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CHAPTER 1

THE NATURE OF GRAPHITE AND AMORFPHOUS CARBON

Before considering the combustion of carbon it is desirable to
know something of the molecular nature of the material with which
we are dealing. It is usual to classify the various forms of carbon
as having either a diamond, graphite or an amorphous type of structure

and it is with the two latter forms that we shall desal here.

The structure of graphite has been established by X-ray and chemical
methods and itiis shown to consist of flat hexagon planes with a carbon-
carbon bond distance of 1.42 &., the distance between the planes being
3.35 A. (Pig. 1). Roth suggested, from data on heat of combustion, that
there were at least two different forms of graphite, termed "x" and "sg",
but this was not substantiated by the more accurate determinations of
later workersl. Since then, Lipson and Stokes? have shown that X-ray
diffrection films indicate the existence of a modification of graphite
in which thé hexagonal layers are arranged with the fourth vertically
over the first (the third layer is vertically over the first in the more
usual structure) and this new form may be present to the extent of about
10 per cent. in natural graphite. Ruff has suggested that the differences
in energy content and density between different samples of graphite may

be due to the presence of faults in the graphite lattice.

Although there are powerful forces between the atoms of the layer
planes of graphite, the inter-planar bond is extremely weak; it is
estimated by Ruff5 to be about one sixth of the strength of the bond

between neighbouring carbon atoms in the same plane, whilst Pauling,




Fig. l.- The structure of graphite.
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Brockway and Beach4 tend to neglect it altogether when they assume
that each bond has a one third double bond character corresponding to
resonance among such structures as Fig. 2. The high thermal and
electrical conductivity of graphite, comparable to that of many
metals, suggests that the inter-planar bond may be regarded as a
weak one dimensional metallic valency, and chemical evidence leads
us to regard the graphite layer-planes as large free radicles bonded
by weak valency forces to focrm grephite crystallites. Riley5 has
sumarized in detai} the similarity of the chemistry of graphite to
that of the triarylmethyls. It is evident from Fige 3 that if we
consider one particular cerbon atom in the graphite lattice then its
three valency bonds lead to three aromatic hexagons and its proper-
ties might be expected to be similiar to those of the central carbon
atom of the triphenylmethyl group. The evidence accumulated leaves
little doubt as to the pronounced aromatic character of the hexagon

layer-planes in pure graphite.

Our views on the structure of the so-called amorphous carbons
have been considerably modified over the last few years. As early
as 1874 Weber® stated that the specific heats gave no evidence of three
intrinsically different forms of carbon and this was confirmed by
Debye and Scherrer’ who showed that the X-ray spectra of both graphite
and amorphgszzgzdicated the same internal crystal structure. There
is gbundant chemical evidence to support these views. Both graphite
and amorphous carbon, e.g., soot, can form layered lattice structures
such as Cgk, CqgK, (CF), , etc., whilst Juetter® has shown that the
vields of mellitic acid, 05(002H)6 » a derivative of benzene, obtained

from carbonaceous materials heated to 1000 C. are of the same order




as those obtained from graphite. The fact that the specific gravity
of the solid products of carbonisation is of the order of 1.9 as
compared with the value of 2.25 for pure graphite is explained by the
fact that, like most forms of commercial carbon, small quentities

of gas (hydrogen, carbon monoxide) are present between the graphite
planes, thus preventing their coalescence and subsequent increase in

densi tyg ’ 100

Blayden, BGibson and R.'i.ley:"1 have carried out extensive work on
coals , cokes and chars by means of the X-ray powder diffraction tech-
nique applied to series of closely related specimens. They suggest that
coals and cokesl? consist of platelets arranged in considerable dis-
order. Bach platelet consists of several hexagon layer plenes, whose
edge atoms are linked to the non-carbon atoms present, and it is
this which limits the growth of the platelet. By measuring the breadth
of the diffraction lines on the X-rsy powder photogrsph it is possible
to obtain a figure which is called the average crystallite dimension
and it is found that, in general, these carbon crystallites contain
three or four layer planes. The latter, although parallel in any
one crystallite are arranged in randomly orientated groups and this
type of structure has been termed by Warrenl® "turbostratic". The
ease with which the f2at lamellae can move over one another appears

to be decided by the presence of créss linkages (possibly through
the agency of oxygen) and the terms rigid and mobile turbostratic
systems have been coined. More recent]yM‘ tilting of the aromatic
hexagon planes similiar to tha'lﬁiscussed by Karle and Brockway15

for the structure of o-tetraphenylene and analogous to that for

gla5516 has been put forward as a possible factor in the building
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up of cokes and chars.

As far as coal and coke are concerned we may agree with Bonel?
and say that there is a gradual transition of benzenoid properties
as the degree of coalification or carbonization proceeds. The
nature of the original substance and the presence of foreign atoms
are both of parsmount importance, and the higher the temperature of
carbonization the more likely is the material to epproximate to an

ordered graphite lattice.

Apart from considerations of internal molecular structure,
combustion is also related to the macro structure of the burning
particle. It will be shown later that the rate of combustion of a
particle is directly proportional to its superficial surface area.
The ratio of true to superficial surface is difficult to determine
in the case of a porous char or coke but it appears from preliminary
calculations, that for a material of a given porosity, it will be
little affected by pore size and distribution. Work is at present
being carried out on the relationship of the two latter factors to

combustibility in the case of blast furnace coke.*

* Work at present in progress at the Royal Technical College, Glasgow.



CHAPTER 11

THE MECHANISM OF CARBON COMBUSTION

Much work has been carried out on the carbon plus oxygen reaction
both from a fundamental and an empirical point of view. In order to
study the true surface reaction and avoid secondary reactions in the
gas phese, it is necessary to conauct experiments at very low pressures,
high gas velocities and with smooth carbon surfaces. Work of this kind
has been carried out by La:ngmuirl8 ’ Sihvonentfand Meyer20 s using
electricaelly heated graphite filaments. In some cases and attempt has
been made to correiate the results with the known structure of the
graphite lattice (Sihvonenl®, Ruff>). More recently, Strickland
Constab1e21 has carried out low pressure experiments in a stationary
atmosphere, aan he suggests convincingly that the conflicting results
of earlier workers in this field may have been due to the activation
of gas molecules by thermionic emission from the electrically heated
filaments. The results of this low pressure work cannot be extrapolated
to provide information on thg combustion mechanism at higher pressures
because of the comple® diffusion problems and the presence of secondary
gas phase reactions in the latter case. Moreover, in the case of the
mechanism in beds of carbon particles, there is the additional com-

plication of reactions within the voids of the bed. 22, 28

Rhead and Wheeler?® must be given the credit for the first
thorough investigation of the primary reaction between carbon and
oxygen. They put forward the conception of a surface camplex cxoy
which then decomposed to give CO and C02. Similiar theories have since

been put forward by Iowry and Hulett® Rideal and Wright?®, Shan?’,

and several other workers. However , it has been pointed out
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by S't::t'ickla.ml-(}onxsrl:aﬂale28 that the formation of a complex such as

that suggested by Rhead and Wheeler would lead to a zero order reaction
since the rate of formation of the complex is high and its rate of
decompiisition is low, whereas Lambert2® ’ lleyerzo, and Strickland-
Constable?l £ind the low temperature reaction (below 1500° &.) to

be of the first order. In addition, if surface compounds are formed
as above, the rate of reaction of freshly outgassed charcoal should
increase as oxidation proceeds because initially oxygen will be used
up to form a layer of surface oxide and only at a later stage will

this decompose to give carbon monoxide and carbon dioxide. The
contrary is found to be the case for the analogous reaction of charcoal
with nitrous oxide®0. Strickland-Constable puts forward the hypothesis
of two types of surface compound. One of thése, an "intermediate"
compound, is capable of oxidising carbon monoxide to carbon dioxide.

He suggests that surface oxides are probably covalent compounds

having a wide range of structureénd thermal stability. This is

borne out by Lowry and Hulett25 who found that temperatures of at
least 1000o C. were requiredto decompose all the solid oxides on
charcoal. That these oxides may also, in certain cases, possess
distinct acid and basic properties has been shown by Schilow,
Schatanowskaja and Tschmutovol. Strickland-Constable assumes pro-
visionally that the intermediate compounds are the least stable of

the surface oxides (or merely adsorbed oxygen) and that they react
with more oxygen or carbon monoxide in the gas phase to form carbon

dioxide by means of a first order reaction.

Work on active forms of carbon indicates that oxygen may be

able to penetrate the hexagon layer planes of a graphite structure




to form inter-planar oxides®2. However, it should be remembered

that the characteristic property of active carbon is its high specific
surface reactivity which is due in part to an exceptionally large sur-
face area and inter-planar oxide formation may be of less imﬁortance

for a non-reactive carbon.

When considering the mechanism of the oxidation reaction at
higher‘ pressures the mumber of intermolecular collisions in the gas
phase becomes of supreme importance. Several attempts have been made
to calculate absolute reaction rates of combustion on the assumption
that the rate of diffusion of oxygen @olecules towards the burning
surface must balance the rate of diffusion of combustion products
away from the surface. Such methods are hampered by lack of detailed
knowledge concerning the physical conditions existing in the combustion
zone. Parker and Hottel®® studied the gas film structure by micro-
sampling of the adhering film and they calculated the diffusivities
of carbon dioxide through nitrogen and oxygen through nitrogen. Some
workers assume a film of stagnant gas to surround the burning specimen
when the problem of gaseous diffusion in considerably simplified.
Bur%e and Schumenn®* have applied this technique to the combustion of
small particles {less than 0.5 mm. diameter) of pulverized fuel.

Smith and Gudmundsen®® describe experiments with carbon spheres of

4.6 mm. diameter, these being burnt in a stream of preheated air, and
LIayers56 has set up an empirical equation based on their results to
correlate the rate of combustion with variations in temperature,
pressure, gas velocity and particle radius. Tu, Davis, and Hotte137
studied the rate of combustion of carbon spheres of 25 mm. diameter in

dry preheated oxygen-nitrogen mixtured. The sphere was suspended in



such a way that it was able to rotate at a standardized rate of

20 r.p.m. As in the work of Smith and Gudmundsen the temperature of
the burning specimen was measured by means of an optical pyprometer.

Tu, Davis and Hottel divided the process of combustion into two zones -
below about 1800° C. (surface temperature of the carbon), the rate of
chemical reaction was said to control the rate of combustion and tem-
perature was all important whereas above 1000° C. diffusion was
sugrested as the controlling factor and gas velocity became of greater
importance. Using the Reynolds analogy of fluid flow these workers
were able to calculate approximately the absolute magnitude of the rate
of combustion although they state that this analogy tends to predict
unduly thin gas films when applied to such problems. It may be noted
here that the use of Rice's fomula.58 by Burke and Schumann for the
calculation of the stagnant gas film thickness has been queried by

39 and by Fage and Townend*C

Mayers56 on the grounds of work by Kennard
neither 0f whom obtained evidence of stationary films during their
work on gas end liquid flow problems. However, since Kennard was
dealing with the problem of temperature distribution surrounding bodies
at temperatures of less than 150° C», and Fage and Townend were work-
ing on the flow of water in tubes at room temperatures, it seems unwise
to apply the conclusions of these comparatively low temperature
experiments to the high temperature combustion process. Nevertheless
the existence of a stagnant film seems unlikely when one views the
reaction on a coke surface by means of a high temperature microscope,
the products of combustion being seen to disturb the fused ash at high
temperatures. On the other hand the existence of such a film has
proved fruitful for purposes of calculation and indeed the remarkable
adherence of soitid ash to burning coke (p. 19 ) seems to Justify such

8




an assumption in some cases.

M:agyers‘i':L

in some experiments on the rate of reduction of carbon
dioxide by graphite, passed carbon dioxide over cylindrical specimens
of electrode graphite and by increasing the gas flow rate until no
further increase in the rate of reaction was observed he was able to
assume that at this flow rate the partial pressure of carbon dioxide
at the surface of the specimen was equal to the total pressure of gas,
i.e., the velocity coefficiesnt of partial pressure of carbon dioxide
was zero. In his subsequent calculations only those values of zero
velocity coefficient were used. This method might be used for the com-

bustion of carbon in oxygen but it would entail very high reaction rates

which would be difficult to follow experimentally.

Finniston®2 in a study of the combustion of coke used cylindrical
specimens and burnt them in a stream of air at temperatures up to about
1500° C. He was able to show that the rate of combustion was directly
proportional to the superficial surface area of the specimen and also
to establish the validity of the Arrhenius conception of activation
energy as applied to the combustion of coke. Reference will be made
to this work later as it formed the starting point of the present

research.

In conclusion, numerous empirical combustion tests have been
designed for carbonaceous fuel beds, particularly coke, and iy appears
that physical conditions of sizing and voidage, etc., are of more im-

portance than the specific reaction rate of the fuel substance. This

subject has beeqﬁiscussed in some detail by }.ria;>re3::'s4':’> and by Hiles and

44 .
Mott™, the latter giving a summary of the Russien work in this field.




Plate 1.- Method of trepanning cylindrical coke specimens.



CHAPTER 111

THE COMBUSTIBILITY APPARATUS

As mentioned in the previous chapter it was decided to conduct
further experiments along the lines of those carried out by
H.M. I"inn:i.asi:f.m‘l'2 but with some means of varying the factors of gas
velocity and pressure. It was felt, moreover, that the effect of the
geametrical configuration of the combustion chember in relation to
the rate of combustion should be studied in some detail, as such
variables as gas velocity and chamber dismeter are mutually inter-
dependent. The information from such geometrical considerations might
also be of value when studying the effect of voidage and packing

density in a fuel bed.

Although this work applies to the combustion of carbon in general,
its application to the combustion of coke in the blast furnace for the
production of pig iron has been kept constantly in view. For this
reason most of the work has been carried out on specimens of coke,
these being either cut from large pieces with a diamond cutting wheel
and ground to shape or drilled out by means of a diamond tipped
trepanning tool as shown in Plate 1. In the formerptase each specimen
in the form of a cylinder measured 3.18 cm. long and 1.91 cm. diameter,
whereas in the latter case the dismeter was 1.83 cme The trepanning
method is much to be preferred both from the point of view of accuracy
of shape and also labour involved, but the method is not suitable for

badly fissured coke. The essential requirement is a high speed drill

of extreme rigidity with provision for the application of ample water

to the grinding surfaces. All specimens were finally drilled axially

10



with a § in. (0.32 cm.) high speed steel drill for the purpose of
suspension. As far as possible the coke specimens were free from
cracks and they were cut from the centre of half-oven width pieces,
i.e., the soft centre-oven ends and the badly fissured cauliflower
endg‘vere neglected. By this means it was possible to obtain specimens
of approximately constant density from the same sample of coke, the
weight remaining constant to within #0.3 gm., the total weight of the

specimen varying from 7 to 9 gm. according to the coke used.

Each specimen was suspended from a silica tube to which was
fused a small platinum hook and this was then attached to a nichrome
wire. The loss in weight of the suspension during a run, from reduc-
tion of the silica, was less than 0.01 gm. and could be neglected.
At temperatures above 1550° C. the silica suspension wa#’ound to have
insufficient strength to support the specimen and it was replaced

by a fused alumina tube.

The gas for the combustion was drawn through the apparatus by
means of vacuum pumps A and B (Fig. 4), the former being an Edwards
Speedivac 1A with a rated capacity of 48 litres per minute, and the
latter and Edwards Hyvac of 10 litres per minute capacity, this being
used mainly as a standby when an extra large capacity was required
and also for the purpose of calibrating the gas flow as described
below. It was feared at first that the products of combustion contain-
ing sulphur dioxide (obtained from the oxidation of sulphur in the coke)
might corrode the working parts of the pumps, but they functioned
perfectly satisfactore/g]%' and no material damage appears to have been

sustained over a period of some two and a half years, the vacuum oil

being renewed about every six months.

11
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When using air for combustion it was dried by drawing it through
concentrated sulphuric acid and then through a tower packed with
alternate layers of magnesium perchlorate and glass wool in Train (1)}
of Fig. 4. In order to study the effect of varying oxygen concentra-
tion, a second train (2) was added, and this could be supplied with
either pure oxygen or pure nitrogen from cylinders of the compressed
gas. Taps 4 and 4' were used to regulate the flow of gas required and
once these had been correctly adjusted for a particular rate of gas
flow c and c' were used for "on" and "off" regulation only. Taps b
and b' were left open #ndthe gas cylinder valves adjusted to provide
a slight excess of gas over that actually required, the excess being
blown off to atmosphere, and in this way a constant pressure head h
was maintained. From the drying towers the gases were passed to
an 8 litre bottle S, thence through tap g to the combustion chambexf.
Owing to the fact that in some cases gas was being supplied from a
cylinder at a pressure greater than atmospheric, whilst in other
cagses air was being drawn from the atmosphere, the pc/)nventional forms

convenen
of gas metering apparatus were not found to *ltbe,(v- eMoreover, a con-
tinuous range of gas flow from about 100 to 8000 ml. per minute was
required. For this reason the following method of gas measurement
was devised and it was found to be ideally suited to the desired
requirements.

Suppose bottle S is exhausted until the pressure of gas in it is
p, the volume of gas in S8 (at N.T.P.) is then given by

Vi =kp where k is a constant.
Now allow gas to flow into S for a time dt, when the pressure will

rise to a value (p + dp) and the volume of gas will then be given by

Vo = k(p + dp)

12



Hence the rate of gas flow over the time dt is given by

dt dt dt

Vo=V . 4V _ .8p .
If bottle S is evacuatedend gas then allowed to flow through

tap d and measurements made of pressure and time it is found, as

shown in Fig. 5 for a wide range of gas flow rates, that dp/dt is

constant as long as p is less than about 40 cm. of mercury pressure,

i.e., for a given setting of tap d, the gagflows at a constant rate

into bottle S provided that the pressure in S never rises above 40

cm. of mercury. It is difficult to shgw why this should be so fram

a theo’retical point of view as the problem of gas flow through a short

tube (corresponding to tap d) with a large pressure drop across the

ends is an exceedingly complex one and most mathematical treatments

neglect turbulence and deal with gases at very low pressures45.

If S is exhaustedto a pressure p; the volume of gas it contains

at N.T.P. is given by

Vv, = V. 243.P1/76 nl.

where Vg is the volume of bottle S and T the gas temperature in °k.
P is measured in cm. of mercury. Suppose gas is now allowed to flow
through tap d into S until a pressure of pj + 20 is reached (an increase
in pressure of 20 cm. was found to be the most convenient for purposes
of gas flow calibration), then the volume of the gas in S at N.T.P.
is ‘

Vo = V5.2, (py + 20)/76 mi.

i.e. the change of volume is

Vo -V =V, .22 20/76 mi.
17
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If the time teken for this 20 cm. rise of pressure is t seconds then,
gince dp/dt is a constant (for p less than 40 cm.) we may say that
the rate of flow is

Vo 2375.20

—% 7zt ml/sec.

’

Vg can be obtained by filling the bottle S with water and weighing,
and hence we may express the rate of flow as

K.l ml. per second.
Tt

where K is a constant which can be readily calculated.

By varying the opening of tap 4 a chart was constructed of rate
of gas flow plotted against the time for an increase in pressure of
20 cm. of mercury, the room temperature T being taken as 205° 4. A
small correction was easily made for room temperature variation when
reading fro: this chart and it wasfound that variations in atmospheric
pressure had a negligible effect . The accuracy of this method of

gas flow measurement was always within #1.5 per cent.

During an actual run, gas was drawn continuously through the
apparatus, the pressure to the left of taps d and d' (Fig.4) being
always less than 40 cm., whereas the pressure on the right hand side
was always approximately 76 cm. As there was a pressure drop of about
0.5 cm. from S to the combustion chamber, the manometer M was connected
by taps £ and k to either one or the other, according to which pressure
was being measured a'lfhhe time. When checking the gas flow rate it
was found convenient to isolate the furnace chamber an& use pump B

for evacuating S.

The furnace used for these combustion experiments is shown in

14




ilate 11*- General view of the combustibility apparatus*



Fig. 6 and a general view of the combustion apparatus is shown in
Plate 11. The winding of the molybdenum wound electrical resistance
furnace was protected from oxidation by the passage of a contimuous
stream of cracked ammonia. The latter was produced by passing gaseous
ammonia from a cylinder through red hot mullite tubes packed with
mild steel turnings. This decomposed the ammonia into its constituent
elements which were then passed successively through water, to remove
any undecomposed ammonia, sulphuric acid to remove water vapour, and
finally granulated zinc to remove any sulphuric acii spray. The
combustion chamber itself consisted of a mullite tube (Morgan's
Triangle H5 quality) of about 5 cm. internal diameter and it was
water cooled at both ends to prevent overheating and burning of the
rubber bungs. The gas for combustion was introduced at the bottom
and preheated in its passage through three alumina baffle plates
drilled with fine holes, these plates being attached to a 9 mm.
external diameter closed end mullite tube containing a calibrated
platinum/13 per cent. platinum-rhodium thermocouple. In some pre-
liminary experiments with an open ended thermocouple sheath, gas was
drawn in-to the furnace over the baffle plates and then back through
the sheath and so ocut of the furnace. In this way the preheated gas
was drawn over the bare end of the thermocouple and the results
suggested that the gas was actually preheated to the temperature of
the cambustion ehamber. The distance between the top of the thermo-
couple and the bottom of the burning specimen was 1.0 cm. Great care
was taken to wind the furnace in such a way as t produce a uniform
hot zone over a length & about 7 cm., the maximum variation along this

length being about 10° C. while the temperature variation across a

diameter of the furnace tube was less than 3° c.

15
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As experiments were to be conducted under pressures lower than
atmospheric and with various gas mixtures, some special form of
weighing device was required that could be completely closed off from
the atmosphere. Mechanical vacuum balances operated through gas
tight seals ha¥e been developed but they are unsuitable because of
their complexity and the presence in this case of corrosive gaseous
products of combustion. Electrical and magnetic attraction de¥ices are
likewise unsuitable and in addition the temperature variations near a
“hot furnace might upset this type of instrument. Several workers in
this field have used balances with a low centre of gravity, the dis-
placement from equilibrium being recorded 'b; the feflection of light
from a mirror attached to the balance onto a scale or photographic
stx'ip46. Such methods suffer from the disadvantage that considerable
movement of the beam is required for accuracy or the range of the
instrument must be restricted, both are undesirable in the present
work.

The method of weighing eventually developed is shown in Fig. 6. -
The specimen was attached to one side of a balance beam (taken from
an or@inary laboratory balance) and to the other side was attached a
straight length € nickel wire. The cradle of the beam was adjusted
so as to restrict its swing, the vertical movement of the nickel yire
being reduced to about 0.127 em. By introducing mercury into the glass
tube as shown it was possible to produce an upthrust onfthe wire and
in this weay maintain the beam in an equiliBrium position. The system
was first of all balanced with the specimen in position and the
mercury at the bottam of the tube, suitable counterweights being

added when necessary. The position of balance was obtained by sighting

16



a fiducial mark on the wire by means of a telescope. The mercury
resevoir was then raised through a known distance with a calibrated
screw mechanism; this increased the upthrust on the right hand side
(Fig. 6) by a known amount and moved the balance arm from its position
of equilibrium. As the specimen burnt away the left hand side of the
system became lighter until the beam tilted back to its original
position again, the mercury resevoir was again raised and the operation
repeated. In this way a record of weight against time could be re-
corded. The damping effect of the mercury was found to be negligible
and surface tension does not introduce any error ss it is present as
a constant force throughout the whole operation. This apparatus was
found to be extremely simple to operate, inexpensive, and very flexible,
as by using diffeerent gauges of wire any range of wéight could be
covered. In this particular work a wire of 16 S.W.G. was found to

be most suitable. One turn of the screw mechanism raised the mercury
resevoir 1.27 cm. corresponding to about 0.25 gm. Hence the maximum
movement of the beam (0.127) was equivalent to 0.025 gm. and the
total range with a wire of length 40 cm. was equivalent to about 8 gm.
The apparatus was calibrated by loading the left hand side with

known weights and noting the héight of the mercury resevoir required
for a balance. Alternatively the calibration could be calculated
from the diameter of the wire and the known density of mercury. The
first method is to be preferred as it allows for any irregularities
inthe diemeter of the wire whereas the second method used an average
figure. Moreover, by calibrating the apparatus by the first method
with the furnace running small errors due to temperature variations

are reduced to negligible proportions. The whole weighing mechanism

17



was completely enclosed and a glass window waginserted as shown for
centring the specimen in the furnace and also for viewing the pro-
gress of combustion. A metal seal at P enabled the whole weighing
mechanism to be swung asicie for the insertion and removal of the

specimen, the wire suspension being disconnected at this point.

The proceedure for a typical combustibility test was as follows.
With taps j, i, g, and k closedand e and f open, the bottle S was
evacuated with pump B, after which the gas flow was adjusted to the
required value as described above. As soon as the furnace was steady
at the required temperature taps e and f were closed and k opened and
the weighing mechanism lowered into place, after which the whole
apparatus was evacuated by means of pump A. The reading of the
manocmeter was noted, g opened, and as soon as the conditions of gas
flow became steady, tap h was manipulated to maintain the required
pressure in the cambustion chamber. Thek apparatus having been adjusted,
pump A was switched off and the apparatus opened at P for the intro-
duction of the previously dried and weighed specimen. The apparatus
was then closed, evacuated, and the balance beam adjusted for equi-
librium by altering the height of the mercury resevoir; finally
after opening tep g a continuous run was made, the mercury resevoir
being raided by one turn of the screw mechanism (equivalent to 0.25 gm.)
at each step. A complete record of weight, time, pressure and tempera-
ture was made throughout the duration of the experiment. It might be
noted here that the upthrust on the specimen due to the gas flow was,
except in a few cases, negligibly small, but as it remained sﬁbstan-

tially constant throughout any one run a correction for it was easily

made when this became necessary.
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An adhering layer of ash was formed on the coke specimens similiar
to that described by Finniston in his experiments. This layer was
surprisingly stable and it was only when relatively large amounts of
gas were drawn past the specimens (in these experiments about 4
litres per minute) that the ash was blown from the surface of the
burning coke. Beilby47 mentions that the ash left on the combustion
of wood charcoal leaves a lace-like skeleton which shows the original
cell structure of the wood; the same is true of the coke ash in these
experiments. When the combustion is carried out at a temperature
above that & the ash fusion point, the ash is found to callect into
droplets of about 1 to 2 mm. diameter on the surface of the coke.
These observations mgy be summarized by saying that as far as the
physical nature of the ash is concerned it does not exist in such a

form as would reduce the access of the gas to the burning surface.
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CHAPTER 1V

CQMBUSTION UNDER VARYING CONDITIONS OF GAS FIOW

i An account will now be given of experiments carried out in order
to investigate the effect of the variables of pressure, linear gas
velocity, volume rate of gas flow, gas composition and dimensions of -
the combustion chamber on the rate of combustion of carbon using the

apparatus described in the previous chapter.

Preliminary Experiments

Some preliminary experiments were carried out using electrode
arc carbon and pure oxygen, flow rates of up to 16 ml. per second and
pressures of 4 to 30 am. of mercury being employed. If it is assumed
that the reaction can be expressed by the equation

C + 09—C0y
then it will be seen that 1 gm. of carbon requires 1865 ml. of oxygen

for complete combustion.

All partially burnt specimens were found to be tapered towards
the bottom and two reasons are suggested for this, namely, a decrease
in the concentration of oxygen in the gas stream as it passed the speci-
men and gas turbulence at the lower end of the specimen giving rise
to an enhanced rate of reaction. According to Finniston?2 if W is
the weight of a specimen after a time t and b the weight of ash in
the original specimen then, 4f the specimen burns symmetrically, it

may be shown that

a(w - b21/5

dt iSB.Consta.nt.o-o---.......-(l).
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The derivation of this expression assumes that the ash adheres to
the partially burnt specimen, if however, it is blown off by the
gas stream then a similiar analysis shows that

%%1/5 is a constant ceesseccocrsscccccncsccs(2)e
Finniston was able to establish the truth of expression (1) through-
out his work thus showing that the rate of combustion was propor-
tional to the superficial surface area of the specimen at any instant
as it is from this assumption that Equation (1) is derived. It is
interesting in thig connection to analyse some results obtained by
him for the rate of combustion of specimens of graphite and coke of
various shapes and dimensions. Suppose the weight of earbon at any

instant is given by (W - b). Then for any given shape

A=p(W- b)z/ 5
where A is the superficial surface area of the still unburnt part
of the specimen and 8 a shape factor, the specimen being assumed
to burn symmetrically. If

- 4(W - b)/at
is the rate of combustion at time t then we should expect this to
be proportional to the true surface area of the carbon and also to

some function (say ¥) of the gas flow,
. 2/3
ie€e, - a(W - p)/dt = Kep(W - b) "L ¥
where & is the ratio of true to superficial surface area and K a

constent of proportionally. Hence, rearranging and integrating

(w - b)l/:5 = K«p¥t/s + ¢
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where K «/ Y/3 is Finniston's combustibility "k" and C a constant of
integration. For different shapes and dimensions of the same form of
carbon burnt under similiar conditions of gas flow and temperature and
assuming that the specimen itself does not upset the gas flow
appreciably, /7 will be the only variable in the expression K«/7J/3.

Hence if

K3 8/3
then k//.?

and k/p? will be constant for different shapes of specimen. The cal-

k
Kxd/3

culated values from Finniston's experimental results are given in
Table 1. It is seen that the ratio k/}é is reasonably constant for
similiar experiments conducted at the same temperature thus substan-
tiating the assumption that the rate of combustion is proportional
to the superficial surface area of the specimen.

Table 1. Calculated values for k/ﬁ from the results of H.M. Finniston.

Experimental Details Shape k/73

Manufactured graphite burnt at 925° C. Cylinder 0.72
Do. but different size of specimen Cylinder 0.70
Manufactured graphite burnt at 1154° C. Cylinder 0.91
Do. but different size of specimen Cylinder 0.88
Coke burnt at 930° C. Parallelopiped | 0.53
Do. Sphere 0.62

Do. Cylinder 0.56

Do. Cylinder 0.82

Do. Cylinder 0. 54

In the present research plots of both (W - b)l/ 3 and Wl/ o were
made against the time t but in neither case was a perfectly straight

line relationship obtained as would be expected if Equation (1) or
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(2) respectively were valid. This means that the expression

a(w - b)l/z’
- at

was not constant throughout the majority of the time of combustion

(even in Finniston's experiments d(W - b)l/s/dt was not constant at

the beginning and end of a run where abnormal conditions were pre-
vailing) owing presumably to the fact that the specimen was not burning
at a uniform rate over the whole surface, this being the all important
assumption for the derivation of the above relationships. Fof this
reason it was decided to investigate the possibilities of using small
alumina discs as guards on the top and the bottom of the specimen in
order to restrict combustion to the cylindrical surface only. A

variety of effects was produced and it was found that by using two

discs, one at either end of the specimen, tapei‘ing was largely eliminated
and the specimen burnt away over the cylindrical surface only although
the shielding effect of the discs sometimes caused it to burn more
rapidly infhhe centre than at the ends. ' Teking this latter case,

suppose we a:ssume that the specimen burns uniformly over the cylindri-
cal surface only, then (neglecting the small percentage of ash in the
electrode arc carbon which was used for these experiments) Jj; h is the
length B8f the specimen and r its radius, the effective area for combustion
is proportional to this surface, i.e., to 2arh. Hence if the rate of

combustion is proportional to this surface area then

L

But the weight of the specimen is
W = Constant x 1 r2h

hence W = Constant x r2

R RRRRERERREREEEEZDmDNEEEEENI mmm, ——



1
and - g = Constant x W2

whence by integration
1
W2 = kt + C where k and C are constants

and this mey be compared with the equation
Wl/5 =kt + C

which is obtained from (1) when b is zero. When t was plotted against
both Wl/z and Wl/ 3 for specimens burnt with discs at either end it
was found that the former led to a more nearly linear relationship
over the centre portion of the curve, thus confirming that the rate of
cambustion was proportional to the superficial surface area of the

unshielded part of the specimen.

Although the use of the alumina discs did, in most cases, simplify
the problem of uniform combustion z{com'bustion) over the surface of the
specimen, their attachment was a tedious procedure as they had to be
ground to give a close fit to each individual specimen. In view of
this fact end also in the light of the anelysis given below it was
decided to carry on the work using cylindrical specimens without
alumina guards of any kind and the subsequent results suggest that this

course was Jjustified.

The relationship of weight of specimen and time during cambustion
is a curve of the form shown in Fig. 7 (a) and it was in order to
obtain a measure of the rate of combustion that Finniston plotted
the linear relationship of (W - D) /3 ana t. Howevever, as the present

work has not shown reliable linearity it was decided to obtain the
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rate of combustion dW/dt by taking values of the slope of curve (a)

at intervals of 0.5 gm. and plotting these against W as in Fig. 7(Db).
By extrapolating back to the original weight of the specimen it was
possible to obtain a figure for the rate of ‘combustion of a standardized

specimen, the results being expressed in gm. per second.

The problem of a differential rate of combustion over the surface
of the specimen still remains but it will be shown below that the
effect is not so serious as was at first supposed and the figures for

each set of experiments are still comparable among themselves.

Analysis of the Combustion of a Single Specimen

The problem of comparing rates of combustion will be considerably
simplified if it can be shown that for any one series of experiments,
as carried out later on, the effect of a differential reaction rate
over the surface of the specimen is such that it may be neglected or

if allowance can be made for it.

Let us consider the combustion of a single cylindrécal specimen
burning in an exygen containing gas stream as in these experiments,
the gas flow being assumed to be streamline. The critical value for
the change from streamline to turbulent flow occurs at a value of
Reynolds Number, Re, of about 2000 whereas in this work Re was generally
of the order of 10 and never more than 50. It will be assumed that
the reaction equation is given by

C + 09 —CO2

there being an excess of oxygen present. Combustion rates will be

considered here in terms of ml. of oxygen (measured at N.T.P.) consumed
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per second.

Let V = volume of oxygen supplied per sec. at N.T.P. (ml./sec.).
k = rate of combustion per unit area of surface when unit volume
of oxygen passes that surface every second at N.T.P. (ml./sec.).
at = 8p = area of top and bottom of cylindrical specimen respec-
tively (cm.2).

area of cylindrical surface of specimen (cp.2).

8 =
h = length of specimen (cm.).

r = radius of cylindrical specimen (cm.).

Ry = total rate of reaction of specimen (ml./sec. of oxygen at N.T.P.).
ri = rate of reaction of top of specimen (ml./sec. of oxygen at N.B.P.).
rp = rate of reaction of bottom of specimen ( do. ).
r, = rate of reaction of cylindrical surface of specimen ( do. ).

Let us consider the reduction in volume of the volume V of oxygen
as it passes the specimen. After the combustion of the bottom surface
the amount of oxygen left is

Ve-r,
and hence the first cylindrical element of the specimen wili have a
rate of combustion
k(V - ry)Aa,
where da, is the erea of this first small cylindrical element. Hence
the volume of oxygen left after the combustion of the first element
will be
(V - 1) - k(V - mp)dag

or (V- rp)(1 - kdag).
Now the rate of combustion of the second cylindrical element
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is k(V - 1) (1 - kdag)dag

and the volume of oxygen left will be

(V - p)(1 - kdag) - k(V - 1) (1 - kda)la,
or (V- rp)(1 - kdag)2.

Now the rate of combustion of tne $hird cylindrical element is

k(¥ - mp) (L - koag)4eg

and from analogy with the above expressions it may be said that the rate

of combustion of any cylindrical element, say the nth, is
K(V - mp)(1 - Koy ) LAa.

The total rate of combustion r, is given by the sum of all such terms

the total number of which is

a/la,
and this sum is found to be given by

rCQ(V-rb)(l-e'kac) Ceretenenaanaae e (3).

The rate of combustion of the top surface of the specimen will be
given by

P = (Vorp = To)kag eoveannnnecncanencns (4).
and the rate of combustion of the bottom surface is given by

Ty, = kVay, = kVat (since ap 8 ag) eeeevo--eea(5).

Hence from equations (3) (4) and (5)

Rg = Tp + Tc + Ty

V{l - (1- kab)ze'kac}................(6).
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a
Rearrjgnging this expression and taking logarithms we obtain

log, (V - Rg) = logeV + 2loge(l - kap) = kag eeeeveest (7). -
In order to check the above analysis a series of experiments
was carried out in which cylindrical specimens of electrode arc carbon
of various lengths were burnt in a stream of air, all other factors
being kept constant. Expression (7) cen then be written in the form

loge(V - Rg)

K - ka, where K is a constant.

But ac 2nrh

and hence loge(V-Rg)=A—Bh........... ...... ”..:..(8/)
where A and B are constants, that is, we should expect to find a linear
relationship between log;o(V - Rg) and h the length of the specimen.
The relevant information in connection with these experiments is given

below and the results are shown in Table 2. The latter have been plotted

in Fig. 8.

Combustion of electrode arc carbon of ash content 0.5 per cent.

Diameter of combustion chamber 5.15 cm.

Temperature do. 1424° c.
Pressure in do. 8.0 cm.
Volume flow of gas (air) 58.0 ml./sec. (N.T.P.).

Hence volume flow of oxygenV, 12.2 ml./sec. (N.T.P.).
Linear velocity of gas flow 191 cm./sec.

ap = 8p = 2.87 cm. 2

It will be seen that there is a reasonable agreement with theory
as far as the linearity of the results is concerned. By extrapolating
the results back to h = O it is possible to obtain a value of Rg,

say Rp for a specimen of zero length, i.e., an infinitely thin disc.
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Table 2. Results of burning specimens of different lengths.

h (em.) | R (gm.{%ec.) Rg (ml./sec.) | logyo(V - Rg)
x 10
0.80 2.28 4.28 0.899
1.60 3.16 5.89 « 800
1.73 3.48 6. 50 «756
2.20 3.72 6.92 723
2.24 3.66 6.81 732
2.66 4.00 7.46 + 876
2.80 4.00 7.46 « 676
3.18 4.08 7.62 .661

By putting a, equal to zero in equation (6) it is found that

Rg::RO

i.e., '%}{1-]1—-‘;5}(9)

Considering the results of Figs 18 and extrapolating back to h=0,

2kVay, - kZVabz

~
|

a value is obtained corresponding to Ry = 2.68 ml. per second. Sub-
stituting this value in (9) gives a value for k of 0.0425. Now in

the expression (6) since a

c = 2nrh it may be written

2 =2nrkh
Rg = V{l - (1 - kap) e

and by substituting the value of k obtained above the relationship
between Rg and h can be calculated. The resulting values obtained in
this way have been plotted in Fig. 8 as h against logjo(V - Rg) as
shown by the broken line. The fact that the slope of this calculated

curve obtained from the extrapolation of the experimental results
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agrees so well with the slope of the experimental curve is further
evidence in support of the above analysis. The large deviation obtained
when h becomes greater than about 3 cm. is almost certainly due to the
accumulation of combustion products around the specimen, the above
treatment assuming for simplicity that the gas composition is uniform
across any horizontal plane, i.e., diffusion in sufficiently rapid

to remove the carbon dioxide from the burning surface.

Considering Equation (6)
o 2 -kac}
Rg-V%-(l—kab)e

it is interesting to see how the integrated rate of combustion Rg
for the whole specimen varies with k, the rate of combustion per
unit area per unit flow of oxygen. Taeking the numerical values for
the standardized cylinder, i.e., ap = 2.87 cm.2 and ap = 19.0 cm.2,
values of Rg/V have been calculated for various values of k and the
results pdotted in Fig. 9. It will be seen that provided Rg/V is less
than 0.5, i.e., provided that only half of the total oxygen supnlied
is actually used up for combustion the variation of Rg with k for a
constant value of V is approximately linear or, in other words, the
integrated rate of combustion for a whole specimen is proportional to
the specific reaction rate per unit area, and this point should be
kept in mind throughout the following discussion of results. It
should also be noted that the above theoretical treatment remains
unaltered if the reaction equation is considered as

2C + 05 — 200
or any other fixed proportion of CO to COp provided that this remains

constant throughout any one series of experiments.
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Gas Flow and its Effect on Rate of Combustion

It is now proposed to consider the effeet of pressure, linear gas
velocity, volume rate of gas flow, oxygen concentration, and diameter
of combustion chamber onfthe rate of combustion of both coke and electrode
arc carbon. It was soon realiied that a simple comprehensive theary
was required which would unite these many interdependent variables
and enable us to explain the effects observed. The mathematical
analysis of the problem by Mayers and others on a basis of fundamental
diffusion equations has been mentioned in Chapter 11, but here a more
empirical treatment suitable for a wide range of variables will be
congidered. It will be evident that only those uxXygen molecules
which can diffuse in towards and meke contact with the carbon specimen
will be able to react with the carbon surface, and it is on this basis .
that the problem has been tackled. PFor the purpose of simplification
several assumptions have been made as under.

(1-) For purposes of calculation of gas constants it has been
assumed that oxygen is the only gas present and the constants for
pure oxygen have been taken in every case. In view of the fact that
the values of many of the gas constants at high temperatures are open
to doubt in any case it was felt that such a course was justified.

7% (3) The elementary equations of the classical kinetic theory
of gases have been used throughout this treatment.

(3) No assumptions as to the possibzé chemical nature of the
reaction

carbon + oxygen — —» combustion products
have been made, but in the absence of data concerning the relative

proportions of CO and 002 in the resultant reaction products it must
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be assumed that the ratio CO/COZ is constant throughout any one series
of experiments. Moreover a possible increase in the linear gas velocity
due to an increase in the volume of/the gases in the combustion chamber
by a reaction such as

o+ 05(1 volume)—> 2C0(2 volumes)

will be neglected.

Einstein?9 1nk paper dealing with the Brownian movement shows
that the mean displacement of a molecule measured linearly from its
original position can be given by

2 = 2Dt

where X is the linear distance traversed in a time t and D is the
coefficient of diffusion of the surrounding dedium. The simplest

formula for the latter due to Meyexﬁs

D= 7//" = 1/3.41
whence F2 = 2/BulLE eeeronnennriaiian oo .(18).

where 7 is the coefficient of viscosity of the surrounding ges in poise
i is the root mean square velocity of ite molecules in cm./sec.
1 is the mean free path of the molecules in cm.

, is the gas density in gm./ml.

Suppose we now assume that any oxygen molecule within a @istance
X of the specimen is capable of reaction with the carbon surface
whereas any molecule outside this range will be swept out of the
combustion chamber before it has an opportunity of diffusing towards
and making contact with the specimen. In actual fact the molecules
all travel different distances x in a time t, but the distribution

32



of the values of x is normal with a mean value of %¥°Y. The problem
then, is one of finding how much of the oxygen supplied is within the
range ¥ of the surface of the specimen, all such oxygen being referred
to as available oxygen. The c.g.s. system of units will be employed

throughout and symbdls used previously will be used here.

When gas passes upwards through the annulus between the specimen
and the combustion chamber the volume of oxygen available during the
time t is given by

h(x2 + 2%r)S/100
where t is the time taken for the gas to traverse the distance h (the
length of the specimen), end S is the percentage of oxygen in the gas

stream (taken as the percentage of oxygen in the ingoing gas stream).

If p is the pressure in the combustion cheamber measured in cm.
of mercury and T the temperature in ©A, then the mass of oxygen available

is given by

M = h(x2 + 2%r).S .275._p 1429 10" gn.
100 T 76

and hence the rate of reaction of the carbon specimen if all this

oxygen is used is given by

& 12401
at 52

or if only a proportion of the available oxygen is consumed in the

reaction and integrating over the time interval ¢

Rate of reaction, R = K{wh(iz + 2%r)Sp/Tt x 1928 x 10"8} gm. /sece.... (11).
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where K is the proportion of the available oxygen which reacts. The
value of t is readily evaluated from a knowledge of the gas temperature,
pressure, volume flow rate at N.T.P. and the cross sectional area

of the annulus between the combustion chamber wall and the specimen.
Prom this data it is possible to calculate the linear gas flow velocity
and hence t since

t = ; Wiere V] is the linear gas velocity.
1

The gradual decrease in the value of Vi throughout the period of
combustion does not concern us as all rates of combustion are compared
under the initial standardized conditions at the onset of combustion

(see p. 25 and also Fig. 7).

It is now proposed to apply the above considerations to each

series of experiments in turn, the first series being worked out in full.

Series 1. The Effect of Gas Pressure and Velocity.

It was decided in the first instance to investigate the effect
of the two variables gas pressure and linear gas velocity on the
rate of combustion. A constant supply of oxygen was drawn past each
specimen and by altering the setting of tap h (Fig. 4) it was possible
to vary the rate at shich gas was drawn from the furnace, thus obtain-
different values of gas pressure and velocity. These two variables
are related by the expression

pV; = & constant.

For pressures above 40 cm. (see note on p. 14) a slightly modified
method of gas flow measurement was used in which a value of dp/dt
was obtained from curves such as those of Fig. 5 for the particular

pressure considered. Two series of experiments were carried out, the
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first with Norwood coke at 9000 C. and the second with Clyde coke at
1350° C. The relevant data and the experimental results are shown

below and in Table 3 and the results have also been graphed in Fig. 10.

(a) Combustion of Norwood coke of ash content 8.5 per cent.
Specimen 1.91 cm. d'iameter and 3.18 cm. in length.
Dieameter of combustion chamber 5.08 cm.

Temperature of combustion 900° C.
Volume rate of oxygen flow 12.65 ml. per sec. at N.T.P.

Pressure xmiumer velocity relationship, pVy = 237.

(b) Combustion of Clyde coke No. @V of ash content 13.0 per cent.
Specimen 1.91 cm. diameter and 3.18 cm. in length.
Diameter of combustion chamber 5.36 cm.
Temperature of combustion 1350° C.
Volume rate of oxygen flow 20.2 ml. per sec. at N.T.P.

Pressure velocity relationship, pVi = 459.

It is now proposed to calculate the value of % for Series 1 (a).

Considering Equation (10)
%2 = 2/3.41t
at constant temperature U will be constant -
i.e., %2 = Constant x 1t.

Now t will e inversely proportional to the linear gas velocity Vi

and since V; is proportional to the gas volume as it passes the specimen

¥, £ 1/p
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Table 3. Results of experiments of Seried 1 (a) and 1 (v).

(a) Norwood Coke (v) Clyde Goke
p(m.)| R (gn./sec.) | p (em.) | R (em./sec.)
x 1073 x 1070
2.0 6.25 2.6 10.2
2.1 8. 58 3.0 9.90
4.6 5.81 4.8 9.62
6.4 4.93 10.0 9.62
6.6 5.00 14.0 9.90
7.6 5.29 21.6 \9.01
8.8 6.85 25.0 9.17
8.9 6. 33 24.0 9.71
11.4 5.59 32.0 9. 80
17.0 4,08 43.0 8.62
20.0 6.10 45.0 9.52
27.6 4.88 53.0 9. 52
36.0 4.78
37.0 4.50
42.0 5.62
50.7 4.69




and hence t « p.

According to the kinetic theory of gases

and since » is independent of pressure over the range used in these
experiments

1 = Constant x 1//2p .

Also the density S is proportional to the pressure p
i.e., 1 = Constant/p

and combining these equations it is found that

%2 = A constant.

It is now necessary to calculate the numerical values of the
kinetic quantities involved. For oxygen at N.T.P., @ = 4.61 x 104 cm. /sec.
and since @ is proportional to the square root of the ;.bsélute temperature,
at 900° C. & = 9.56 x 10° cm./sec. For oxygen at N.T.P., P = 1.43 x 1073
gm. /ml. , hence at 900° C. and pressure p cm. "
7 p=438x10°xp gn perml.

The value of » is calculated from Sutherlend's modified equation

7 arse0 (1) 3/2
7wz T +C

273
where Tﬁs the temperature in ©f. and C is Sutherland's Constant.
Taking the values 7, = 2.06 x 10™% and ¢ = 127 it is found that at 900° C.

= 5.23 x 10-4, and hence

s
[ 3 5.75 x 107"
1= 7 = = X cm.
P P
: . . J.18
The value of t is given by h/V] = T3, TP

N
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hence = 2/3.41t = 1.79 cm.
The corresponding values for 8eries 1 (b) are found in a similiar
menner and the results are compared in Table 4.

Table 4. Calculated values for Series 1l.

Calculated Values | Series 1 (a) | Series 1 (b)

d x 10%° 0.956 1.12

P x 10 4.38 3.16

7 x 10 5.52 6.33
1x10° 3.75/p 5.34/p

t x 10° 13.4xp | 6.92xp

% 1.79 1.66

(D - 4d)/2 1.59 1.73

Now it will be seen that in Series (a} X is greater than the
distance between the surface of the specimen and the wall of the com-~
bustion chember which is given by (D - d)/2, D being the internal
diameter of the chamber and d the diameter of the specimen (Fig. 11).

For this reason Equation (11) cannot be applied as the assuwptions
necessary for its derivation imply that once X becomes equal to (D - d)/2
all the oxygen molecules are available for reaction and a further
increase in X cannot give a greater reaction rate. In actual fact

many of the oxygen molecules will escape, their displacements, x,

being less than the mean X, and in addition as will be shown in Chapter V,
only activated molecules (i.e., molecules endowied with a certain
minimum smount of energy) can take part in the reaction. However as |

X aporoaches the value of @ - d)/2 the above considerations are

1
counteracted to some extent by the effect of @eflections of molecuges
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from the furnace chamber wall. In spite of these complicating factors

the important conclusion to be drawn from the above analysis is that

g is constant for each series and hence for the same volume flow

the rate of combustion would be expected to remain substantially constant
irrespective ofthe linear gas velocity or pressure. The experimental
results of Series (b) bear out this conclusion reasonably well as

shown in Fig. 10., tut the tendency for the rate of combustion to
decrease with increase in pressure is more marked in Series (a). No
really satiséactory explanation of this discrepancy has been found but
it is suggested that the effect of pregsure on the ratio of CO to COy
might be responsible, a high ratio requiring less carbon for a given
volume of oxygen, coupled with the large temperature difference between
the two sets of experiments (from 900 to 1350° C.); the equilibrium

percentage of CO being greater at the higher temperature.

Series 11. The Effect of Varying Furnace Chamber Diameter.

In an attempt to study the effects of combustion chember diameter
and linear gas velocity on the rate of combustion the annular space
surrounding the specimen iz{the furnace was reduced by the insertion of
alumina cylinders, all other factors being maintained constant.

These cylinders had of necessity to be a loose fit in the furnace

tube to allow for thermal expansion and inprder to prevent leakage of
gas along the outside of the cyleknder a packing of alternate layers of
asbestos rope and alumina rings was used as in Fig. 11. It was found
impossible to reduce (D - d)%2 to less than sbout 3 mm. as the slightest
swaying of the specimen would cause it to touch the cylinder, moreover

with a very narrow annular space the upthrust of the gas stream onthe
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coke specimen became appreciable and although an approximate correction
could be made for this it was not wholly satisfactory. The maintenance
of a constant temperature in a confined combustion chamber also presents
difficulties on account of the heat liberated during combustion and
the low thermal conductivity of the adjacent alumina refractory material.
The experimental results are given in Table 5 and they are also plotted
in Fig. 12 as rate of combwtion against gas velocity Vl » the latter
being inversely proportional to the anmuler area x(D? - d2)/4 between
the specimen and the inner wall of the alumina cylinder. Other rela-
vent information is also given below.

Combustion of Clyde coke No. 1 of ash content 14.6 per cent.

Specimen 1.91 cm. diameter and 3.18 cm. in length.

Temperature of combustion 900° C.

Volume rate of oxygen flow 11.6 ml. per sec. at N.T.P.

Pressure in combustion chamber 6.7 cm.

Iinear gas velocity = 565/annulus area.

0.956 x lO5 cm. per sec.

<]
"

2.93 x 10°° gn. per ml.

H
"

5.60 x 10°¢ em.

5.25 x 10~% poise.

5.97 t = 0.794/D% - a2 .

It will be seen from Fig. 12 that as the annular space becomes

~
n

I
L3

larger the linear gas velocity decreases and the rate of combustion

also decreases. If the curve is extrapolated back to zero velocity

the rate of combustion obtained at this point is equivalent to that

of a specimen burning in a stationary atmosphere of infinite diameter.

40



Table 5.

Results of Experiments of Series 1l.

V1 (cm./sec.)

R (gmn./sec.)

V1 (cm./sec.)

R (gm./sec.)

x 107° x 1073
29.9 5.26 66.6 5.95
29.9 5.21 80.2 6.02
32.3 4.61 80.2 6. 37
52.5 4.93 128 7.00
56.0 6.10 132 7.41
59.2 7.19 250 7.46
66.6 6.67 250 7.94
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By writing X in the form

% =0.794(D - a)/ 2+4

it is seen that X is always greater than(D - d)/2 and hence similiar
remarks will apply here to those expressed for Series 1 (a). However,
in this case, as the anmilar area is decreased, i.e., as the linear
gas velocity becomes greater, the ratio of % to (D - d)/2 increases
and hence the rate of combustion would be expected to increase owing
to the greater number of oxygen molecules reflected from the walls of the
combustion chamber and this is actually seen to be the case in Fig. 13.
It may be noted that assuming the combustion reaction is

C + 09 —COy
the maximum possible rate of combustion is 6.22 x 1073 gm. per sec.
and as many of the experimental rates of combustion are greater than
this some carbon monoxide must be formed by a reaction such as

2C + 0,—200.

Series 111. The Effect of Varying the Gas Volume at Constant Pressure.

Another method of varying the linear gas velocity is to alter the

volume flow rate of gas, maintaining the pressure constant, i.e.,

the gas velocity then varies in direct proportion to the volume of gas
used for the experiment. Three series of experiments were performed,
two using coke and the third with electrode arc carbon, the pressure
being maintained at a constant value throughout each series by altering
the setting of tap h (Fig. 4) for each new rate of gas flow. Air

was used in these experiments in place of oxygen. The relevant data
in conngction with each series is given below together with the results

in Table 6. The latter have been plotted in Fig. 13 on a basis of
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oxygen supplied per second (air contains 21 per cent. of oxygen by
volume).
(a) Combustion of Yorkshire coke of ash content 12.3 per cent.
Specimen 1.91 cm. diamejer and 3.18 cm. in length.
Temperature of combustion 1200° @.
Diameter of combustion chember 5.08 cm.

Pressure in combustion chamber 11.4 om.

(b) Combustion of Clyde coke No. 11 of ash content 14.2 per cent.
Specimen 1.91 cm. diameter and 3.18 cm . in length.
Temperature of combustion 1200° c.

Diameter of combustion chember 5.08 cm.

Pressure in combustion chamber 13.3 cm.

(¢) Combustion of Electrode Arc Carbon of ash content 0.5 per cent.
Specimen 1.91 cm. diesmeter and 3.18 am. in length.
Temperature of combustion 1427° C.
Diameter of combustion chamber 5.15 cm.

Pressure in combustion chamber 8.1 cm.

It will be seen from Fig. 13 thatfthe use of electrode arc carbon
leads to far less scatter of results on account of its homogeneous
composition and physical characteristics as compared with commercial

blast furnace coke.

The calculated quantities required for the evaluation of ¥ are
given in Table 7. W, in this Table is the volume rate of oxygen flow
measured in ml. per sec. at N.T.P. The three equations for ratebf

combustion R as calculated from these values by means of Equation (11)
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Table 6. Experimental Results of Series 111l.

(a) Yorkshire Coke (b) Clyde Coke No. 11| - Electrode Arc Carbon
Vol. Og |R (gn./sec.)| Vol. Oy | R (gm./sec.)| Vol. Og | R(gm./sec.)
ml./sec. x 1070 ml./sec. x 1073 ml./sec.| x 1073

10.4 de 59 13.4 3648 1.08 0.76

11.5 3¢ 53 13.6 3¢ 33 1.08 0. 83

11.8 3.23 15.0 3.26 2635 1. 50

12.6 35.18 15.6 375 2. 33 1.41
13.4 3..31 16.9 3613 5.07 2.47

14.3 355 17.2 3. 37 5.07 2.65

15.7 3«70 18.4 e 50 8425 3¢ 49

14. 3 3.48 18.7 3.65 8.25 3.38

16.5 383 19.0 3. 46 1ll.6 3.92

17.0 385 21.6 3¢ 52 11.6 4.13

18.0 3.69. 22.5 4.03 14+9 4. 35

18.4 4.24 22.9 3. 80 14.9 4.29

18.7 4.05 20.0 5.00

19.2 4.47 20.0 4.91




are given below together with the value of W_ for which % = (D - d)/2.
o

As emphasized previously, these equations are only valid so long as

% is less than (D - 4)/2, i.e., as long as W, is greater than the

limiting value given below.

Table 7. Calculated values for Series 11l.
Values Calculated | Series 111 (a)| Series 111 (b)| Series 111 (c)
i x 10° 1.07 1.07 1.15
1x 1074 4.21 5.61 6.92
P x 1070 5.97 4.64 2.45
7 x 107" 5.98 5.98 6. 50
t 0. 324/W, 0.378/¥W, 0.209/W,,
% 3.12//W, 3.12//W, 3. 304/ W,
(D - a)/2 1.59 1.59 1.62

Equations for the rateof combustion as calculated from Equation (113.

(a) R = K(0.937 x 1070 + 6.574 x 1075/W,)
(b) R = K(0.941 x 10™° + 0.575 x 1075/W,)
(c) R = K(1.02 x 10™° + 0.591 x 10~3/W,)

which
Minimum values of W, for/these equations are valid:

(a) ¥,

3.85 ml. per sec.

®) w

o = 5.85 ml. per sec.

(¢) W, = 4.16 ml. per sec.

By substituting appropriate values of W_ in Equations (a) (v)
R
and (c) above it is possible to obtain calculated graphs offagainst

W,- By choosing suitable values of K (a different one for each series)
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the calculated values of R (Table 8) are seen to fit the experimental
points reasonably well in the range where X is less than (D - d)/2
as shown in Fig. 13. The value of the constant K was chosen by a
process of trial and error so as to give values of R of the right
magnitude; the important point about the calculated equations above

is that they give curves whose slopes fit the experimental results.

Table 8. Calculated combustion rates for Series 11l.

W, ml./sec. (a) () ‘c)

R gn-/seco R gn./sec. R @lo/seCn
x /072 x s073 x /073

K =1.14 K = 1.05 K=1.35

5 2.42 2.22 5.16
10 5.14 2.88 5.91
15 5.60 5. 30 4.47
20 4.00 5.67 4.95
25 - - 5. 38

In Series 111 (c) when W, becomes less than 4.16 ml. per second,

X becomes greater than (D - d)/2 and there is a discrepancy between
the slopes of the calculated and e@perimental curves in this region.
Since for the values of ¥ greater than (D - d)/2 all the moleculs

of gas are able to reach the specimen (according to the theoretical
treatment used here) it will be seen that the rate of combustion
would be expected to be proportional to the amount of oxygen supplied
and this may be represented by drawing a straight line from the

point W, = 4.16 to the origin in Fig. 13 (c).

Series 1V, V and V1. Experiments at Constant Linear Gas Velocity.

Having shown that the effect of altering the linear gas velocity
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is essentially one of altering the magnitude of ® and hence the
volume of available oxygen, it was decided to carry out experiments
in such a way that the amount and pressure of the gas could varied

whilst the linear gas velocity was kept constant.

In Series 1V experiments were carried out in which the diameter
of the combustion chamber was varied by using alumina cylinders as
before but in this case the total volume flow of gas waS)ﬁlso varied
in such a way as to maintain a constant linear gas velocity. In
addition, the proportion of oxygen in the gas supplied was varied so
that the total rate of oxygen flow into the combustion chamber was
the same in all cases. The percentage of oxygen in the ingoing
gas stream was thus inversely proportional to the anmulus area
x(D% - d2)/4 of the combustion chamber, for if the annulus area was
say doubled, the total volume of gas had also to be doubled to maintein
8 constent linear gas vedocity (the pressure being kept constant)
and hence the percentage of oxygen had to be halved in order to
provide a constant volume of oxygen. Two series of experiments were
carried out along these lines the relevant data being given below and
the results in Table 9. The latter are plotted in Fig. 14 and the
curves may be extrapolated back to the origin since at zero percentage

of oxygen the rate of combustion must be zero.

(a) Combustion of Clyde coke No. 11 of ash content 14.2 per cent.
Specimen 1.91 cm. diameter and 3.18 cm. in length.

Temperature of combustion chember 1200° C.

Pressure in combustion chamber 13,2 cm.
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Linear velocity of gas flow 193 cm. per sec.

Volume flow rate of oxygen 14.0 ml. per sec. at N.T.P.

(b) Combustion of Clyde coke No. 111 of ash content 13.9 per cent.

Specimen 1.91 cm. diameter and 3.18 cm. in length.

Temperature of combustion chamber 1300° C.

Pressure in combustion chamber 13.2 cm.

Linear velocity of gas flow 206 cm. per sec.

Volume flow rateof oxygen 14.0 ml. pef sec. at N.T.P.

Teble 9. ZExperimental results of Series 1V.
(a3} Clyde Coke No. 11] (v) Clyde Coke No. 111.
R (gm./sec.)| Oxygen|| R (gm./sec.)| Oxygen| R (gm./sec.) Oxygen
x 1079 % x 10~3 % x 10-3 %
2.09 11.4 3.31 11.3 6.38 30.1
4,88 23.6 2.94 11.3 7.81 50.7
5.95 30¢3 3.13 1.3 8e 33 50.7
8.00 51.0 5.35 23.5 9.35 63.3
8.77 63.9 5.08 23.5 9.09 63.3
9.80 82.1 6.78 30.1 - -

The calculated values for the determination of X are given

in Table 10.

By means of Equation (11} the rate of combustion

R has been calculated from these figures for each series, viz.,

wheré S is the percentage of oxygen in the gas supplied.

(a) R

(®) R

K(1.75 x 107 x 8) em. per sec.

K(1.79 x 10

-4

x S) gm. per sec.

It is seen

from this that a linear relationship is to be expected between

the rate of combustion and the percentage of oxygen in the gas
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stream. However, this will only be true as long as
2 < (p-d)/a,
Now since the value of S is inversely proportional to the annulus
area it is possible to calculate the value of S for which
x=(D-a)2
and the above equations will be true only for values of S less than
this calculated figure which has the value 42.8 per cent. for Series
1V {a) and 41.6 per cent for Series 1V (b). Taking values of XK of
1.51 and 1.09 in (a) and (b) respectively it will be seen from
Fig. 14 that this linear relationship holds in both (a) and (b) up
to about 25 to 30 per cent of oxygen as compared with the calculated
value of about 42 per cent. However, considering the simplicity 6f
the calculations the agreement with theory is encouraging. Once
% becomes greater than (D - d)/2 the rate of combustion increases
owing to the deflection of molecules from the combustion chamber
wall i.e., the conditions become scmewhat similiar to_the analogous

cases in Series 11 and 111.

Table 10. Calculated values for Series 1V.

Values Calculated | Series (a) | Series (b)
o x 10° 1.07 1.11
px10” 4.59 4.30
7 x 1074 5.98 6.22
1x 1074 3.64 3.91
t x 1072 1.65 1. 54
x 0.66 0.67
K 1.51 1.09
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Series V.

This series of experiments was similiar to the last except
that in this case the gas composition was maintained constant,
air being used in each cass, but the total volume of air supplied
and the annulus area were still varied in such a way as to ensure
& constant linear gas velocity for each experiment. It was found
that when the annulus area exceeded a certain value the rate of
cambustion became constaft and such a result would be expected
from the arguement put forward below. The experimental results
are given in Table 11 and they are graphed in Fig. 15 the curve
being extrapolated back to the origin for, with an infinitely small
annulus area, theﬁmoumt of gas required will be infinitely small
(if the linear gas velocity is to remain constant) and hence the

rate of combustion will tend towards zeroe.

Cambustion of Clyde coke 111 of ash content 15.9 per cent.
Specimen 1.91 cm. diemeter and 3.18 cm. in length.
Temperature of combustion chamber 1300° C.

Pressure in combustion chamber 13.1 cm.

Linear velocity of gas flow 210 cm. per sec.

s 1l.11 x 105 cm. per sec.

P = 4.27 x 107° gm. per ml.

7 = 6.22 x 107% poise.

3.95 x 10_4 cm.

l=

t = 1.51 x 10~ sec.
X = 0.66 cm.

K = 0.63
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Table 11. Experimental results of Series V.

R x 107 gn./sec.| 3.02(3.21(3.50|4.55|4.46(4.17| 4.83| 4.41|4.20

Annulus Area om.?| 3.53|3.53(4.41] 7.50|7.50| 9.53| 9. 53| 19.8/19.8

Using Equation (11) the rate of combustion is found to be
R=38x10°xK gm. per sece.

i.e., the rate of combustion is constant as long as X is less than
(D-4d)/2. Wnen X = (D - d)/2 it is found that the value of the
annulus area 7{(D2 - a%) /4 is equal to 5.37 cm.2, hence as long as the
annulus area is more than 5.37 cm.2 the rate of combustion is
expected to be constant. That this is actually the case is shown
in Fig. 15, the value of K for the straight portion of the curve
being about 1.15. This series of experiments is perhaps the most
significant of all in that it shows clearly that no matter how big
the combustion chamber or how much gas is passed through, the
limiting factor as regards rate of combustion is the value of * °
which determines the vtlume of exygen that is actually available
for combustion in the limited time available. Comparing Series 11
with Series V, it is seen that in both cases the annulus area of the
conmbustion chamber is varied in order to study its effect on the
rate of combustion. However, at the time of the experiments of
Series 11 the full significance of the quantity x was not appreciated
and it is only when this factor is taken into account that the reason
for the differenwe betwecn Figs. 12 and 15 becomes apparent. The
essential difference between Rigz this series and the previous one is
that the oxygen concentration in the gas in this case is kept constant.
Hence, although in each case & constant volume of gas is available

(so long as x<(D - 4)/2 ), in the previous case of Series 1V the
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oxygen concentration was varied so that the rate of combustion
was then proportional to the percentage of oxygen in that constant

volume.

Series V1

A series of experiments similiar to those described under
Series 111 was carried out using pure oxygen. However, in this
case the tap h of the evacuation pump (Fig. 4) was not altered so
the linear gas velocity remained constant but the pressure increased
in direct proportion to the volume of oxygen used. (Slight adjustment
of h was necessary as the efféciency of the puimp varied a little
with the pressure of the gas being removed.). The relevant data
and the results are given below and in Table 12 and they are also

graphed in Fig. 16.

Cambustion of Clyde coke 111 of ash content 13.9 per cent.
Specimen 1.91 cm. diameter and 3.18 cm. in length.

Diameter of combustion chamber 5.35 cm.

Femperature of combustion chember 150d° c.

Linear velocity of gas flow 114 cm. per sec.

Relationshbp between oxygen supply and pressure flo = 5.13p.

a

1.11 x 105 cm. per sec.

3.26 x 10°% x p gn. per ml.
-4

"

6.22 x 10 ~ potse.

s 5.16 x 1075/p

P i
[}

2.79 x 10~2 sec.

2 = 3.26/ p cm.

(D-4a)/2 =1.72
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Table 12. Resultd of experiments of Series V1.

R (gm./sec.)| W, | R (gm./sec.) LA

x 107 x 1079

4.17 5.60 8¢ 85 22,3
4.76 6.60 9.62 22.3
5. 99 8. 37 10.2 22.5
7.19 12.9 10.1 2265
7.58 12.9 12.2 26.1
9.00 17.7 11.0 26.5
9. 90 17.9 10.9 36.0
8.47 17.9 12.5 36.0

The rate of combustion calculated from Equation (11) is found
to be

2 4 2.75 p x 10™°) gm. per sec.

R = K(0.468 x 10~
where p is the pressure in the combustion chamber. This equation
is valid only so long as *x < (D - d)/2. When % = (D - d)/2 the
value of p can be calculated and hence the value of Wo the volume
of oxygen supplied every second. This is found to be 18.3 ml. per
sec. and hence the above reaction equation is wvalid only as long
as Wy 2> 18.3. By putting values of p in the equation above and
using a suitable value for K (in this case K = 0.98) the value of
R may be calculated and a calculated curve drawn as in Fig. 16.

when W, = 20 25 30 35 40

R 9.9 105 1.0 116 12.1

It will be seen that so long as Wy » 18.3 there is reasonably good
agreement between the slopes of the calculated and experimental

curves. For smaller values of W, a similiar arguement may be used
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to that on p. 46 and a straight line drawn from the point W, = 18.3

to the origin.

Series V11

Before concluding these experiments it was decided to investigate
the effect of oxygen concentration on the rate of combustion, all
other factors being kept constant. Using mixtures of oxygen and
air combustion measurements were carried ocut over a range of oxygen
concentration varying from 21 to 100 per cent. for an electrode
arc carbon and from 21 to 59 per cent for a coke. As was expected
tﬁe rate of combustion was found to be directly proportional to the
oxygen concentration as is shown in Fig. 17. The relevant data

together with the results is given below and in Tables 13 and 14.

(a) Combustion of Clyde coke 11 of ash content 14.2 per cent.
Specimen 1.91 cm. diameter and 3.18 cm. in length.
Diameter of combustion chamber S5.09cm.

Temperature of combustion chamber 1200° ¢.
Linear velocity of gas flow 190 cm. per sec.
Volume rate of gas flow 62.4 ml. per sec.

Pressure in combustion chember 7.7 cm.

(b) Combustion of Electrode Arc Carbon of ash content 0.5 per cent.
Specimen 1.26 cm. diesmeter and 3.18 cm. in length.
Dismeter of combustion chamberd.l5 cm.
Temperature of combustion chamber 1240° c.
Iinear velocity of gas flow 209 cm. per sec.
Volume rate of gas flow 71.4 ml. per sec.
Pressure in combustion chamber 8.0 cm.
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Table 13. Experimental

results of Series V1l.

(a) Clyde Coke 11. (v) Electrode Arc Carbom. N
0 % |Rx107% |0, % Rx107%] 05 % |Rx100| 0y % Rx 1073
21.3| 276 | 50.5| 7.46 | 21.0 | 2.88 | B8L.5| 7.81
21.8| 2.88 |5.0| 8135 | 21.0| 2.85 |73.4| 9.09
25.8| 5.70 |59.5| 9.09 | 28.7 | 4.15 | 73.8| 10.0
27.3 | 3.70 - - 51.3 | 4.88 | 8l.1| 10.4
29.0 | 4.03 - - 31.3 | 4.72 | 81.1| 10.4
51.9 | 4.35 - - 35.0 | 4.83 | 89.3| 11.4
55.2 | 5.29 - - 35.0 | 4.55 | 89.3| 11.8
56.2 | 6.17 - - 40.0 | 5.26 | 89.3 | 11.8
59.4 | 5.15 - - 40.0 | 5.26 | 100. | 12.4
20.1| 5.43 - - 55.0 | 7.35 | 100. | 15.3
41.0 | 5.75 - - 55.0 | 6.94 | 100. | 11.5
47.6 | 6.90 - - 61.5 | 8.70 | 73.8| 9.52
50.1 | 7.25 - - 61.3 | 8.55 - -
Table 1l4. Calculated values for Series V1l.
(2) (v)

ix10° | 1.07 1.09

,x107° | 2.68 2.71

7 x 107* | s.98 6.08

1x107 | 6.25 6.19

tx 1072 | 1.67 1.65

% 0.86 0.86

(D-4a)/2} 1.59 1.94
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" The two reaction equations calculated from Equation (11) are

(a) R = K(14.3 x 107° x S) gm. per sec.

(®) R =K(11.4 x 107° x 8) gmy per sec.

i.e., there is a linear relationship between the rate of combustion
R and the percentage of oxygen in the gas stream S. The values of
K found for the above equations are

(a) K

(®) KX =1.12

1.00

Conclusions

The foregoing experiments do emphasize the complexity of the
problems involved when considering the combustion of even a single
carbon specimen in a cylindrical combustion chamber. Previous
work has been verified in that it has been shown that the rate of
cambustion is proportional to the superficial surface area of the
specimen. The variables of gas pressure , linear gas velocity,
volume flow rate and diameter of the combustion chamber are mutually
interdependent, an alteration in one a.ff’ectig?sp’! one or more of the
others. By investigating the effect of one variable at a time an
attempt has been made to combine their effects in a single compres
hensive hypothesis 1I)fuhich it is suggested that since the mean
displacement of a gas molecule is restricted by numerous collifions
with its neighbours only a limited proportion of the oxygen supplied
may be able to take part in the cambustion reaction, the rest being
swept out of the cambustion chamber before it has a chance to diffuse

across to the zone of combustion. This mean molecular displacement

has been calculated from a simple fornula derived from the elementary
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kinetic theory of gases; although its actual numerical value may

be in error the chief concern is with the way in which it cheangeg
in relation to the other factors such as pressure and linear gas

velocity, etec.

This preliminary work was necessary before studying the effect
of temperature on the rate of cambustion and indeed it will be
shown in the next Chapter that a variation in temperature causes a
change in the mean molecular displacement X and hence in the volume
of oxygen available for oxidation of carbon. It will be realised
from this that beforecomparing the work of different investigators .,
it is important to see whether or not their experiments have been
conducted under comparable conditions particularly with regard to
the proximity of the combustion chamber walls to the specimen, as
molecular deflections from the wall can cause an increase in combus-
tion rate as has been shown on p. 42. Similiar remarks apply to
the comparison of the combustion tates of different cokes and it is
desirable thatponditions be chosen such that X is considerably
smaller than (D - d)/2 as this range is much more amenable to mathemadi-
cal treatment, deflections from the walls being unable to influence
the number of oxygen molecules available for combustion as in Series

V for example.
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CHAPTER V

THE EFFECT OF TEMPERATURE ON RATE OF COMBUSTION

It was assumed in Chapter 1V that 211 the oxygen molecules in
the gas flow were equally capable of reacting with carbon (p.38
for example). In actual fact it is well known that before a molecule

reaction
can take part in a chemicaljit must possess a certain asmount of
energy, such molecules being termed actiwed#ed activated molecules,
i.e., only a fraction of the oxygen molecules supplied are able to
take part in the cambustion reaction in the foregoing experimeats
and this was the principle reason for introducing the constant K
in Equation (11). Arrhenius suggested that there exists an equilibrium
between these activated molecules and the normal ones, the former
‘being formed from the latter by a collisional mechanism. Statisticeal
considerations show that the number of molecules with an energy
exceeding an amount E is proportional to a function containing the
exponential factor
e"E/R T

whéré E is the activation energy. Hence the rate of reaction is

given by the expression

Ae-EmT ...noao..oooocooot-uto’o.-.'o(12)

R being the gas constant, T the temperature in © A. and A a quantity

which is substantially independent of temperature. For the present
<

series of experiments it was decided for purposed of comparison

to consider the rate of combustion per unit area ef the standar-

dized specimen, i.e.,
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Rate of combustion of standardized specimen in gm. per sec.
Superficial surface area of standardized specimen in cm. 2

Ry =

Hence, considering T as the only variable affecting the rate of

combustion and utilising Equation (12)

Rp = Ae'E/RT

00'oc.oo.-ococc..-..-oo.o.o.-Qqq(15)

or loge Ry = logeA - E/RT

i.e., loge Ry = B - E/RT  where B is a constant «.....(14).

Hence a plot of log, Ry against 1/T for specimens burnt at different
temperatures should give a straight line graph of slope -E/R.

The quantity E has the dimensions of energy and if R is teken as
1.98 calories then E will be obtained in calories per gm. mol.

This type of treatment ham been adopted by the majority of workers
on activation energy and it is used here for purposeg of comparison,

with their results.

It was decided to perform several sets of experiments in which
the only variable was to 15e the temperature of the combustion chamber.
As will be shown later on, the value of X introduced in the last
Chapter will vary with the variation in temperature and in order to
take this factor into congideration it was necessary to adjust
the conditions of combustion in such a way that (D - 4)/2 was alweys
greater than X. Four seperate sets of experiments were carried
out and the data relating to the material used and other pertinent

information is given below.

(2) Combustion of electrode arc carbon of ash content 0.5 per cent.

Specimen 1.26 cm. diameter and 3.18 cm. in length.
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Pressure in combustion chamber 8.0 cm.

Volume rate of air supply 75.5 ml. per sec. at N.T.P.
Total superficial surface area of specimen 15.2 cm. 2
(D -4)/2 = 1.94 cm.

(b) Combustion of Clyde coke No. 1V of ash content 13.0 per cent.
Specimen 1.91 cm. diameter and 3.18 cm. in length.
Pressure in combustion chamber 7. 76 cm.
Volume rate of air supply 70.9 ml. per sec. at N.T.P.

2

Total superficial surface area of specimen 24.70 cm.

(D - 4d)/2 = 1.62 cm.

(¢) Combustion of Consett Foundry coke of ashcontent 9.9 per cent.
Specimen 1.83 cm. diameter and 3.18 cm. in length.
Pressure in combustion chamber 8.0 cm.
Volume rate of air supply 69.4 ml. per sec. at N.T.P.
Total superficial surface area of specimen 24.4 cm.2
(D - d)/2 = 1.66

(a) In this series of experiments conditions were exactly the same
as in (c) except far the ash in the coke. Specimens of Consett
Foundry coke similiar to those used in (c), were placed under
a concentrated aqueous solution of sodium silicate and they

xere were then evacuated for 1 hour. After removal from the solution
the specimens were allowed to drain and finally dried at 120° C.

in the usual menner.

The experimental combustion rated for the four sets of experi-
ments are given in Tables 15 (a), (b), (c) and (d) the results
being plotted in Figs. 18 and 19.
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Table 15 (a). Variation of rate of combustion with temperature

™° 6§ R gm./sec.| 1/1° A. | -log, Ry
x107° | x 16°
889 1.72 0.861 9.088
899 1.74 .853 9.075
976 1.87 .801 9.002 R
990 2.01 792 8.930
1051 2.35 .755 8.775
1089 2.51 .734 8.708
1104 2.65 .726 8.654
1208 2.88 .675 8.572
1216 3.06 .672 8. 515
1239 2.85 .661 8.575
1240 2.88 .661 8.585
1249 3.05 .657 8.517
1334 3.51 .623 8. 575
1538 3.53 .621 8. 366
1413 4.18 593 | s8.275
1452 3.46 . 580 8. 385
1465 3.88 | .575 8.278
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Table 15 (b). Variation of rate of combusticn with temperature.

° c.[ R gm./sec.| 1/1° A. -log, Ry
x 107 | x 107

739 1.16 0.988 9.965
758 1.83 «971 9.510
848 1.92 892 9.461
885 3. 09 . 864 8. 987
893 283 855 9.170
964 i 3. 20 - 809 8.948
975 301 «800 9.011
1059 3.19 751 8.956
1060 3. 58 «752 8. 839
1129 3. 97 «713 8.734
1148 S.41 » 704 8. 888
1180 3.50 . 688 8. 860
1120 3.70 - 685 8.806
1235 4.12 662 8.698
1295 3. 57 . 638 8.839
1298 4.08 «637 8.710
1303 4.15 «635 8.692
1304 3. 82 «634 8.772
* 1330 4.10 625 8.704
1486 4.81 « 569 8. 543
1496 4,59 « 565 8. 590
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Table 15 (c). Variation of rate of combustion with temperature.

7 C.| R gn./sec. | 1/1° A | -log, R,
x107° | x107°

865 2.72 0.638 9.103

873 2.92 .873 9.052
969 3.16 .805 8.951
970 | 3.27 .804 8.915
1072 3.51 .750 8.902
1090 3.17 754 8.947
1092 3.51 .733 8.847
1115 3.78 .720 8.771
1185 5.84 .686 8.757
1217 3.61 .671 8.819
1270 3.98 .648 8.723
1275 4.37 .646 8.628
1293 3.52 .659 8.841
1295 4.16 .638 8.675
1296 4.05 .638 8.704
1297 4.05 .637 8.705
1304 4.07 .654 8.696
1306 5.65 .653 8.808
1306 4.36 .633 8.630
1309 4.26 .652 8.653
1402 4.39 .597 8.623
1407 3.98 .595 8.720
1424 4.51 . 589 8.594

Continued on next page-
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Continuation of Table 15 (c)-

1428 4.44 . 588 8.610
1460 4.46 « 977 8.605

1463 4.55 « 576 8. 589

Table 15 (d). Variation of rate of combustion with temperature

™ G.| R gn./sec.| 1/T° 4. | -log, B,
x 10-5 x 1079

915 2.80 0.842 9.072
944 3.04 .823 8.990
1026 3.58 .770 8.826
1149 5.77 .703 8.775
1191 4.00 .685 8.716
1244 3.51 .659 8.846
1281 4.17 .644 8.675
1294 4.03 .638 8.707
1301 4.02 635 8.710
1302 4.10 .635 8.690
1321 4.15 .627 8.679
1339 4.24 .620 8.657
1448 4.35 .581 8.631
1451 4.65 . 580 8. 565
1456 4.33 .578 8.636
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Curve (a) of Fig. 18 shows a straight line relationship between
loge Ry and 1/T where T is expressed in OA. The value of E obtained
from the graph is 5663 calories per gm. mol. as compared with the
value of 3814 calories which was obtained by Finniston for a manu-
factured graphite. The results of the higher temperature experiments

of p. /0 are also included in Fig. 18.

Curve (b) for a Clyde coke over the range of temperature 900° C.
to 15006 C. gives an average value of for E of about 3300 calories
per gm. mol. This curve may consist of two ranges, one above and
one below the coking temperature of about 1050° C. although there
is no evidence of a definite break in the curve as was obtained by
Finniston45. The rate of combustion is seen to fall off rapidly
below sbout 900° C., reaction rates in this lower temperature range
being extremely susceptible to small temperature variations. Similiar
results at low temperatures were found by Finniston for coke and by

Tu, Davis, and Hottel for brush carbon®8.

Curve (c) for Consett Foundry coke shows a straight line relation-

ship giving a value for E of 3070 calories per gm. mol.

The purpose of the Series (d) was to investigate the relative
effects of a solid and fused ash for specimens burning under similiar
conditions. The effect of adding a compound such as sodium silicate
was such as to lead to the formation of a fluid ash over the whole
range of temperature investigated. It was hoped that any specific
catalytic effect of the sodium silicate could be ascertained by
comparing the rates of combustion in Series (¢) and (d) in the

range of temperature above 1300° C. where the ash was molten in
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both cases. However, the experimental error of the determinations
appears to be greater than any effect of the ash, either physical

or chemical, on the rate of combustion. It was found that with

a large percentage of sodium silicate in the coke the rate of combust-
ion was loweredl appreciably owing to the formation of a fused slag A
layer over a relatively large proportion of the coke surface. The
conclusion to be drawn from experiments of this nature is that the
physical nature of the ash has little effect on the rate of combustion *
except at high ash contents (above about 20 per cent.) when a fluid

ash definitely retards combustion.by covering an appreclali?f&ro?o?he

cafbon surface.

So far no mention has been made of the effect of temperature
on X and its subsequent effect on rate of combustion. The value of
X was calculated for each set of experiments at the three temperatures

900° G., 1200° C., and 1500° C. The value of the expression

2+2xr

X
occuring inthe reactionefuation (11) was also evaluated as shown

in Table 16. It will be seen that to a high degree of approximation

g2

+ 2%r = Constant x T
where T is the temperature in CA. and n another constant. Taking
logs.

log (%2 + 8%r) = Constant + nlog T.

Hence bY plotting log (22 + 2Xr) against log T the value of n may
be obtained as the slope of the curve. The values of n were found

to be as follows:
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0. 38

L]

Series (a) n
Series (b) n = 0.37

Series fc) n = 0.36

Table 16. Calculated values at various temperatures

Series (a) Series (D) Series (c¢) & (d)

Values ! ©C.| ©C.| 9.} 9.| ©°.| ©. | ©c. | °Cc.| ©c.

Calculated] 900| 1200| 1500 { 900 1200 | 1500 | 900 | 1200 | 1500

G x 10*|.956| 1.07| 1.18 | .956| 1.07 | 1.18 | .956 | 1.07 | 1.18
£x 107 5.50| 2.79| 2.52 | 5.40| 2.71 | 2.25 | 5.50 | 2.79.| 2.52
7% 107 5.25| 5.98| 6.66 | 5.25| 5.98 | 6.66 | 5.2 | 5.98 | 6.66
1 x 104 4.69| 6.01| 7.33 | 4.76| 6.10.| 2,40 | 4.89- 6.01| 7.33
. 15.1 | 19.0| 22.8 | 16.6| 20.8 | 25.1 | 15.5 | 19.5| 23.5
t x 1072[2.10 | 1.67 | 1.39 | 1.92| 1.55 | 1.27 | 2.05 | 1.63 | 1.35

X .792 | .847| .895 | .763| .816| .858 | .783 | .836 | .880

X+ 2xr |1.64 ] 1.79 | 1.93 | 2.04| 2.23 | 2.38 | 2.05 | 2.23 | 2.38

It will simplify calculations and be sufficiently accurate
for the treatment here to put
n= 005

when the reaction equation (11) may be written intthe form
;o 2
RA=AJ&¢EmeT1/ -.OOOQQOQQQOQO'QAOQ‘0.0(15)

where #& A' is a constant. Hence

1
log, Ry/12 = B - E/RT

. 1
where B is a constant. Hence a plot of log, Ry/T? against 1/T

should give a straight line graph of slope -E/R. VWhen the results
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of Series (a), (b) and (c) are plotted in this manner it is found
that the curves are approximately linear and the values of E as

calculated from the slopes of the curves are

Series (8)e«e....-E = 4210 cals. per gm. mol.

Series (b)eceec...E

1860 cals. per gm. mol.

Series (¢)eessces.E = 1630 cals. per gm. mol.

It has been assumed throughout the above discussion that the
term e'E/RT is the only one which varies substantially with tempera-

ture. However, for a collisional reaction -

Rate of reaction Ae'E/RT AN ¢ 1)

Constant x 1 x e'E/RT

;
KT2e~E/RT (since @ T2).......(16)

where 0 is the root mean square velocity of the molecules and k is

a constant which is independent of temperature?l

Hence if the variation of X with temperature is taken into
consideration as well as the above then, combining Equations (15)

and (16) it is seen that
B, = Constant x ¢B/BT x To.uvinniinnnn i (27)
i.e.; logy Ry =B - E/RT + loge T
or loge Ry/T = B - E/RT where B is a constant.

It will be seen from this that a straight line of slope -E/R is to

be expected when log, R,/T is pdotted against 1/T. Such plots
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have been made for Series (a), (b) end (¢) and by drawing a straight

line through the points the values of E were found to be as follows:
Series (a).....E = 2760 cals. per gm. mol.
Series (b).....E = 410 cals. per gm. mol.

Series (¢).....E 0 190 cals. per gm. mol.

The conclusion to be drawn from these calculations is that if the
results are treated in the simplest possible, i.e., if the value

of E is calculated from a straightforward plot of log, R) against

1/T (it is actually more convenient to plot Naperian Logatithms

and make a suitable adjustment during the calcudations), then the
value of E obtained is of the same order as that obtained by Finniston.
However, if a correction is made for the variation of X with tempera-
ture, thenthe value of E is reduced by about 1450 cals. per gm. mol.
in each cass. Moreover, if a correction is made for the variation

of A with temperature in the expression
Rate of reaction = Ae"E/RT

then a further decrease in the value of E of about 1450 cals. is
obtained. With the reactions usually encountered in metallurgical
processes a change in E of 1 to 3000 calories would be relatively
unimportant as the value of E generally lies between 25 and 75
kcal. per gm. mol. 52, but with the reactions dealt with here such a

serious
change represents a veryy error in the value obtained for E.

Several workersl ) 2

studying the fundemental combustion reactions
by passing oxygen over electrically heated graphite filjsments,
have noted a break in the mechanism of combustion at a temperature

of 1500 to 1600° G. s the high temperature reaction being of zero
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order. Strickland-Constable however found the reaction at high .
temperatures to be of the first order and he states that glow dis-
charge at high temperatures tends to give a zero order reaction

(see 8lso p. 5). In view of the fact that the temperature range
above 1500o C. is of such importance when considering the combustion
of coke in the blast furnace, it was thought desirable to obtain
some results in this renge. Unfortunately owing to the shortage of
high quality mullite tubes it was impossible to continue this work
but it is felt that more information is required in this important —
zone abeve 1500° C. The furnace combustion chamber was modified for
this work as shown in fig. 20. The inner tube of 2.54 cm. intermal
diameter was made of fused alumina and the travel of the gases
supplied for combustion between the inner and outer tubes insured
that it was preheated to the temperature of the combustion chamber
before meeting the specimen. At temperatures abore about 1600° C.
the outer mullite tube softened and collapsed onto the alumina
baffle plated as soon as a vacuum was applied. For this reason

it was necessary to maintain the furnace permanently at a high
temperature as the outer tube inevitably cracked if the furnace was
allowed to cool down from such high temperatures owing to the con-
traction of the mullite tube. The results obtained are given in
Table 17 and they have been plotted in Fig. 18 with those of Series
(a). Using the modified apparatus it will be seen tlat the value of
E appears to be much greater for these high temperature experiments
(the same type of electrode arc carbon was employed for these experi-
ments as that used in Series (a)), but more experimental work is
required in this temperature range and it would be unwise to place

too much reliance upon these figures at this stage. Moreover, it
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should be noted that the value of (D - d)/2 for this modified appara-

tus is 0.33 cm. whereas the value of X is still in the region of
1.0 cm., i.e., the walls of the combustion éhamber will have a

very pronounced effect on the rate of combustion (p. 57) eand the
variation of this effect with temperature may be responsible for

the steeper slope of the graph in Fig. 18.

The details relevant to the high temperature experiments are

as followss

Combustion of electrode arc carbon of ash content 0.5 per cent.
Specimen 1.91 cm. in dismeter and 3.18 cm. in length.

Pressure in combustion éhamber 8.0 cm.

Volume rate of air supply 68.3 ml. per sec. at N.T.P.

Total superficial surface area of specimen.

{D - 4)/2 = 0.33 cm.

Table 17. Results of high temperature experiments

T° C.| R gm./sec.| 1/T° A. | -log, Ry
x 107 | x 1073

1447 7.46 0.581 8.104
1467 8.93 .575 7.924
1486 8.62 . 569 7.960 .
1564 1.7 .544 7.654
1626 11.9 .526 7.638
1665 10.5 .518 7.783

The Measurement of Actual Surface Temperature

It will have been realised that the temperatures quoted up

to now have been the values obtained from a thermocouple placed
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Plate 111.- Measuring the surface temperature of burning carbon.



1 cm. below the burning specimen. It is desirable however to know

the actual surface temperature of the burning carbon. A platinum /
platimim-rhodium thermocouple, protected by a thin silica sheath,
was inserted into a § in. (0.32 cm.) diameter hole drilled in the
specimen as in Fig. 21. The specimen was then burnt in the normal

way until the combustion zone reached the k= thermocouple, as

depicted in Plate 111, when a maximum e.m.f. reading was obtained
from the junction in the combustion zone. The temperature of the
specimen asfecorded by the abore thermocouple is denoted by Tg

and the maximum value or surface temperature by M. In actual fact
the true surface temperature will always be greater than M (owing
to thermal lag, conduction of heat along the thermocouple wires
etc.) but this figure will be taken for the present. As it is
imposaible with this technique to weigh the specimen and record
its temperature at the same time it becomes necessary to perform
two separate experiments on two similiar specimens under similiar
conditions, the first to determine R the rate af combustion and the
second to determine M. In both cases a record is taken of the tem-
perature as recorded by the thermocouple below the specimen, this

being designated the furnace temperature Te.

Experiments of this kind were found to be camplicated by two

systematic errors.

(1) 1Initially, before combustion commences, the two thermocouples
should register the same temperature, i.e., Tg = Tf,. However, it
was found that there was nearly always a slight difference of up

to #5° C. This was apparently due to non-uniformity of the hot
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zone temperature, differences in the loss of heat along the ther-
mocouple wires, differences in the emissivity of materials in the
furnace hot zone, and small variations in thermocouple calibration.
In connection with this latter point it should be mentioned that
great care must be taken with a platimum / platinum-rhodium ther-
mocouple encased ina thin silica sheath and working in the presence

53

of carbon monoxide“* and sulphur dioxide gases as in these experi-

ments.

(2) The passage of gas through the furnace gauses a redistribution
of temperature quite apart from any heat liberated by combustion.
Several "blank" experiments were performed using pure nitrogen gas
(passed over red hot copper gauge and then through alkaline pyro-
gallol solution to remove possible traces of oxygen) and experiments
were also carried out in which the carbon specimens were replaced
by fired alumina cylinders of the same size. In all cases the
temperature Tg rose to a value some 10 to 15° C. above that of Tee
The method eventually adopted for dealing with the results so as to

give the greatest consistency of the experimental data was as follows.

If M is the maximum temperature as recorded by the thermocouple
measuring specimen temperature Ty, and the initial difference of
temperature recorded by the two thermocouples, i.e., the zero error
is given by

e=7-Te .

Then the corrected surface temperature of the burming specimen is
taken as

T = (M-0)-15 %.
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the amount of 15 °C. being subtracted as an error due to the passage
of gas through the furnace with subsequent disturbance of the hot
zone. In this way a figure is obtained which would be correct

if it were assumed that (1) Tp was cbrrect and the zero error present
in Ty alone and (2) the passage of and inert gas caused no temperature
disturbance. The latter is a reasonable assumption for theoretical
purposes as it implies that the gas, the specimen and the combustion
chamber are everywhere At a uniform temperature and it enables one

to compare the results for non-ideal cases.

A series of experiments was carried out under conditions similiar
to those in the experiments discussed under Series V11 (a), (p. 54),
but in this case each specimen was drilled with a hole for the inser-
tion of the thermocouple measuring Tg, and the surface temperature
was ascertained instead of the rate of combustion. The results are
given in Table 18. For convenience, the temperature difference
between the burning surface and the furnace temperature has been used
in stating the results. In view of slight furnace temperature
variations throughout the course of combustion it is better to
note the maximum value of (Tg - Tp), denoted by (Tg = Tp)ys Tather
than the maximum value of Tg alone. The value of Iy is then cal-
culated from this value

ioeo, %ns = (Ts - Tf)M - 15 + Tfl OC.
where Tg1 is the value of Tr when (Tg - Tp) is a maximum.

The appropriate values of R the rate of cambustion have been
7
taken from Fig. 1§ (b) for the particular percentage of oxygen
being employed. Fig. 22 shows the results as (T,g - Tpi} plotted

against the percentage of oxygen (a) and also as (Tpe - T e1)
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against R (curve b). It is seecn that the difference in temperature

between the surface of the burning carbon and the furnace combustion
i

chamber is directly proportional to the rate of combustpon and also

to the percentage of oxygen in the gas streanm.

Table 18. Variation of surface temperature with oxygen concentration

and rate of combustion.

Oxygen | Tps - Tpt | R (gm./sec.) | Oxygen | Tyg - Tpr | R (gm./sec.)
% °c. x 1070 % °. x 1072
0.0 0. 0.00 53.0 85 7.24
5.0 13 068 53.0 89 7.24
21.0 39 3.06 72.8 109 9.44
21.0 35 3.06 72.8 124 9.44
28.1 51 4.02 72.8 102 9.44
43.2 66 6.03 100. 150 12.4
45.9 72 6. 36 100 161 12.4
45.9 79 6. 36 100 145 12.4

Fig. 23 shows three typical sets of temperature-time curves for

21, 53, and 100 per cent. oxygen respectively. It will be observed
that the temperature Tg reaches a value very close to the maximum
immediately after combustion starts, thereafter there is a slow
rate of increase in Tg until the maximum value of Tg = M is reached
when the burning surface actually reaches the plane of the thermo-
couple. As soon as the tempei‘a‘tmte of the specimen drops, which
happens as soon as the supply of oxygen is stopped, the initial
equilibrium conditions are rapidly established. Curves of a similiar
form were found in every case and they illustrate the high thermal
conductivity of the carbon material and the suprising fact that
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the whole specimen is at practically the same temperature as the

burning surface layer.

Further experiments along similiar lines to the above were
carried out in order to determine the effect of furnace temperature
on the value of (F,s - Tet), i.e., the furnace combustion chamber
temperature was made the variable and the oxygen concentration
maintained constant at 21 per cent. The results are shown in Table
19, all other factors being kept at the same values as in the previous
set of emperiments. Fig. 24 is a graph of (Tpg - Tp') plotted
against furnace combustion chamber temperature Tg. The results
show clearly that whereas at high temperatures (above say 1500° C.)
it is reasonable to assume that the burning specimen is at the same
temperature as the cambustion chamber, the error of such an assump-

tion becomes increasingly greater at lower temperatures.

Table 19. Variation of carbon surface temperature with temperature

of combustion chamber.

(Typs - Tf') Te c (Tys - Ter)| Tp %.

oc. o

95 820 38 1204
84 896 39 1233
62 946 39 1234
60 974 35 1240
60 1024 27 1279
59 1033 32 1394
44 1104 9 1503
39 1164 - -
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In the light of these experiments it is possible.to revise
the results shown in Fig. 18, curve (a), showing the variation of
the rate of combustion of arc carbon with temperature. By the
time gas molecules have reached the surface of the specimen they
will have attained the temperature of the burning carbon surface
and hence it is this value of T which should be used and not the
temperature of the furnace combustion chamber. Since the determina-
tions of Series (a) in Fig. 18 g.nd also those of Fig. 24 were
conducted under similiar conditions it is possible to obtain the
surface temperature of the burning carbon for any given temperature
of the combustion chamber and then plot a graph of rate of combustion
against surface temperature. (The value T =(T ., + 15) °%C. } is
actually used as we are dealing with an experimental case and
not idealized uniform conditions as mentioned on p. 74). Using the
curves of Figs. 18 (a) and 25, the variation of log, A'with the
reciprocal of surface temperature in °A. is shown as tﬁe dotted line
of Fig. 18 (a). Calculations similiar to those on p. 59 give an
average value of E from this curve of 6600 cals. per gm. mol. as
compared with the value of 5663 obtained when logg Ry was plotted
against the reciprocal of the combustion chamber temperature in ©A.
These calculations emphasize the remarks made previously, i.e.,
when E is small as it is for the carbon plus oxygen reaction at these
high temperatures, otherwise minor corrections become of enhanced
importance.; It seems desirable to use surface temperatures rather
than cambustion chamber temperatures for calculations of activation
enerfly at normal pressures, but any errors introduced by not doing -

so will became increasingly less at higher temperatures and inthe

case dealt with here may be neglected above about 1400° c.
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Finally it was decided to see if any correlation existed between
the rate of combustion of different cokes and the temperature of the
surface when burning under similiar conditions. The experimental
results are shown in Table 20 for four different cokes and an elec-
trode arc carbon. All specimens were 1.91 cm. in diameter and 3.18
cm. in length, the rate of air flow and the pressure being the same
as the previous experiments and the combustion chamber temperature
was 1300° C. The average values of R and (Tys = Tpr) have been
plotted in Fige. 25. It will be seen that there is a tendency for
more combustible cokes (as determined by these particular methods)
to burn with a higher surface temperature. It shoruldf,:i that as the
combustion: temperatures in these experiments are in the region of
the ash fusion point for these cokes, this will almost certainly

have some bearing on the value of the surface temperature.

Table 20. Surface temperatures for different cokes.

Type of coke R x 107 gm./sec. | (Tyg - Tpr) .|

Electrode Arc Carbon 352 24
3.53 } .53 23 }25’5

Clyde Coke No. 1V. 3. 86 ' 34
oo } 3-89 o } 32.5

Consett Foundry Coke 8.98 23
14 } 4.06 o } 24.5

Consett Wilputte Coke | 3.42 } 3.5 17
3.32 - 37 19 }19.5

22

Dumbreck Foundry Coke | 3.73 18
o } 3.71 o } 20.0
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SUMMARY AND CONCIUSIONS

(1) An spparatus has been developed in which specimens of carbon
can be burnt under controlled conditions of gas flow and at tempera-
tures up to over 1650° GC. » the weight of the specimen, and hence the
rate of combustion, being obtained by means of a simple mercury
displacement balance which is easily operated under vacuum. So

far as is known this method of weighing has not been used before

and it has been found to be extremely adaptable and ef'fécient.

(2) Previous work has been confirmed in that it has been shown
that the rate of combustion of a carbon specimen is proportional

to its superficial surface area.

(3) Experiments have been carried out under a wide variety of
experimental conditions including changes in gas pressure, mass
flow rate, linear gas velocity, oxygen concentration and dimensions
of the combustion chamber. In an attempt to correlate the results
obtained, use has been made of the conception oé the mean displace-
nent X of gas molecule in a time t in a similiar manner to that used
in the study of the Brownian movement. In this way it has been
shown that the governing factor controlling the rate of combustion
of carbon in a moving gas stream is the number of oxygen molecules
which can actually reach the carbon surface in the limited time
available before these molecules are swept out of the combustion
chamber. This work emphasizes the necessity of carrying out experi-
ments under such conditions that the combustion chamber wall has
little opportunity to interfere with the rate of combustion by the

deflection of molecules from its surface. This preliminary work
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was necessary before considering the effect of temperature on rate
of combustion, as a change of temperature will cause a change in
the mean molecular displacement X and hence in the number of oxygen

molecules available for combustion.

(4) The variation of rate of cambustion with tempera't:uré has been
investigated over the range 750 to 15000 C. for both coke and elec-
trode arc carbon. Previous work has again been confirmed in that
it has been shown that the results are in accord with the Arrhenius
conception of activation energy. The value of thissactivation
energy was found found to be of the order of 3000 to 5000 calories
per gramme molecule, a very low figure in comparison with most
metallurgical reacticns. In view of this low activation energy,
several corrections which may normally be ignored in connection
with work of this kind, become of great importance, and sufficient
attention does not appear to hawe been drawn to this fact in previous
literature. A few resulis were obtained at temperatures up to
1665o C. but more work is desirable in this temperature range before
definite conclusions can be drawn. The above experiments have
underlined the importance of comparing results under strictly com-
parable experimental ¢conditions, particularly as regards furnace
cambustion chamber diesmeter and the proximity of the cambustion

chamber walls to the specimen.

(5) By inserting a thinly &heathed platimm/platinum-rhodium thermo-
couple into a hole drilled in the specimen an attempt has been
to measure the true surface temperature of the burning carbon.

The following conclusions are drawn:-
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(2)

(b)

(c)

order of 15° C. at 1500° C.

(6)

(7)

The surface temperature is little different from the temperature
of the interior of the specimen.

The temperature of the specimen itself may be considerably
higher than the temperature of the surrounding furnace com-
bustion chember (this temperature difference amounts to as
much as 110° C. in these experiments) and other things being
equal this temperature difference is directly proportional

to the rate of combustion when various concentrations of
oxygen are present in the gas stream.

The difference between the temperature of the specimen and the
temperature of the combustion chamber decreases rapidly with

increase in combustion chamber temperature and is of the
1

wo i’}x“"‘%} ’

There appears to be little differénce between coke and electrode

arc carbon as regards rate of combustion and surface temperature

during combustion, but the activation energy of arc carbon

is slightly higher.

It is suggested that more work should be carried out on the
above lines at temperatures from 1500° C. upwards. This
high temperature range is of the greatest importance from the
point of view of combuétion of coke in the blast furnace

and moreover it is in this region that the greatest doubt
exists as to the nature of the combustion mechanism and the

megnitude of activation energies.
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In conclusion, I would like to express my thanks to Professor
R. Hay for his kind interest in ‘t?his work, and also Dr. J. Taylor
for his very helpful criticism and advice. I also wishto thank
the British Coke Research Association who have been responsible

for financing this research.
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