gases,

The Vibratory Movement

Certain explosive mixturcs do not detonate under any
known condition. Other mixtures appear easily to pass
into this phase as the flame moves away from the closed
end of a tube. When flame moves inward from the
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open end of a tube, the necessary eritical pressure in its
surface is brought about during a phase intermediate
between The Uniform Movement and Detonation.
When the speed of the flame in its uniform movement
is high, the pressurc-conditions in the tube can no longer
continuously adapt themselves to the increasing pene-
tration of the flame ; and the flame-surface itself suffers
vibrations of small amplitude. Their frequency is given
by the period equation of C. H. Lees 82,
cotn & G, ton (L — §) E)
C, C, G,
where & = distance of the flame-shell from the open end,
C, = mean speed of sound in the burned gas,
C, = mean speed of sound in the unburned gas,

21"7; = the fundamental frequency of the vibrations,

L = the length of the tube.

This is an equation which Coward and Hartwell 74 find
in good agreement with their results for tubes of 10 to
20 cm. diameter and 5 to 10 metres in length. When
the vibrations become finite the flame-shell is affected,
suffering distortion, increase in arca and therefore also
increase in the rate of generation of the pressure. Con-
ditions must thus mount to a climax. Meanwhile, the
following relations have been advanced 28 for shorter
tubes of diameter of the order of 5 em. :

==.TE

_n(C‘_,—l— 2 Cy)
B 2L

&

A—A

® = const. where A is the amplitude

of the vibration and A, is a constant. The climax may
be an expansion that causes a percussive expulsion of
burned gas from the tube, or it may be the inception
of the Dectonation Wave.



CHAPTER III

HIS chapter is concerned largely with the processes
through which an explosive mixture of gas may
pass before it becomes flame. Much of it refers to
experiments where the explosive mixture is contained
at low pressures in vessels which are gradually raised
in temperature. The results of such work are often so
suggestive that they may be discriminatingly and
tentatively applied to other conditions of ignition and
to the more leisurely examples of the actual “ propaga-
tion 7’ of flame. For the sake of clearness, much of
the treatment is quite elementary.

Mechanism of Gaseous Explosive Reactions

From the point of view of the electronie theory of
atomie strueture and valency, chemical combination can
be of two kinds, polar and non-polar. The purely
electrostatic attraction between ions that are oppositely
charged constitutes the ““ polar linkage ”” of Berzelius.
Non-polar linkage is the sharing of a pair of electrons
by two atoms. In the gascous state, the majority of
reactions involve the rearrangement of non-polar link-
ages ; and atoms which have become chemically com-
bined by the sharing of an electron are to be regarded
as being held together very firmly. On the Bohr theory
of atomic structure, the extra-nuclear electrons describe
orbits round the nucleus ; and the sharing of an electron
by two atoms can be regarded as meaning that the two
atomic nuclei are encircled by its orbit. A later view
of atomic structure is based on the application of wave
mechanics by Sechrédinger. From this standpoint the

4f
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electron is regarded no longer as a point charge but as
a ‘ cloud ’ of electricity, to which the classical equations
of wave motion can be applicd. 'The possible quantum
states appear as various solutions of an cquation, and
Schrodinger’s “ clectrie density ” at any point corre-
sponds to the probability that the clectron in any given
atom is at that point. In this way the mutual action
of two atoms can be calculated by combining their wave .
equations. If, for example, wo consider two ncutral
hydrogen atoms, it is found that they may react upon
one another in two ways: one of the solutions of the
equation gives repulsion at all distances ; but the other
fixes a certain distance between the two atoms at which
the mutual potential energy is at a minimum. At this
point there is a position of equilibrium and the two
atoms can combine to form a molecule.

Energy of Activation

In a bimolecular reaction of the type
AB + CD —= AD + BC

it is only possible for the new molecules AD and BC to
be formed if it is at least just as casy for A to combine
with D, and B with C, as it is for the original moelecules
to be re-formed. This rearrangement of the atoms in
the molecules AB and CD can be regarded as possible
if, by means of sufficiently strong vibrations of the mole-
cules at the moment of collision, the atoms A and B,
and C and D have become separated to a certain definite
extent. The minimum potential energy involved in
this exchange may bo regarded as the cnergy of activa-
tion of the reaction. Hence chemical reactions such as
2C0O + 0, = 2C0, in which therc is a rcarrangement
of non-polar linkages, require the prior communication
of a certain amount of energy to the molecules that are
to take part in the reaction.

Starting from general thermodynamical considera-
tions, van’t Hoff 83 cstablished the well-known law for
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the temperature dependence of K, the equilibrium con-
stant, namely,
d log K Q
dT ~ RT:

where Q is the heat of reaction. In 1889 Arrhenius 84
found that the influence of temperature on reaction
velocity can be expressed with great accuracy by the
equation

dlogk_ B
TdT RT®

where k is the velocity constant of the reaction, and
E is a definite constant for every rcaction and has the
dimensions of cnergy. If R is taken as 1-98 calories,
then E is measured in calorics per gram molecule.
According to Arrhenius, this equation represents the
shift in the cquilibrium between the two kinds of mole-
cules that are present in a chemical reaction, namely
the normal and the ‘active’ molecules. It is the
¢ active * molecules alone which take part in chemical
reactions ; and E (“ energy of activation”) in the
Arrhenius equation may be identified with the energy
that is absorbed when a normal molecule becomes an
activated one. It follows also from Le Chatelier and
Braun’s * prineiple of mobile equilibrium ” that an
increase in temperature will favour the formation of
“active ’ molecules and so increase the rate of reaction.

In homogeneous gas-reactions that are purely thermal,
such as combustion in the flame-surface, activation may
be brought about (1) by collisions, and (2) by absorption
of radiation. It scems probable that activation results
chiefly from the inelastic collision of two molecules that,
relatively to cach other, have a sufficiently high energy
of translational motion, this being converted into energy
of activation.

Considering A + B—AB, the possibilities of reaction
are—

(1) Molecule A alone is activated ;: A* 4- B,

(2) Both molecules A and B arc activated, but separ-

ately ;. A* 4 B*,
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(3) A -+ B are activated simultaneously by collision
together.
According to Hinshelwood 83, it is the last possibility
which is most likely to ocecur.

Types of Molecular Energy

We have used the ferms “ translational cnergy *” and
“internal cnergy of activation”. The first—often
written k—is the cnergy that the molecule possesses
in virtue of the translational motion of its whole mass,
and it is manifest in temperature and in pressure
(energy of impact at the wall). There are three types
of internal encrgy : the vibrational energy (v) refers to
the vibration of the nuclei within the molecule, and is
connected with the absorption and emission of radiation
in the infra-red ; the rotational cnergy (r) is an addi-
tional energy possessed by virtue of the rotation of the
nuclei as a pair about their contre of mass, and changes
in this give risc to bands in the far infra-red ; the elec-
tronic energy (e) is the energy of the extra-nuclear
electrons, and the results of change are radiations in the
visible and ultra-violet regions of the spectrum.

Réle of Vibrational Energy in Activation

In the process of ehemical activation it is the vibra-
tional quanta which are imporvtant. J¥rom a study of
spectroscopic data it appears that at the frequency
corresponding to the convergence-point of the vibra-
tional bands, the energy that is absorbed as radiation
represents the minimum amount required to bring about
dissociation of the molecule : but before this level is
reached, sufficient vibrational energy may be imparted
to a molecule to loosen the atoms and to bring about
in the molecule the nccessary condition for chemical
reaction.

Réle of Translational Energy in Activation

The energy of activation appears to originate in the
translational encrgy along the direction of tmpact ; that
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is, only in the translational component along the line
joining the centres of gravity of the colliding molecules.
The portion of the kinetic energy which is involved is
expressed in terms of the sguare of the component of
the molecular velocity in this direction. Thus for two
molecules in collision, the total energy for the purpose
of activation involves two ¢ square terms’, or two
“degrees of freedom ”. The number of molecules
possessing  sufficient cnergy to become activated is
Ze—¥/RT where Z, the ‘ collision number” (i.e. the
number of molecules colliding in 1 ¢.c. per sccond), is
V' 2a02an2, where o is the cffective diameter, @ is the
root mean square veloeity, and # the number of mole-
cules in 1 e.c. If all the collisions between molecules
which have been sufticiently activated result in chemical
reaction, then the velocity of reaction is equal to the
number of molecules invelved in such collisions ; that
is, % — Je~X/RY

Whatever may be the origin of the energy of activation
its mechanism consists in a redistribution of the excess
encrgy of the system, resulting in an increase of the
vibrational energy of the colliding molecules. Simul-
tancous with this, the chemical rearrangement occurs,
involving electronic displacements ; and new molecules
are formed, possessing an amount of kinetic and internal
encrgy in excess of the normal. This excess internal
energy is often dissipated in the form of radiation.

Chain Reactions

It has becn found that a large number of chemical
reactions have velocities which are much greater than
can be accounted for on the theory of recaction by
kinetically activated molecules. Now the velocity
equation of Arrhenius applies to an initial chemical
reaction, but only rarely in the combustion of gases is
this the principal rcaction. In general, the cnergy
cvolved by the initial reaction hrings ahout a reaction
velocity far in excess of the initial velocity. This may
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be due to the conversion of chemical into kineticenergy ;
on the other hand, there may be completely new reactions
initiated as were the ““ chain » reactions postulated by
Bodenstein 8¢ in the photo-chomical formation of hydro-
chloric acid.

Researches on the kinctics of various gas-reactions
that occur in a heterogeneous phase at comparatively
low temperatures have shown that with increasing
temperature the same reaction progressively exhibits a
tendency to the evolution of a homogencous phase. The
effect of the walls of the reaction-vessel as the focus of
reaction-centres gradually diminishes during the tran-
sition ; and on ocecasion they are even capable of exer-
cising a reverse, anti-catalytic, cffect.  For these walls,
which at relatively low temperatures behave exclusively
as catalysts, may, as the temperature increascs, de-
activate to a greater and greater extent the larger
number of reaction-centres obtained in the homogencous
phase. As the temperature gradually approaches the
ignition-temperature of the gas-mixture, the whole
mechanism of reaction becomes more and more complex,
and this is exhibited by marked increases in the reaction
velocitics ; such increases cannot be explained on the
basis of the Arrhenius equation by the dependence of
reaction-velocity on temperature. They are, however,
satisfactorily explained by a theory of chain rcactions,
due to Christiansen and Kramers 8, and later applied
to explosive reactions by Semenoff and his co-workers.

Semenoff 8 has shown that in many instances both
slow (i.c. flameless) combustion and explosion can be
explained by reaction-centres and branched chains. If
the reaction-centres arc removed by the walls of the
experimental vessel as fast as they are formed there
will be a uniform rate of reaction ; on the other hand,
if the heat produced is sufficient to form a large number
of reaction-centres, or if the chains branch to a large
extent, explosion will occur.

The distinetive feature of a chain reaction is that the
primary activation of a comparatively small number of
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molecules results in a communication of some of the
acquired internal encrgy to a much larger number of
other molecules, leading to reaction velocities that are
much greater than those calculated from the Arrhenius
equation.

In chain reactions, the rate of reaction varies with
time even if the concentration of the initial substances
iskept constant and the products of reaction are removed.
Two very important features of chain reactions are the
marked coffects of the slightest traces of some specific
substances, and of the walls of the experimental vessel,
upon the rate of reaction.

Every chain reaction exhibits some of the following
criteria—

(1) 1n photochemical reactions there is a considerable

guantum yield.

(2) In thermal reactions, a decrease in dimensions of
the vessel retards the change by lessening the
distance the reaction-chains can traverse before
reaching the wall. Thus, in tubes, chains
starting in the gas and broken at the walls
should show a rate of rcaction proportional to
the square of the radius of the tube.

(3) Converscly, the addition of an inert gas may
accelerate the reaction. Oxygen often has a
small influence and may even retard oxidation.

(4) The rate of reaction is abnormally influenced by
the concentrations of the reacting substances.
This is because the concentration affects not
only the number of chains starting in unit time,
but also the successfulness of their propagation.

(8) Traces of certain forcign substances show a marked
inhibiting or accelerating effect on chain re-
actions.

(6) In chain reactions a period of induction may often
exist ; and further progress of the reaction takes
place according to curves of the type 1 — e
or e¥, where the reaction-rate is an explicit
function of the time.
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One of the most remarkable phenomena of chain
reactions is that of the critical pressure-limits of ignition.
On passing theso, a very slow reaction suddenly changes
into explosion. The critical limits may be upper limits
or lower limits. ¥ig. 6 shows the three pressure-limits
of ignition that exist within the indicated range of
temperature for a mixture of methane and oxygen in
proportions for complete combustion. These have been
investigated by Neumann and Serbinoff . The lower
ignition-limit is represented by the curve AB (above
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which an ignition occurs), the upper limit by the curve
BC, and a third limit by CD. A non-stationary explosive
process is only possible to the right of the curve ABCD ;
to the left of it, there is only a reaction that is negligibly
slow.
Chains may start cither in the gas or at the walls of
the vessel. They may be stopped :
(i) by collision in the gas, with the eclimination of
an active molecule owing to the formation of
. a new chemical substance,
(ii) by collision in the gas, with * physical” de-
activation of an active molecule,
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(iii) by collision of an active molecule with the walls
of the vessel,
(iv) by chemical reaction on the walls of the vessel,
involving the removal of an active molecule.
Chains may be classified as ‘energy’ chains or
‘ material > chains. In an ‘encrgy’ chain the links are
excited molecules of a reactant or product, and in
‘material > chains it is some definite new molecule or
radicle which is responsible for carrying on the reaction.
A material chain will be broken and deactivation will
occur by the elimination of a molecule or radicle.

Effect of Moisture on Combustion

An carly material-chain theory is contained in the
dicbum of Mrs. Fulhame 159, that ““ water is decomposed
in every instance of combustion . This may bhe an
overstatement, but it foreshadows a discovery of funda-
mental importance made by Dixon a century later 9.
Bunsen 21 had noticed that steam oxidised red-hot
charcoal to CO. Grove found that at a high tempera-
ture steam oxidised CO to CO,. Duff and Hoffmann
showed that the high temperature was unnecessary if a
mixture of the reagents were continuously sparked.
In 1875 Grove’s discovery was independently repeated
by Horstimann 22 and also by Dixon who in 1880 found
that a mixture of carbon monoxide and oxygen that
had been in contact with phosphorus pentoxide for a
considerable time would not explode when an ordinary
secondary spark from an indunction coil was passed
through the mixture. The addition of a trace of moisture
or of any gas that contained hydrogen at once rendered
the mixture explosive.

Dixon investigated the influence of the moisture-
content of a mixture, 2C0 +4- O,, on its mean rate of
flame-propagation and found that the velocity of flame
was lowered as the drying was increased. He showed
that while the ignition-pressure of clectrolytic gas was
unaffected by damp, CO exploded with defeet of O,
in a wet cudiometer, yiclded more CO, than twice the
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oxygen used. This catalytic eflect on the speed of
MHame was explained by Dixon as being due to the action
of steam in the following way :

1. CO 4+ H,0 —~ CO, + H,
2. 2H, + 0, — 2H,0, cte.

For some time it was considered that carbon monoxide
and oxygen were incapable of direct combination, and
that moisture was necessary for the combustion of such
a mixture. In 1886, however, Dixon observed that ¢ in
the explosion of cyanogen with an excess of oxygen,
the formation of carbonic acid is complete, and is not
affected by the presence of moisture . Ten years
later, Dixon, Strange and Graham found that the flame
in the explosion of a well-dried mixture of cyanogen
with twice its own volume of oxygen, *“ does not appear
to differ from the flame given by the same gases mixed
with 1-3 per cent. of water 7, and they conclude that
“in a mixture of freshly-formed carbon monoxide and
oxygen, these gases unite as the mass cools down without
the intervention of stcam ; and where steam is present
it does not appreciably alter the time during which the
change continues ”’ (sec also p. 81).

Weston 93 has made an investigation of the flame
spectra of carbon monoxide and of hydrogen, and also
of mixtures of the two in varying proportions. From
the results he obtained, together with the fact that
mixtures of carbon monoxide and oxygen that had been
dricd for two ycars over phosphoric oxide could still,
with a sufficiently powerful igniting spark, give rise to
flame, Bone 93 concludes that in a {lame of undried
carbon monoxide two sets of independent reactions oceur
simultancously, namely : (1) a dry reaction, in which
direct interaction occurs between carbon monoxide and
oxygen, giving rise to the continuous and banded parts
of the spectrum, and (2) a rcaction catalysed by steam,
in which CO and H,0 molccules interact and give rise
to the ‘ steam lines’ in the spectrum.

Garner ®* and his co-workers found that in explosions
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of mixtures of carbon monoxide and oxygen there was
an intimate relationship between the speed of flame and
the emission of radiation. They showed also that with
19 per cent. water vapour present in a 2CO 4 O,
mixture the fraction of the energy that was emitted as
radiation was only about one-guarter as much as for
gases that had been dried for 2 hours over phosphoric
oxide; moreover, the speed of flame was over 1000 cm.
per sec. in the moist gases, as compared with a value of
about 100 ¢cm. per sec. under the same experimental
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conditions in the dried gases. Hydrogen, and hydrogen-
containing substances, were found to act similarly to
water not only in promoting an increased speed of flame
but also in reducing the amount of radiation emitted.
The explosion-flame in mixtures of carbon monoxide
with oxygen cmits the major part of its infra-red
radiation in two bands, with maxima at 2-8 u and 44 4.
These are both emission and absorption bands of
carbon dioxide. The diminution in emission 2% these
two maxima when water-vapour is present dn the
mixture is shown in fig. 7. This represents the spectrum



IGNITION 57

in the infra-red region for moist and dried mixtures
2C0 4- 0, as obtained by Garner and Johnson. Garner
and Roffey suggest that these cffects of hydrogen or
water-vapour may be due to physical processes, rather
than to the catalytic process of a chemical nature
suggested by Dixon. The hydrogen, or the water-
vapour, may in some way retain within the system
energy which otherwisc would be emitted as radiation ;
and a typical mechanism, involving collisions of the
second kind, is shown in the following four serial
equations : ’

1. 2C0 + 0,—2C0’,

2. CO',—CO, + I

3.CO,+X—C0,+ X

4 X' 4+ 0,—X+ 0, ete.
This chain mechanism indicates how the freshly formed
(1) molecules of carbon dioxide which have become
activated by the chemical reaction, may be deactivated
by emission of radiation (2), or by collision with mole-
cules of a third substance (3) which then transfer their
energy to one of the reactants (4).

Ignition

The lowest temperature at which chemical reaction in
a given gaseous medium becomes self-sustained is usually
termed the ‘ ignition temperature ”. It is not a well-
defined physical constant, since it is dependent, amongst
other things, on the way in which the heat is conveyed to
the gases. This temperature does not necessarily corre-
spond with the actual appearance of flame, since on many
occasions there is a * pre-flame period ” during which the
reaction is seclf-sustained. Smithells 8 has defined the
true temperature of ignition as that ““at which the
reaction proceeds at a rate just sufficient to overbalance
the loss of heat . . . from the burning layer of gas, so
that the next layer is put in the same state, and steady
combustion proceeds ™.

All modes of ignition can be regarded as supplies of
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heat to an explosive mixture for a definite period of time.
Ignition may be brought about by :
(i) direct contact with hot rcactive gas, as in an
ordinary flame,
(ii) direct contact with hot inert gas,
(iii) direct contact with an incandescent surface, c.g.
a wire,
(iv) gradual heating of the mixture in a vessel,
(v) adiabatic compression, the ignition being due to
heat produced by mechanical work,
(vi) an clectric spark of sufficient energy, viz. :
(@) impulsive electric discharge,
(b) break spark, or momentary are,
(¢) spark on fusion of heated filament.
(vii) mechanical or chemical actions which produce gas
at high temperatures, e.g. smouldering ; match-
striking ; the action of moisture on pyrophoroi,
alkaline metals and organo-metallic com-
pounds ; the action of chloric acid on sugar.
In considering the process of ignition by various
methods it is necessary to distinguish between those in
which combustion is homogeneous, being uninfluenced by
the presence of any surface, and those in which combus-
tion is heterogencous.  Inthe latter case, the attainment
of ignition-temperature is more rapid, in consequence of
the ““catalytic’’ action of a solid surface, than it would be
if the gas were at the same temperature but not in con-
tact with the surface. In such heterogeneous reactions
the nature of the surface, whether smooth or rough, is
of great importance in its cffect on the speed of reaction.

As examples of the first type of ignition, a lamp flame
or the flame projected from a solid explosive or from an
auxiliary explosion vessel 1% 95 may become a source of
ignition provided that it is sustained for a sufficiently
long time. Walls and Whecler ¢ and Rintoul and
White *¢ have studied the ignition of firedamp by
momentary flames, It is found that the requisite
duration of exposure of the inflammable mixture became
less as the flame used became larger (see also pp. 82-4).
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Effects of Solid Surface

Ignition temperatures and the lag on ignition have also
been determined when the combustion has been surface-
catalysed. Taffanel and Le Floch %7 and Wheeler with
Mason 8 and with Naylor 9 have used quartz vessels for
such investigations. (See fig. 8, later.)

A further example of this type of ignition is the initia-
tion of combustion in inflammable mixtures by wires
carrying an clectric current. They provide—as Thorn-
ton 190 showed—not only a source of heat, but also a
surface-catalysis.

Ignition of the inflammable mixture in which the wire
is placed may occur without any fusion of the wire, or it
may occur only when fusion takes place. In cither case
surface-combustion will have altered the composition of
the gas-mixture in the immediate neighbourhood of the
wire before ignition occurs. The amount of surface-
combustion will depend to a great extent on how long
the current has passed before ignition takes place. For
this rcason, amongst others, ‘* fusion sparks” do not
cause ignition as readily as ‘ break sparks ”.

For ignition by wires of a material that undergoes
rapid oxidation, the period of oxidation must be greater
than the ‘ time-lag ’ of the particular mixture. Further,
with filaments that undergo oxidation extremely slowly,
ignition does not precede fusion, unless the temperature
of the wire is higher than the ignition-temperature of the
mixture. The results show that the period of possible
contact between wire and gas is diminished to a very
small value, unless the wire is placed vertically, because
of the induced convection.

Shepherd and Wheeler 10! have carried out investiga-
tions on the ignition of methane-air mixtures by heated
platinum and tungsten wires, and they conclude that
there are two main determinant factors. Kirst, the
amount of heat in the wire and its temperature depend
upon the value of the electrie cuvrent, and on the nature
and dimensions of the wire.  Secondly, ignition may be

-
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effected by the additional heat which is developed
through the catalytic combustion of the inflammable
mixture on the wire itsclf. In the case of ignition of
mixtures of methane and air by tungsten wires, the wire
is oxidised until & bright flame results, and this is often
the actual causc of the ignition.

Adiabatic Compression

The ignition-temperatures of mixtures of gases have
been determined chicfly by onc of two methods, the
adiabatic compression method, or the concentric tube
method. The former was suggested by Nernst, and
experimented with by Falk 192, and later by Dixon 103
and by Tizard 193; the ignition-temperature is cal-
culated from the observed minimum compression
required to ignite the mixed gases, using the formula

L. [V
T, ” |V,

where T, and T, are the initial and final temperatures (on
the absolute scale), V, and V, the initial and final
volumes of the gascous mixtures, and y is the ratio of the
specific heat at constant pressure to that at constant
volume. The position ofy in the volume-term makes the
method very much dependent on an accurate evaluation
of specific heats.

Concentric Tube Method

The method employing two concentric tubes is more
direct for obtaining ignition-temperatures, and is the
method used at the present time for such determinations.
In principle, it resembles the Argand burner. It was
devised for Dixon 1% in 1903 by Foster and developed
by Coward ; it consists essentially in the separate pre-
heating of the combustible gases before they are allowed
to mix at the temperature of the cnclosure. The
influence of heated surfaces in promoting pre-flame
combustion is thus to a large extent climinated. The
temperature of each stream is slowly raised until flame
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appears in the zone where they meet, the temperature
of ignition being recorded by a platinum resistance
thermometer placed near the outlets whence the two
streams issue. In the latest form of the apparatus for
Dixon’s later work with Higging, and for the more
recent investigations of Coward, the outer silica tube into
which the air or oxygen is passed has been made much
wider, so that an appreciable interval occurs before the
mingling gascs come in contact with the solid wall. The
inflammable gas is passed in through a central quartz
tube. The flame is observed through a glass window at
the top of the furnace. The clay furnace-cylinder is
enclosed in a steel outer case which permits the pressure
to be varied.

The Lag on Ignition

Dixon’s papers direct attention to the dependence of
ignition-temperatures on the lag ; for, as Mallard and Le
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Chatelier had shown, after an explosive mixture has been
heated to its minimum ignition-point, there may be
an appreciable interval of time before flame appears.
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Consequently in determinations of ignition-temperatures
this lag is timed. Some results of Naylor and Wheeler %
in the investigation mentioned on p. 59 are shown in
fig. 8. The lag represents a period of pre-flame com-
bustion, and its duration is dependent to a great degree
upon the particular conditions of experiment.

The following experimental results of Dixon show the
relationship between °lag’ and the observed ignition-
temperatures :

TABLE I8

ErrEcT OF ‘LAG’ ON IGNITION-TEMPERATURE

;- Lag In Air In Oxygen
Gas | sec. °C. e (.
I
[ .
i [ 05 ! 630° 625°
Hydrogen e . i 50 H88° 588°
L10-0 a77° 575°
( 0-06 746° 666°
Methane .e . 4 2.0 710° G41°
(10-0 657° 602°

The rclation between the ignition-temperature and
pressure for various periods of lag when the explosive
mixturce was one of hydrogen with air is shown in fig. 9,
prepared by Coward 185 from Dixon’s results.

One result of the existence of the lag on ignition is that
a source of heat at a temporature much higher than the
ignition-temperature may be briefly introduced into a
gas-mixture without causing ignition. It is primarily
due to the very short time of contact, that frictional
sparks can be showered into certain inflammable
mixtures of gas without igniting them so long as the
sparks are moving rapidly through the mixture. Some-
times also, while the temperature of a spark is high
cnough to cause ignition, its heat capacity is not sufti-
cient to maintain this temperature long enough.
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Mechanism of Ignition

Up to about 1910 it had been assumed generally that
both ignition and propamtion were purely thermal. In
that year Sir J. J. Thomson ¢ suggested that high-
velocity clectrons may precede the explosmn wave, and
prepare the way for it by ionising the gas ., Work on
the ionisation of gascs had given some slight cvidence
that ionised molecules were specially reactive in chemical
change. Morcover, since it was becoming recognised
that chemical combination is essentially connected with
the transits of electrons in the reactant molecules, it
became natural to look for some definite connection
between ionisation and the processes of chemical
activation in determining the ignition and inflammation
of combustible gas-mixtures.

Many investigators (Thornton 5, Wheeler 16, 110,
Morgan 107, Finch 1 and others) have worked on the
ignition of explosive mixtures by electric discharges ;
and from their researches it has become evident that the
amount of heat required to ignite a given mixture varies
with the character of the igniting agent. When a pure
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condenser-discharge is used, the amount of heat required
is less than when the spark employed is produced by the
separation of contacts in an inductive cireuit. This
again is less than when a hot wire is the igniting agent.
Such experimentally determined facts have led some
workers to consider that ignition by an electric discharge
cannot wholly be explained by a thermal theory. Yet
these facts arc not inconsistent with the idea that an
important factor in ignition is the rate of input of energy,
that is, the rate of heating : the more slowly heat is
applied to a combustible gas-mixture the greater is the
amount required to bring about ignition ; this is because
heat is dissipated by conduction, convection, and radia-
tion to the surrounding parts of the experimental vessel,
and to the remoter parts of the gas-mixture.

It is the view of Taylor-Jones, Morgan and Wheeler 18
that ignition depends upon heating a sufficient volume of
gas to a sufficient temperature. It was found, in com-
paring the effects of induction-coil sparks with those
produced by discharge of a condenser, that the most
cffective spark for ignition is that which heats the
greatest volume of gas to the ignition-temperature.
Thus the results of these experiments favoured the
thermal theory of the ignition procoss.

Morgan %7 has also carried ont experiments with gas-
mixtures which lic outside the dilution-limits of inflam-
mability, and has found that the amount of combustion
with a constant spark gap was proportional to the heat-
energy of the spark ; conversely, that with a constant
spark-discharge, it was proportional to the width of
spark gap. Morcover, he was unable to detect any
ionisation when using a platinum wire heated (but not
glowing) by an electric current to bring about combustion
in a weakly inflammable mixture of coal-gas and air.
Morgan considers that these experimental results defin-
itely point to heat as being the sole cause of combustion.

Taylor-Jones 1 has set down the view of those who
hold the thermal theory of ignition. *“The thermal
theory states that if a certain minimum volume,
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characteristic of each explosive mixture, is raised to the
ignition temperature, the flame so formed will spread
throughout the gas. The importance of thermal con-
duction in the theory is that it enables the ¢ minimum
volume ' to be raised to the required temperaturc more
easily with some sources of heat than with others, but
it is not suggested that thermal conduction, or the trans-
lational cnergy, plays any particular part in the chemical
reactions which occur when that temperature is reached.”

Considerable work has been done by Finch 1% and his
co-workers on the  cathodic’ combustion of hydrogen
and carbon monoxide in a direct-current discharge at
reduced gas-pressures. As a result of their early experi-
ments in which they took the view that thermal effects
were eliminated, they concluded that ionisation was the
determining factor in combustion, since the rate of
combustion under these conditions was proportional to
the current. After further work, especially dealing with
the combustion of carbon monoxide, they concluded that
these reactions occurred homogeneously ; and that
combustion was dependent upon a suitable prior excita-
tion of the reacting molecules, a sufficient concentration
of suitably activated molecules determining the ignition.
Work under similar conditions by Guénault and
Wheeler 110 showed that a temperature-rise of several
hundred degrees could bhe produced by the discharge,
and suggests that its ability to cause chemical reaction
by electronie excitation of the molecules may be assisted
by its thermal effect.  As a result of later work on oscil-
latory discharges, Finch found that the discharge-fre-
quency excrts a greater effect on the igniting power of
sparks than the potential energy that is contained in the
condenser prior to discharge ; the greater the frequency
of the discharge the higher is the level of activation.
Morgan has pointed out, however, that actually Finch
and Thompson’s experiments show that the igniting
agent was more powerful when the frequency was
lowered. Further, Morgan suggests that these results
of Finch and Thompson are quite in keeping with a



66 FLAME

thermal theory of ignition ; the increased incendivity
obtained with the lower frequency is due to the increase
in the energy that is dissipated in the form of heat in the
initial part of the spark, the total heat encrgy of the
spark being without significance.

The juxtaposition of so-called thermal and electrical
theories to explain the mechanism of ignition by an
clectric discharge is somewhat misleading. Chemical
reaction is the essential precursor to ignition ; and before
this can take place some molecules of the combustible
gascs must have their internal energy inereased, or be
activated. This can be brought about in other ways
than by simply increasing their translatory cnergy, as
some have imagined the thermal theory implies, and it
is very probable that, indtially, the molecular kinetic
cnergy in the electric discharge can be disregarded as
being at all an important factor in activation. The
conditions of an clectric discharge constitute in them-
sclves, at least at first, the molecular conditions, i.c. the
raising of clectronic levels with ultimate ionisation, that
are requisito for chemical reaction. This process of
“ electrical ” activation will apply only to a very small
number of molecules. The heat developed by the
reaction between these first fow molecules will then result
in such an inercasc of kinetic cnergy that activation
will take place through collision and lead to chemical
reaction. There will be, however small, a lag on ignition
by clectric discharge as in any other method of ignition,
and the apparent cffect of this lag will be, as the thermal
theory postulates, that a certain minimum volume of
combustible gas-mixture must be heated to a sufficient
temperature. The ignition of gas under these condi-
tions, in the mass, appears cxplicable on the thermal
theory, assuming activation to take place through
collision ; but the source of heat that brings about
gencral ignition is initially developed by reactions
between molecules that have previously been activated
“ electrically . The results of experiments with a flow
system by Lewis and Kroutz 1% indicate that if one of
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the constituents is subjected to a spark-discharge, the
ignition-temperatures of methane mixtures are lowered
during a short immediately subsequent period.

As to the genecral preparation of the gas for com-
bustion, information is beginning to accrue from applica-
tion of the method of absorption spectroscopy.

Egerton and Pidgeon 1!* have examined the absorption
spectra of hydrocarbons (propane, butane, pentane, ete.)
in mixtures in which combustion was just beginning.
Ultra-violet light was passed through quartz windows
in a long experimental tube which was maintained at
various temperatures between 230°C. and 490°C.
Absorption bands were found in the far ultra-violet,
being identified as those of formaldechyde. Absorption
in this region was proved to be due mainly to the
formation of acids. For many years investigators have
reported the presence of HCHO in the condensates of
incomplete combustion.

Withrow and Rassweiler 112 have studied the absorp-
tion spectra of gases in an internal combustion engine.
Evidence was obtained of chemical reaction in the
non-inflamed gases which were the last to be burned
and prior to the occurrence of ‘ knocking ”. In par-
ticular, therc was ahsorption in the region of the
spectrum between 2800 and 3600 A, a banded structure
being superposed on the continuous absorption in this
region, and indicating the formation of formaldchyde.
Owing to the temperaturc of the absorbing HCHO
being raised, the bands were wider in the engine spectra
than in the usual formaldehyde spectrum.

Limits of Inflammability

When speeds of flame of mixtures of a combustible
gas with air or oxygen under given conditions are
plotted against the pereentage fucl-content of the
mixture, a curve is obtained showing a maximum and
also two limits, where the limbs of the curve end abruptly
at concentrations of the inflammable gas which are
termed the lower and upper limits of inflammability
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under the given conditions. Through mixtures within
these limits, but not through mixtures outside them,
self-propagation of flame will take place after ignition
has once been cffected. A limit-mixture can be defined
as one in which the heat developed by the combustion
of each layer of mixturc is just sufficient to ignite the
adjacent layer. Most results, however, refer to ex-
perimental conditions in which the flame-surface does
not, throughout, enclose the gas already burned ; hence
for any particular gas the limits of inflammability vary
slightly with the position of ignition. The progress of
the septum of flame-surface is assisted or retarded by
convection or, more strictly, by gravitation, according
as it is made to spread into unburned mixture that is
respectively above it or below it. The widest range
of inflammability therefore ocenrs with upward pro-
pagation of flame, and the narrowest with downward
propagation ; with horizontal propagation the values are
intermediate. For the same reason, the limits vary
slightly with the size and material of the vessel in which
the experiments arve conducted, and moreover, because
of the influence of the prevalent pressure, are dependent
upon whether the vessel is open or closed. Turbulence
of the gas-mixture has a marked cffect on the values for
the limits of inflammability, increasing the liability to
ignition from a strong sourcc and diminishing the
liability to ignition by a weak source.

Coward and Hartwell 113 have shown that when
diluents are added to mixtures of methanc and air the
extinctive powers shown by such gases are chiefly (i) the
reduction in oxygen-content of the mixture by the added
diluent, (ii) its thermal capacity, and (iii) its thermal
conductivity.

The effect of increasing the initial temperature is, as
might be expected, to widen the limits of inflammability.
An inecrease in initial pressure narrows the range of
explosibility of mixtures of air with most gases at the
lower limit, but may narrow or extend the range at the
higher limit depending upon the particular combustible
gas 114, 113,
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TABLE II

RANGES OF EXPLOSION IN AIR: PERCENTAGE COMPOSITION
FOR DOWNWARD PROPAGATION

Temperature: Tempcraturc:| Temperature:
Gas Atmospheric 100° C. Atmospherie
i Pressure : Pressure: , Pressure:
i Atmospheric | Atmospheric l 10 atmos.
|
Hydrogen . . 90 to 685 | 88 to 73:5. 95 to 67-5
Carbon monoxide 15-9 to 729 | 148 to 73-7 18:4 to 624
Methane . . ( 60 to 130 | 593to 137, 66 to 140
|

By rapid compression to a figurc of the order of
300 atmospheres, Harwood and Dixon 1 have produced
visible flame in all mixtures of methane and air between
2% CH, and 75%, CH,.

Many investigations have been concerned with series
of mixtures in which the inflammable gas was burned not
merely with air nor with oxygen, but with “ atmo-
spheres”” of arbitrary oxygen-content which was varied,
and with “* atmospheres * in which nitrogen was replaced
by other diluent gases. One graphical method of
exhibiting the results of such work is due to Leprince
Ringuet 118, who conveyed his information on the limits
of inflammability in mixtures of methane, oxygen and
nitrogen by plotting the ratio CH, : O, against the ratio
N,:0,. A further complication is introduced if more
than one inflammable gas is present in the scries of
mixtures. Le Chatelier’s 117 general rule for calculating
the limits of inflammability of complex gases may
shortly be stated thus: if 2’ 2" »'"" are the percent-
ages of different combustible gases in a limit-mixture,
and N’, N”, N’ . . . the limiting percentages taken
separately, then

nl 7&" nlll
1\7+1\_T’7+1\?’-'+' =1

Jorissen 118 has devised a graphical method of repre-
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senting the hinits of inflammability of two gases or
vapours, either or hoth combustible, with oxygen or
with air. The cu-nrdinates represent the concentrations
of the gases. If the mixtures obey Le Chatelier's rule,
the upper and lower limits of inflammability are indicated
by straight linez. When the experimental results do
not agree with the formula, the lines are curved. An
example of Jorissen’s method is shown in fig. 10 which
refers t0 mixtures of hydrogen and ammonia with

N3
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oxygen ; the space between the two lines is the * region
of explosion »,

Le Chatelier’s rule holds generally for both upper
and lower limits. White 115, 119 finds the following ex-
ceptions :  hydrogen- ethylene -air, hydrogen-sulphide-
methane-air, hydrogen-sulphide-hydrogen-air, and all
mixtures that contain cither (S, or any other con-
stituent that can propagate a phosphorescent flame
(see p. 71). Coward and Jones 12 find that dichlor-
ethylene-mcthanc-air constitutes a further exception.

It i this rule, applicd to faster mixtures, that becomes
the Speed Ceneralisation of p. 37.
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Determinations of the limits of inflammability in tubes
are made in tubes sufficiently long to allow of observers
judging if the mixture were capable of continued self-
propagation of the septum of flame-surface. The range
is naturally extended to some degrec by extending the
diameter of the tube. The “caps” and “flares” in
“ ultra-limit mixtures ”, mixtures outside the range, are
mentioned on page 2. The ““ cap * of flame from a spark
is quite soon cxtinguished after floating up from the
source of ignition.

Phosphorescent Flames

It has long been known that the slow oxidation of
phosphorus is accompanied by a greenish luminescence,
which in air under reduced pressure begins at 7° C., very
much below the temperature at which it catches fire,
60° C. This is probably the earliest recognised example
of chemiluminescence. Chemiluminescence is radiation
that directly results from chemical change. In most
bimolecular processes, chemical reaction only oceurs
between suitably activated molecules that result from
the unordered heat motion of the molecular system. In
this way an ordinary thermal reaction is brought about.
When the new molecules that are produced as a result
of the reaction arc activated, the cnergy of activation
may be converted into radiant energy. In this chemi-
Iumineseence, the activated product of the chemical
reaction may itself be the emitting unit, or it may, by
collision, transfer an excess of energy to another mole-
cule. In such a case, the latter is the emitter ; and
chemiluminescence that is produced in this manner may
be called “ sensitised ™.

Davy 12! obscrved that cther vapour in the neighbour-
hood of a hot platinum wire was phosphoreseent, and
sinee that time many so-called © cold ™ flames have been
obtained. Their temperature is so low 122 that thermal
emission is negligible ; yet they have shown a deeided
luminescence. Franklond 2% in 1862 found that the
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vapour of carbon disulphide in air becomes phos-
phorescent when brought into contact with a heated
surface at 149° C. and that a trace of cthylenc destroyed
the luminosity. 1In 1890 12 Twrpin found that the slow
combustion of carbon disulphide began to be perceptible
at 100°, producing a red-hrown solid together with
sulphur dioxide. The red-brown solid has since been
shown to be CS; and Dixon 25 found that the phos-
phorescence and the formation of CS were inter-
dependent. Dixon attempted to explain the inhibitory
action of ethylene and other substances by assuming that
these poisons condense on the CS molecules first formed
and prevent their attacking CS, molecules, so that the
larger particles, which seem necessary for the production
of the phosphorescent flame, arc never formed.
Several of these chemiluminescent reactions in
cool flames have been studied by Emeléus 128, Phos-
phorus trioxide and phosphine, under suitable condi-
tions, were found to give phosphorescence at 30°—40° C.
and 160°-230° C., respectively. The ultra-violet band
spectra of these substances burning in oxygen or air are
both identical in their main features with that of the
oxidation of phosphorus. Morcover, Emeléus has found
that this band speetrum is obtained both in the cool
flame when phosphorus burns in air under reduced
pressure (125° C.) and in the much hotter lame at 800° C.
From these results it would appear that the molecular
species emitting the light is the same in all cases. Of
sulphur also, and of arsenic, it is truc that the chemical
reactions are not dependent on whether the flame is
normal or phosphorescent. It is now generally thought
that the chemiluminescent oxidations of phosphorus,
arsenic and sulphur are energy chain reactions, the
velocity of which depends essentially on the transference
of energy liberated in a primary process to neighbouring
reactant molceules, which are thereby activated. The
spectra of the cool flames of carhon disulphide and ether,
however, are different from the spectra of their normal
flames, especially so in the case of e¢ther.  Emcléus, on
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examining the phosphorescent combustion of acetalde-
hyde, propaldehyde and hexane, found that the same
band spectrum was given by cach, but that it did not
correspond with any known carbon system. He came
to the conclusion that acetaldehyde probably played no
essential part in the luminous oxidation of hexane and
propaldehyde. It is, however, still uncertain to what
the light emission in these flames is due. It is possible
that the radiating molecules are connected with the
‘“active ** molecules and ¢ peroxides »’ which have been
postulated in connection with these reactions; on the
other hand, the phosphorescence may be quite a
secondary cffect.

Highly Diluted Flames

When the vapour of alkali metals is allowed to react
with the halogens, and with mercuric halides, at low
pressures of the order of 10—3 mm., a cool, highly diluted
flame is produced. Since 1928 Polanyi!%. 128 and his
co-workers have carricd out several investigations on
these atomic reactions, and have adduced important
conclusions about the velocity of the chemical reactions
that are involved. Since the mean free path of the
molecules is several centimetres they study a flame of
considerable length. A deposit of alkali halide forms on
the wall of the tube in which the reaction takes place, and
the distribution of this deposit yiclds the requisite data
for calculating the velocity of the gas stream, the
intensity of the emission, the partial pressures of the
reacting substances, the reaction velocity and details of
the mechanism of reaction. In many of these reactions,
chemical change results at cvery collision ; that is, they
are reactions between atoms and molecules in which the
energy of activation of the process is zero. The flame
produced is of a true chemiluminescent nature, since on
account of the good thermal conductivity at the low
pressures that are employed, the flame temperature,
usually about 300°, is below that at which radiation in
the visible spectrum is perceptible.
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Two types of reaction yielding these highly diluted

flames may occur. Kxamples of the first type ave

Na - Cl,, and Na 4 CNCL

Taking sodium and chlorine as an example, it is found
that the primary reaction is Na +- Cl, = NaCl + Cl. It
appears that every collision in such a reaction is effective,
The majority of the chlorine atoms formed in the primary
reaction appear to unite with sodium atoms on the wall
of the tube, and no light is emitted in this process. The
reaction Na, 4+ Cl = NaCl 4 Na takes place in the gas
phase ; the NaCl molecules thus formed are activated,
and collision with Na atoms causes an emission of the
sodium D line.

The second type of reaction is cxemplified by the
reaction betwecn sodium vapour and the vapour of
mercuric chloride. The primary reaction is

Na + HgCl, == NaCl 4- HgCl
followed by

Hg(Cl + Na = Hg + NaCl
in the gas phase.

This type of reaction differs from the first type in that
heating the reaction zone does not diminish the emission
of light as occurs when the Na, - C1 = NaCl 4 Na

reaction zone is heated, owing to the dissociation of the
sodium molecules.



CHAPTER 1V

HIS chapter is concerned largely with the processes
that take place in the gas immediately following
the passage of the flame-surface.

Displacement of Maximum Pressure

The release of available energy is not immediately
complote in the layer of gas-mixture which, having
accepted, now relinquishes the réle of flame-surface.
For if this were true, then P, (see Chapter I and §  Rise
of Pressure”’, page 11) would be a measure of the calorifie
value of an explosive mixture. That this is not so is
shown by the fact that mixtures giving greatest P, in a
fucl-air series, all contvally ignited in a sphere, contain
a greater pereentage of fuel than the mixture in which
the fuel is molccularly balanced against the oxygen for
complete combustion. Such mixtures are : 35-5% CO
(Balanced mixture 29-45%; CO)12; 34.1% H, (Balanced
mixture 29-45%/, H,)1%; and 10-3%, CH, (Balanced mixture
9-459,CH,) ". This displacement of the maximum pres-
sure only falls short of an independent rigid proof of a
delay in the completion of the thermo-chemical equations
in that we have at present no information as to the losses
of energy by radiation during the spread of the flame.
‘We know however from other considerations that the
composition of the gas through which the flame has
passed must tend to the following equilibriums 3 ;

2 CO4-0,=2 CO, + 136 calories
2H,+0 2 H,O - 116 calories
CO +H. 0 =00, 4+ H, 4 10 calories
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Equilibrium Shift

These equilibriums are not stable in the conditions of
explosion, The influence of rising temperature is to
push them all towards the left so that the temporary
concentration of the final products is diminished. The
influence of rising pressure is to push the first two of
them towards the right, so that the temporary concen-
tration of the final products is incrcased. If the pressure
in the explosion-vessel rises from 1 atmosphere to, say,
6 atmospheres, then at some intermediate pressure, say
4 atmospheres, there is a release of energy due to the
shift of equilibrium in gas that has already suffered the
passage of flame at a lower pressure, say at 2 atmo-
spheres. After P, has been passed, the antagonism of
the rising temperature is no longer operative and the
thermo-chemical cquation is rapidly completed.

Consider, however, a number of mixtures that burn
towards an equilibrium of the same final products that
is not affected by pressurc-changes and is only slightly
affected by changes in temperature.

Different Behaviour of Comparable Gas-mixtures

One may compose a group of mixtures all of which
would yield the same maximum pressure if the results
of the two following factors were negligible : loss of
energy by radiation during the flame-period ; delayed
completion of the thermo-chemical equation. More-
over, if the results of two further factors were negligible,
pressure would be developed at the same rate in all the
mixtures ; and the pressure-time curves would be
similar in cvery respect. These further factors are :
differences in thermal conductivity and in rate of
reaction ; diffcrences in the rate of change in the number
of molecules present.

With the samc reservations, onc may compose a
second group of mixtures, all of which would yield the
same maximum temperature, T,,.

If there be chosen a series of mixtures of fuels with
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oxygen that will contain the same number of units of
carbon, hydrogen and oxygen, their calorific values may
be ad]usted by dilution ; and one mixture, in which
there is no change in the number of molecules, may be
common to both groups. Such mixtures are :

Group I (a) (Cale. P, 137 1bs.)

1. C,H, +H,+2 0,4 2015 A
2.2C0+2H,+0,+245 A
3. CH,+CO+ 15 0,4 726 A
4. C,H, 4+ 2 0, + 1601 A

GrouP II (a) (Cale. T,, 2788° Abs.)
1.CH,+H,4+2 0,4+ 2015 A
2.2C0+2H,4+0,+5 A
3.CH;,+CO+150,4+631 A
4. C;H,+2 0, 1447 A

Or if for argon there be substituted a proportion of
(CO, + H,), then—with the reservations stated—every
part of the contents of the sphere would at P, be in-
timately concerned in the ‘ water-gas equilibrium ”,
Then we have—

Grour I (b) (Cale. P,, 137 Ibs.)

. Csz +H,+ 2 02 + 3-39 (Coz + H,)
200 +2 H,+ 0, -+ 036 (CO, -+ H,)
. CH, + CO + 15 O, -+ 1-345 (CO, + H,)
.CH, +20,+30 (Coz + Hz)

Grovur II (b) (Cale. T,, 2788° Abs.)

. C,H,+ H,+ 2 0, + 3-39 (CO, + Hy)
2CO+2H—+,+OM4MM+H)
CH, + CO + 1:5 O, + 106 (CO, + H,)

. CH, +2 0,4 24 33 (CO.;—l—HE)

In all, we have 8§ mixtures caleulated to give the same
P, as C,H,+ H, -+ 0,4+ 20-15 A, and 8 mixtures
calculated to give the same T,, as thiy mixture. They
should all, ex hypothesi, burn to an equilibrated system

H WO bO

0 19
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of end-products that is unaffected by change in pressure,
namely, CO 4 H,0 4 £(CO, + H,).

Small differences between caleulated and observed
values for pressure and so on would have little signifi-
cance in view of our imperfect knowledge of specific
heats and of the indeterminacy of the value of &, which
has been taken as 4.* But if the data employed were
significantly inaccurate, we should find in the results
a large persistent difference between corresponding
members of the a groups, diluted by argon, and the
b groups, diluted by (CO, -+ H,) wherein the whole body
of the diluent gas enters the equilibrium and is affected
by the equilibrium constant. A difference of this order
docs not appear. The results are characteristic of the
basic mixtures employed, rather than of the diluents.

Mixtures thus calculated were prepared dry over
mercury and fired at the centre of a dry spherical con-
tainer 19-77 cm. in diameter. The dissimilarity of the
pressurc-time curves that were obtained is gross, as is
shown by Ellig’s records in Table III.

* For example, if we uso the cquations suggested by Hahn 131
(which themselves were built up on experimental values of
specific heats) from his first equation,

2232
logk = — -TJ — 0-08463 log T — 0-:0002203T + 2-4943
we find & = 6-13
and from tho modified equation,
2
loghk = — %ﬁ — 0-0003909T - 2-4506
introduced by him becausc of ithe unsatisfactory character of
the results obtained by the first equation for temperatures
above 1100°C., we find
k = 3-65
But this cquation assigns £ a maximum (at 2386° Abs.) of 3-844,
which does not agree with the experimental determinations of
Dixon, of Smithells, or of Andrew 13%, The existence of this
maximum, morcover, is dependent on the dissociation of CO,
and H,0 (suppressed on the hypothesis of completed combus-
tion at maximum pressure) which is fundamental to the Hahn
equation.
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TABLE III
Tae ExprosioNn oF GaseEous MIXTURES 7

Mixture | Flame-
P,, cale. P, T,, cale. period
(Ibs.)  (lbs.) | (° C. above lah.) (centi-
Group | No. i seconds)
Ib 2 ‘ 137 1106 2930 05
Ia 2 » 115 2880 0-636
Ib 1 " 110 2495 1-4
Ib 4 . 1132 2240 4-07
Ta 1 » 107'5 2495 4-46
13 3 » | 113 2309 4-87
Ia 4 » © 1107 2370 9-05
Ta 3 w 1103 2386 1504
I 2 1165 97 2495 (2788° Abs.)| 0-576
ITa 2 123-3 105 | ’” 1-05
I1s 1 137 | 110 ” 14
115 4 154-4 ' 126 . 2-68
116 3 149-2 1225 " 3-264
Ila 1 i 137 107-5 s 4-46
Ila 4 144-8 120 » 8-31
Ila 3 142-6 116 - » | 7-23

Differences in flame-period may be expected to relate
chiefly to differences in the rate of reaction as shown in
fig. 11, which gives the curves for mixtures IIe.2 and
Ila.3. Ellis has taken the flame-period as unity for the
purpose of comparing two curves, this meaning that for
one of the curves the scales must be multiplied by factors
dependent on differences in the rate of reaction ; this
graphical treatment then brings into prominence such
facts as are shown in fig. 12, where the less simple
mixture is shown to rclease a less proportion of its
energy in the early stages, and a greater in the later
stages, than the mixture that proceeds by a shorter
route to complete combustion.

These curves show, therefore, that two mixtures of
cqual calorific value and cqual heat capacity (and there-
fore equal tomperature of combustion) reach their
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maximum pressures by notably different paths. This
result cannot at present be attributed solely to any one
of the factors that we have named; but it would
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Afterburning

Clerk’s 17 description of this was ‘“ Afterburning
and to understand his intention in using this term it
must be remembered that at that time ** burning
signified the process of oxidation with emission of heat
and light and the ability to communicate combustion ;
except high temperature, no source of light was known.
Thus the word ‘“ burning ”’ involved no consideration
of atoms built up on a Bohr-Rutherford model, nor of
the modern cxplanation of quantised radiation. To
Dixon also the gas through which the detonation flame
had passed was ‘“ still burning ** 78,

Dixon must also have intended to convey by the word
a certain activated condition, for he says : © In a mixture
of freshly formed CO and oxygen, these gases unite as
the mass cools down without the intervention of steam ;
and where steam is present it does not appreciably alter
the time during which the change continues. This result
agrees with Professor Smithells’ € observation that when
a dried mixture of cyanogen and air is burnt in his
¢ separator ’, the CO formed in the inner cone will burn
in dry air, provided the outer cone is kept close to the
inner ; but when the concs arc widely separated, so
ag to allow time for the CO formed helow to settle
down’, the outer flame is extinguished by bringing it
into dry air.”

It has been shown that in the gas within the flame
there is indeed a delayed completion of the emission of
heat and light, a reactive condition, and an ability to
communicate combustion ; as to the completion of the
oxidation, however, there is no completely decisive
evidence of any cxtensive lag bchind the appropriate
equilibrium position. There is no spectrographic
evidence whatever of the presence in the burned gases
from mixtures of hydrocarbons with oxygen of anything
besides the hydroxyl radicle and linkages of CO and
oxygen which are in process of becoming carbon dioxide.
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Incendivity of the Gas within the Flame

The incendivity of the flame-gases has been demon-
strated 7 by Ellis, but it cannot casily be assessed. Gas
from the interior of a flame is not differentiated from
inert gas by the mere fact that it will ignite fresh ex-
plosive mixture. Argon, suddenly compressed in a cylin-
der, one end of whichaccommodates a window of very thin
glass,willignitecexplosive mixtureinan adjacent container
into which it is spirted by the break-down of the window.
The mixtures so ignited, however, have not included any
more dilute than 2 H, |- O, -2 A and 2 H,  3-5 O,.
The hot argon failed to ignite CH, -|- 2 O0,. The sug-
gestion remains that there is a difference in reactivity,
that is,in physical and chemical state, between the hot
inert argon and the hot freshly formed (or forming)
products of combustion ; for the mixture

‘H,+20,+3N,

has been ignited by the end-products of a mixture of
methane and air hurning at atmospheric pressure ; and
mixtures actually of methane and air are kindled by
these products if’ they have heen produced in a closed
space (where their encrgy has, comparatively, been con-
served up to the moment of release). For if a party
wall hetween two containers is so made as partially to
brealk down under pressurc—one way is to build into
it a microscopist’s cover-glass—and ignition is arranged
ncar the wall, then after the flame has grown for some
time as a dome based upon this partition the pressure
—about 35 lhs. for the experiments quoted—punches
out the weakest portion and is roleased into the adjacent
container. This augmented incendivity is ascribed by
Withrow and Rassweiler 133 to the persistence of hydroxyl
radicles.

The experimental technicue is simpler still when the
igniting gas is fully expanded to atmospheric pressure :
a flame moves inward from the open end of a tube
(which may be, say, § metre long and 5 cm. wide) and
mects the tapered end (containing a drop of water) of
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a pipette that is filled with cxplosive mixture (fig. 13).
In a typical experiment, watcr and water-vapour were
ejected from the pipette twenty centiseconds after the
flame had reached the end of the pipette and this ejection

Flame passing E

along outer
cylinder —»
Flame passing
along outer
cylinder —»
Water-vapour and
water expelled
<«— from quil
Gas expelled from |{{J} hl“
quill ar?d ignited Flame laau?ﬁes along



84 FLAME

occupied a further twenty centiscconds. Then the
contents of the pipette began to he ejected into the hot
dark gas and a few milliseconds later took fire. As a
lecturc-experiment, the cxplosion may he produced
quite simply by using a mixture of coal-gas and air
both in the water-sealed pipette and in the open outer
tube.

Delayed Emission of Heat

It has been shown by Hopkinson 33, Mache 35,
David 22, Lewis 3!, and by Ellis and Morgan 34 that at
any particular instant the temperaturc rises radially
inward from tho flame-surface.  This result may without
doubt be partially aseribed to recompression of the hot
gases as soon as the pressure has risen significantly in
the vessel. This does not explain however why this
rise should take place quite carly in the flame-period.
It seems to indicate that there is a delayed emission of
heat, as indeed there must be if with rising pressure
there is exothermic shift in the equilibrium. Morcover
Ellis and Morgan have shown that when the equilibrium-
shift is endothermic this is reflected in the disappearance
or reversal of the temperature gradient within the flame.

The Luminosity of the Flame-Gases. Afterglow

If a simple odophotograph be made of the ignition of
13 CO + O, at the centre of a sphere, it will be scen
that luminosity is recorded as having been cmitted
solely from the flame-surface. Since the temperature
increases inward, and since the character of any chemical
reaction that procceds in the internal gases is in this
case the same as that in the flame-surface, the local
pressure—which is highest at the flame-surface—would
at first scem to be an essential factor in the appearance
of this luminosity. On the other hand, the light-
producing fall of many of the electrons towards their
final orbits may be spontancous, happening merely as
the final incident in the locally intenser chemical reaction.

When the mixture is 2 CO - O,, the flame is brighter
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and hotter, and the pressure is higher and increases at
a greater ratc. Here, the gas does not ceasc to be
luminous until the pressure and temperature have both
fallen to low levels. The luminosity may he modified
to some extent by firing the mixturo at an initial pressure
of 185 mm. The réle of pressure as an essential pre-
condition of luminosity in the combustion of such a
mixture is suggested even more strikingly by the effect
of still further reductions in the initial pressurc; for
a point is reached where no luminosity is photographed,
either in the flame-surface or in the gas within the flame
that has ceased to constitute the flame-surface, until
the pressure due to the combustion has risen to an
appropriate level. This level depends on the chemical
character of the mixture. If, for example, the mixture
is electrolytic gas, which may be suitably diluted with
a monatomic inert gas, there is—as Bunsen ¢ and as
Frankland ® both noticed—no appreciable luminosity
until the flame-period is at an end. It must be remem-
bered that the initial risc of pressure is comparatively
slow and that, for example, the pressure rises to P,
from P, /2 as the flame spreads through the last one-
eighth of the diameter of the sphere. Explosions in
bubbles show that without this rapid rise in pressure—
and thercfore of temperature—at the close of the flame-
period, the sudden emission of light that often takes
place generally from the entire body of the gas does not
oceur.

This conclusion is not limited to the condition of
central ignition in a sphere; the rdle of pressure is again
made clear in combustion-phenomena that are especially
characteristic of tubes and cylinders. David and
Davies 13¢ have shown that when a mixture is fired in
a cylinder and suddenly compressed by a piston after
its luminosity has died away, its emission of luminosity
isresumed. In a longer cylinder, repeated compressions
may he brought about naturally, owing to the suscep-
tibility of long tubes to vibration. Inthe odophotograph
record of such an explosion, as in those of Woodbury,
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Canby and Lewis 135, alternate light and dark bands
appear, and Kirkby 136 has proved that the periodicity
of this reluminescence in the gas behind the flame
corrclates accurately with the fluctuations in the
pressure-record, as well as with fluctuations in the con-
ductivity. Another example is provided by Kirkby’s
records of explosions of methane and air in a long
cylinder fitted with restricting rings 136, When flame
is propagated under conditions of this kind, it is shot
forward as a long tongue (cf. Chapter I, § “ Rise of
Pressure ’) so that the surface of pressure-generation is
greatly increased in area and the rise in pressure through-
out the tube is extremely rapid. A rapid rise in pressure
—and therefore of temperature—of this kind is found
to causc an intense reluminescence of the gas behind
the flame that has ccased to constitute the flame-
surface : so intense that a cursory examination of the
record might confuse it with the normal combustion of
gas trapped behind the constrictions.

Local Reluminescence

With some mixtures, only a part of the gas within
the flame retains or resumes luminosity. In the ex-
pericnee of the authors, in every example of this kind
the gas involved is the gas that was burned very carly
in the flame-period and thus suffered its initial changes
at a Jow initial pressure and with a comparatively low
emission of light. When the explosion-vessel is a tube,
the duration of this carly part of the flame period,
“ Phase I ¥, is more sharply hounded by the phenomenon
that it has become usual to call ““ the flame arrest ”’,
though there is no fundamental difference from an
explosion of the same mixture in a sphere. The gas
involved, treated as a whole, ccases at this point to
expand and is henceforth compressed towards its initial
cold volume, its position being ecasily identified on the
record by the superior luminosity that it cxhibits often
long before the end of the flame-period. Burned gas
in the rest of the tube, or sphere, that has suffered the
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passage of flame after Phase I has ended, remains dark
until, just before the expirvation of the flame-surfaces,
there is the final rapid rise of pressure—and of tem-
perature—to the maximum figures. XEven then, espe-
cially when a tube is employed, the central gas is still
separately distinguishable by its superior luminosity.
Yet, in so far as it is at a different pressure from the gas
compressing it, it is clearly at a lower pressure. Its
temperature, at least near the axis of the tube, must
on the other hand be higher. Evidently pressure-
variation will not fully account for variation in lumi-
nosity without some reference to the chemical and
physical state of the gas upon which the pressure is
exerted.

The same localiscd Iumineseence may be found in the
still simpler conditions characterising explosions from
central ignition in a sphere. The gas within the flame
may be luminous in every part until the moment of
maximum pressure, when there is a general cessation
of luminosity except at the centre. An example of such
a mixture is 9-5 CO + O,. Another type of record is
obtained when the mixture consists of 2 CO - O, with
a proportion of CO, O,, N,, A or He. The afterglow is
seen to set in well before the flame arrives at the wall
of the sphere.

In explosions within a sphere, the second phase does
not start with the same abruptness as when a cylinder
is cmployed ; Kirkby has shown that the afterglow
begins gradually in a zone about midway between the
centre and the sphere-wall and that it spreads imme-
diately across the centre. Itsappearance may be delayed
by increasing the dilution of the reacting mixture, and
the same trecatment diminishes its diametor. It is
usually associated with a mixture where the thermo-
chemical equation must suffer an exothermic shift with
rising pressure. It is delayed until approximately the
moment of maximum pressure with mixtures of which
this is not true, mixtures, for example, that consist of
2CO + 2 H, + O, diluted with inert gas. If successive
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additions of hydrogen are made to a mixture of the type
2 CO + 0,9 thus changing the character of the
mixture towards the type which burns to an equilibrium .
having an endothermic shift, the onsct of the afterglow
is successively delayed according to the proportion of
hydrogen added. The diameter of the afterglow that
appears at approximately the moment of maximum
pressure may be the whole diameter of the sphere, or
it may again be indefinitely reduced, or suppressed, by
suitable dilution of the original mixture.

Source of the Afterglow

What is general to every example of the appearance
of the afterglow in closed vessels is that it always appears
to be dependent for its existence upon a sufficiently
steep pressure gradient, and unless it appears at or
before the moment of maximum pressure it is never
produced. Under no circumstances has an afterglow
been observed to start at a measurable interval after
the moment of maximum pressure, '

We have now to consider in what specific way the
incidence of changes of temperature and pressure lead
to the emission of actinic radiation from the intermediate
and final products of the thermo-chemical process. The
bulk of the radiation from the flame-surface is in the
invisible infra-red, so that the ordinary odophotograph
forms no direct register of the intra-molecular disturb-
ances that take place in the chemical interchange.
Actinic radiation emitted during the explosion has, as
Garner 137 has pointed out, two possible sources. First,
it must be emitted when an clectron moves nearer to
the nucleus of the radicle or molecule to which it belongs ;
and the wave-length of this radiation is characteristic
of the radicle or molecule, so that by spectrography we
can begin to identify the emitters responsible for the
luminosity of the cxplosions. The sccond possible
source of actinic radiation during the explosion—and of
this no direct evidence has been found—is that which
may be emitted when an eclectron and a positive ion
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coalesce ; emitted, that is, as they combine to form the
excited neutral particle whose further emission provides
a record in the spectrum. It has long been recognised
that ions and electrons are present in the gas considered.
It is their formation that causes the explosion-flame in
an electrical field to behave, as Guénault and Wheeler 138
have demonstrated, as a light body electrically charged.
Their presence is probubly the result of the action of
high temperature upon molecules and radicles which,
having been produced in the chemical reactions, possess
an excess of internal energy above their normal. Rise
in pressure will increase their rate of recombination.
The afterglow closely corresponds in some respects with
the combination of ions, as registered in the electrical
conductivity of the gas ; it is not, however, thus simply
to be accounted for.

From visual inspection of the odophotographic records
of explosions in a sphere, it appears that the afterglow
is always most intense at the moment of the arrival of
the flame-surface at the wall, that is, when the tem-
perature and pressure attain their maximum values. In
- order to obtain quantitative measurements of the vary-
ing intensity of the luminosity during explosions, and
for the purpose of exact correlation with the degroe of
conductivity, Kirkby 1% has employed a photo-clectric
cell. The maximum photocell current, which indicates
the emission of maximum intensity of visible radiation,
corresponds to the most intense region of the afterglow
as photiographically recorded (fig. 14). Morcover, the
maximum photocell current occurs very slightly atter
the time of maximum conductivity, and corresponds
with the stecpest portion of the conductivity decay
curve, immediately after its maximum. The maximum
conductivity occurs at the moment of maximum tem-
perature when the flame is just arriving at the wall of
the sphere, and the concentration of ions is probably
greatest at the centre of the sphere, which, from the
photographic rccords, is the seat of the most intense
luminescence. It is here that the maximum pressure,
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gencrated in the flame-surface when the latter is just
arviving at the sphere wall, becomes operative imme-
diately after the moment of maximum temperature. At
the moment of maximum pressure the ions formed
during the explosion sustain the quickest rate of recom-
bination, with consequent production of the maximum
intensity of visible radiation that can be due to this
source.

Abnormal Molecules

It is clear, however, that the * afterglow ” can only
be ascribed in small measure, if at all, to the recom-
bination of ions. Such ions may have been produced
in the formation of the molecular produets as an imme-
diate result of the chemieal reaction, but their existence
is due also, perhaps to a greator extent, to the effect of
the subsequent rise in temperature on the products of
reaction. It may be that * afterburning ”, when it
oceurs in the gases behind the flame-front, is an addi-
tional source of ionisation and hence of conductivity.
Yet if a number of molecules are ionised, a much larger
number must have been excited to a point falling short
of actual ionisation ; and the visible radiation may also
be accounted for, and in greater measure, by the move-
ment of clectrons towards normal orbits in this larger
number of excited molecules that are formed as a vesult
of the rcaction. It is impossible at present to asscss
the exact shares of the two factors, the recombination
of ions and the molecnlar ¢uiescence, in the production
of the afterglow ; but whilst there is this cognate pro-
duction of ionisation and afterglow, and the possibility
that the incendivity of the gases within the flame is at
least increascd by the presence of ions, the evidence of
the formation and recombination of ions is more par-
ticularly of value in its indication of a much more wide-
spread state of excitation in the newly formed molecules.
To this, therefore, we ascribe the greater share of
responsibility for the emission of the afterglow.

This conclusion is confirmed by two further investi-



SPECTROGRAPHY OF FLAME 91

gations : the first of these is spectrographic and identifies
the excited molecules and radicles that are actually the
sources of the luminous radiation; the second shows
that the law governing the fading of the aftorglow differs
in an essential manner from that governing the decay
of the conductivity. The facts indicate that the after-
glow is mainly due to the quicscence of electrons within
their molecules towards their normal orbits rather than
to the recombination of ions ; it differs from the light
of the flame-surface in that the emission from the flame-
surface is more largely due to the movement of electrons
within radicles of transicnt existence that are not found
in the spectrum of the gas within the flame.

Spectrography of Flame

The spectrum of the afterglow, thercfore, must not
be confused with the spectrum of the flame-surface.
With regard to the afterglow, the spectra for methane
and other hydrocarbons have much in common with
those for carbon monoxide and hydrogen and the results
for these two simpler gases will first be set down.

CarBoN Mowoxipk. The spectrum of the afterglow
of a mixture of earbon monoxide and oxygen is almost
identical with that of the flame. Its features are as
follows :

1. The continuous spectrum from 2500 A to 5500 A :
this was first observed by Frankland % 140, both with
carbon monoxide and with hydrvogen, especially under
pressure. Liveing and Dewar 14 say that “‘ there is not
the slightest indication that this continuous spectrum
is produced by the widcning of the lines or obliteration
of the inequalities of discontinuous spectra of the same
gas at lower pressures’”. This continunm tends,
according to Weston 93, to disappear as hydrogen is
gradually added to the experimental mixtuve, until with
the water-gas mixturc it is absent. Finkelnburg 142
adduces two types of change which produce continuous
spectra. (@) In a reaction that involves the combina-
tion or separation of atoms, or ionisation and recom-
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bination of ions, any energy in excess of that required
for the reaction, or excess energy produced by the
reaction, may be emitted or absorbed as a continuous
spectrum. (b) In intra-atomic or intra-molecular pro-
cesses in which the initial or end level, or both, are not
definitely quantised, continuous spectra should be pro-
duced. In a molecule wherc the rotational energy alone
is unquantised, each single band becomes a continuum,
and a train of bands appears as a continuous spectrum.
Further, if the nuclear vibrational states are unquan-
tised, the bands become a continuous spectrum. Bone
and Lamont 142 thus attribute the continuous spectrum
of the carbon monoxide flame to the emission of un-
quantised radiation.

2. A banded structure tn the same region. This is
attributed by Kondratéev 144 and by Mlle. Kaczynska 145
to linkages of CO and O, which are in process of becoming
CO,. It has nothing in common with the spectra of
oxides of carbon in vacuum-tubes, an observation con-
firmed by Fowler and Gaydon 148, Apart from slight
differences in relative intensities, the bands of the flame-
surface are identical with those of the afterglow, at least
from 3500 A to 4850 A. They scem to be produced by
the direct combination of excited neutral molecules of
CO with neutral molecules of oxygen without dis-
sociation into atoms of carbon and oxygen or molecules
of carbon.

3. Hydroxyl bands when the explosive mixture is moist,
or when it contains hydrogen.

HyproGEN. 1. The continuous spectrum above 3500
4. This tends to be denser as the initial pressure is
raijsed.

2. A banded structure, which, as shown by Bonhdffer
and Haber 147, is due to the hydroxyl radicle. This is
strengthencd by increasing the initial pressure.

HyprocarBons GuNErRarLy. Withrow and Rass-
weiler 148 have shown that the spcetra of the flame-
surface combine those of hydrogen and carbon monoxide
with lines duc to CH and CC. These lines do not



SPECTROGRAPHY OF FLAME 93

appear in the spectrum of the afterglow nor in the
spectrum of the outer cone when the hydrocarbon is
burned at a jet. The spectrum of the afterglow is
emitted by the same molecules as those which give off
light during the explosion of a moist or hydrogenated
mixture of carbon monoxide and oxygen; and these
are clearly, therefore, the principal source of the con-
tinued release of heat-energy from the gas within the
flame. Vaidya 4% used a large Smithells Separator, and
also a batswing flame, “cnd-on ”, for recording the
flame spectrum of ethylenc. The inner cone gave, in
addition to the CC, CH and OH bands, a system of
fainter bands extending from 4100 to 2500 A. They
are thought to be due to CHO.

MerHAXE. The obscrvations on hydrocarbons apply
to methane, the flame-surface spectrum of which has
heen examined by Lauer 18 who finds (H at 3900 A
and 4300 A, CC at 4737 &, 5165 A and 5635 A and
OH at 2811 &, 30064 A, 3428 A and 3471 A. He has
also established the CH baud at 3143 A, and a further
hydrocarbon band CH, at 3627 A.

Thus the spectrum of the flame-surface shows bands
characteristic of ('C, CH and OH, together with the
underlying continuous spectrum due to the burning of
carbon monoxide. The spectrum of the atterglow shows
the hydroxyl bands and the undeilying continuum, but
the bands due to CH. and CC are absent. These results—
which cannot be fitted into any simple scheme of
combustion by successive hydroxylations—have been
repeated by Guénault *37 who has added the important
discovery that in the flame of mixtures of methyl
alcohol having the same temperature as similarly con-
stituted mixtures of methane, the CC bands are very
much less intense.

From Kirkby’s 131 results on the fading of the after-
glow it is cvident that the decay of ionisation is not
directly related to the decay of radiation in the visible
region. Fig. 15 shows two synchronous records of an
explosion in a glass sphere of a mixture 2 CO 4 O,
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that had been dried over phosphoric oxide. A is the
curve of the radiation in the visible region of the spec-
trum and was obtained by the use of a photoelectric
cell. B is the curve of the jonisation current. There
is a pronounced lack of similarity in character in the
two curves in the portions subsequent to the maxima.
The difference is fundamental ; and it indicates that
the afterglow is chiefly due to some cause other than
the recombination of ions, though the pericd during
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which this cause operates is closely identified with the
period of ionic recombination.

There are also some other more general reasons for
believing that the luminosity of gascous explosions, and
notably the afterglow obtained under the experimental
conditions described, is principally duc to cxcited mole-
cules formed as a result of the chemical reactions, and
not divectly to recombination of positive and negative
jons. In cleciric discharges in gases “ it is readily
shown,” say K. T. Compton and Langmuir 152, * that
light is principally due, in most cases, to cxcitation of
atoms rather than to rccombination of ions . Recom-
bination of ions takes place when a negative and o
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positive ion become associated so as to form a neutral
system. Such a system may arise from charged ions
in several ways. Considering a molecule which has lost
an electron and thus become a positive ion, if the
negative ions in the system are electrons then a neutral
system might be formed in two ways: (1) by the
clectron colliding with the positive ion, with the simul-
taneous formation of a neutral normal molecule ; (2) by
the electron coming within the sphere of influence of
the positive ion, and describing a closed orbit of small
radius round the positive ion, with the consequent for-
mation of a molecule which is uncharged, but in a state
of excitation.

In the first case there will be an emission of energy
in the form of radiation. According to J. J. and G. P.
Thomson 133, ‘“ neutralisation of positively charged
atoms by a ncgative charge is often the source of
luminous radiation, hence it would appear not unlikely
that if a large volume of ionised gas were suddenly
compressed light would be produced ”. Newall 154
found that when ionised oxygen was suddenly com-
pressed it became luminous, hut Thomson suggests that
this cannot be attributed with certainty to recom-
bination.

The amount of encrgy, however, that is liberated
when oppositely charged ions recombine will correspond,
unless it takes place in stages, to the ionisation potential
of the molecules concerned, say about 12 volts, and
this would be responsible for an emission of light in the
far ultra-violet, of wave length about 900 A, and visible
light. It is on these grounds that J. J. and G. P.
Thomson 155, in Vol. IT of their work referred to above,
published five years later than Vol. I, have raised a
serious objection to the view that luminosity of the gas
in electric discharges is due to rccombination of negative
ions or electrons with positive ions. A similar objeetion
would equally apply in the case of the Iuminosity of
gascous explosions.

It is, however, possible that the energy change in-
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volved during the process of complete reccombination,
in the formation of & ncutral and normal (unexcited)
molecule from a positively charged molecule and electron
(or negative ion), takes place in at lcast two stages.
The first stage may consist in the formation of a neutral,
but execited, molecule in the manner described in (2)
above, with the simultancous cmission of radiation.
This would correspond to an cnergy change of a fraction
of the ionisation potential, say abhout 2-3 volts, and
would result in emission of visible light. The second
stage of the process would consist in the return of excited
clectrons within the molecule, to lower energy levels,
with the emission of radiation in the visible region of
a wave length corresponding to cach energy level. The
ultimate result of this two-stage process would be a
neutral and unexcited molecule. At the same time, it
seems cvident that the more important process in
cmission of visible radiation is the return of excited
electrons to normal levels, within molecules that have
been directly excited by chemical and thermal means.
Indeed it seems probable that to the operation of
temperature on newly formed molecules may be ascribed
both the *‘ afterglow ” of gaseous explosions and the
** aureole ” of the separated flame.
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Activation, Energy of, 28, 47

Adhesion, 10-11, 17, 33, 389

Afterburning, 81-96

Afterglow, 84-96

Airbanks, 16

Alksli metals, 58, 73

Area, Change of, 10-13, 24-5,
32-8, 42, 86

Argand burner, 60

Arrest, 17, 38-42, 86

Aureole, 2, 5, 96

Batswing burner, 93

Boring motion, 17--18, 32, 43

Bubble anslogy, 8, 11

Bubble, Explosion in a, 3, 13,
17, 37, 42, 85

Bunsen flame, 2, §, 18

— — Cones of, 2, 5, 18, 245,

32, 81, 93
Burning back, 5

Calorific value, 27-31, 75-9
Cap, 2, 71

Carburetter, 12

Catalysers, 7, 52-8
Centripetency, 3, 9, 14, 15, 39
Chain Reactions, 50-4
Check, see Arrest
Chemiluminesconce, 71, 73
Chlorie acid, 58

Collision, Activation by, 48
— Frequency of, 28

— Reaction due to, 6
Combustion, Cathodic, 65
— Flameless, 6, 51, 57, 62
— Heterogeneous, 58

— llomogeneous, 58

Comparable gas-mixtures, 76—
0,

Complex gas-mixtures, 69

Concentric Tubes Method, 60

Conduction, 10, 11, 14, 17, 20,
20, 3841, 64-5

Conductivity, Coefficient of, 33

— Electrical, 86-96

— Thermel, 16, 26-31, 65, 68,
73, 76

Convection, 11, 16-18, 35, 59,
64, 68

Cylinder, see Tube

— Square, 15, 40

Density, 1, 24, 27

Deotonation, 4, 18-21, 42-6

Diamoter (Tube), 25, 31-6,
40-1, 52

— Limiting, 33

— ratio, 33

Dilution, 5, 68-9, 77, 87

D.C. Discharge, 22, 65

iflectric field, Flame in, 89
Electrical Theory of Ignition,
66

Lnergy, Eloctronie, 49, 66

— Molecular, 49

— Rotational, 49

— Translational, 49, 65-6

— Vibrational, 49-50

— of Activation, 28, 47-50,
71-3

— of Spark, 41

Iingine, Internal Combustion,
12, 47

m
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Equilibrium, Mobile, 4, 48,
75-6, 84, 87-8

— ¢ Water-gas’, 77

Explosion, 2

— Percussive, 2, 13, 45

Fonding, 9, 14

JFlame, Candle, 1

— Centring of, 3. 9, 14-15

— Cool, 4, 70-3

— QGrowth of, 8

— Lamp, 2

— Moulding of, 9, 17

-— of Bunsen burncer, 2, 5

— of burning objects, 1

Flames. Jet, 5

— Marker, 16. 38

— Quintuplet, 16

Flaine-movement, Registration
of, 224

Flame-period, 17, 79, 84-5

Flamu-surface, Pitting of, 16,
32, 35

Flame-temperature, see Tem-
perature

Flare, 3, 71

Fundamental speed, 7, 24-5,
37-8, 41

Gas-flow, 3, 8-9, 13-18, 24. 32,
37-40

Gas-space, Chambered, 10, 12,
58, 86

— Compact, 8, 14

—- Conical, 10

-— Cylindrical, see Tube

-— Shape of, 11

— Spherical, 3, 7, 8, 11-14

— Vented, 10-13, 18

Gravitation, 3, 16-18. 35, 41, 68

Heat capacity, 62, 68, 79
Heat of reaction. 48
Heating, Rate of, 64
Highly diluted flames, 73-4
Hydroxyl. 81-2, 92-3
Hydroxylation, 93

Tgnitibility, 6

FLAME

Ignition, 6, 57-71

— by adiabatic compression,
6, 18, 43, 58, 60, 69

— by discharge, 6, 41, 58, 63-7

— by flamnc-gases, 6, 58, 824

— by general heating, 58

— by hol surface, 6, 16, 58

— by inerl gas, 58, 82

— by wire, 16, 58-9, 64

~— Lag on, 6, 59-66

— Position of, 7, 13, 14, 17, 29,
41, 68, 82

— Pressure-limits of, 53

— -temperaturo, 33, 51, 57-67

Incandescence, 1. 5

Incendivity, 66, 814

Induction, Poriod of, 52

Inhibitors, 7, 32, 72

Internal Combustion Engine,
67

Todine, 7

Tonisation, 4, 63, 88-96

Tons, Recombination of, 89-96

Isobars, 9-12

Leak, 10; see Ventage

Length (tube), 36, 40, 41

Limit, 6, 33, 67-71

Limit-mixtures, 6, 17, 19, 68

Limiting pressure of ignition,
53

Linkages, 4, 46-7, 81

Luminosity, Pressure and, 5,
8489

— Temperature and, 5. 90-6

Marker-flames, 16, 38

Matceh, 58

Maximum, Displacoments of,
30, 75

— Electrical Conductivity, 89

~ Luminosity, 89

— Pressure, 11, 14, 75~90

— Temperature, 76-—7, 89-90

Minimum sparking-current, 6

— volumne, 64-6

Mo.sture, 548, 81, 92-3

Molecular cuergy, 44

— velocity, 4, 43, 50
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Molecules, Abnormal, 90-6

— Activated, 48-50, 65-6, 73,
95

— Change in number of, 76-7

DMouvement Saccadé, 40

Nitrogen peroxide, 7

Odography, 20, 22
Odophotography, 23
Organo-metallic compounds,

5
Orientation, 25, 31, 35, 41

Peroxides, 73

Phase I, 86

Phase I, 40, 87

Phosphorescent Flame, 6, 70-3

Photo-electric ccll, 4, 89, 94

Photography, Timed Snap-
shot, 23—4

Piezo-electricity, 21

Planes of stillness, 14-16

Position, Change of, 8, 17

Pressure and ignitibility, 68

— and luminosity, 5, 85-92

— and speed, 4. 24, 30

— at flame-surface, 3, 13-14,

18-19, 42, 84
— ~— — — RRatoeof rise of. 3.
42-5

— 1in gas-space, Rate of riso of,
11-13, 42

— Fall of, 10, 17, 20

— Low, 46, 65, 73. 85

—- Maximum, 11, 14, 75-89

— Measurement of, 19-21

— Mode of rise of, 8, 11-1+

Pressure-generation and area,
see Area

Pressure-gradients, 3, 9, 13-14,
39, 42, 88

Pressure-limits, 53—4

Pressurc-meets, 14-16

Pressure-ridge, 3—4, 18

Pyrophoroi, 58

Quiescence, Chemical, 4
— of electrons, ¢

1056

Quiescence of gas, 9
Quintuplet flames, 16

Radiation, 4, 11, 64, 71-6, 84—
06

— absorption of, 48

— unquantised, 92

Reaction centres, 51

— Mechanism of, 4657

— Rato of, 6, 27-8, 48-52, 57,
73, 76, 79

Recompression of flame-gases,
19, 84-6

Region of explosion, 70

Retonation-wave, 43

Rotation, 17-18, 32, 43

Second Phase, 40, 87

Shape, Change of, 8-9, 17,
245, 32

Smithells Separator, 5, 81, 93,
96

Smouldcering, 58
Sound, Speed of. 4, 9, 434
Sparks, ares and discharges :
Break, 58-9
Condenser, 64
Frictional. 62
Yusion, 58-9
Induction-coil, 64
Oscillatory, G5
Spark-gap, 64
Specific Heats, 20, 28-9, 78
Spectroscopy, 4, 21, 49, 55-6,
72, 81, 88, 91-6
— Absorption, 67
Spectrum, Continuous, 4, 91—
93

Speed, Maximum, 30, 31

— -generalisation, 36-7, 70

Sphere, Central Ignition in, 3,
7-8, 11-17. 28-9, 41, 75,
78, 84, 87

Spire, sce Cap

Still gas, 37, 42

Sugar, 58

Surface-catalysed combustion,
59-60
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Temperaturo and ignitibility,
68 ; see Ignition

— and speed, 24, 30

— Maximum, 76-7, 89

Temperature-gradients, 4, 16,
19,

Toemperature
19

Thermal theory of ignition,
646

measurcments,

Thoermo-chemical equation, 4,
75, 76, 80

Tube, sce also Diameter and
Orientation

— Asymmetric ignition in, 29,
39

~— closed, 17, 38

— End ignition in, 40, 41

— open, 38

— open abt one end, 40; sec
also Uniform Movement

FLAME

Turbulence, 10, 12, 68

Ultra-limit mixtures, 3, 17-19,
64, 71

Uniform Movement, 7, 28, 31,
317, 40, 45

Ventage, 10-13, 18, 38
Vibratory Motion, 20, 44-5, 85

‘Wall, Adhesion to, 10, 11, 17,
33, 39

-— Catalysis at, 6, 51—4, 58-9

«~— Cold zone near, 33

— Cooling by, 1014, 29, 38, 40

— Lie of, 8, 9, 13, 16

— Material of, 26, 33, 41

Waves, Compression, 4, 18, 21,
24, 44

— Shock, 44

‘Wick, Function of, 2
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