B SIGNIFICANCE OF MASS TRANSFER IN THE
OXIDATION REACTIONS OF CARBON.

A Thesis submitted for the degree of
DOCTOR OF PHILOSOPHY
in the Faculiy of Science
of the
University of TLondon
by

JOHN FRANCIS MICHAEL NAGLE, B.Sc., D.I.C.

Department of Chemical Engineering,

Imperial College of Science and Technology,
London, SeWaTo

June, 1961,



ABSTRACT.

The rates of oxidation of carbon and graphites
have been mecasurcd in the temperature range 1,000°C. to
2,000°C. at pressures of 0.06 atmospheres to 1 atmosphere
with gas velocities varying from 100 ems/sec. to 10,000 cms/
sec. Cold ges was directed on to the side of an electrically
heated cerbon rod, whose temperature was measured by a
disappearing filament pyrometer. By timing the retreat of
the surface of the rod opposite the gas orifice, the rate of
reaction was calculated,

At atmospheric pressure and high temperatures the
combustion rate of the most reactive material, the porous
carbon, was found to be mass transfer controlled and the mass
transfer rates were correlated against the gas velocity, the
carbon temperature, the oxygen partial pressure and the total
gas pressurec. When a less reactive polycrystalline graphite
was oxidised at lower total gas pressure a considerable
degree of chemical control was achieved and using the
previously mentioned correlations the influence of mass’
transfer on the reaction rates was estimated and the true
chemical rcaction rates calculated. The least reactive
material, pyrographite, secemed to be free from mass transfer

control of the combustion rate.
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Both the polycrystalline graphite and
pyrographite reaction rates reached a maximum about 1,700°C.
and then decrcased at higher temperatures. Although this
effect has becn found at low pressures it has never before
been recported for the high oxygen pressures uscd in this
work. The position of the maximum rate is 500°C, higher
at 0.23 atmospheres of oxygen than at the 2,5 x 1077
atmospheres of oxygen used in previous experiments,

A simplc theory has been proposed to explain the
rather unusual kinetic behaviour of graphite and when
probable valucs are chosen for the constants in the kinetic
expression the calculated reaction rates agree with both

the high pressure and low pressure observed rates.
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INTRODUCTION.

The oxidation reactions of carbon are of great
comiiercial importance and also of much academic interest,

Hany of the carbon gasification products are used
ag both fuel and as starting materials for the synthesis of
organic chemicals and inorganic fertilisers. Carbons and
graphites have found increasing use as constructional
nmaterials in the chemical industry, in nuclear engineering
and in certain branches of aeronautical engineering, The
corrosion resistance of graphite combined with its good
mechanical strength and thermal shock resistance make it an
almost unique high temperature constructional material,
which is, however, attacked by oxidising gases to give
gaseous products, A good understanding of the chenical
kinetic and other factors which influence the rates of the
carbon oxidation reactions, under a very wide rgnge of
conditions of temperature and pressure, is of obvious
industrial importance.

Acadenic interest in the oxidation rsactions of
carbon is very great because these reactions are anong the
few rcactions in which a gas reacts with a covalent solid to
give gaseous products. The oxidation reactions of carbon

are especially interesting because they can be studied over
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a very wide range of temperatures. Heterogeneous reactions,
because they are partly controlled by physical factors, are
very complex. The overall rate of a heterogeneous reaction
is determined by the individual rates of several processcs,
such as the diffusion of the reactant gas through stagnant
gas laycrs tc the solid surface, the diffusion of the
reactant gas into the porous structure of the solid, the
adsorption of the reactant gas on the so0lid followed by
chenical reaction and the subsequent desorption of gaseous
products which must then diffuse out of the porcs through
the boundary layer into the bulk of the gaseous phase.

Some of the previously mentioned processes in the
oxidation reactions of carbon have been well studicd, but
at very high temperatures little has been done to try to
distinguish the surface kinetic process from the usually
important boundary layer mass transfer process, which is
occurring at the same time. The chief difficulty of this
problem of studying one process while other processes are
going on, is that the rate of the slow process in the
succession will obscure the rate of a faster process which
may be of interest, If in a particular system several
processes contribute to the overall rate and if onc of these

processes, ©.Z. the chemical reaction rate, is very slow
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compared with the others the syster: can be said to be in

the chemical regime. At high temperatures and high partial
pressures of oxygen the carbon-oxygen system is usually in
the boundary layer mass transfer regime.

The surface chenical kinetics of the carbon
oxidation reactions, when studied at very low pressures
where stagnant boundary layers cannot exist, are most
unusual . The reaction rate not only goes through a
maxinum as the solid temperature is raised but it also shows
hystercsis. Since at atmospheric pressure, e.g. in air,
the recaction between carbon and oxygen is in the mass
transfer regime at high temperatures it has not hitherto
been possible to tell if the unusual surface chemical
kinetiqs will be found at higher partial pressures of
oxXygen. This present work was undertaken to provide an

answer to this question.
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LITERATURE SURVEY.

A, General Remarks.

The processes involved in heterogeneous rceactions
are not equally important under a given set of conditions
of temperature and pressure. Under any set of conditions
one process will usually be much slower than any of the
others and will inconscquence control the reaction rate.
The rate controlling process will change as the prevailing
conditions change so that a study of the literature on the
oxidation rcections of carbon will show that experiments
have been carried out under extreme conditions, c.g. low
tenpergture, low pressure, etc. in the hope of isolating
sorme particular rate controlling process. The literature
is best subdivided by consideration of the process of
special interest, i.e. by the temperature and prescure range
in which the experiments were done. A1l the oxidising
gases show the same patterns of behaviour so that it is

usually unnecessary to give them separate attention.

B. Gasification of Graphite at Low Temperatures (ca. 500°C. )

Bs1. DPossible Reactions of Oxidising Gases with Graphite.

Graphite can rezct with oxidising gases in the
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following ways.
With oxygen C + O2 -3 002
2C + 0, —% 200

With carbon dioxide ¢ + 002 - 200

With stean Cc + H20 -~y CO + H2

¢ + 2H20 o 002 + 2H2
With nitrous oxide ¢+ NZO —~% CO + N2
C + 2N,0 =y CO, + 2N,

When graphite and oxygen react carbon monoxide is
often the favoured product and carbon dioxide is produced
in smaller guantities, This observation is true also of
stean but with nitrous oxide reaction about 400°C. favours
carbon dioxide production while at higher temperatures the
proportion of carbon monoxide increases [1]. The
similarity in the reactions suggests that similar reaction
mechanisms exist and that since the gases differ greatly
the role of the grabhite ih the reaction mechanism~ﬁﬁét be

very important.

Be2sa The Rate Determining Process in the Low

Temperature Gasgification.

Duval [2] points out that though therc have been

many studies of the reaction between graphite and oxygen at
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tenperatures of 400°C. to 1,000°C., pressures of fractions
of a millimetre of mercury to one atmosphere, the results
are difficult to analyse and compare becausec at low
temperature the reaction rate depends on the structure of
the graphite and above all on its purity to a degrec only
reecently rccognised. Many euthors seems to agrec, however,
that at temperatures around 500°C. the oxidation reactions
of graphite are in the chemical regime [3,4,5].

Gulbransen et alia [3] studied the reactions of
purec artificial graphite with oxygen at graphite temperatures
of 425°C. to 575°C. and between pressures of 0.15 cms,
(mercury) and 9.8 cms. (mercury) of oxygen, and in addition
they examined the oxidation of graphite with carbon dioxide
at 7.5 cms. (mercury) between 500°C. and 900°C,

FPor the reaction of graphite with oxygen they
found the activation energy of the reaction to be 37 k.cal/mole
The magnitude of this activation energy suggests that the
reaction rate is controlled by the rate of chemical attack,

Rossberg and Wicke [4,5] in their papers have |
studied the oxidation of bored out cylinders of
spectroscopically pure graphite with oxygen, between
temperatures of 520°C, and 1,420°C. In their experiments

they mcasurcd the surface area of the graphite using the
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B.E.T. method of adsorption of krypton. Their plot of

Log (effective reaction rate constant) versus 1/T°A shows
that below 650°C. the reaction activation energy is 50 k.cal/
mole and that in the higher temperature regions half of this
value 1g obtained. These authors conclude from a
consideration of Thiele's theory of Pore Diffusion [6] that
below 650°C. the reaction rate is controlled by the rate of
chernical attack and that above 650°C. pore diffusion rates
become important., A further paper by Wicke and Hedden [7]
which reports the attack by carbon dioxide on graphite in

the termperature range 900°C. to 1,200°C. shows that when the
attack is nade on very small particles of graphite the
activation energy of combustion 1s twice the activation
energy found when the attack is nade on a bigger pilece of
graphite. The Thiele Theory would support the view that

the higher activation energy is that of the chenical reaction
and that as the size of the graphite increases pore diffusion
would be more important and the activation energy could be

halved,

B.3, Catalytic Effects at Low Temperaturcs.

Walker [8] has shown the catalytic effect of
traces of iron on the reactions betwsen carbon dioxide and

oxygen on graphite "wear dust" at low pressures of about
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20 nicrons of mercury in the temperature range 400°C. to
700°C. for carbon dioxide and 200°C. to 500°C. for oxygen.
In the case of carbon dioxide when the traces of iron were
removed from the "wear dust" the sample had to be heated a
further 300°C, to get the same amount of reaction. The
oxygen reaction indicated that the catalytic effect of iron
was much less at 500°C, than at 200°C. which is to be expected
since the catalyst merely provides a reaction path of lower
activation encrgy to facilitate reaction at lower temperatures.
It would scen therefore that at higher tenmperaturcs the
catalytic effect of iron should not be very great,

At low temperatures the oxidation reactions of
graphite scer to be in the chenical regime and to be strongly

influenced by traces of catalytic impurities in the graphite.

C. The Gagification of Graphite at Intermediaste Temperatures.
(700°CO - 1,200°C|)a

In the temperature range 700°C. to 1,200°C. the
rate controlling step in the attack of oxidising gases on
graphite is thought to be the rate at which the rcactant
gases and products can diffuse through the pores in big
pieces of graphite. Much experinmental work heg been done
on the attack of oxygen, carbon dioxide and steam on graphite

in this tenperature range. The Thiele Theory of Pore
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Diffusion upon which most of the interpretations of these

works rest will be described first.

Cel. The Thiele Theory of Pore Diffusion [6].

Thiele's Theory of Pore Diffusion was really
developed for the interaction of fluid reactants on a porous
catalyst and is not strictly applicable to reactions of
gases with a porous solid, whe;e the porosity will change
and the solid will be consuned. This theory is, however,
still the best treatment of the reactions of gases with
porous solids and with its predictions many of the experiments
are compared to show the existence of pore diffusion as a
rate contyolling process.

If particles are very small then the fluid reactant
will have the same concentration in all the pores, but as
the particle size ie increased the products will be formed
faster than they can be carried out of the pores and the
reactant concentration in the pores will be less than the
concentration at the surface of the particles, The reaction
will now be confined more to the surface of the particle, i.e.
in the outer pore region, A consequence of these ideas is
that below a certain grain sigze the activity of porous
particles will be proportional to the total mass present but

above that particle size the activity will be proportional
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to the external surface areas of the grains.

To derive expressions for the activity of porous
catalysts Thiele had to make a big number of simplifying
assunptions of which the most important perhaps is that the
pore length is assumed proportional to the shortest dinmension
of the grains,

The theory will be developed for the simple case
of a first order reaction occurring with no volume change
on a flat plate (Pore length = % thickness of plate), See
Figure 1 for an illustration of this simple case.

The reaction is assumed first order with respect
to one component only and the other component is ignored.

The reverse reaction rate is also assumed to be negligible.

x = distance from centre, measured along the pore (cms)
Xy = distance from centre to surface along the pore(cms)
¥ = concentration of reactant at x in the pore (moles/cc)
¢ = +the reaction rate constant Holes

sec, cm?® of pore surface,
noles/cc of reactant

k = +the diffusivity of the reactant (em®/sec.)

r = area of pore cross-section per length of perimeter
of pore {(cms).

a = area of pore cross-section (cm?)

no= s
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The reactant diffuses across the right-hand boundary
of the element, some reacts and less diffuses across the
left~-hand boundary of the elcment.

In any section Diffusion Transfer Rate = k a dy/dx
Difference in diffusion at the two boundarics
= ¥k a d (dy/dx)

The amount of reaction on the surface of the element
of the pore = acydx/r

where the area of the walls of the element = a dx/r.

Equating _d ayy _ ¢y
dx dx f#~  kr

2
Ay - &Y . 42
dx= kr hy.

At the centre the flow by diffusion = 0 (by sy-metry)
dy/dx = 0 when x = 0

and y = Vg when X = X
7=y X 4 oThX - gy Cosh ﬁhxz
s  hxg . DhXs s cosh (hx,)

The total amount converted by one half pore in

unit time, is equal to the amount diffusing into one entrance

of the pore in that time
i.ee = k a (dy/dx)S

This can be shown to be = k a h y_ tansh (hxs)
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and when Xg is larger = kah Vgo

The chief features of this result which are uscd
in the interpretation of experiments are :

(a) +the reaction rate is proportional to ¥k and hence

is proportional +to 1
Total gas pressure

and (b) the reaction rate is proportional to W, i.c.

proportional to the square root of the true cheriieal reaction
rate constant. A conscquence of this is that the activation
energy c¢f 2 reaction controlled by the rate of porc diffusion
ig half the activation energy of the true chemicol reaction

rate.

Ce2., Experimental Studies of Intermediate Tenperature

Range Gasification - Interpretations based on the

Thiele Theory of Pore Diffusion.

Wicke and his co-workers have studied the rcactions
of graphite with oxygen, carbon dioxide and steanm in the
teriperature range 700°C. to 1,200°C. and have interpreted
the rcsults on the basis of Thiele's Theory and have suggested
that pore diffusion is the rate controlling process of these
reactions in this particular temperature range.

Wicke and Hedden [7] used two types of apparatus
in their study of the reactions of oxygen and carbon dioxide

with spectroscopically pure graphite. In one apparatus
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the gases were strcamed through cylinders of graphite and

in the cther the gases
small particles.
was to demonstrate the

tenperature dependoence

The

of the reaction rate.

were streaned through heaps of very
purpose of these alternative nethods
influence of porous diffusion on the

The Thicle

theory suggests that with small particles the whole of the

inner surface of the graphite is available for rcaction and

that under thesc conditions the rate of recaction should be

controlled by the rate of chenical combination and not by

the rate of pore diffusion.

The activation encrgics of

the rcactions carried out on the small particles werc twice

those obitnined when neasurernents were made on larger pieces

of graphite.
Reaction
Temperature
Pressurc

Activation
EBnergies

K = He A/RT

o

c+0 €O

2 2
600 - T700°C.

0.1 to 0.2
ats. 02

29+1 k cal/mole

C + COQ 200
1000 - 1100°C.

0.1 to 0.7 atsd
002

43+1 k cal/mole
and
85+3 k cal/mcle

2.0x109 e

-86000 1

RT

F 2
E

Diffusicn
Present

Diffusion
Absent -

4

In other necasurements the diffusivity of the carbon dioxide

was changed by adding heliunm to the gas mixture instead of
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nitrogen and the reaction rate was found to change with the
diffusivity.

The srctivation energies were plotted against
particle size for the Boudouard reaction and they fell
eventually to onc half of their original valuc, The pore
length was teken equal to the particle radius. The
effectivencss factor k/ko fell in a somewhat similar

faghion (sec Figurc 2).

C.3. The Mcchanism of Graphite Combustion with Oxyecn.

A kinetic mechanisnm of the reaction of oxygen
with pure graphite has been proposed by Rossberg [5]. This
nechanisn is rather similar to the mechanism of the stean
reaction which wos proposed by Rossberg and Wicke [93 but
which will not bc described.

Dry air or oxygen-nitrogen nmixtures were strecanead
through tubes of graphite at a variety of gas speeds of up
to 20 metres/second. The inner surface of thc graphite was
deternined by the B.E.T. method and was of the order of
2.5 n2/gn. The surface termperatures of the graphite were
varicd in the range 520°C. to 1,420°C. and the outlet gases
were analysed, The gas pressures were varied in thec range
26 rn. (mercury) to 208 mn. (nercury).

The ratc controlling processes in this tenperature
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range were successively the chemical reaction rate up to
650°C,, the pore diffusion rate from 650°C. up to 900°C,
and the rate of boundary layer mass transfer above 1,000°C.
Important to an understanding of the kinctics is
the ratio of the carbon monoxide concentration in the
reaction products to the concentration of the carbon dioxide.
Rossberg suggests that the conditions under which his
experinents were carried out ninimises afterburning of the
carbon nonoxide and also the Boudouard reaction. It would
secn, thereforc, that both carbon monoxide and carbon dioxide
are primary products of the conmbustion. The ratio [00/002]
was shown to remain constant at constant pressure even when
the inlet gas concentrations were changed, The formation
of both carbon monoxide and carbon dioxide nust thercfore
occur by means of reactions which are of the sanc order,
In agrecnent with the findings of other workers the ratio
[00/002] showed an activation energy of about 15 kcal/mole,
dependiﬁg on the type of graphite, in the temperature range
500°C. to 1,400°C,
Rossberg has established that
1) thc complete reaction is first order with rcspect
to the oxygen concentration.
2) the carbon monoxide and carbon dioxide form at the

game time on the graphite surface.
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3) the 00/CO, ratio varies exponentially with
temperature and is only slightly dependent on the
graphite structure.

4) thc CO/CO2 ratio is independent of the oxygen
concentration.

5) transport phenomena in pores and boundary layers
leaves the CO/CO2 ratio practically unchanged.

The fourth finding excludes secondary oxidation of
the carbon nonoxide. The formation of carbon dioxide would
be of a higher order in the gas phase so that the 00/002
ratio would incrcese with increasing oxygen pressurc.

Trhe tenperature dependence of the OO/C‘O2 ratio
pernits the following atonic nodel of the reaction
mechanisn to be proposed.

Oxygen is adsorbed at randon on the surfacc, The
unpaired electrons in the oxygen attract the two adjoinipg
carbon atons so that the usual interatomic distance of 1,2 A
incrcases. The oxygen nolecule can now vibrate with a
bigger amplitude and can also rotate rather freely on the
surface. Dissociation can ncw occur in two ways.

Carbon Monoxide Formation : During big vibration the

two oxygen atoms separate to about 2.4 A., the distance

between two carbon atons. In this transition state the



26,

bonding betwecen the two oxygen atoms becomes less strong than
the fairly stable carbon-oxygen bond and also less strong
than the bonding of neighbouring carbon-carbon atonms.
Carbon monoxidc then desorbs quickly.

Carbon Dioxide PFormation : For the formation of the
second surface oxide the adsorbed oxygen riolecule nust be
in a sterically favourable position. The transition to the
activated internediate stage occurs irmediately if the
internuclecar direction ¢f the two oxygen atons falls parallel
to the C-axis of the graphite lattice. One can put the
ratio of thc frequcncy factors, attained in the transition
state for the carbon nonoxide and carbon dioxide formation
alriost equal to the ratio of the vibrational frequency to
the rotational frequency of the adsorbed oxygen. Assuning

the first frequency as 1012 40 101 sec™l and the second

10 45 10! sec™ the ratio of the frequency factors

as 10
of the carbon nonoxide and carbon dioxide formation is about
103 to 104 which is of the sane order as the experinental
results,

The difference in the two activation cnergies

A A

Ay = 15 keal/riole ([)‘A E = "By - ECOZ) is in good

agreenent with the activation energy which has been found

for the co/co2 ratio,

N e Ao,
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Rossberg and Wicke [4] have tested the influence
of temperature and pressure chsnges on the combustion rate
of oxygen on pure graphite.

At tenperatures araund 500°C., the sctivation
energy of the reaction is about 50 keal/mole and the reaction
rate is not influenced by the total gas pressure when the
oxygen concentration is constant. Above T00°C. the
activation energy of combustion is about 25 to 30 keal/mole
and a clear pressure dependence was established for the
cormbustion ratec, The conbustion rate varied inversely
with the squarc root of the gas pressure i.e, varied
directly with thc square root of the oxygen diffusivity.
This behaviour is indicative of a pore diffusion controlled
reaction as was shown earlier in the section on the Thiele

Theory.

Cede Experinents not Depending Directly on Thiele

Theory Interpretations.

Sone workers have studied the gasification of
graphite by a variety of methods which were not designed
to be tested by the Thiele Theory though at times further
deductions from the results have been nmade by using it.

Duval [2] reports an experiment carricd out by

Serpinet. Two cylinders of graphite taken from the sane
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block had a difference of a factor of two in the diameters.
These cylinders were heated sinultaneously in an atnosphere
of the rcactant gas and the weight losses were neasured,

At low temperatures in the chemical regime all the internal
surface is active in reaction and the logs of weight is in
proportion to their volumes that is to say 8. In the pore
diffusion regirme at higher temperatures the outer surfoce
of the samplces becones nore inmportant and the weight losses
arce in propcrtion to the ratio of the sanple surfaces, i.c.

The rates of gagification of graphite with carbon
dioxide at various depths in the graphite sample have been
neasured by Rarmchandra [11] and his co-workers.

Rods of graphite were placed axially in the gas
gtrearn and the ends of the rods were protected by porcelain
cones so that only the sides of the rods could be attacked,
The rods werc weighed during gasification. The tines at
which successive logses of 0.1 gran occurred were noted and
after reaction the bulk density profile was detcrnined.

_The bulk density profile was deternined by teking
cuts of 0,25 ., at various depths in the sanplec, The
difference in density between the unreacted graphite and the
reacted graphite is a necasure of the amount of reacticn.
The chief result of this work is that the amount of reaction

is less as the distance from the graphite surface incrcases.

4.
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Pctersen and Wright [12] using a nmethod sinilar
to that of Ranchandra showed that at 900°C. the bulk density
seeried to be uniform throughout the sample., At 1,100°C.
the rate of gasificetion is very nuch faster at the graphite
surface so that in fact the rate of transport of the reactaont
into the s0lid is an inportant rate controlling process.
The necasured activation energy was about 50 keal/mole which
is abeout half the activation energy obtained during lower
tenperature rcaction.

Cebs Other Studies of the Intermediate Temperature
Range Gasification.

Hennig [13] has studied the rates of reaction
of singlec crystals of graphite at temperatures about 900°C,
to 1,000°C., with oxygen at pressures of 10—'3 atnospheres to
one atmosphere, All the crystals examined belqnged to two
classes which differed in chenmical reactivity i.c. crystals
with or without cxcess lattice defects. Even the crystals
which werc frece of excess vacancies had a few twin lincs,
i.e. narrow ribbons of twinned regions which appear to have
no cxcessive rcactivity to oxygen cr carbon dioxide. All
the crystals had surface steps some of which were at right
angles tn the cleavage planes, but these steps could be nade

less steepr by treatment with chlorine and could be rcenoved
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by flame etching in a carbon monoxide-oxygen fleme.,

The surface area effective during recaction wos
egtimated by tracing the movement of a step, in an elcctron
microscope, during the oxidation. The number of monolayers
removed together with the weight change of the crystal permits
the area attacked during oxidation to be found. The
reactivity sccmed to be different in different
crystallographic directions but the differences werec small.,
Single crystals burn only at layer plane edges and the
surfacc is not highly irreguliar or evern channelled as Eyring
and Blvholder [14 | have suggested.

The activation erergy oT the reaction was about
13 k cal,/mole and the reaction order with respect to oxygen
concentration was about one half. The samples were heated
to about 900°C. before reaction to get rid of water vapour
which was thought to cling strongly to the surface and
catalyse the reaction. Hennig found that water had a
strongly catalytic effect and that water labelled with
tritium would remain on the graphite surface until the
temperature was above 1000°C. Traces of chlorine were
shown to inhibit thc catalytic effect of water but to leave
the uncatalysed attack of oxygen on graphitc unchanged.
Vertical steps are not essential for fast reaction for very

low rates of rcaction have been found on crystals which
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had nany steps and very fast rates were often found on
conpletely flame etched crystals. Silicon appeared to
protect the surface of the graphite and even at fairly low
temperatures this interaction has been found. The
protective action of silicon did not seen to arise bccecause
of any inhibition but just through direct shiclding.
Defects which resulted from rapid quenching of the graphite
increased the rcaction rate greatly.

The rcaction between graphite and oxygen hos been
studicd betwecen 600°C. and 800°C. by Blyhclder and Eyring [14 ]
These cuthors suggest that on samples thicker than 0,1 nm,
the rcoction rote is controlled by the rate of pore diffusion,
and that the truc surface reaction is of zero order and
has an cctivation energy of about 80 kecal/mole. Carbon
monoxide vas the prinary product of the reaction,. Water
is thought to inhibit the reaction rate and for this rcason
the first few layers of graphite were burncd off becfore
cach run, The graphite for these reactions was rubbed in
thin layers on & ceranic rod and the experimental pressure
was about 50 nicr-ns of mercury. This work disagrces with
nost other work carried cut in the intermediate tenperature
region in that the value it ascribes to the activation cnergy
is about twice as high asg is usually found, =nd the reaction

order of zero instead of unity is another unusual fcature.
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D. Graphite Gagification at High Tenperatures.

The interaction of graphite with oxidising gases
at very high temperatures has been studied in two weys,
reactions have been carried out in very low pressure gascs
and reactions have been carried out at atmospheric pressure
in fast gas streans. The overall result of these researches
is that the tenperature dependence of the gasification rate
at very high temperatures is very low, but two different
explanations of this result are offered.

At very low pressures the nean frce paths of the
gascs arc so great that there can be no boundary layer
resistancc to thc reaction rate and the low activation
energy of the surface chenical reaction is thought to be the
result of soxe kind of recrystallisation of the graphite
surface or, alternatively, as the result of the removal of
sonc catalysing substance so reducing the reaction rate in
opposition to the expected Arrhenius tenperaturc depcndence.

At atnospheric pressure the low tenperature
dependence hes bcen explained as a result of the boundary

layer mass transfer control of the reaction rate.

Dy1. Gasification Reactions at Low Pressures and

High Tenmperatures.

Stricklend-Constable [15,16] and Duval [17,18]
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have studicd the interaction of gases such as oxygen,

carbon dioxide, stean and nitrous oxide with electrically
heated carbon filaments in the temperature range 900°C, to
2,000°C,, at pressures less than 1 mm. of mercury, In some
cases the filaments were coated with pyrolytic carben nade
by cracking nethane on the heated filaments.

In the tenperature range 1,400°C. to 2,000°C. the
conbustion rate has a negative tenperature coefficient and
was first order with respect to the oxygen concentration.
When filements were used in the presence of glow discharge
the combustion behaviour was very much different; the
reaction was zero order and the reaction rate increased
sharply with temperature., The quantity of carbon dioxide
produced under these conditions was greater than usual,

In the abscnce of glow discharge the values of the calculated
first order reaction rate constants show a hysteresis as

the tenperature is increased and decreased again. This
behaviour was also shown by carbon dioxide and stean (See
Figure 3).

Studies of the gasification of carbon by nitrous
oxide, carbon dioxide and steam have been carricd out by
Strickland-Constable in a manner sinilar to his investigation

of the carbon-oxygen reaction. Care was again taken to
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suppress electronic excitation of the gases. The rcsults
obtained by Meyer [19,20] are very different from the results
obtaincd by Strickland-Constable and it would appear that

the differencc can be expleined by the presence cof the
discnarge phenomenon in Meyer's experiments, Duval [1‘7,18}
supports Strickland-Constable in this view and has shown
that nercury vapour in the experimental systen can pronote
digcharge effeets.

Two theories hove been advanced to explain the
results of thie high tenmperature reactions at low prassures.,
A nathenoatieal developnent of these theories will be
prescnted leter,

One theory [15] suggests that surfacc roughness
on the atonic scale assists the reaction and this roughness
is nmaintained by or created during reaction, At very high
tenperaturces diffusion of carbon atoms can hecal the surface
naking it less reactive. This theory can give a simple
account of the hysteresis in the reaction rates of stcan,
carbon dioxide and nitrous oxide attack on carbon but a
further assumption is needed to explain the oxygen recaction
behaviour,

Blyholder and Eyring [21] propose the oxistence

of two kinds of edge carbon atons. Hydrogen associated
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with the lattice is thought to activate the surface at low
tenperatures but at high tenmperatures this hydrogen is
driven off and the attack of the reactants on the pure
graphite is rwuch slower. Eyring developed this theory to
give an explanatiocn of Meyee's results and thus obtaincd
kinetic exvressions which would give zerc order reaction

at high tenperaturcs.

D.2., Gasification of Graphite at High Tenperaturec

and High Pregsures.

Wicke and Rossberg [4] have shown that bolween
1300°C. and 1400°C. the effective temperature cocfrficient
2f the graphite-oxygen reaction was zero. In addition,
the appoarent recaction rate constant was inverscly
proportional to the total gas pressure at pressures of about
50 mn, of nercury. These facts suggest that the boundary
layer nass transfer was the controlling regine under the
above conditions. WVhen a large chip of quartz was placcd
in the gzas strean in this experinment the resultent stirring
and turbulcnce increased the apparent reaction rate constant
by a factor of about two. The presence of radial
concentration gradients in the tube of burning graphite was
shown by taking samples of the conbustion gases at different
distances from the axis of the tube, through a finc quartz

probec,
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A1l these findings are congigtent with the
explanation that the ccmbustion rate is mass transfer
controlled.,

Watt et alia [22] have studied the reaction of
graphite with hot combustion gases which consisted chiefly
of water vapour, The gases were passed over a rotating
cylinder of graphite placed radially in the gas strean and
the rate of reaction was followed by neasuring the geometrical
retreat of the graphite photographically. The combustion
tenperature was about 2,400°C. The rcacted specimens were
tapercd towards the centre of the combustion tube; the
narrowest point on the specinen was the point nearest the
axis of the combustion tube. This tapering was attributed
to the effect of the velocity distribution, in the combusticn
tube, on thc rate of mass transfer. The authors related
the reaction rate at 2 mm. intervals on the speccinen to the
corresponding gas velocities and showed that the reaction
rate was dependent on the gas velocity to a power varying
between 0,25 to 0.35 depending on the reactivity of the
particular grade of graphite. An attempt was nade to
estinate the rete of the surface reaction after the
influence cf nass transfer had been allowed for by

extrapolation.
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Spectroscopic grades of graphite [23] in the
tenperature range 900°C. to 1,200°C. react with oxygen in a
partly nass transfer ccontrolled reaction. Above 1,000°C,
the reaction rate was dependent on the square root of the
gas velocity, but below 1,000°C. sone type of chemical
resistance to the reaction rate became nmrre inportant,

The influence of nass transfer in the reaction of
oxygen with graphite has been studied in fast gas strears
ind temperatures of 1,200°C, to 1,700°C. by Walker and his
co-workers [24]. Heated reactant gases were blovm on to
the end of & rod which had been preheated by using it as
one of the electrodes of an arc. The graphite rod was fed
into the rcocetion chamber as quickly as it was used so thet
the position of the graphite relative to the gas inlet nozzle
rceriained constant. The exit gases were analysed and the
pit in the carbon was sectioned to find the arez, Inpact
pressures of the gas over the surface of the pit were very
differcnt,. There would seen to be some possibility that
the inlet rcactants nixed with the gaseous products of the
reaction,

The main rcsults of this work were (a) the recaction

was first order with respect to the oxygen concentrations
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(b) the reaction rote was dependent on the gas velocitys
(¢) the activation energy of the reaction was low and it
decreased as the gas velocity was increased.
The gasification of graphite at high temperstures
is a complex process conbining the physical effccts of

boundary layer mass transfer with rather unusual surface

cheniical kinetics,
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EXPERIMENTAL.

A. Apparctus.

The recaction enclosure consisted of a cruciforn
vessel nade fron welded sections of 63" diameter and 4"
dianeter steel pipe. Steel rods of 4" dianeter provided
electrical connections from the bus~bars of a 30 kilowatt
Hackbridge transfornmer. These rods passed through packed
glands nade fron Sindanyo, placed in the ends of the 4" pipe
section, Carbon or graphite rods could be firmly held on
moveable contacts attached to the connecting rods and in
this way werce hcated by electrical resistance heating. The
Hackbridge transformer had ten tappings to pernit stepwise
variation of thc secondary voltage from 6 to 12 volts. To
obtain lower voltage drops across the cabon specinen,
registances of about 0.02 to 0.1 ohn nade fron parallel
strands of 20 5.V.G. nichrone wire were placed in series
with the carbon. Carbon surface temperatures in the rcgion
1,000°C, to 2,000°C. were easy to obtain.

The reaction vessel was provided with two windows,gne
a big removeable window 4" in diameter placed in the front
of thc vessel., Through this window the carbon specinen

could be observed in a travelling nicroscope, at the point
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above the jet through which the attacking gas passed. The
temperaturce of the carbon was neasured by an optical
pyroneter which could be sighted through this big window,

A Canbridge Pyroneter and a Tinsley Pyroneter were used
pernitting temperature measurements up to 1,900°C, The
reaction rate was calculated fron the observed ratc of
retreat of tht carbon surface as neasured in the eyepiece
of the nicroscopc. A snmaller window was placed on the top
of thc vessel to assist the positioning of a pitot tube used
to neasure the velocity of the gas coming from the jJet,

The big window alsc provided the means of access to the
vesscel to replace the spent earbon specinens,

Connected to the reaction vessel was a topping for
measuring the stotic pressure of the gas, an adjustable pitot
tubc to measure the velocity of the reaction gas, a bleed
to the atriosphere to assist the control of a reduccd gas
pressure and of course a reaction gas inlet and oil backing
punps (Sec Figurc 4).

The reaction gas was directed radially across the
carbon rod (See Figure 6). A refractory tipped Bray Gas
Burner Jet was used as the orifice through which the rcaction
gas entered to impinge on the carbon. The advantages of

using such an crifice were several: (a) the orifice was always
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FIGURE 5 SCHEME OF GAS MIXING APPARATUS
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about 4+ mm. fron the hot carbon surface but the refractory
was only rorely damaged; (b) if jets had to be replaced
replaccrnante were guaranteed sinilar within narrow
tolerances; (c) there was a fairly uniforn goas velocity
distribution across the Jjet especially at higher ges flow
ratess; (d) the jet was small sc that at high gas velocities
it was not too difficult to provide an adequate gas supply.

Measurenents of the gas flows werc nade in
calibroted capillary flowneters. The lincar gas velocitics
at the jet were ncasured by a pitot tube placed in the centre
of the ges strean and the gas velocities were correlated
with thce nass throughput of the gases as ncasured in the
capillary flowneter. The gas velocities could be varied-
by a factor of about 100 from 100 cns/sec to 10,000 cns/scc.
A silica gel drier in which the gases had a residencc time
of at least 3 ninutes was used to dry the geses on the
downstrean side of the capillary neter.

When gas nixtures of special proportions were
required they werc prepared by nixing the gascs in a storage
vessel ot pressures up to 100 atmospheres (Sce Pigure 5).
This nethod was chosen because of the difficulty of metering
two gases sinultaneously and arranging to kecp the flow of

the nixed gesces constant at the desired value, The gas
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pressurcs in the storage vessel were neasurcd by a Budcenberg
Standard Test Gauge and the pressures at which cach
conponent was introduced gave the composition of the mixture.
Graphitc rods were cut from blocks of graphite
using a thin-walled brass tube of 1/4" I.D. as & corcr.
Teeth werc cut in the tube, which was used with an clectric
hand drill, Rods about 4 cms. long and 6 mms, in diameter
could be made in one ninute by this method. There was
always o fairly large burn-off at the point of attack on
the graphitec so thot the effect of impuritics which mey have
been introduced on to the surface of the graphite during rod
nanufacture would not influence the overall combustion rate

greatly.

B. Mensuration.

Bel., The ITincar Rate of Renoval of Carbon.

The emount of carbon removed by the reaction was
found by neasuring the rate at which the surface of a cerbon
rod retreated when the reactive gas e.g. air was allowced
to inpinge on the point under observation. A1l ncasurenents
of the linear rerioval of the carbon were made in the graticule
of & travelling nicroscope, and a stopwatch was uscd to find

the tine of retreat. The conmbustion time was taken during
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the period when the rod appeared to be burning at a steady
rate, It was not possible to test the reproducibility of
the recction rate on the same rod because the carbon
tenperature could not be held at exactly the sane value for
a serics of runs.

The lincar retreat of the carbon could be measured
to + 0,002 cng, end the time of combustion to 0.2 seconds.

The influence of these probable errors on the
overall neasured reaction rate will be discussed later in

the 'Error Ancolysis?.

B.2., leasurements of the Densities of the Carbons

and Graphites.

Two nethods were used to neasure the densitics
of thc enrbons ond graphites used in these experinents:
(2) senples were weighed in air and water successively
and the density calculated from the upthrust;
(b) he lincar dimensions of a cylindricol sanplc were
neasured by a micrometer and the sanple was weighed.
In sone cases density measurenents nede by others
were aveilable.
These nethods usually agreed to two places of
decinals in the values they gave to the bulk density of the

solide. In pelycrystalline graphite, however, therc can be
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variaticns in density fron point to point in a semple and
theough these variations were never explored it is assuned
that in the usual burn—-off recorded in the exveriments that

the density could vary by + 0.1 gn./cec. fron run to run.

B.3s The Velocity of the Reactant Gas.

The velocity of the attacking gas was neasured
by a pitot tube placed about 1/2 mn. fronm the nozzle in the
centre of the gas sitreanm when the ambient gas pressure in
the vesscl was 1 atrnosphere. The velocities which were
neasurcd by the pitot tube were conpared with the
sinultaneous nass flow retes of the gas measured by the
calibroted capillary flowneter. Mass flow rates which were
neasurcd when the pressure in the reaction vesscel was about
1/10th atnosphere, say, were recorded as the linear gas
velocities neasurced at 1 atmosphere corresponding to the
particuler gas mess flow rates. Thus the velocitics later
- measurcd fron the capillgry flowneter readings arc really
nominal gos velocities and since the Reynolds Nurber depcnds
only on the nass flow rate, and 1s independent of the pressure
these nominal gas velocities provide a neasure of the

Reynolds Numnber whatever the pressure in the rcaction vessel.

Re = 2 d 1

P
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where u = +the linear gas velocity,
d = gos density,
1 = sone linear dimension of the systen. In the

case of gas flowing radially over o cylinder
it would be the diameter of the cylinder,

po= the viscosity of the gas.

rneass flow rate
unit area

Now ud = a constant independent

of gas pressure.
F ig dependent on pressure only at very low or very
high pressurcs.,

Thus the nominal gas velocity is proportional to
the Reynolds Number.

The main variability in the velocity measurcrnents
arises in the reading errors of the capillary flowmcter.
The probable error is about + 1 rm. of water. Different
flowneters were used to nmeasure mass flow rates of very
differcnt nognitudes, so that measurements could be made in
fairly rceponsive regions of the flowmeter calibrations.

At a velocity of about 900 cus./sec. the probable error in

velocity would be about + 10 cms./sec.

Be4« ITenperature of the Carbon.

Measurencnts of the temperature had to be nade at

D

a point about 2 mm. away from and at an angle of 90° fron

the point of irmpact of the attacking gas. This situation
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would give risc to some error in temperature and it was not
possible to estimate the magnitude of the error. The point
at which the temperature was measured was still, however,
swept by the attacking gas. Temperature readings were taken
about halfway through the period over which thc combustion
rate was neasurcd., There were obviously two nain sources

of voriance in the tenperature neasurcments; there were
reading errors in the optical pyrometers uscd and these were
estinated ot + 10°C. and in addition the tenperaturc could

change durin~ the time the conbustion rate was being rncesurcd,

and although nc reasurernents of any such variation werc nade
the probable tomperature error could be + 20°C.

Optical pyrometers neasure apparent black body
tenperatures and therefore with unenclosed imperfect black
bodiecs the ncasured temperatures are lower thrn the actual
tenperatures., The magnitude of this bias incrcascs as the

temperature of the body increases. This effcct is treated

in grcater detail in the appendix on 'Optical Pyrometry'.

B.5¢ Total Ambient Gas Pressure. Partial Oxygen Pressure.

Errors in thc anbient gas pressurce, the partial
pressure in the casce of air and pure oxygen, and in the
measurcd inpact pressure of the gas on the leading ecdge of

a cylinder could be estimated as + 1 mn. of nmercury, Vhen
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nixturcs of gascs were prepared, the oxygen concentration

could vary by + 2% of its nean value. Thesc gos nixtures

werc usually nadc by adding 50

ats. of oxygen to 50 ats. of

nitrogen, and the reading errors in each measurenent would

be + 1 ativ.

The effcecet of errors
the inpret particl pressure of
the reocction ratce is discussed
special consideration has been

experinents where gas nixtures

in the impact pressure and
the oxygen on thc error in

in the 'Error Analysis', No
given to the crrors in

of 50% oxygen were used but

in the casc of the nmass transfer controlled attack on

Morganitc Link MS carbons the total nmeasurcd variance in

the reaction order was + 10%.

B.6. Gas Impact Pressures.

Since the gases inpinge at high velocity on the

carbon surface, the pressures at the surface will be in

excess of the static pressures

Impoct pressurcs calculated by

in the reaction vesscl.

the conventional ntethod and

based on the velocity of the gas issuing from the jet were

found to give rcsults that were too high, probably owing to

divergencc of the strearmlines round the carbon rod. To

neasurc the truc pressure at the carbon surface, a stecel

rod the samce size as the carbon had a pressure tepping
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inserted dianctrically into it at the point where the gos
impinged. The corrections to the ambient pressurcs used
in the colculations are shown later, An cxample of the
diffcrence the inpact can make to the gas pressurc at the
point of attack is given below.

When the nominal gas velocity is 7000 cms./scc.,
the expected g-s velocity in the reaction vessel whon the
ambient pressure is 0.13 ats., is (7000/0.13) crs./scc,

The inpact pressure calculated from the fornula

——

2 |
= 7{1’&/1510% Po/Py

where u, = gas velocity at pressure Pqs
Py, = inmpact pressure,
vy = the specific volume of the gos at Py

is 0.65 atnospheres.
The neasured impact pressure under these

conditions was only 0.23 atnospheres.

C. Expcrincntal Procedure.

The procedure described below was followecd in

most cascs,

C.l. Measurciient of Reaction Rates.

1. The apparatus was set to give thc required
nass flow ratec in the jet and the required pressure in the

reaction vessecl,
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2. The ortical pyroneter filament tenperature was
get at the expected value of the carbon tenperaturc.

3« The current was switched on to heat the carbon
rod. When the rod appeared to begin to burn steadily the
position of its surface at a point opposite the centrc of
the orificc was fixed on the graticule of the travelling
microscope cyeplece and thce stopwatch was started,

4. Whilc the cerbon was burning thce carbon
tenperature was ncosured.,

5« The carbon surface position wes agein noted
and thc time of burning recorded.

6, LA fresh carbon rod was put in place Tfor the

next run.

Cele ErepardingﬁGas Mixtures and Using Thern.,
!

1. The nixing vessel was evacuated by an oil
backing punpe.

2. Gas for mixing was streamed through the
connecting tubing to displace air,

3. The first gas was passed into the vessel guickly
at thc beginning but then slowly as the desircd pressure wos
approached, The velve on the vessel was then closed and

the gas pressure noted.
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1« Thc second ges was streamed through the valve
of the mixing cylinder very quickly to assist nmixing but as
the choscn pressure was reached the rate of entry was rcduced.
The valve was closcd and the total gas pressurc was noted,
5. The gas nixture was left for about 1/2 an hour -
to ensure complcte mixing.
6. Much of the gas nixture was streamed throuzgh

the drier, flovmetcer, and connccting tubing to displace air.

Db. Description of Materials.

[ Sty

The carbon rohs were nanufactured by the Ship
Carbon Company, Grove Road, Chadwell Heath, Essecx, Thesc
carhon rods werc prcecpared from a lamp black basc and a coal
far binder. Nothing scens to be known about thc inpurity
contgnt except that the ash content is always less than
0.1%s  Thec density of the carbon is 1.34 gnms./cc. and it

is thercfore very porous.

Polycrystalline Graphite.,

The following properties of this graphite were
kindly supplicd by the British Coal Utilisation Rcsearch

Association.
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Turnp density 1.76 gms./cc.
Heliun density 2.154 gns./ce.
X-ray density 2.66 gms./cc.

Total porosity 23%, of which 1/6 is inaccessible to
heliun or other fluids,

Accessible surface area 0,2 mz/gm.

Inaccessible surface area 4 mz/gm.

85-88% of the accessible pore volune is reached through
porcs of dismcter greater than 2 P while alnost all the
rcenainder is located beyond openings of 0.l P dieneter.

A typical analysis of this kind of graphite.

aAsh 0,01 to 0.03%

Te 10 peper. All other metallic impuritics less
Ca 15 Peperi. then 1 p.p.n.

Sr 15 DeDells

Na 2 FeDels

v 10 pPaPeina

Pyrographitec.

This material wes manufactured by High Tgmperature
Materials Inc., 31 Antwerp Street, Boston 35, Masse, UeSuslas
by cracking hydrocarbon vapour on graphitc foriicrs at '
tenperaturcs about 2,100°C. Pyrographite is & polycrystalline

graphitc in whick there is a high degree of oricntation,



56.

Most of thc crystallites are oriented parallel to the base
of the graphitc shcets. The graphite is very pure heving
less thon onc port in ten nillion of inmpurity and in
addition is much less porous than extruded graphite having
a depsity 2.2 gns./cc, The experinental sanples were cut
4 rm, wide from sheets 2 mn., thick and were used with the

4 rm. face opposite the Jet.
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ANATLYSTS OF THE EXPERIMENTAL RESULLS,

Introduction,.

This section will show how the experincntal rcsults
havc been interprcted, but the interpretation ond the
assunptions upon which it is based will be treated rmorc fully
in the 'Discussion' scction. Some graphs of the cxperinentel
results will be presented in this section and thce rest will

be included in Appendix 2.

A. Thc Depcndence of the Apparent Mass Transfcr Coefficicnt

on Ges Velocity and Carbon Surface Tenperoturec,

Results taken fron Appendix 1, Table 1.

Graphs 1 and 2 give an indication of thc dependence
of the apparcnt mass transfer coefficient on the gas velocity
and carbon surface temperature. Prelinminary experiments
have shown that there are two distinct velocity dependences
nf the apparcnt nass transfer coefficient. The tronsition
seens to occur about a gas velocity of 1,500 cms/scc., A
sinultaneous rcgression of 1og1O (105 x apparent mass tronsfer
coefficient) on logy g (gas velocity) and (1/T°A x 104) is
calculated for ceach velocity range. It has bcen assuned
herc that thce recaction rate depends on the first power of
the main strean oxygen concentration and it will be shown later

that this assumption is approxinately true.
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If thc mess transfer coefficient = h

Suppose h = constent x j.O"bz/T x (gas velocity)bi
Then 103:10(11) = (constant)? + by log gy (zos velocity) - bs/T
Put log,,(10°h) = ¥ Y = y-F

1og10(gas vel.) = X4 X1 = Xe - X1

1/P°4 x 107 = Xa X2 = X3 ~ Xo

Asl, Results at velccities below 1,500 cns./scc.

Totel nunber of results = 113.

Yy = 260.4 Lx1 = 303 3 xs = 681
¥y = 2.3 X4 = 2,68 Xa = 6.00
Z1?= 6,94 TX® = 14.15 2 X2® = 89.1
TY¥Xi= 8.79 S Y% = -5.10 $ X1Xa= 0,02(LX:1Xz)?

-t
4 x 10 "

It

The partial regression coefficients ba and be of

y on X1 =2nd X arc given by the equations

o DL cTxnTre | g
$X:® LXa? - (LX1Xa2)?

v 2 ~
bz — ".Ai EYJE? i gXiX:Q ::.YXI — _0.057

TX1® L ¥e?® - (L XuXe)?

(ETX)7

X

o )

explained by Xz = L—%%ngl- = 0,29
X2

I
I
L
=
0

Surn of squercs of (y~y¥) explained by X1

Sun of squarcs of (y-y)



Sun of squarcs of (y-y) due to X+ and Xs togethcr

= by LYK + bs LYXe = 5.74

Sourcc of Variance Sun of Degrees of Mcan

Squares Freedon Sauarcs
Variation duc to Xa 5.45 1 5.45
Addition duc to Xa 0.29 1 0.29
Total fron Xs1 and Xa 5.74 _
Residual 1.20 110 0.01
Totel i.c. T Y2 6.94 112
Significencc test on Xz veriance = Q.29 - 29 at 1 and

0.01

110 degrees of freedon. The chance that this rrtio was

the rcsult of rendorness only is less than 1 in 1,000,

The rceression is therefore a real dependence.

Alternative solution for bs and bs and to find the

veriance of bi and bs.

bs LX:® + ba P XaXe = 1
by L X1Xa + Dba L Xe® = O
Put Cy for b1 aond Coq for be here
c,, = T.04 x 1074, ¢, = -1.58 x 1072
by Y X2® + ba LXiXe = O
bs ¥ XiXa + bz L Xe® = 1

Put for b: aond for bs here.

Cb2
~1,59 x 1077

cbi

_ - -5
cbi = cb:a = 1,135 x 10

61.
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by = ¢, 2 YKs + c S YXs = 0.62
ba = o ) TXs + cp I YXa = -0.058
Fron the analysis of variance SQresidual = 0,01
Standerd error of ba = 8_ N¢ = 0,03
r a4
Standard cerror of bg = S_ Nc¢ = 0,012
r ba
b1 = 0,62 + 0.03
be = -0.058 + 0.012
Regression linc (y=y) = b1 (X1 ~ X1) + ba (X2 ~ X2)
y = 1309 + 0‘6 X4 - 0006 Xg
Analysig of Coveriance.
c
Corrcletion coefficient of bi on bg = o SB
\/00 C'b
a1 2

This corrclation coefficient is clearly not significant so
that cerrors in theestimation of bis do not affecet esivinates

of bae.

A.2, Results at velocities above 1,500 cms./scc.

Nuritber of results = 98.

Sy = 267.8 Txs = 358.6 L X = 557.1
7 o= 2,74 X1 = 3.66 Xg = 5470
ZYQ = 0.95 Z.X:L2 = 5493 szz = 41,2
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3 Y% = 1,54 $¥Xe = -5.02 X XX = -5.85 (L XaXa)? =34.2

Calculcted as hefore b1 = 0.16
b2 = -0.098
Sourcec of Variance Sun of Degrees of Hean
Squares Freadon Squares

Variance duc to Xs 0.61 1 0.61
Due to addition of Zi 0.13 4 1 0.13
Variance due to X1 & Xo | 0.74
Residual 0.21 95 2,2x1077
Total g ¥° 0.95 97

The ratio %f%%§ = 65 at 95 and 1 degrees of freedom.,

The significence of this ratio shows again thet the regression

is rcal.

q, ctc. are calculated as beforec.

Coy = 0.196, Cog = 0.028

= 2.8 x10™2 = 2.82 x 1072

Cbi - * X ’ C~b2 bl .

S P = r -
Standard error of by Sr_~cai 0.021
Standard crror of by = Schbz = 0,008

bs = 0,16 + 0.02

b "'0.10 + 0001‘

2 —

Regression line y = 2.72 + 0,16 X1 - 0,10 X2




An=1ysig of Covariance.

o
Corrclation coefficient of hi on b = \ﬁ?~£ﬁ;—-
a1 bz

= 0438 ot 95 degrees of freedon.
This ccrrelation is significant. Errors which couse by to
be high will couse bs to be high also. There is,however,
not & perfcet association between these cstinates.
Swmery.

Lt ges velocities below 1,500 cns./sce.
b ox 10° = 12.5 (e ~2700/1.98Ty (10qo0i4y)0e6

At gas velocities above 1,500 cns./scc.
nox 10° = 525 (e _4500/1°98T) (velocity)o'16

B., Dependencec of the reaction rate of porous corbon with
oxygen on the oxygen partial pressure at_total gos

g
-

pressure of 1 atnosphere.

Results taken from Appendix 1, Table 2,

Graph 3 shows the reaction rate depends on the

oxygen particl pressure.

. n
If the reaction rate R = k p
where p = partial pressure of reacting gos
n = order of rcaction

Ag before k will be a function of carbon tenperature and gas

velocity,



4
10
GRAPH3  Log,(1°R) ~ T°A

THE EFFECT OF PARTIAL OXYGEN PRESSURE ON THE ATTACK
OF OXYGEN oN PoRouS CARBON

GAS VELoCITY loom/oec.
® 50], 0z/N,

65

X AIR IF ATTACK IS FIRST ORDER
o o INTERVAL BETWEEN GRAPHS
=5t —R2o0° = Q oW SHouLD EQUAL O-4
W ©
O N4
N b ®
g_o_‘ IO —te X X)\ ¥ X
X
— I
TA
5.0 6-0 1-0
O | = g




Put ¥y
X4

X
-

1

Ly

y
Y=
3 X1Xs
vx

I

Notation.

1l

The
Tet

221.9

1.7
14..7

i

(]

+1

-4
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S 5 - - =
10840 (10°R) Y= y-v5
logyq (gas velocity) X4= X1~ X1
1/7°4 x 10% Xa= %o ¥o

log, ,(10x oxygen partial _ L
10 pressure in ats.) X3 X3 Xs

gns velocities are less than 1,500 ens/sec.

21 nunber of results = 128 ' _
Lxe = 327.9 Lxe = T48.4 L X = 64.0

3 X1 = 2.56 Xz = 5.84 X3 = 0.5
LXi%= 20.0 TX= 84.5 LXP®= 5.14

1 LX1Xs = =0.07 L XeXs = ~6.90

2.55Y%s = -12.7 LY¥Xs = +4.85

X1® = c11 X1Xs = cCi13 Yiz = Cya

To find b1, bs and bs and the variances of these rcgression

coefficients.

Set One.

Set Two.

Ci14Ps + C13Q1r + cisri = 1
CiapPs + cCgszqs + cssra = O
cigPs + Casqs + csarrs = O
ci1ps + ci13Q9z + cisrz = O
Cigps + c22Qz + caarz = 1

CizPs + cCagsQa + casrz = O

Set Three.

ciips + Ciaqa - Vi3I8

Cip Do » CaaQs + cCgars = 0
Ci3Ps + CagzQz + Cgars = 1
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The solutions of Sct One corresponding to p1, q1, ctc. are
pi = ¢t qs = c*? ry = c¢*?®
and by symmetry of? = o1, ol? = oL, 27 - 22
The inverse notrix is
et ci® cts 50 2.1 356
Bt B® 3 - 1072 % |2.1 13.4  18.0
c®t  o®? B2 3.56 18,0 220
_ o 1d 12 13 -
b1 = ¢ cyi + ¢ cyz + ¢ Cya 0.62
_ .21 22 23 - -
ba c cyi + ¢ Cyz + ¢ cyB 0706
_ a1 32 as -
ba = ¢ cyi + ¢ Cyz + ¢ cya 0.9
The residual variance S° is given by
2 1 - _ _ 3
S AT P S 1 ( Cry by Sy ba Cyp o oy cyg}
s? = 1.6 x 107° S = 0.13
Standard Brror of bs = SWNet* = 0,03
Standard Error of bs = S¥e*2 = 0.015
Standard Error of bs = SWNe®® = 0.06
bs = 0.62 + 0,03 Mean by = 0,6
bg = ~0,06 + 0.015 Mean bs = -0.06
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Note. The value of bz is close enough te 1, which is the
value suggested by mass transfer theory.

Test of Interaction.

The volues of bs and bs were found to bhe correlated.

23

r = = = 043 at 124 degrees of freedon.
23 022 033

The correlation coefficient is very significant. Errors
in the estination of the influence of tenperature cause

errors in the estination of the influence of concentration,

Regregsion ILine,

(y=¥) = Dbai(xs~%X1) + Dba(xe-%2) + bs (X3 ~X3 )

Yy = O.6X1 - 0.06X2 + Xg + 0003

At gas velocities bhelow 1,500 cns./sec.
105R = 1,07 (Velocity)o'6 (e—2700/1.98T) (10p)

Ce. Dependence of the reaction rate of porous carbon with

oxyzen on reduced total gas pressures and partial

oXygen pressures.

Results taken fron Appendix 1, Tablc 3.

Graph 4 will show that the reaction rate does not
changce much when o constant composition oxygen-nitrogen
mixture (a2ir) is used at reduced pressures. The rate of

nass transfer depends on the diffusivity of the reactant
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gag and the diffusivity of a gas is a function of the
absolute g=s pressure (P). It would seem that the incrcased
diffusivity cancels the effect of reduced oxygen partial
pressure in the main gas strean.

R o= k 70 e~A/1.98T n oz

The notation is as follows:
y = logy, (1O5R) X1 = loglo(gas velocity)
x = 1/7°4 x 10"
Xs = logqg (100 x oxygen partial pressure in ats,)
xe = logy, (10 x total gas pressure in ats.).
A11 ges velocities below 1,500 cms./sec.

The total number of results = 120.

]
1
]

Ty =191,2 L x4 = 315.6 L xs = 689.1 L X3 = 126,2 L%+=90.2

¥ = 1.59 X1 o= 2.62 Xe = 5.75 Xa

1.05 }?4 =O.75

15.9 5 Xe® = 56.6 L¥%® = 7.40 & ¥3=7.40
T XiXs = 0,36 LXiXs = 4.32 T XaXe = 4,32 LXaXa = 5.54

Y XsXe = 5,54 L XeXe = T.40 Y YX = 7.58 L ¥Xs = -2,3%0

¥ Y% = 2,00 £ YXe = 2.00.

T Y%= 6.43 ¥ X2

The volues of certain terns are equal because in the
experinent Xz = X4, so that in fact three variables will be
tested, bi, b2 and (bs + bs); the last will be called t.

Using the method outlined in the last analysis



the inverse natrix ls

ott ol ol
o381 o232 c22

Cs i CB 2 03 3
b1 = 0.5

bB = "'Oc 05

t = 0,03

The residual variance

Standard error of by
Standard error of bs

Standard error of t

Sincc t = 0,03 + 0.06

ba

—

But in the earlier experiment bs

bse

i.e, the lower the total gas pressure

rate; a result consistent with the idea of a

controlled reaction.
b1
bz
bs
be

i

0.5 + 0.04

1.0
—1lo

+

+

0.06
0.06

71,

76.5  4.32  =47.5
= 1077 X 4,32 19.7 ~16,7]
} —47.5 =16.7 176 1
5?2 = 2,2 x 107 S = 0,15
= 0.15 ¥c*? = 0.04
= 0.15 Ae®?® = 0,02
= 0.15 N¢®® = 0,06
= 0
"b‘i-
1
-1
the higher the rerction
diffusion
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Regression Line,

(y=7) = bs (x1-%1) + ba (xa-Xa) + bs(xa~Xa) + ba(Xe~Xs)
y = 0,27 + 0.5x - 0,05x3 + X3 =- X4

At gas velocities below 1,500 cms./sec.

1.86(velocity)?*? (e~2000/1.98Ty (44}
(10P)

10°R =

D. Dependence of the reaction rate of polycrystalline

graphite with oxygen on the graphite temperature

and gas velocities.

Results taken from Appendix 1, Table 4,

The rates of reaction of graphite with air and
oxygen—nitrogen mixtures are partly controlled by mass
transfer especially at high temperatures and low gas velocities
as Graph 5 indicates. A consequence of the changing regime
is that the apparent activation energy of the reaction should
decrease as the temperature is increased for any fixed gas
velocity. The influence of change of velocity on the
reaction rate should be greatest at high temperatures. To
show this effect, curves for each velocity will be fitted
to the experimental results and differentiated to give the
change of activation energy with temperature. These curves

shoulcd tend to become coincident at low temperature.
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D.l. Air at 100 cms./sec.

log,o(10°R) x = 1/1°Ax10*  x

1l
]

J

I

Y=y-% X1 = X1 - X1 X2

Total number of results = 30

Yy =27.6 Lx: = 197.7 £xe = 1329
¥ = 0492 TL = 6.6 o = 44

TY%= 1.84 YEX¥®= 26.6 LX®= 4522
LIXi= =5.14 Y YXs +-68.7 LX1Xe =338,5
In a manner similar to that used for
linear regressions bi and be are found.
bi = 0 bz = -1.67 x 10~

Regression vy = 1.65 - 1,67 x 10—2 xiz

Analysis of Variance

Variance due to regression = bi ciy +

4.

(xF)=(1/T°Ax10%)?

Xg =~ X2

the nultiple

2

b2 coy = 1.14

Variance due to linear term = (ciy)®/ci1 = 0.99

(This linear term is oxi)

Source of Variance Degrees of Sum of
Freedonm Squares
Linear term 1 0.15
Parabolic term 1 0.99
Regression 2 1.14
Residual 27 0.70
Total Y Y° 29 1.84

Mean
Squares

0.15
0.99

2.6:::10_2
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I ratio for the parabolic term = %26 = 5,8 at 1 and 27
degrees of freedom. This term is significant at the 1%
level,

Activation Energics change with Temperature.

5
a{log,, 10°R)
Y219 = - -2
e = 3.34 x 10 X1
_ _ . . _ kecal
Then X1 = 5.0 Slope = =0.17 Activation energy = 7.5 moie

i

¥+ = 8.5 Slope = -0.28 Activation energy = 13 kcal/mole
Similar analyses were carried out for air velocities

of 250 cms/sec., 1090 cms/sec. and 7,000 cms/sec,

Sumnmary . Attack of Air at atmospheric pressure on graphite.

Gas Velocity Regression Equations Activation Energies
cms/sec kecal/mole
X4 = 5.0 ] X1 = B.5
100 y=1.65 - 1.67}:10_2 X12 Te5 13
250 7=0.55 + 0.6%1-7.5x107°x3 6.3 30
1090 X = T.40 +1.14y - 1.28y" 12 25
7000 ¥ = 2.93 - 0.036 x4%? 16 26

B, Results taken from Appendix 1, Table 5.

Summary. Attack of 507 oxygen-nitrogen at atmospheric

pressure on graphite.
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Gas Velocitw Regrcession Equations Activation Energies
cms/sec. keal/mole
x1 = 5.0 x1 = 8.0
100 x= 7.75 +2.08y - 2.16y° 7 30
250 x= 8,59 +0.67y ~ 1.2y° 11 27
1090 x= 7.65 +2y -1.45y% 10 32
7000 x= 8.93 -0.71y° 14 28

F. Dependence of the reaction rates of polycrystalline
graphite with oxygen on the graphite temperature,
oXygen partial pressure, total gas pressure and gas
velocity at reduced pressures.

Results taken from Appendix 1, Tables 6 and 7.

Typical results obtained are shovn on Graphs 6 and 7.

At different reaction rates under the same
conditions in the gas phase, different fractions of the main
gas phase oxygen partial pressure are used to drive oxygen
to the carbon surface. The higher the reaction rate the
lower Will/be the partial pressure of oxygen on the carbon
surface. To find the partial pressure of the oxygen on the
carbon surface an estimate of the mass transfer cocfficient
will be usecd.
h(p, - p) = kp' = R

= mass transfer coefficient
= main gas oxygen partial pressure

= the reacction order

h
1Y
p = partial pressure of oxygen on the carbon surface
n
k¥ = the surface rcaction rate constant

R

= the measured recaction rate.
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From an estimate of h and a knowledge of R it is

possible to find p for any value of P,e

Fstimation of the Mass Transfer Coefficients.

The reaction of porous carbon with oxygen has been
shown to behave as a mass transfer controlled process,
especially at high temperatures and low gas velocities.

The measurcd reaction rates of oxidation of porous carbon
are approximately equal to the rate of mass transfer of
oxygen to the carbon surface. When a slower reacting
graphite is used in place of porous carbon it is assumed
that under conditions of geometrical, dynamic and thermal
similarity that the mass transfer coefficient is unchanged.

The gas velocities quoted are nominal gas
velocities which are measured from a mass gas flow rate -
gas velocity correlation and these nominal gas velocities
are therefore proportional to the Reynolds Number no matter
what the linear gas velocity in the reaction vessel may be.

It.has been found necessary to extrapolate values
of the mass transfer coefficients obtained at atmospheric
pressure to the expected values at reduced pressure on the
basis of an inverse presgsure dependence. The previously
discussed results show that the measured mass transfer

coefficients are approximately inversely proporitional +to the
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total gas pressure.

At nominal gas velocities below 1,500 cms/sec,

the possible mass transfer rates are correlated by
¥ = 0427 + 045x1 - 0,052 + X3 - Xe as wag shown
in section C.

It is possible to write an analogous expression
for gas velocities greater than 1,500 cms/sec, using the
same noumenclature ¥y =1.72 + 0.16x1 - 0.1xX3 + X3 — Xe
The symbols y, X1, etc. have the meaning given to them in
section C,

The mass transfer coefficients are calculated thus

R x 1O5

5 _
h x 10 = D

o
Although these mass transfer coefficients measure

the rate at which oxygen diffuses, they arc referrcd to the
amount of carbon burncd at any carbon temperaturc =nd gas
velocity

gm, atoms of carbon
cm?, sec, atmosphere of oxygen

h =

It is assumed that with the graphite and caorbon
that about the seame propertion of carbon monoxide to carbon
dioxide is produccd at the same temperaturc.

Graph & shows how the reaction rates of graphite
with oxygen compare with the calculated possible mass

transfer rates.
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Prom plots of reaction rate versus temperature at
any fixed gas phase condition, reaction rates at different
temperatures have been taken from the line which appears
to fit the experimental observations.

To find the values of p corresponding to R and 128

(7°¢/100) 10°R 10°h (p,-p)ats p ats.

Conditions., Total Pressure = 0.13 ats. Partial oxygen
pressure = 0,026 ats. Nominal gas velocity 1090 cms/sec.

10 0.4 1920 0.0002 0.026
11 1.5 2080 0.0007 0.025
12 3.4 2160 0.0016 0.024
13 645 2280 0.0028 0,023
14 11.5 2380 0.0044 0.022
15 17 2500 0.0071 0,019
16 19.5 2540 0.0081 0,018
17 17 2660 0.0061 0.020
18 14 2720 0.0051 0.021
19 10 2770 0.0041 0.022
20 6 2840 0.0021 0,024

Conditions, Total pressure = 0.13 ats. DPartial oxygen
pressure = 0,13 ats. (po). Nominal gas velocity 1090 cms/sec.

10 3 1920 0.002 0,128
11 9 2080 0.004 0.126
12 16 2160 0.007 0,123
13 26 2280 0,011 0.119
14 43 2380 0.018 0.112
15 65 2500 0.026 0,104

16 75 2540 0.030 0,100
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(T°/100) 10°R 10°h (p,-p)ats b ats.
17 73 2660 0.027 0.103
18 6% 2720 0.023 0,107
19 52 2770 0.019 0.111
20 38 2840 0.013 04117

Conditions. Total Pressure 0.20 ats. Partial oxygen
pressure 0,20 ats(po). Nominal gas velocity 1090 cms/sec,

10 10 1250 0.008 0.19
11 24 1340 0.018 0.18
12 42 1410 0.030 0.17
13 60 1480 0.040 0.16
14 76 1540 0.050 0.15
15 90 1620 0.055 0.14
16 99 1660 0.060 0.14
17 94 1730 0.055 0.14
18 84 1780 0.048 0,15
19 73 1820 0.040 0,16
20 62 1850 0.033 0.17

Conditions. Total pressure 0.30 ats. Partial oxygen
pressure 0,06 ats(po). Nominal gas velocity 1090 cms/secc,

10 2 840 0.002 0,058
11 5.5 900 0.006 0,054
12 9.5 940 0,010 0,050
13 14.5 985 0.015 0.045
14 19 1030 0.018 0,042
15 26,5 1080 0.024 0,036
16 33.5 1100 0.030 0,030
17 35 1160 0.030 04030
18 31 1190 0.026 0,034
19 24,5 1210 0.020 0,040

20 17.5 1240 0,014 0,046



84.
(7°¢/100) 10°R  10°h (p,-—plats  p ats.

Conditions. Total pressure 0.30 ats. Partial oxygen
pressure 0.30 ats(po). Nominal gas velocity 1090 cms/secc.

10 12 840 0.014 0429
11 36 900 0.04 0.26
12 60 940 0.064 0.24
13 S 985 0.084 0,22
14 105 1030 0.102 0.20
15 119 1080 0.110 0.19
16 125 1100 0.113 0,19
17 120 1160 0.103 0,20
18 110 1190 0.093 0.21
19 100 1210 0.083 0.22
20 88 1240 0.071 0.23

Conditions. Total Pressure 0.20 ats. DPartial oxygen
pressure 0,04 ats(po). Nominal gas velocity 1090 cms/sec.

10 0.5 1250 0.0004 0,040
11 1.5 1340 0.0011 0.039
12 6.5 1410 0.005 04035
13 10.5 1480 0.007 0.033
14 15.5 1540 0.010 0.030
15 20.5 1620 0.013 0.027
16 24 1660 0.014 0.026
17 24..5 1730 0.014 0,026
18 21 1780 0.012 0.028
19 15.5 1820 0.009 0.031

20 9 1850 0.005 0,035
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(T°C,/100) 10°R 10°h (p,-p) ats o ats.
Conditions, Nominal pressure 0.063 ats. Impact Pressure 0,069
Partial oxygen pressure 0.069 ats.

Nominal gas velocity 1090 cms/sec. .
10 1 3380 0.0003 0,069

11 6 3610 0.0017 0.067
12 12 3780 0.0032 0,066
13 21 3960 0.0053 0.064
14 33 4140 0.0080 0.061
15 46 4350 0.0105 0,058
16 50 4450 0.011 0,058
17 48 4650 0.0104 0,059
18 42 4750 0,008 0.061
19 33 4840 0,007 0.062
20 22 4990 0,004 0.064

Conditions. Nominal pressure 0.1% ats. Impact Precssure 0,23 ats
Partial oxygen pressure 0.046 ats. Gas velocity 7000 cms/sec.

10 1 1470 0.0007 0.045
11 445 1700 0.003 0.043
12 8a5 1900 0,005 0,041
13 13.5 2070 0.007 0,039
14 20 2280 0.009 0.037
15 31 2440 0.013 0,033
16 45 2680 0.017 0.029
17 47 2800 0.017 0.029
18 41 3000 0.014 0,032
19 33 3160 0.010 0.036

20 24 3280 0.007 0.039
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(Tec/100) 10°R 10°h (po~p) ats. p ats.

Conditions. Nowminal pressure 0.13 ats. Impact pressure 0,23
Partial oxygen pressure 0.23 ats. ats
Gas velocity 7000 cms/sec,

10 16 1470 0.011 0.22

11 35 1700 0.021 .21
12 50 1900 0.026 0.20
13 70 2070 0.034 0,20
14 90 2280 0.039 0,19
15 116 2440 0.048 0.18
16 146 2680 0.055 0.17
17 165 2800 0.059 0.17
18 172 3000 0.058 0.17
19 140 3160 0.044 0,18
20 105 5280 0.032 0.20

Conditions. Nominal pressure 0.20 ats. Impact Pressure 0,30
Partial oxygen pressure 0.30 ats. Gas velocity 7000 cms/sec.

10 18 1130 0.016 0.28
11 44 1300 0.034 0427
12 72 1460 0.049 0.25
13 105 1600 0,067 0.23
14 130 1750 0.075 0.22
15 150 1870 0,079 0.22
16 160 2060 0.078 0.22
17 165 2160 0.076 0,22
18 164 2300 0.072 0.23
19 158 2420 0.066 0.23

20 140 2530 0.056 0.24



(T°C/100)

Conditions.,

Partial oxygen pressure 0.06 ats.

10
11
12
13
14
15
16
17
13
19
20

Conditions.

Partial oxygen pressure 0.65 ats.

10
11
12
13
14
15
16
17
18
19
20

10°R

10°h

(p,=p)

Nominal pressure 0.20 ats.
Gas velocity 7000 cms/sec.

0.5
5
12.5
19,5
28
41
54
62
60
52
43

1130
1300
1460
1600
1750
1870
2060
2160
2300
2420
2530

0.000
0.004
0.008
0.012
0.016
0.022
0.026
0.029
0.026
0.022
0.017

Hominal pressure 0,60 ats.

15

56
104
146
188
230
264
263
246
220
180

520
600
672
734
810
864
950
990
1060
1120
1160

Gas ve

0.03
0.09
0.15
0.20
0.23
0.27
0.28
0.27
0.23
0.20
0.11

87.
ats p ats,

Impact pressure 0,30

5 0,059
0.056
0.052
0,048
0,044
0.038
0,034
0,031
0.034
0.038
0,043

Impact pressure 0,65
locity 7000 cms/sec.

0.62
0.56
0.50
0445
0.42
0,38
0«37
038
0+42
0a45
0«54



8s.
(1°G/100) 10°R 10°n (p,-p) ats  » ats.

Conditions. Nominal pressure 0.40 ats. Impact pressure 0.44
Partial oxygen pressure 0.44 ats. Gas velocity 7000 cms/sec.

10 10 770 0.01 0.43
11 53 890 0.06 0.38
12 96 990 0.10 Ce34
13 140 1080 0.13 0.31
14 186 1190 0.16 0428
15 220 1270 0.17 0.27
16 244 1440 0.18 0.26
17 236 1460 0.16 0.28
18 214 1560 0.14 0.30
19 184 1650 0.11 0.33
20 154 1710 0.09 0.35

Conditions. Nominal gas pressure 0.50 ats. Impact pressurc
0054 a'tS.
Partial oxygen pressure 0.54 ats. Gas velocity 7000 cms/sec.

10 12 626 0.02 0.52
11 55 725 0.08 0.46
12 100 805 0.12 0.42
13 148 880 0.17 0.38
14 190 970 0.20 0.34
15 228 1040 0.22 0.32
16 250 1140 0.22 0.32
17 244 1190 0.20 0.34
13 220 1270 0.17 0.37
19 190 1340 0.14 0.40

20 156 1390 0.11 Oud3
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(T°C/100) 10°R 10°h (po—p) ats. p ats.

Conditions. Nominal gas pressure 0.30 ats. Impact pressure
0.34 ats,
Partial oxygen pressure 0.34 ats. Gas velocity 7000 cms/sec.

10 14 1000 0.01 0.33
11 52 1150 0.05 0.29
12 38 1280 0.07 0.27
13 120 1390 0.09 0.25
14 152 1530 0.10 0.24
15 174 1640 0.11 0.23
16 190 1800 0.11 0.23
17 192 1880 0.10 0.24
18 174 2010 0.09 0.25
19 150 2130 0.07 0.27
20 120 2200 0.06 0.28

Rates of Rcaction versus Temperature at Fixed Oxygen Partial

Pressure on the Graphite Surface.

From the previous tables, graphs of the reaction
rate versus surface oxygen partial pressure can be drawn
for constant tomperatures and from these graphs an indication
of the order of the surface reaction at various temperatures
can be obtained, Graphs 9 and 10 show variations of
reaction order, with oxygen partial pressure and grephite
surface temperature, which will be discussed in detail later.
I+t is now possible to find how the reaction rate varies with
tempereture at any given surface partial pressure of oxygen.
Graph 11 shows the variation and the following tables give

the variation for other oxygen partial pressures,
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Wwhen p = 0,05 ats O When p = 0,10 ats, 0O

2 2
(7°C/100) 10°R (T°¢/100) 10°R
11 4 11 g
12 11 12 22
13 14 13 30
14 23 14 46
15 36 15 68
16 4 16 75
17 38 17 75
18 33 18 65
19 26 19 50
When p = 0,20 ats 02 When p = 0,30 ats O2
11 25 11 48
12 50 12 90
13 70 13 135
14 106 14 182
15 134 15 224
16 160 16 248
17 150 17 220
18 128 18 190
19 100 19 152
When p = 0.40 ats 02
(r°c/100) 10°R (1°C/100) 10°R
11 5% 16 272
12 99 17 290
1% 146 18 252
14 190 19 200

15 234
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G+ Dependence of the Reaction Rate of Pyrograpvhite with

Oxvgen on Temperature and Nominal Gas Velocitv.

The results are taken from Appendix 1, Table 8.

The reaction rates were measured at two gas
velocitics of 1090 cms/sec and 7000 cms/sec., and
corresponding oxygen partial pressures at the impact point
of 0,20 ats. and 0.23 ats. In both cases the rcaction
rates were about the same and the reaction rates were very
much slower than the corresponding reaction rates of the
polycrystalline graphite obtained under similar conditions.
Graphs 12 and 13 show that the general pattern of behaviour
of pyrographite is similar to the results obtained with
the polycrystalline graphite and the reaction rates are so
much slower that there seems to be little doubt that the

reaction rates are chemically controlled.
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THEORIES PROPOSED TO ACCOUNT FOR THE CHEMICAL SURFACE
KINETICS O THE HIGH TEMPERATURE OXIDATION REACTIONS
OF GRAPHITE.

There are two main theories which can be
distinguished by the part the reactant gas is thought to
play in the reaction kinetics.

A, Eyring's theory [21] suggests that hydrogen
as an impurity can activate the low temperature reaction
and the reactive sites are therefore not created directly
by the attack of the oxidising gas. A simple derivation
of Byrinz's theory will be given but it must be said that
Eyring has taken Meyer's results [19,20] as being correct
and has arranged his kinetic expressions to give a zero
order reaction at high temperature. It will be easy to
see that other arrangements of his terms could give first
order recaction on the graphite when the hydrogen has been
removed by the high temperature of the graphite surfacec.

B. An alternative explanation of the appearance
of a maximum in thec reaction rate as the temperature is
increased is that at high temperatures carbon atoms can
migrate fairly casily to heal the surface which would
otherwise bc very reactive. The attacking gas cen in this

casc combinc with relatively unreactive surfacc in a slow
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reaction thereby providing sites which arc much more rcactive,
A simple mathematical development of this theory will be
given and thc theory will be used to compare numerically

the rcsults of the author's work carried out at high

oxygen partial precssures with Strickland-Constable's rcesults
[15} obtained at low pressures. For the above purposc
plausible activation energies of the various rate constants

in the exprcssions have been assumed.

A, Eyring's Theory.

Eyring assumes the existence of type 1 and type 2

sites.
Type 1 sites arc associated with hydrogen.
Type 2 sites are pure graphite.
Let N = +the total number of sites per cmz.
f = the fraction of sites of +type 1.
(1-f)= +the fraction of sites of type 2.
Al = fraction of type 1 sites which is covecred
by oxygen.
A2 = fraction of type 2 sites which is covercd
by oxygen.
k—i = rate constant for type 1 surface oxide

leaving the surface.
k = rate constant for type 2 surface oxide
lcecaving the surface.

A1 and A2 arc determined by the Langmuir equations

kip KQP
-A. = A_ = ————— —c—  ——
1 k_ 4+ kp 2 k_, + kyp
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where kl rate constant for the formation of &z type 1
surface oxide,

k2 = rate constant for the formation of a typec 2
surface oxide,

and p = oxygen partial pressure.
The rate of reaction v =%k , &4 £N + k 5 4, (1-f) N
Eyring then considered seven possible proccsses
which could influence (f) and from the rates of these

processes he deduced the steady state condition for (f).

Frocess. Effect on N %’i
1. Tormation of Type 1 surface oxide none
2. Tormation of Type 2 surface oxide none
3. Type 1 surface oxide leaves the (n-1) kg £ N Al
surface.
1. Type 2 surface oxide leaves the n'k_, (1-f) N A,
surface.
5. Barc type 1 sites are converted to —k3 f N (1—A1)
type 2 sites, with first order
rcaction ratc constant k3.
6. Typc 1 surface oxide becomes —k4 TN A
type 2 site. First order
constant k4.
7. Type 2 sites arc converted to 1 _
type 1 sites at a rate b k-l Al (1-£) W

proportional to the number of
type 2 sites and to the rate at
which a type 1 site leaves the
surface; b is a proportionality

constant
where n = number of type 1 sites formed when a type 1
oxide leaves the surface
n' = number of type 1 sites formed when type 2

oxide lesves the surfacc.
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Eyring interprets the previous work on the
combustion of graphite at high temperatures as showing the

reaction is zero order. Ags a consequence of this condition

the reesction rate = k) £ Np + k., (1-£) W
and . - n' k_, + 1/0 kp
WE_, * Fj ¥ Kgky b ¥ Lk D
- Tk,

To obtain a maximum in the rcaction rate thc value
of (f) is thought to decrease with increasing temperaturec
because ccrtain processes act in competition in the formation

or destruction of type 1 sites.

B.l., Activec sites created by the attack of the

reactant gas.

If therc are two kinds of sites on the surface,

reactive 4 sitcs and less reactive B sites :

Let x the fraction of the surface occupied by A sites

Letd™

the fraction of the A surface occupied by adsorbed
OXygen.,

Then the Langmuir equation gives a valuc for G

kc P
+ kc P

Cr:k

e

]

where kc the rote of adsorption of oxygen on the surface

ke

b

the rote of desorption of oxygen from the surface

H

the oxygen partial pressure.
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1. Reaction of oxygen with type A siltes, leaving the
numbcr of type A sites unchanged.

Rate of recaction = k30“ x

kA

= TFE,p PF
where kA and kz are composite rate constants.
2. Reaction of oxygen with type B sites to form

type A sites.

The type B rcaction has been assumed to be first
order with respecct to the oxygen pressure, corresponding to
low adsorption coverage according to the Langmuir thecory.

Rate of rcaction = ky (1 -x)0p

3+ The destruction of type A sites to form typc B sites
is assumcd to procecd at a rate proportional to thce surfeace
concentration of type A sites.

Ratc of destruction of type A sites = ky x
In the stecady state condition when there is no net change

in the number of type A sites

x = —453—2———
kT + kB P
Ky
and Total Rate of Reaction = I kg (1-x) P
(R) z
At Low Tcmperaturcs.
x is large kA P x
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The recaction rate could be first or zero order at low
temperatures, depending on the relative magnitude of 1 and

kZp. The rcaction occurs on type A sites.

At High Temperatures.

x is small

R = kB P

The reaction rate is first order and occurs on type B sites.

B.2, Calculation of Reaction Rates from Surface

Healing Theory.

In the calculations, it is assumecd theat all rate
constants can be cxpresscd as a function of the absolute
temperature by Tthe Arrhenius equation. Suitable numerical
values have becn chosen for the rate constants to enable
the celculated rcaction rates to fit the reaction rates

observed by Strickland-Constable [15] and by the author.

k, = 20 o~30000/RT - 00 x 10-6500/T
ky = 1.51 x 10° ¢~9T000/RT _ 4 59 4 107 x 10721320/7
K, = 2L o 4100/RT - 21.3 x 10 900/T
k. = 446 x 10° ¢ 15200/RT  _ 446y 1070 x 1073320/T



Calculations.

8.02 9.56 §.40 9,48

Oxveen pressure = 2,5 X 10“'5 ats.
Temperature °K. 12 13 14 15 17
A, 18000/T 15,0 13%.8 12.9 12.0 10.6
B.7.53-18000/T

=1Og10(kT/kB) *7.5 —603 —504 _4-5 "3.1
c. 1°g10kT/kBp

(add 4_.6 _to B) _209 "'106 _008 +001 +105
D. kT/kBp 00126  ,025 0,16 1.26 31,6
E.x=1/1 +D 1 .975 0.86 0.44 .0307
F. k, 8 20 50 92 312
G. kA x (FxT) 8 19.5 43 40.5 9.6
H kp 1.2 1.8 2.7 5
I (1-x) 0 .025 0.14 0.56 0.97
J kB(i-X) = HxI O 0 0.25 1.5 4.85
K. [kAx-+ kB(l—X)] 8 19.5 43 42 14.4
T [ 1o 20 47 107 105 36
M log, [ I

10 - -

18

21

23

103,
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Oxygen pressurec = 0,2% ats.

Temperature °EK12 13 14 15 17 19 21 23 By a
factor of

N. log Kip 100°K,
10 5775

= B -+ Oin64- —2u4-6 —1.36 —004‘6 +0034’
0. kT/O.ZB kg 0.0035 0:044 0,35 2,19
P. x = 1/1+0) 1 1 1 1 1 0.96 0,74 0,314
Q. (1-x) 0 0 0 0 0 0.04 0.26 0,69
R. k,x = PxF 20 50 92 312 770 1190 960 10~°
5. k, 104 95.5 87 70 6% 56,5 52
T. k,p 24 22 20 16 14% 13 12
U. k,x/14k_p 0.8 2.2 4.4 18.4 50 85 74 1072
V. kg(1-x) =QxH 0.3 3.1 11 107
We =T + 7 0.8 2.2 4.4 18.4 50 88 85 107°
X. Wp 4.2 11.5 20.2 19.5 1072

o

0.23W 0,185 0.5 1.
R

0
Y. loglo (R) 5.27 5.7 5.0 5.62 4,06 4,30 4,29

Graphs 14 and 15 show how the calculated curves
agrec with the curves observed for pyrographite at low
oxygen partial pressures (Strickland-Constable [15])and for
pyrographite at fairly high oxygen pressures (this work).
In cach case the agreement is good and the shift in the

position of the maximum from 1,200°C. at 2.5 x 1077 atm. 0,
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to about 1700°C. at 0.23 atm. 0, is accounted for by the
calculations. The phsyical explanation of thc shift in

the position of the maximum rate with increasing oxygen
partial precssure is that a much greater ratc of surface
healing, which will be available at higher temperaturcs, is
required to overcome the increased rate of attack on the
surface resulting from the increased oxygen concentration,
Although insufficient measurements were made on pyrographite
to cstablish the reaction order at various temperaturcs and
oxygen pressures there will be a tendency for the rcaction

at 0,23 atg., if it is at all similar to the polycrystalline
graphite recaction, to have an order less thon unity especially
at lower temperaturcs. The actual calculations in this

case suggest that the (A) reaction is zero order for the

high oxygen partial pressures at all temperaturcs up to
2,000°C,, though the total reaction at high temperature will
be of a greatecr order than zero because of the part played

by the first order (B) reaction. It would scem that the
choscn valucs of the rate constants do give a gcneral picture
of the bechaviour of the reaction at pressures different by a
factor of about ten thousand. The maximum in the rcaction
rate and the temperature shift of the maximum with increasing

oxygen partial pressure agree with experimental obscrvations
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and even the reaction orders which are probably not in
perfect agrecment with experiment show the correct tendency
of first order rcaction at low pressure and all temperaturcs
and more zero order bchaviour at high oxygen partial pressure
and low temperatures.

It is difficult to give complete justification
for thc choscn activation energies. The value of 30 kcal/
mole ascribed to kA to account for the low temperature
portion of the rcaction rate curve is supported by Wicke
and others [4,9,13] as being the activation cnergy of the
reaction of oxygen with porous graphite at temperaturcs
above about 700°C, Diffusion of carbon atoms on the
surfacc of pyrographite is a process about which nothing is
known but values of 90 kecal/mole have been calculated by
Dienes [32] to be the activation energy of volume diffusion
of carbon atoms in a graphite lattice and Feldman [33] using
a carbon-14 tracer measured the self diffusion in graphite
in the range 1800°C. to 2400°C. and found an effective
activation energy for the combined volume diffusion-grain
boundary diffusion to be 40 keal/mole. In the calculotions
a value of 97 kcal/mole was given to the activation energy
of the surfacc diffusion process.

There is no evidence to support the values given
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to the activation energies of kz and kB and all that can

be said for the particular choice is that the orders of
magnitude arc not unreasonable. kB has an activetion
encrgy of about 15 kecal/mole and kz which is the ratio of
the sdsorption rate constant / the desorption rate constant
for oxygen on the type A graphite surface has been ascribed

the small activation energy of about 4 kecal/molc,
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DISCUSSION.

The apparent mass transfer coefficicnts given in
Table 1 have been ghown on analysis to depend only slightly
on temperatur: and to be strongly influenced by gas velocity.
Throughout the velocity range 100 to 10,000 cms/sce., the
velocity dependence is not uniform. There is a definite
change in velocity dependence about a gas velocity of 1500
cms/sce. and as the velocity is increased the dependence
changes from thce 0.6 power of velocity to the 0,16 power of
velocity. Behaviour of this type is characteristic of a
mass transfer controlled process and the change in velocity
dependence immediately suggests a transition from a strcamline
boundary layer control to a turbulent boundary layer control
of thce diffusion process. The low temperaturce dependcence
of thc apparcnt mass transfer coefficient shown by the
activation cnergy of only 3 kcal/mole is consistent with the
explanation of diffusion control because the diffusivity of
a gas is only slightly temperature dependent and certainly
docs not change vith temperature as quickly as a chemical
reaction rate. Increasing influence of chemical rcaction
would explain the slightly higher temperaturc cocfficient
of thc combustion rate found in the high velocity range.

Further support for the idea that the attack of
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oxXygen or porous carbon at atmospheric pressure is mass
transfcr controlled comes from the results of Table 2,
Tablc 2 shows how at a constant total gas pressurc of onc
atmosphere, thce combustion rate of porous carbon changes
with the partial oxygen pressure. The apparent first ordcr
recaction with respect to the oxygen partial pressure, whilc
not being elone an indication of mass transfer control of
the combustion ratc == is in Pact a consequence of this
suggestion on thc grounds that most of the oxygen partial
pressurce would be used to drive the oxygen through the
boundary layer to the reacting carbon surface,

The mass transfer rate must equal the combustion

rate R
R = h (p, - p)

. s m. atom ar
whoere h = mass transfer coefficient & atoms of carbon

uscd _
cm®, sec, atmosphere ol 0,

Po= the main stream oxygen partial pressure (ats.)
p = the oxygen partial pressure on the carbon
surface (ats.)

If the surface chemical reaction is very fast then

o

the rate of combustion is controlled by the rate of mass
transfer since it is the slower step in the serics of
Proccsses and in addition p is very much smaller than Py

R = h P, an apparent first order reaction.
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The diffusivity of a gas is known to be inversely
proportional to thc absolute gas pressure so that if the
combustion rate of porous carbon could be shown to have
this pressurc dependence it could be said that the re~ction
of porous carbon with oxygen is mass transfer controlled,
Analysis of the results of Table 3 does in fact show that
the combustion rate is inversely proportional to the
absolute gas pressure.

The depcendence of the combustion rate of porous
carbon, on carbon tempergture, gas velocity, oxygen partial
pressurc and totel gas pressure within the experimental
ranges of thesc variables is the depcendence that would be
expected from a boundary layer diffusion controlled process.

Thesc measurcments of the combustion rate of
porous carbon provide estimates of the mass transfer
coefficicnts (on the basis of the carbon reacted) for the
experimental system. Mass transfer coefficicnts calculated
in this way from experimental correlations will provide
perhaps the best available values which could be uscd to
estimatc the concentration driving force required to
overcome the mass transfer resistance to the combustion of
a much slower rcacting carbon or graphite where there is a

large measurc of chemical control of the combustion reate.
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The twe systcems arc in geometrical, dynamic and thermal
similarity and it is only assumed that in each case thc ratio
of carbon monoxide to carbon dioxide produced is the same

for both carbons at any temperature. This assumption may
not bc unreasonablc because other workcrs have shown that

at high tcmperatures the product of thce reaction is mainly
carbon monoxide and that the nature of the carbon has not
much influcnce on the ratio of the amounts of carbon monoxide
to earbon dioxide, The ratio is chiefly temperature
depcndent [5, 10, 15].

Wicke and Rossberg [4] studying the rcaction of
oxygen with spectroscopic graphite have reported that the
combustion rete is diffusion controlled between 1300°C, and
1400°¢C, Evidcence for their claim was the velocity
dependcnce of thc combustion rate, the low activation energy
of thc rcaction, thce inverse proportionality between the
combustion ratc and the total gas pressure and the existcnce
of concentration gradients in the gas phase. Walker [24]
and his co-workers have found a mass transfcr controlled
oxidation of graphite between temperatures of 1200°C. and
1700°C. and Watt [22] has shown that the reaction of wotcr
vapour with carbon at 2300°C. is largely mass transfer

controlled, The findings of this work are in general
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agrcement with the recsults obtained by the gbove mentionecd
authors.,

Then polyerystalline graphite is attacked by air
and oxygen-nitrogen mixtures at a total gas pressure of onc
atmospherc therc is a partial chemical control of the
reaction ratc as analysis of Tables 4 and 5 shows. At
low temperatures of about 1000°C. the apparent cctivation
encergics ol the rcaction rates are rather high, of thec
order of 30 kcal/mole, but at higher temperatures around
1800°C, the apparent activation energies drop to about
10 kecal/mole. The rcaction rate is very dependent on gas
velocity &t higher temperatures; when the velocity of the
gas is chenged from 100 cms/sec. to 7000 cms/scc. the
reaction rete changes by a factor of about 10 at 1800°C,
but a2bout 1000°C. there is no appreciable change in the
reaction rate for the same change in gas velocity.
Comparison of thc rates of combustion of polycrystalline
graphite with the rates of combustion of porocus carbon at
similar ges velocities shows that the rate of attack of
oxygen on polycrystalline graphite rapidly approachcs the
limiting mass transfer rate as the temperature is raiscd.

The aspparent order of reaction with respect to

the oxygen partial pressure in the combustion of
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polyerystalline graphite had to be measured by finding the
chenge in the rcaction rate, over a temperature ronge 1000°C.
to 1800°C,., at different oxygen partial pressures when the
gas velocitics were the same. Differences in the regression
of log,, (105R) on 104/T°A were found at the samc gas
velocity for different oxygen partial pressures, The order
of rcaction varied irregularly with both gas ve;ocity anq
temperature but the values 2iways lay between 0.75 and 1.25.
Even with this mixed regime control of the reaction rate

it would sccm that the overall order of reaction is about
unity.

I+t is not possible to make a good corrcction for
the mass transfer influence on the combustion of
polycrystallinc graphite at one atmosphere pressure over a
wide temperature range because at higher temperaturces about
90% of the rcsistance to combustion comes from thc mass
transfer resistance so that the remaining chemical
resistancce cannot be established with great prcecision,

At reduced pressures of the order of 1/10
atmosphcre thce calculated mass transfer rates become high
comparcd with thc measured rates of reaction of the
polycrystalline graphite with both oxygen and oxygen-nitrogen

mixturcs shown in Tablcs 6 and 7. The observed rcaction
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rate can be seen to increagse with temperature over the range
1000°C. to about 1600°C. and from about 1700°C. to 2000°C.
to decrease appreciably; there is a maximum in the reacction
ratc about a temperature of 1650°C. While it can Dbe
calculated that the combustion rate is not fully mass transfer
controllcd there is probably about 50% mass transfer control
at thce maximum reaction rete in the least favourable cases.

Becausc of the partial mass transfer control of
the reaction rates it is not possible to compare directly
the rotes of recaction obtained with different main stream
oxygen partial pressures (po). At any single gas velocity
and main stream oxygen partial pressure (po) the effective
partial pressurec of oxygen at the graphite surface (p) varies
greatly with tcmperature because the degree of mass transfer
recsistance is related to the closeness of the obscrved
reaction rate to the possible mass transfer rate. At the
maximum observed rcaction rate, for given conditions of gas
velocity and mein stream oxygen partial pressurc (po) the
effective oxygen partial pressure at the graphite surface (p)
will be the least, for a bigger fraction of the main stream
oxygen concentration is required to overcome thc mass transfer
resistance.

The mass transfer and chemical rcaction proccsses

are scquential, therefore
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the observed rcaction ratec R = h(po—p) = kp=© ,

mass transfer rate = chcecmical reaction rate,
n = order of reaction, k = reaction rate constant,

Sincc R increases with temperature very quickly
comparcd with h then (po-p) also increases with temperature
therg}oye P =D, - (po—p) decreages as the obscrved rcaction
rtc increases, When the temperature is increased beyond
the point of the meximum reaction rate then the cffective
oxygen partinl pressurc on the graphite surface (p) increcoses
again from thc velue obtained at the maximum renction rate.

By using estimates of the mass transfcer coefficient
(h) one can calculate the effective oxygen partial pressurcs
(p) corrcsponding to the observed reaction rates (R)
obtaincd for different graphite temperatures, nominal gas
velocities and main gas stream oxygen partial pressures (po).
This type of calculation provides values of R and p at
temperatures of 1000°C., 1100°C., etc. to 2000°C, Graphs
of (R) versus (p) at constant tcmperatures immediately give
an indication of the order of reaction at thesec tcmperatures
and show how the order of reaction changes with thce value
of (p)e At all temperatures and valucs of (p) up to 0.30
atmospheres the reaction is approximately first order with
respect to thc cxygen partial pressure (p) but at low

temperaturcs there is a tendency for the reaction order to
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decrecasc as the partial préssure 1s increased further.

This tcondency to low order of reaction at low tempernturc
and high oxygen partial pressures can be explained by
supposing thnt o Langmuir adsorption type of process ocecurs,
the individu=nl steps being the attack of the oxygen on the
surface followed by the desorption of the goscous products
of the rcaction.

If & fraction § of the more re~ctive surfece is
covered by the adsorbed product of the reaction and if the
rate of adsorption coupled with the rate of reaction is
first order with rcspect to the oxygen partial prcssure

Rrte of attack on the surface =k, p (1 - G

Rete of rcemoval of reaction products = ke(?‘

At steady state

G T

k, p
e T kcp
At high pressure and low temperature if (kcp) is greater
than (k,) then (§7) tends to unity and is zero order.

The observed rate of reaction = ke{I"and is
thereforec zcre order also.

trong adsorption of reaction products giving =2

zero order reaction with respect to the partial pressurcs

of thc reactont geses is a phenomenon frequently met in the

fiecld of hetcrogencous catalysis.



119.

Another use of the graphs of (R) versus (p) can
be made. Values of (R) at constant values of (p) can be
choscn for cach temperature and thus a graph of thc rcaction
rate for a constant partial pressure of oxygen on the
graphite surface can be plotted againgt the graphite surface
temperaturc. This is a plot of the effective chemienl
reaction rete versus temperature. The reaction rate
incrceases sharply with temperature, reaches a meximum and
then decreascs quickly as the temperature rises further,

Pyrographite was reacted with oxygen under

conditions in which the true velocity depecndence of the
reaction rate could be tested. Table 8 shows thet the
reaction was carried out at 0,20 atmospheres of oxygen and
1090 cms/scce., nominal gas velocity and at 0.13 atmospheres
of oxygen ambient gas pressure and 7000 cms/scc. nominal
gas velocity when in fact the impact pressurec at the pcint
of attack would be 0,23 atmospheres of oxygen. Comparison
of thc reaction reates measured under the above conditions
showed that the rersetion rate was independent of the gas
velocity and so it may be inferred that therc is no great
mass transfor rcsistance to the reaction ratc.,
Polycrystalline graphite reacting under the conditions of

the pyrogrephite experiment does show some velocity
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dependencc and in the case of the experiment carricd out at
0.13 atmospheres of oxygen ambient gas pressurc and nominal
gas vcloeity of 7000 cms/sec., the polycrystalline grephite
reaction rate is about nine times greater than the
pyrograpvhite rote. For the pyrographite rcoction
rectengular strips of pyrographite were used and to find
out if any goometrical effect czused the reaction rate to
fall, rcctangular bars of polycrystalline graphite were used
at 0.13 atmospheres of oxygen ambient gas pressure and 7000
cms/sec nominal gas velocity and the measured rcoction

ates were found to be the same as the rotes measured on
cylindrical rods of polyecrystalline graphite reacted under
the same conditions.

The cstimations of the mass transfer cocfficicnts
and the subscquent estimation of the true reaction rate of
the polycrystalline graphite were not susceptible to direct
experimental test, but even if it was assumed that the
polycrystallinc graphite at 0.13 atmospheres of oxygen
ambicnt gas pressure and 7000 cms/sec. nominal ges velocity
was completely mass transfer controlled then the pyrogreophite
reaction ratc measured under the samc gas phase conditions
could only be about 10% mass transfer controllcd., There

is such a grcat similarity in the shapes of the rcaction rate
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versue temperature curves for the polycrystalline graophite
and pyrographitc that it is reasonable to suppose that the
polycrystalline graphite reaction rates at low pressurcs
arc not mnss transfer controlled to a very grecat cxtoent,
Thoere is sufficicent chemical control of the rcaction rate
to make thc reaction rate show many of the characteristics
of o checmically controlled process. The behaviour of the
rates of rcoction of pyrographite contributes strong
experimental cvidence for the conclusion of thc mass transfer
cstimations, thet there is considerable chemical control
of the polycrystalline grephite rcaction rates measurcd at
low pressurcs.

There is no evidence which would cxclude either
Eyring's theory that the maximum in the reaction rate is
the result of tht competition between the rcaction rote
incrcasing with temperature and the loss of a catalysing
impurity as the temperature is raised or the 'surfeace heoling
theory! which suggests that the attacking gas coan create
surface rcoactive sites and that the diffusion of carbon
atoms on the surfzce can remove reactive sites. Duval [2]
howcvecr, peints out that Eyring's theory can explain the
maximum in the reaction rate and the hystercsis found in +thc

low prcssure cxperiments but that it must cxplain how
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diffcrent authors find rates of the same order and how a
filament after long treatment at high temperaturc finds its
reserve of impurity, remembering that the impurity
concentration on the surface will depend on the evaporction
from thc surface and the diffusion to the surface from the
bulk, processcs which will have different thermal
coefficients. The effect of oxygen pressure on the
position of thc meximum rete is easier to forecsee in the
cage of the 'surface healing theory' but it can be accounted
for by Eyring's theory if the ease of evaporation of the
catalysing impurity from the surface is considered. The
mean free path of the evaporating atoms would be inversely
proportional to the total gas pressure so thet at any
temperaturce the surface concentration of impurity would be
higher at high pressurcs than at low pressurcs, Prehcating
the polyerystalline graphite does not affect the resction
ratc at the high oxygen partial pressures whereas a2t low
oxygen partial pressures Strickland-Constable [15] and
Duval [17] have shown that a hysteresis in the reaction
rate can bc causcd, The high pressure reaction removes
much of the graphite whereas the low pressure reaction hes
been calculated to remove only a few atomic layers and thus

it would secm that the maximum and the hysteresis in the
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reaction retec versus temperature curve are the rcecsult of
processes occurring in the surface layers of the graphitc.
Because so much frecsh surface is uncovered in the high
pressurc reaction, the thermal history of the surfeace
cannot influence the overall reaction rate very greatly.
That the polycrystalline graphite has about 1000 timcs as
much impurity as the pyrographite, which has only one peart
in ten million of impurity, and yet the genernl bchaviour
of both on oxidetion is the same, is an indication thot
impuritices may not be the source of increased activity at
the lower temperatures.

This work shows that mass transfer is thc rate
controlling process of the oxidation of more reactive carbons
at high tempcraturqs and pressures and at low gas vclocities
but when pressurcs of the order of one tenth of an
atmosphere and lcgs reactive graphites are used a lorge
measurc of chemiceal control of the rcecaction ratc is achieved.
The chemical kinetics of the graphite oxidation are not
typical of the behaviour shown by chemical reactions, for
the rcaction rate does not increase continuously with
temperature but rcaches a maximum and then decreases as the
temperature is raised, These unusual kinetics have been

found previously by Strickland-Constable [15] and Duval [17]
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whose experiments were carried out at low prgssures, but the
temperaturce corrcesponding to the maximum rate at the high
oxygen partial pressures used in this research is about
500°C. higher thon the temperature of the maximum rate in

the low pressurc cxperiments.
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APPENDIX 1.
EXPERIMENTAL OBSERVATIONS.

Reactions of Oxygen with Porous Carbon.

Table 1,

Table 2.

Table 3,

Dependence of apparent mass transfer
coefficients on carbon temperaturec and ges
velocity in air.

Dependence of the reaction rate on the oxygen
partial pressure at atmospheric pressure.

Dependence of the reasction rate on the totol
ga.s pressure.

Reactions of Oxygen with Polycrystalline Graphitc.

Table 4.

Table 5,

Table 6.

Table 7.

Dependence of the reaction . rate on gas
velocity and graphite temperaturc in air.,

Dependence of the reaction rate on gas
velocity and graphite temperature in 50%
oxygen at total gas pressure of onc atmospherc.

Dependence of the reaction rate on graphite
temperature, oxygen partial pressure and total
ges pressure at a nominal gas velocity of
1,090 cms./sec.

Dependence of the reaction rate on graphite
temperature, oxygen partial pressure and total
ges pressure at -a nominal gas velocity of
7,000 cms./sec.
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C. Reactions of Oxygen with Pyrographitec.

Table 8., Dependence of the reaction rate on grophite
temperature at nominal gas velocities of
1,090 cms./sec. and 7,000 cms./scc. and
corresponding ambient oxygen pressurcs of
0,20 atmospheres and 0.13 ctmospheress

A. Reaction of Oxygen with Porous Carbon.

The rcaction of oxygen with porous carbon is
thought to bc mass transfer controlled under the present
experimental conditions.

h = mass transfer coefficient referred to the amount of
carbon rcacted.
gnm. atons of carbon

en®, sec., atm. of oxygen

The rcaction rate R = h P,
b, = oxygen partial pressure (ats.)

The assumption here is that the surface reaction
ratc is so grecat compared with the rate of mass transfexr
that the oxygen partial pressure on the surface is almost

ZeY 0«
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TABLE 1.

Total Gas Pressure = 1 atmosphere
Oxygen partial pressure = 0,20 ats.

h x 10° ToC, ToA, 1/1°4 x 10" log,4(10”h)

Gas Velocity 100 cms/sec. Log, (gas vel.) 2.00
45.6 1000 1273 Te87 1e66
1345 970 1243 8.06 1.64
59.5 1120 1393 7.19 1.78
45,0 1170 1443 6.94 1.65
45.4 1400 1673 5.98 1.66
3340 1320 1593 6.28 1,52
445 1550 1823 5.49 1.87
5745 1640 1913 5.23 1:.76
7940 1650 1923 5.20 1,90
5445 1720 1993 5.02 1.74
9345 1720 1993 5.02 1.97
9345 1780 2053 4 .87 1.97
76,0 1620 1893 5.29 1.88
76,0 1380 1653 6.06 1,88
16,2 1280 1563 6.41 1.66

Gas velocity 250 cms./sec. Lo& g (gas vel.,) 2.40
218 1120 1393 7419 2434
238 1250 1523 6.57 2.38
182 1320 1593 6,28 2,26
207 1350 1623 6.17 2432
203 1420 1693 5.91 2.31
177 1500 1773 5.65 2425
177 1500 1773 5.65 2.25
164 1500 1773 5.65 2.21
252 1540 1813 5.52 2,40
244 1640 1913 5.23 2439
218 1660 1933 5.18 2454
248 1770 2043 4,90 2.40
131 1080 1353 740 2.12
142 1090 1363 735 2,15
136 1020 1293 Te75 2.13
131 1030 1303 T.61 2,12



Table 1 (continued)

h x 10° TG, T4, 1/7°4 x 10%
Gas velocity 400 cms./sec. Logy (gas vel,)
187 1290 1563 6.41
229 1330 1603 6.25
229 1480 1753 5.71
187 1590 1863 5.37
228 1560 1833 5.46
222 1600 1873 5.34
228 1620 1893 5.29
222 1670 19473 5.15
195 1800 2073 4,83
214 1700 1973 5.07
216 1680 1953 5.12
180 1210 1483 6.75
180 1160 1453 6.89
144 1120 1393 7.19
166 1040 1313 7.63
148 1050 1323 T57
Gas velocity 560 cms./sec. Logy (gas vels)
214 1050 1323 7.57
201 1060 1333 7.51
209 1150 1423 7.04
228 1160 1433 6.99
236 1250 1523 6.57
217 1230 1503 6.66
240 1420 1693 5.91
210 1480 1753 5.71
228 1480 1753 5.71
221 1500 1773 5.65
289 1560 1833 5.46
281 1600 1873 5«34
252 1660 1933 5.18
252 1680 1953 5.12
222 1780 2053 4 .87
256 1740 20173 4.97
Gas velocity 800 cms./scc. Log,, (gas vel.)
277 1150 1423 T .04
252 1150 1423 T7.04
221 1080 1353 7.40
238 1070 1343 7.46
266 1200 1473 6.80
238 1240 1517% 6.62
282 1270 1543 6.49
266 1210 1483 6.75
282 1400 1673 5.98
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1og10(105h)

2.60

2.7

2.9

2427
2,36
2436
2427
2436
2435
2.36
2435
2.29
2433
2434
2.26
2.26
2,16
2.22
2.17
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A

n x 10° 7°C, P4, 1/1°4 x 105 1og,1(10°n)
284 1410 1683 5.95 2445
258 1450 1723 5.81 2.41
302 1590 1863 5.37 2.48
312 1560 1833 5.16 2449
332 1600 1873 5.34 2452
292 1770 2043 4,90 2447
277 1770 2043 4,90 2444
Gas velocity 970 cms./sec. Logqg (gas vel.) 2.99
348 1750 2023 4 .95 2.54
285 1770 2043 4.90 2.45
276 1800 2073 4.83% 244
308 1670 1943 5.15 2.49
277 1600 1873 534 2444
302 1560 183%3 5.46 2.48
319 1500 1773 5.65 2,50
250 1500 1773 5.65 2.40
236 1400 1673 5.98 2.37
265 1420 1593 6.28 2442
305 1320 1593 6.28 2.48
304 1300 1573 6.36 2.48
242 1220 1493 6,71 2.38
277 1200 1473 6.80 2444
238 1100 1373 7.29 2438
222 1100 1373 7«29 244

Gas velocity 2,000 cms./sec. Loglo(gas vel,) 3430
514 . 1760 2033 4,92 271
485 1800 2073 4 .83 2.69
485 1660 1933 5.18 2469
520 1620 1893 5.29 2.72
542 1600 1873 534 2,73
499 1420 1693 5.91 2.70
525 1530 1803 5.55 2472
494 1500 1773 5.65 2.69
418 1400 1673 5£98 2.62
418 1400 1673 5.98 2,62
444 1300 1573 6.36 2465
134 1220 1493 6.71 2464
347 1170 1443 6.94 2454
356 1150 1423 7.04 2455
285 1140 1413 7.09 2446

293 1100 1373 7.29 2,47



h x 10°

T°C.

T°A.

Gas velocity 1280 cms./secc.

222 1060 1333
238 1070 1343
289 1230 1503
265 1120 1393
320 1220 1493
320 1250 1529
319 1230 1503
270 1290 1563
320 1400 1673
346 1410 1713
370 1560 1833
370 1130 1703
120 1640 1913
344 1710 1983
370 1680 1953
370 1770 2043
Gas velocity 2630 cms./sec.
296 1160 1433
332 1210 1483
332 1200 1473
400 1240 1513
410 1250 1523
126 1320 1593
400 1320 1593
395 1320 1593
353 1300 1573
539 1540 1813
532 1550 1823
511 1670 1943
532 1620 1893
532 1740 2013
521 1800 2073
512 1780 2053
Gas velocity 3900 cms./sec.
555 1620 1893
566 1800 2073
531 1740 2073
566 1620 1893
566 1600 1873
538 1520 1793
500 1600 1873

1/7°4 x 10%

130.
1og10(105h)

Logy g (gas vel.) 3.11

Log10

Logy

7.51
T.46
6.66
7.19
6.71
6.57
6.66
6.41

2434
2.38
2.46
2442
2.51
2451
2.50
2443
2451
2454
2.57
2.57
2,62
2454
2457
2457

vel.) 3.42

2447
2451
2.51
2,60
2.61
2.63
2460
2.60
2455
2473
2473
2.71
2473
2e73
2.72
2,71

vel.) 3.59

2474
2.75
2473
2475
2475
2.73
2,70
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h x 10° 1°c,  T°A. 1/7°A x 10" log,,(10h)
526 1490 1763 5.68 2.72
537 1550 1823 5.49 2.73
515 1110 1683 5.95 2.71
565 1160 1733 5.78 2475
475 1360 1663 6.13 2.68
452 1360 1633 6.13 2.66
454 1300 1573 6.36 2.66
370 1210 1483 6.75 2.57
359 1190 1463 6.84 2.60

Gas velocity 5500 cms/sec., Logy (gas vell.) 3.86
404 1250 1523 6.57 2.61
134 1250 1523 6.57 2.64
475 1300 1573 6.36 2,68
549 1430 1703 5.88 2474
520 1420 1693 5491 2472
560 1460 1733 5.78 2475
545 1520 1793 5.58 2eTH
526 1560 1833 5.46 2.72
604 1640 1913 5.23 2.78
544 1620 1893 5.29 2474
00 1600 1873 5.34 2.78
600 1670 1943 5.15 2.78
574 1740 2013 4.97 2,76
635 1720 1993 5.02 2.80
599 1800 2073 1.83% 2.78
604 1740 2013 4.97 2.78

Gas velocity 7300 cms/sec, Logqq (gas vel.) 3.86
579 1680 1953 5.12 2,76
604 1740 2013 1.97 2.78
635 1720 1993 5.02 2,80
635 1670 1943 5.15 2480
604 1550 1823 5.49 2,78
634 1520 1793 5.58 2.80
635 1540 1813 5.52 2.80
605 1450 1723 5.81 2.78
520 1420 1693 5.91 2.72
621 1450 1723 5.81 2.79
492 1280 1553 6.45 2.69
631 1380 1653 6 .04 2480
512 1340 1613 6.21 2 .64
434 1340 1613 6.21 2464
631 1510 1783 5.61 2,80
665 1440 1713 5.84 2.82



h x 10° T, meA
Gas velocity 9400 cms/sec.
610 1700 1973
665 1770 20473
614 1800 2073
665 1670 1943
665 1700 1973
665 1600 1873
700 1550 1823
700 1490 1763
739 1540 1813
602 1490 1763
633 1500 1773
665 1650 1923
781 1590 1863
740 1720 1993
776 1740 2013
740 1770 2043
830 1620 1893
782 1620 1893
TABLE
R reaction rate

Total gas pressure =

R x 105

54 45
67.0
61.0
41.0
41.0
45.0
55.0
43,0
70,0
69.2
52.8
7245
61.0
65.2
5440
67.0

T°C.

1110
1150
1080
1220
1300
1430
1430
1450
1580
1490
1630
14100
1770
1800
1740
1740

T‘.[.Lo

1383
1423
1353
1493
1573
1703
1703
1723
1853
1753
1923
1673
2043
2073
2013
2013

Gas velocity 200 cms/scec.

132,

. 1/7°a x 10% 1og10(105h)

Logqq (gas vel.) 3.97
5.07 2.7
4.90 2.82
4 .83 2.79
5.15 2.82
5.07 2,82
5434 2.82
5.49 2.85
5.68 2.85
5.52 287
5.68 2.78
5.65 2.80
5.20 2.82
5.37 2.89
5.02 2.87
1.97 2,90
4.90 2.87
5.29 2.92
5.29 2 .89

2

egm. atoms of carbon

cme, sec,

1 atnmosphere.

1/1°4 x 10% 1og10(1o5R)
7.24 1.74
7.04 1.83
7.40 1,79
6.71 1,62
6.36 1.62
5.88 1.65
5.88 1.74
5.81 1.63
5.40 1.85
5.71 1,824
5.20 1.72
5.98 1.86
.90 1.79
4.83 1.81
4.97 1.73
4.97 1.8%

Logy g (gas vel.,) 2.30

Oxygen partial pressure = 0.50 ats. loglo(lop) 0,70



R x 105

Gas velocity 800 cms./sec.

T°C.

PO, 1/7°4 x 10"

133.

loglO(losR)

Loglo(gas vel.) 2,90

Oxygen partial pressure = 0.50 ats. Iogy, (10p) = 0,70

123
139
143
169
139
117
152
127
109
119
152
169

Gag velocity 450 cms/sec. Log, g (gas vel.)
Oxygen partial pressure

8445
101
118
109
118
101
130
114
117
127
127
109

Gas velocity 1050 cms/sec.
Oxygen partial pressure

106
152
171
137
169
152
152
152
171
166
114
166

1800
1800
1760
1770
1600
1460
1600
1500
1370
1400
1730
1760

1400
1340
1450
1500
1460
1570
1640
1650
1740
1760
1640
1470

1370
1470
1530
1490
1550
1570
1650
1720
1780
1800
1370
1600

2073
2073
2033
2043
1873
1733
1873
1773
1643
1673
2003
2033

4.83
83
+92
4.90
«34
.78
+34
.65
6.09
5.98
5.00
4.92

JTATTATTUT 4> >

2,09
2.14
2,16
2423
2414
2,05
2.18
2410
2.04
2.08
218
223

2 Q65

1673
1613
1723
1773
1733
184%
1913
1923
2013
2033
1913
1743

= 0450 ats:

1643
1743
1803
1763
1823
1843
1923
1993
2053
2073
1643
1873

5.98
6.21

LOgiO (gas vel.)

1.93
2,00
2,07
204
207
2,00
2611
2.06
207
2410
2410
2.04

3.02

Logy (10p) = 0.70

5.02

4.83
6.09
5434

2.03
2,18
2,18
2.14
2423
2,18
2,18
2.18
2.23
2,22
2,06
2.22
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R x 107 g, T4, 1/1°4 x 101 log,,(10°R)
Gas velocity 100 cums/secc. LOglO (gas vel.,) 2,00
Oxygen partial pressure 0,50 ats. logyqg (10p) 0.70

22,8 1290 1563 6441 1436
3340 1350 1623 617 1.52
38,0 1280 1553 6.45 1.58
29,2 1200 1473 6.80 1.47
3455 1580 1853 5440 1,54
2145 1520 1793 5.58 1439
42,2 1620 1893 5429 1,63
29,2 1650 1923 5420 1.47
31,7 1720 1993 5.02 1.50
20,3 1570 1813 5.43 1.38
33,2 1720 1993 5.02 1,52
26,8 1740 2013 4.97 1,42

Gas velocity 100 cms/sec. Log, (gas vel.) 2.00
Oxygen partial pressure = 0.20 ats. Logy g (10p) .0.,30

9.14 1000 1273 787 0.96
8e7 970 1243 8.06 0.94
11.9 1120 1393 7+19 1.08
9.0 1170 1443 6.94 0.95
9.1 1400 1673 5.98 0.96
646 1320 1593 6.28 0.82
10.5 1470 1743 5.74 1,02
1/..9 1550 1823 5.49 1.17
11.5 1640 1913 5.23 1,06
15.8 1650 1923 5.20 1.20
10,9 1720 1993 5.02 1,04
18.7 1720 1993 5.02 1.27
18,7 1780 2053 1.87 1.27
15.2 1620 1893 5.29 1.18
15.2 1380 1653 6.06 1.18
9.25 1280 1563 6.41 0.97

Gas velocity 250 cms/sec. Logyq (gas vel.) 2.40
Oxygen partial pressure 0.20 ats. Logq g (10p) 0.30

AT.6 1250 1523 6.57 1:68
3645 1320 1593 6.28 1.56
414 1350 1623 6.17 1,62
354 1500 1773 5.65 1455

3544 1500 1773 5.65 1.55



R x 105

32.8
50.1
4849
4305
4946
26 .2
28.‘1’
27.2
26,2

T°C,

1500
1540
1640
1660
1770
1080
1090
1020
1030

To.[io

1773
1813
1913
1933
2043
1353
1363
1293
1303

Gas velocity 560 cms/sec.

Oxygen partial pressure 0.20 ats.

4249
40,2
41.8
45.6
47.2
4345
48

42

45 .6
! ‘Arol
5748
5642
50,5
5045
4145
51.2

1050
1060
1150
1160
1250
1230
1420
1480
1480
1500
1560
1600
1660
1680
1780
1740

1323
1333
1423
1433
1523
1503
1693
1753
1753
1773
1833
1873
1933
1953
2053
2013

Gas velocity 1280 cms/secc.

Oxygen partial pressure 0.20 ats.

44..5
4746
5749
5340

1060
1070
1230
1120
1220
1250
1230
1290
1400
1440
1560
1430
1640
1710
1680
1770

1333
1343
1503
1393
1493
1523
1503
1563
1673
1713
1833
1703
1913
1983
1953
2043

1/7°4 x 10"

5.65
5.52
5.23
5.18
4.90
7.40
7.35
T.75
7.69

57
.51
.04
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0
23
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Loglo (gas vel.)

7.51
7.46
6.66
7.19
6.71
6:57
6,66
6.41
5.98
5.84
5.46
5.88
5.23%
5.05
5.12
4.90

Loglo (1OP)

135
1oglo(105R)

0.30

1,63
1,61

3.11

1.65
1,68
1,76
1.72
1.81
1.81
1.81
173
1.81
1.8%
187
1.87
1.92
1.84
1.87
1.87
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TABLE 3. '
Nominel Ges Velocity 250 cms/sec. Logy, (gas vel.) 2.40.
Total gas pressure = 0,31 ats, Logq, (10P) 0449
Partial oxygen pressurc = 0.062 ats. Log,, (100p) 0.79

R x 10° 0°G, mo4, 1/1°4 %10 1og10(1o53)
33 1570 1843 5,43 1,52
36 1800 2073 1.83 1,56
35 1740 2013 4.97 1.54
35 1600 1873 5.34 1.54
33 1720 1993 5.02 1.58
29 1350 1623 6.17 1,16
29,5 1520 1813 5,52 1.47
o5 1280 1553 6.5 1440
25,4 1300 1573 6.36 1.41
35 1140 1713 5.84 1.51
6.2 1550 182% 5.49 1.42
25.2 1650 192% 5.20 1.40

Nominal gas velocity 100 cms/sec. Log4g (gas vel.) 2,00
Total gas pressure = 0,31 ats. Logyg (10P) 0.49
Partial gas pressure = 0.062 ats. Logy, (100p) 0.79

1546 1720 1993 5.02 1.19
13.5 1750 2023 4.95 1.13
17.2 1620 1893 5.29 1.24
12.4 1630 1903 5.26 1.09
13.8 1690 1963 5.10 1.14
12.4 1570 1843 5.43 1,09
10.0 1420 1693 5.91 1.00
10.6 1340 1613 6.21 1.03
10.3 1250 1523 6.57 1,01
15.2 1650 1923 5.20 1.18
13.8 1640 1913 5.23 1.14

Nominal gas velocity 560 cms/sec. Log,, (&as vel.) 2.75
Total gas pressure 0.31 ats. Iog,, (10P) 0.49
Partial oxygen pressure 0.062 ats. Iog,, (100p) 0.79

3248 1340 1613 6.21 1¢52
A2 1440 1713 5.84 1.62
33 1380 1653 6.06 1.58
3647 1490 1763 5.68 1.56
3245 1360 1633 6.13 1,51



137.

R x 10° T g, T4, 1/m*a x10* log, o(10°R)
39,0 1360 1633 6.13 1,59
3504 1590 1863 5.37 1.60
10.2 1730 2003 5.00 1.60
15.6 1700 1973 5.07 1.66
35.2 1320 1593 6.28 1.55

Nominal gas veloecity 840 cms/sec. Logq g (gas vel.,) 2,92
Total gas pressurce 0.31 ats. Log g (10P) 0.49

Partial oxygen pressure 0.062 ats. TLogy, (100p) 0.79
31.6 1300 1573 6.36 1.50
3544 1300 1573 6.36 1.55
15,2 1360 1633 6.13 1.66
19.0 - 1400 1673 5.98 1,69
5441 1500 1773 5.65 1.73
50.5 1660 1933 5.18 1.70
49,0 1580 1853 5.40 1.69
19.0 1660 1933 5.18 1,69
525 1740 2013 4,97 1.72
5045 1700 1973 5.07 1.70
5065 1750 2023 4.93 1.70

Nominal gas velocity 1150 cms/sec. Logy {gas vel.) 3.06

Tot~l gos pressure 0,32 ats. Loglo (10P) 0.51

Partial gns pressure 0.064 ats. Log, g (100p) 0,81
19,0 1360 1633 6.13 1.69
60,8 1400 1673 5.98 1.78
60.8 1440 1713 5.84 1.78
17«5 1350 1623 6.17 1,68
63,2 1630 1903 5.26 1.80
57«8 1570 1843 5643 1.76
60,8 1550 1823 549 1,78
61.8 1690 1963 5.10 1.79
62.5 1620 1893 5429 1.80
5145 164C 1913 523 1,81
61.8 17%0 2003 5.00 1.79

67.5 1800 2073 4.83 1.83
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R x 10° peC, Py, 1/7°A x10% log, ,(10°R)

Nominnl gas velteity 1200 cms/sec. Iog,, (gas vel.) 3.08
Total gas pressure = 1 at. Tog, (10P) = 1
Partial oxygen pressure = 0.20 ats. Log,, (100p) = 1.3

84 1460 1733 5.98 1.92
64 1220 1493 6.71 1.81
7142 1260 1533 6.53 1.85
7045 1150 1423 7.04 1.85
6245 1170 1443 6.94 1.80
55.0 1120 1393 7.19 174
70 1390 1663 6.02 185
8848 1470 1743 5.74 1.95
86 1520 1793 5.58 1.93
86,4 1750 2023 4.95 1.9%
85 1740 2013 4.97 1.93
88.8 1680 1953 5.12 1.95

Nominel gas velocity 780 cns/sec Loglo (gas vel.) 2.89
Total gos pressure = 1 at.  Togyg (10P) = 1
Partial oxygen pressure = 0.20 ats. Loglo (100p) 1.3

76 1760 2033 4.92 1.38
6644 1600 1873 5.34 1.82
6944 1440 1713 5.84 1.84
7244 1730 2033 5.00 1.86
69.8 1490 1763 5.68 1.84
70 1740 2013 4.97 1.85
64 1600 1873 5.34 1.81
55.4 1270 1543 6.49 1.74
47 o4 1160 1433 6.99 1.68
55 1190 1463 6.84 1.74
55 1200 1473 6.80 1.74

Nominal gas velocity 410 cns/sec. Logy g (gas vel.) 2.61
Tot~1 gos pressure = 1 ati  Log, (10P) = 1
Partial oxygen pressure = 0,20 ats. Logyg (100p) = 1.3

7044 1240 1513 6.62 1.61
4044 1150 1423 7.04 1.61
40.1 1150 1423 7.04 1,61
16,1 1240 1513 6.62 1.67
1.6 1160 1733 5.78 1.62
4644 1370 1643 6.09 1.67
5942 1580 1853 5.40 1.77
5342 1600 1873 5.34 1.73

56 1600 1873 5.34 171
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R x 10° T*C, men, 1/7°4 %10 1og, o (10°R)
51.2 1660 1933 5.18 1.71
49 1700 1973 5.07 1,69
56 1800 2073 4.83 1.75

Nominal gas velocity 250 cms/sec. Logyo (gas vel.) 2.40

Total ges pressure 1 at. Logy g (10P) = 1

Partial oxygen pressure 0420 ats. 'Loglo(loop) 1.3
16 .4 1740 2013 4.97 1.67
38.8 1730 2003 5.00 1.59
1242 1500 1773 5.65 1.63
40 1560 183%3 5.46 1.60
10.6 1600 1873 5434 1.61
10.6 1160 1733 5.78 1.61
34 4% 1400 1673 5.98 1.54
314 1350 1623 6.17 1.54
31 1100 1373 7.29 1.49
29.6 1270 15473 6.49 1.47
31.8 1170 1443 6.94 1.50
30.2 1110 1383 T.24 1.48

Nominal gas velocity 150 cms/sec. LOglO (gas vel.,) 2.18

Total gas pressure = 1 at. Logy, (10P) = 1

Partial oxygon pressure 0.20 ats. Loglo(loop) 1.3
16.6 1300 1573 6.36 1.22
13.3 1360 1573 6.36 1.12
19.5 1420 1693 5.91 1.29
26.6 1400 1673 5.98 1.42
20,2 1580 1853 5.40 1.31
18.1 1490 1763 5.68 1426
21.2 1560 1833 5.46 1.33
25.6 1700 1973 5.07 1.41
2242 1750 2023 4 .95 1.35
17 1060 1333 7.51 1.23
19 1070 2033 4.95 1.35
22.8 1770 20473 4,90 1,36
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B. Reactions of oxygen with polycrystallinc graphitec.

The rcocetion of oxygen with the polycrystalline
graphitc is choenically controlled to a degree depcendent on
the rcnaction conditions e.g. tenperature and total gos
pressurc, Because of the existence of mixed regimes no
apparent nass tronsfer coefficients or chemical rezction

rate constents have been calculated.

TABLE 4.

Total gos pressure = 1 atmosphere.
Partizl oxygen pressure = 0.20 ats.

R x10° T, Tep 1/2°4 x10% log, o(10°R)
Gas Vclocity 100 cms/sec.

2.66 900 1173 8.54 043
44,56 1050 1323 T.57 0.66
6.71 1070 1343 7.46 0.83
17.0 1110 1383 T.24 1.23
7486 1340 1613 6.21 0.90
9.5 1330 1603 6.25 0.98
23.0 1520 1793 5.58 1.36
11.5 1580 1853 5440 1.06
12.2 1520 1793 5458 1,07
9.75 1460 1733 5478 0.99
19.5 1620 1893 5429 1,29
13.8 1650 1923 5.20 1.1%
1347 1720 1993 5402 1.14
13,0 18C0 2073 1.83 1.11
9.75 127G 1543 6.49 0.99
11.9 1220 1493 6.71 1.08
504’5 1170 1443 6094 0074
10.4 1200 1473 6.80 1.02
349 1010 1283 7.81 C.59
2417 980 1253 8.00 0433



R x10°

6.0
4487
11.2
9.0
6424
10.4
9.0
12,1

Gas velocity

21.6
25,0
24 .4
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19.5

T°C. T°A
1080 1353
1120 1393
1130 1403
1200 1473
1120 1393
1120 1393
1160 1433
1150 1423
250 cms/sec.
1300 1573
1300 1573
1300 1573
1150 1423
1000 1273
1140 1413

900 1173
1220 1493

920 1193
1100 1373
1040 1313
1300 1573
1700 1973
1450 1723
1380 1653
1300 1573
1300 1573
1400 1673
1420 1693
1320 1593
1600 1873
1150 1423
1160 1433
1180 1453

930 1203
1280 1553
1230 1503
1070 1343
1270 1543
1260 1533

1/T°A x10

7440
7.19
T7.14
6.80
7419
7.19
6.99
7.04

6.37
6.37
6.37
7.04
T.87
7.09
8.55
6.71
8.38
7.28
7.60
6.37
5.04
5.81
6.06
6.37
6.37
6.00
5.92
6.25
5435
7.04
6.99
6.89
8.3%3
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loglo(losR)

0.78
C.69
1,05
0.95
0.80
1.02
0495
1.09

1.33
1.40
1.39
1.28
0049
1,18
0.4l
1.22
0.24
1.25
0«80
1.34
1457
1.42
143
1.40
1.39
1.52
1,60
1.46
1,61
1.31
1.16
1,22
0,08
1,34
1,33
0.85
1.24
1.29



R x 10° T°C. T°k.
Gas vcloeity 1,090 cms/sec.
26.1 1300 1573
21.9 1280 1553
2456 1060 1333
2.26 1010 1283
3448 1260 1533
1.50 980 1253
3240 1240 1513
11.0 1100 1383
6.5 1040 1313
43 1500 1773
10.4 1080 1353
9.75 1090 1363
16.2 1100 1373
28 1230 1503
3646 1320 1593
5546 1470 1743
67 1700 1973
39 1900 2173
51 1870 2143
5845 1910 2183
49 1980 2253
65 1850 2123
56 1850 2123
19 1950 2123
65 1850 2123
65 1850 2223
69.5 186C 2133
65 1930v 2203
73 1840 2113
5845 1640 1913
43 1530 1803
A% 1570 1843
56 169C 1963
2 1800 2073
3345 1520 1793
18,8 1260 1533
23,3 1280 1553
21 1200 1473
15 1200 1473
3342 1380 1653
3344 1400 1673
3440 1370 1643
3/ 4 1380 1653

1/T°A x10

6437
6.45
Te52
7.81
6.54
8.00
6 '-62
Te24

.63

.65
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R x 10°

65

7045
715
42345
4245
3442
67.1
546
AL o6
30

4945

Gas veclocity

2.3
34
398
2746
2546

De22

3448

1.88

2,61
2243

4485

2434
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7841

53
106
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130
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T°C. T*A
1700 1973
1750 2023
1670 1943
1520 1793
1520 179%
1550 1823
1680 1953
1600 1873
1520 1793
1400 1673
1550 1823
7,000 cms/sec.

900 1173
1280 1553
1300 1573
1250 1523
1300 1573
1050 1323
1030 1303

900 1173
100C 1273
1300 1573
1000 1273

900 1173

960 1233
1300 1573
1200 1473
1150 1423
1430 1703
1400 1673
1480 1753
1620 1893
1740 2013
1630 1903
1706 1973
1450 1723
1450 1723
1500 1773
1600 1873
1480 1753
1920 2193
1840 2113
1910 2183
1880 2153
1920 2193

1/m°4 x10%

5407
4:95
5416
559
5459
5:50
5.16
5435
5.59
5.99
5.50

8.54
6.45
6.37
6.60
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7.68
8.55
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log,, (10°R)

1.81
1.85
1.85
1.63
1.6%
1453
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1.74
1.65
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R x 10°  T°C. 0°a. 1/7°A x10*  log,, (10°R)
106 1830 2103 4,76 2.03
109 1870 2143 4,67 2.04

84 1910 2183 4.58 1.92
122 1830 2103 4,76 2.09
106 1980 2253 4.44 2,03

98 1910 2183 4,58 1.99
117 1870 2143 4,67 2,07

3062 1270 1523 6.57 1.48

29.2 1230 1503 6.66 1.47

6345 1480 1753 5.71 1.80

35 1340 1613 6.21 1.54

40 1370 1643 6.09 1.60
100 1720 1993 5.02 2.00

43 14410 1713 5.84 1.63

90 1800 2073 4,83 1.95

9745 1750 2023 4.95 1.99

58.5 1640 1913 5.23 1.77
135 1800 2073 4.83 2413
135 1780 2053 4.87 2.10
125 1800 2073 4.83 2,10

TABLE 5.

Total gas prcssure = 1 atm. Partial oxygen pressure =0.,50

R x10° 7°C P4 1/1*4 x10* log, 5(10°R)

26.6 123C 1503 6.66 1443

2344 108C 1353 7.40 137

1.6 950 1223 8.19 0,19

16.0 1060 1333 7451 1.20

16.2 1120 1393 7.19 1.21

1446 1150 1423 7.04 1.16

13.9 1100 1373 7.29 1.14

3843 1450 1723 5.81 1.58

39.0 1400 1673 5.98 1.59

53 1510 1783 5.61 1,72

34 1560 1833 5.46 1.53

30 1700 1973 5.07 1.48

49 1720 1993 5.02 1.69

42 1760 2033 4.92 1.62

50 1750 2023 4,95 1,70

1647 1080 1353 7.40 1,22

449 990 1263 7.93 0.69

Gas velocity 100 cms/sec.



R x10°  T°C. 774,
10.6 1020 1293
14~ 1070 1343
4146 1430 1703
49 1440 1713

9.2 105C 1323
24 o4 1200 1473
24 A 1240 1513
24 o4 1230 1503
2740 1270 1543
3645 1350 1623
29.2 1350 1623
29.2 1650 1923
2646 1740 2013

Gas Velocity 250 cms/sec.
97«5 1600 1873

107 1770 2043
68.0 1560 1833
97.5 1620 1893
T3.1 1560 1833
975 1630 1903
41,8 1130 1403
33.2 1170 1443
3341 1170 1443
17.6 1060 1333
2445 1120 1393
334 1140 1413

0.9 870 1143

14.6 1030 1303
26 1120 1393
19.5 1030 1303
18,3 105G 1323
71.5 1480 1713
84 1620 1893
54 127¢C 1543
84 1560 1833
3246 1290 1563
65.2 1360 1633
5845 1440 1713
36,0 1350 1623
61.5 1400 1673
30 1280 1553
4105 1200 1473
H25 13C0 1573
75.1 1460 1733

1/1m°4 %10t

7475
7.46
5.88
5.84
T.57
6.80
6.62
6.66
6.49
6.17
6.17
5.20
4.97
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R x 10° Te g, 2°A.  1/7°A x10*  log,(10°R)
Gas Velocity 1,090 cms/sec.

44 1200 1473 6.80 1.64
168 1720 1993 5.02 2.23
143 1740 2013 4.97 2.14
130 1650 1923 5.20 2,11
130 1620 1893 5.29 2.11
130 1750 2023 4 .95 2.11
102 1420 1693 5.91 2,01
146 1620 1893 5.29 2,16
117 1370 1643 6.09 2.07

9745 1440 1713 5.84 1.99

97.5 1390 1663 6.09 1.99

80 1370 1643 6.09 2.07

65 1240 1513 6.62 1.81

8345 1320 1593 6.28 1.92

73 1300 1573 6436 1.86

65 1260 1533 6.53 1.81

65 1220 1493 6.71 1.81

8345 1250 1523 6.57 1.92

15,6 1030 1303 7.69 1.19

25.1 1060 1333 7.51 1.40

78 1260 1533 6.53 1.89

2942 1110 1383 T7.24 1.47

48.7 1160 1433 6.99 1.69

16.4 1020 1293 7.75 1l.21

30,8 1100 1373 7.29 1.49

6345 1220 1493 6.71 1.80

2748 1080 1353 7440 1.44

44 1170 1443 6.94 1.64

2344 1040 1313 763 1.34

80 1250 1523 6.57 1.30

Gas Veloecity 7,000 cms/sec.

39 1100 1373 7.29 1.59

50 1160 1433 6.99 1.70

63.4 1180 1453 6.89 1,84
180 1720 1993 5.02 2.26
146 1600 1873 5.34 2.16
207 1770 2043 4.90 2.32
161 1600 1873 5.34 2.21

88 1330 1603 6.25 1,94

7545 1300 1573 6.36 1.88
123 1600 1873 5.34 2.09
159 1580 1853 5440 2,20

69,6 1300 1573 6.36 1.84
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R x 10° TG, 7oA, 1/1°A x10% 1og10(105R)
102" 1550 1823 5.49 2,09
97.5 1380 1653 6.06 1,99
132 1190 1763 5.68 5.12
76 1310 158% 6.32 1:88
97.5 1260 1533 6.5% 1.99
7% 1200 1473 6.80 1.86
51 1230 1503 6.66 1.71
19.5 1070 1345 7.46 1.29
85 1300 1573 6.36 1,94
133 1240 1713 5.84 2.12
117 1440 1713 5.84 2.07
209 1580 1853 5.40 5.30
146 1500 1773 5.65 2,16
128 1370 16473 6.09 2,11
167 1470 1743 5¢74 2422
195 1660 1933 5.18 2.29
152 1550 1823 5.49 2.19
110 1370 1643 5.09 2to1
TABLE 6.

Nominal Gas Veloeity 1,090 cms/sec.
R x10° T°C, T°A. 1/7°4 x10%  log, 4(10°R)

No preheating of graphite. Total gas pressure = 0,13 ats.
Partial oxygen pressure = 0,026 ats.

14,2 1430 1703 5.88 1,15
0.78 1030 1303 7.69 1.89
9.6 1250 1523 6.57 0.98
0.81 1070 1343 7.46 T.91
3.44 1200 1473 6.80 0.54
2.44 1180 1453 6.89 0.39

1044 1380 1653 6.06 1,02

11 1330 1603 6.25 1,04
2.16 1180 1453 6.89 0.33
745 1420 1693 5.91 0.58
8 1370 1643 6.09 0,90

13 1470 1743 5.74 1,11

18.9 1550 18253 5.49 1.28

11 1400 1675 5.98 1.04

19.5 1590 1863 5.37 1429

18.9 1570 1843 5,43 1.28
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R x 10° 7o Q, TeA, 1/0*A x10* log10(105R)
10.1 1680 1953 5,12 1,00
15,8 1610 1883 5,31 1.20
1157 1980 2253 444 1.07

9.0 1970 2243 4,46 0.95
13,7 1930 2203 454 1.14
18,3 1750 5023 495 1.26

8.2 1950 0023 1,50 0.91
12,2 1510 2183 4.58 1.09
19.5 1780 2055 4:87 1.29
13.3 1530 2203 4.54 1,14

6.0 1920 2193 4.56 0.78
21.2 1700 1973 5.07 1.33
16.2 1860 21353 .69 1,21
11.7 1880 2155 4.65 1,07
13 1600 1873 5.34 1,11
12 1700 1973 5.07 1,08
11,7 1720 1993 5.02 1.07
12.4 1630 1903 5.26 1,09
14.6 1600 1873 5.34 1.16

9.75 1780 2053 4.87 0.99

8.4 1800 2075 4.83 0.92
13.6 1760 20353 4,92 1.1%
12.7 1720 1993 5.02 1,10
19.5 1660 19553 5.18 1.29
10.8 1700 1975 5.07 1.0%
50.3 1500 1773 5.65 1.32
18.7 1500 1773 5.65 1.27
19.5 1670 1943 5.15 1.29
12.6 1510 1783 5.61 1.16
17.2 1580 1953 5.12 1.24

6.5 1800 5073 1.83 0.81

0k 1800 2073 4.83 0.97

Graphite preheated at 2,000°C. for about 30 seconds. The
reaction times were 30 seconds or less. Total gas pressure
= 0.,1% ats. Partial oxygen pressure = 0,026 ats,

10.2 1660 1933 5.18 1.01
14.6 1620 1893 5.29 1,16
5.9 1780 2053 4.87 0.77
5.1 1800 2073 4.87 0.71
15.4 1650 1923 5.20 1419
11.7 1760 2033 4.92 1.07
17 1660 1933 5.18 1.23
740 1780 2063 4.85 0.85
18,1 1720 1993 5,02 1.26
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T°C.
1670
1630
1640
1280
1070
1080
1190
1450
1470
1400
1190
1400
1490
1500
1560
1470
1460
1150
1420
1540
1640

T°A.

1943
1903
1913
1553
1343
1353
1463
1723
1743
1673
1463
1673
1763
1773
1833
1740
1733
1423
1693
1813
1913

Ambient nominal gas pressure =
Partial oxygen pressure = 0,069 ats.

3.0
22,
1645

1.2
13°

1.25
30.8
3T 4
26
55

1060
1280
1260
1050
1180
1020
1910
1930
1910
1830
1880
1890
1740
1820
1920
1820
1840
1800
1210
1430
1250

1333
1553
1533
1323
1453
1293
2183
2203
2183
2103
2153
2163
2013
2093
2193
2093
2113
2073
1483
1703
1523

1/7°A %10

515
.26
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1og10(1o5R)

1,06
1:32
1.25
0.80
0.32
0.08
0.57
1.20
1.18
1.12
0.38
1.25
1.33
1.24
1.32
1.08
1.19
O.Aro
1.04
1.24
1.35

0,063 ats. Impact pressure
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150.

R x 10° TeC. oA 1/7°4 x10*  log,,(10°R)
2741 1400 1673 5.98 1.44
26.6 1370 1643 6.09 1.42
41,7 1470 1743 5.74 1,62
39 1490 1763 5.68 1.59
15.2 1300 1573 6.36 1.18
42 1450 1723 5.81 1.62
4045 1690 1963 5.10 1.61
A2 1720 1993 5.02 1.62
39 1600 1873 534 1.59
51 1660 1933 5.15 1.71
51 1700 1973 5.07 1.71
51 1690 1963 - 5.10 1.71
19 1800 2073 4.83 1.28
24 1800 2073 4.83 1.38
25.4 1790 206% 4 .85 1.40
46.8 1640 1913 5:23 1467
41° 1750 2023 4 .95 1.61
52.5 1620 1893 5.29 .72
3646 1700 1973 5.07 1.56
48,6 1720 1993 5.02 1.69
56 1450 1723 5.81 1.75
25" 1300 1573 6.36 1.40
15 4 1200 1473 6.80 1.19

345 1080 1353 7440 1.13

645 1130 1403 To14 0.81
21.4 1280 1553 6.45 1,33
39 1700 1973 5.07 1.59
53 1600 1873 5.34 1.72
54 1770 2043 4.90 1.53
58 1520 1793 5.58 1476
52 1450 1723 5.81 1,72
51 1500 1773 5.65 1,71
36 1700 1973 5.07 1,56

Total gas pressurc = 0.13 ats. Partial oxygen pressure = 0,13

52 1940 2213% 4,52 1.72
5845 1830 2103 4.76 1.77
52 1820 2093 4,78 1.72
69 1800 2073 4,83 1.84
56 1840 2113 4.73 1.75
5845 1880 2153 4.65 1.77
51.5 1830 2103 4.76 1.71
58 5 1860 2113 4.69 1.77

8.5 1820 2093 4.78 1,69
38 1980 2253 4.44 1.58



T°C.,
1900
1940
1740
1600
1670
1800
1740
1800
1550
1470
1460
1570
1490
1660
1570
1400
1360
1370
1430
1520
1580
1630
1600
1770
1640
1670
1620
1800
1110
1130
1520
1400
1360
1070
1090
1230
1290
1740
1620
1480
1800
1800
1780

T°A.

2173
2213
2043
1873
1943
2073
2013
2073
1823
1743
1733
1843
1763
1993
1843
1673
1633
1643
1703
1793
1853
1903
1873
2043
1913
1943
1893
2073
1383
1403
1593
1673
1633
1343
1363
1503
1563
2013
1893
1753
2073
2073
2053

1/1m°a x10*

4.60
4.52
4.90
5434
5.34
4.83
4.97
4.83
5.49
5.74
5
5
>
5
5
5

Ld

151,

1og10(105R)

1,61
1.70
1.83
1.91
1.91
1.79
1.86
1.79
1.83
1.79
1.77
1.88
1.81
1.96
1.85
le42
1.36
1445
1.62
1.77
1.79
1.88
1.77
1.88
1,86
1.96
1.80
1477
1.07
1.20
1:46
1453
1.47
0.97
1.18
1.40
1.56
1.80
1.86
1.81
1.86
1.80
1082



152,

R x10° 7 ¢, meA,  1/7°A x10% log 5(10°R)
Total pressure = 0,20 ats. Partial oxygen pressurec = 0,20 ats
109 1800 2073 4.83 2.04
65 1550 1823 5.49 i.81
88 1750 2023 4,95 1.94
67,6 1560 1833 5.46 1.83
99 1620 1893 5.29 2400
99 1680 1953 5.12 2,00
86 1700 1973 5.07 1.93
62.5 1660 1933 5.18 1.80
34 1160 1433 6.99 1.53
3441 1170 1443 6.94 153
67.6 1370 1643 6.09 1.83
68,6 1410 1713 584 1.84
72 1910 2183 4.58 186
90 1870 2143 4.67 1.95
69 1900 2173 4 .60 1.84
78 1930 2203 4454 1489
69 1850 2123 4.71 1.84
90 1850 2123 4.71 1.95
72 1880 2153 4 .65 1.86
81 1860 2133 4,69 1.91
69 1980 2253 4.44 1.84
64 1960 2233 4.48 1.81
T4 a5 1870 2143 4.67 1.87
81" 1750 2023 4.95 1.91
54,6 1270 1543 6.49 1.74
78 1400 1673 5.98 1.89
83 1440 1713 5.84 1.94
80 1560 1833 5.46 1.90
89 1580 1853 5.40 1495
13 1600 1873 5.34 1.86
75 1780 2053 4.87 1i88
36 1160 1433 6.99 1.56
4645 1220 1493 6.71 1.67
2344 1100 1373 7.29 1437
675 1280 1553 6.45 1.83
43 1180 1453 6.89 1.63
7545 1660 1933 5.18 1.88
8345 1500 1773 5.65 1.92
96 1590 1863 5.37 1.98
90 1450 1723 5.81 1.95
108 1600 1873 5.34 2.03
110 1640 1913 5.23 2.04
85" 1560 1833 5.46 1.93
9345 1680 1953 5.12 1.97



153.

R x 10° T C, 1°A.  1/7°A x10%  log,,(10”°R)
91 1540 1813 5.52 1.96
8345 1800 2073 4 .83 1.92
87 1520 1793 5.58 1.94
94 1590 1863 5.37 1.97
91 1560 1833 5.46 1.96
78" 1800 2073 1.83 1.89
81,5 1750 2023 4.95 1.91

107 1670 1943 5.15 2.03
73 1800 2073 4.83 1.86
9245 1630 1903 5.26 1.97

Total pressure = 0,30 ats. Oxygen partial pressure = 0,06 at
313 1570 1843 5.43 1.50
33.6 1670 1943 5.15 1.53
40 1730 2003 5.00 1,60
2842 1780 205% 4.87 1.45
20.8 1460 1733 5.78 1.32
29,2 1730 2003 5.00 1.47
31.8 1720 1993 5.02 1.50
19.5 1800 2073 4.83 1.2
36 1650 1923 5.20 1.56
2545 1770 2043 4.90 1.41
2942 1750 2023 4,95 1.47
18.8 1790 2063 4.85 1.21
19.5 1770 204.3 4.90 1.29

1.12 1000 1273 7.87 0.05
17.6 1420 1693 5.91 1.25
21.7 1400 1673 5.98 1.34
3042 1540 1813 5.52 1.48
16.8 1420 1693 5.91 1.22
19.5 1900 2173 4.60 1.29
31 1850 2123 4.71 1.49
31 1870 2143 A .67 1.49
32 o/t 1830 2103 4.76 1.51
378 1820 2093 4,78 1.58
37 1570 1843 5.43 1.57
34 .4 1860 2133 4.69 1.54
22.5 1870 21473 4,67 1.35
20,4 1890 2163 4.63 1.31
13 1980 2253 4.14 1.11
2745 1920 2193 4,56 1.44
2842 1850 2223 4,50 1.45
19.5 1400 1673 5.98 1.29

9.1 1170 1443 6.94 0.96

9.8 1150 1423 7.04 0.99



R x10° 1°C,
9.8 1150
15.3 1300
10.3 1210
9.8 1200
349 1030
6.2 1160
20.4 1350
8.4 1200
29 1560
39 1680
19.5 1500
17.8 1380
20 1370
9.8 1320
16.8 1360
Total pressurc =
26 1060
3547 1080
55.7 1170
61 1220
66.5 1210
4741 1110
3345 1300
117 1400
117 1420
70 1250
125 1400
111 140G
7446 1280
138 1660
122 1680
108 1660
105 1620
129 1640
108 1670
112 1730
123 1780
111 1750
117 1710
134 1700
121 1630
102 1640
129 1700
114 1520
126 1650

0.30

TOAQ

1423
1473
1483
1473
1303
1433
1623
1473
1833
1953
1773
1653
1643
1593
1633

ats.

1333
1353
1443
1493
1483
1383
1573
1673
1693
1523
1673
1673
1553
1933
1953
1933
1893
1913
1943
2003
2053%
2023
1983
1973
1903
1913
1973
1793
1923

154,

1/1°4 x10*  1og, ,(10°R)
7.04 0.99
6.37 1,18
6.75 1.01
6.80 0499
7.69 0.59
6.99 0.79
6.17 1.31
6.80 0.92
5.46 1.46
5.12 1.59
5.65 1.29
6.06 1.25
6.09 1.30
6.28 0499
6013 1023
Partial oxygen pressure = 0,30 ats
7.51 1.42
7.40 1.55
6.94 1.75
6.71 1.79
6.75 1.82
T.24 1.67
6.36 1.97
5.78 2,07
5491 2.07
6.57 1,85
5.98 2,10
5.98 2.05
6.45 1.87
5.18 2.14
5.12 2.09
5.18 2,03
5029 2002
5.23 211
5.15 2,03
5.00 2.05
4.87 2,09
4.95 2.05
5.05 2,07
5.07 2,13
5.26 2,08
5.23 2401
5.07 2411
5.58 2.06
5.20 2,10



155.

R x10°  T°C, A, 1/7°A, x10%  log,(10°R)
71 1300 1573 6,36 1.85
69 1930 2203 4 .54 1.84
86 1980 2253 4.44 1.94
Q0 1900 2173 1.60 1.95
9745 1880 2153 4.65 1.99

129 1850 2123 4.71 2.11
104 1830 2103 4.65 2,02
104 1830 2103 4.76 2.02
90 1810 2083 4.80 2,00
110 1880 2153 4.65 2,04
129 1850 2123 4.71 2611
117 1890 2163 4.63 2,07
92 1950 2223 4.50 1.94
108 1400 1673 5.98 2403
114 153Q 1803 5455 2.06
121 1570 1843 5.4% 2.08
110 1480 1753 5.71 2,04
111 1530 1803 555 2.04
5845 1270 1543 6.49 1.77
117 1640 1913 5.23 2.07
80 1350 1623 6.17 1.50
17 1350 1623 6.17 1.89
103 1460 1733 5.78 2,01
132 1590 1863 5.37 2.12
58.5 1280 1553 6.45 1.77 .
Totel pressure = 0,20 ats. Partial oxygen pressurc = 0,04 a
13.6 1430 1703 5.88 1,13
13.6 1750 2023 4.95 1.13
25.8 1690 1963 5.10 1441
25.1 1630 1903 5.26 1.40
11.7 1470 1743 5.74 1.07
231 1600 1873 5.34 1.37
14,6 1730 2003 5.00 1.16
24 44 1690 1963 5.10 1439
15.6 1720 1993 5.02 119
21.4 1780 2053 4.87 1.33
254 1700 1973 5.07 1.40
26,7 1700 1973 5.07 1443
13.6 1400 1673 5.98 1.13
10.5 1280 1553 6.45 1.02
10.8 1300 1573 6.36 1.03
15.4 1360 1633 6.13 1.18
9.0 1320 1593 6.28 0.95
9.8 1400 1673 5.98 0.99
19.5 1460 1733 5478 1429



156,

R x10° m° g, rea,  1/7°A x10t log, o(10°R)
18,2 1440 1713 5.49 1,26
3.0 1110 1383 7.24 0.48
2.7 1080 1353 7 .40 043
1.8 1040 1313 7.63 0.26
18.2 1400 1673 5.98 1,26
13" 1870 2143 1.67 1.11
126 1900 2173 4.60 1.16
12,3 1900 2173 4.60 1.09
26.8 1800 2073 4.83 1.43
14,6 1830 2103 4.76 1.16
22.8 1760 2033 1.92 1.35
11,7 1370 1643 6.09 1.07
7475 1180 1453 6.89 0.89
8.6 1280 1553 6.45 0.93
2.0 1070 1343 7.46 0.30
23,4 1690 1963 5.10 1,37
25.8 1640 1913 5.23 1.20
22,5 1550 1823 5.49 1.35
22.5 1800 2073 1.83 1.55
17.6 1420 1693 5.91 1.25
20,3 1540 1813 5.52 1.31
23,4 1600 1873 5.34 1.57
21.2 1800 2073 2.83 1.53
16.7 1860 2133 4.69 1,22
15.5 1910 2183 4.58 1.19
13 1920 2193 4.56 1.11
12,8 1060 2233 4.48 1.11
24 o4 1800 2073 4.83 1.39
17.7 1900 2173 4:60 1.25
TABLE 7.

Nominal ges velocity 7,000 cms/sec.

R x10° 7o, T°A.,  1/7°A x10% log, 5(10°R)
Ambient gos pressure = 0.13 ats. Impact precssure = 0,23 ats.
Partial oxygen pressure = 0.046 ats.

346 1130 1403 7.14 0456
2,72 1080 1353 7.40 0.44
1044 1220 1493 6.41 1.02
1.04 1010 1283 7.81 0.02
4425 1160 1433 6.99 0,63
3402 1110 1383 7.24 0.418

2648 1500 1773 5.65 1.43



157,

R x 10° °c. 1A, 1/7°4. x10% log  (10°R)
4434 1700 1973 5.07 1,65
21.6 1480 1753 5.71 1.32
42,8 1530 1803 5.55 1,63
10.9 1200 1473 5.80 1.0%
16,2 1440 1713 5.84 1.21
13.6 1440 1713 5.84 1.13
51,5 1640 1913 5.23 1.71
37.8 1700 1975 5.07 1.58
36.6 1790 2065 1.85 1:56
27 1800 2073 4.83 1,43
26,6 1800 2075 4.83 1.43
35 1590 1865 5.37 1.5
24,4 1520 1795 5.58 1.39

2.3 1110 1383 7.24 0.26
17.5 1360 1635 6.13 1,24
11,7 1370 1613 6.0 1,17
24.4 1150 1723 5.81 1.39
29 1970 2243 4.46 1446
54,6 1850 2125 471 1.54
27.4 1930 2203 4.54 1.4
39 1880 2153 4.65 1:59
15 1820 2093 4.78 1.65
28,2 1850 2165 4.63 1.45
36.4 1900 2175 4.60 1.56
39 1850 2123 471 1,59
29 1900 2175 4.60 1,46
48 1850 2123 4.71 1.68
25.4 1930 2255 4.44 1.40
350/1- 1860 2133 4.69 1-55
10.6 1220 1433 4.71 1.03
16 1540 1813 5,52 1,66
27.8 1390 1663 6.02 1.44
36.6 1480 1753 5.71 1,56
32,5 1670 1943 5.15 1.51
43 1620 1895 5.2 1.63
45 1800 2073 1.83 1,65
25,1 1750 2025 4.95 1,40
53 1590 1863 5.34 1,72
24 .4 1420 1693% 5.91 1.39
45 1680 1953 5,12 1.65
22,5 1800 2073 4.83 1.35



158,

R x 10°  T°C. o8, 1/1°4 x10*  logyy(10°R)
Gas pressurc = 0,13 ats. Impeact pressure = 0,237 ats,
Partial oxygen pressure = 0,23 ats.

67" 1230 1503 6.66 1.83
488 1170 1443 6.94 1.69
13:5 1000 1273 7.87 1.13
7144 1060 1333 T.51 1.50
5865 1300 1573 : 6.36 1.797
6545 - 1350 1623 6.17 1.82
114 1510 1783 5.61 2,06
g2 1400 1673 5.98 1.96
17 1370 1643 6.09 1.89
101 1500 1773 5.65 2,00
103 1470 1743 5674 2,01
135 1500 1773 5465 2el3
156 1620 1893 529 2«19
193 1680 1953 5412 2429
156 1690 1963 5410 2419
156 1730 2003 5.00 2419
180 1720 1993 5.02 2.26
161 1780 2053 487 2421
149 1680 1953 5.12 2417
116 1500 1773 565 2,16
164 1680 1953 512 2422
133 1560 1833 5446 2,12
163 1800 2073 4.83 2,21
162 1900 2173 4 .60 2,21
162 1880 2153 1.65 2.21
122 1350 2123 4.71 2.09
122 1870 2143 4.67 2.09
107 1930 2203 4.54 2.03
98 1970 2243 4446 1.99
98 1920 2193 4.56 1.99
138 13890 2163 4463 2.14
167 1820 2093 1.78 2422
156 19410 2213 4.52 2419
156 1860 2133 4.69 2.19
172 1740 2013 4.97 2.2%
175 1750 2023 4.95 2,214
110 1470 1743 5.74 2415
92 1330 1603 6.25 1.96
142 1480 1753 Je71 2e15

91 1320 1593 6.28 1.97



159.

R x10° T°C, meA,  1/T°A x10° log, o(10°R)
156 1660 1933 5.18 2.19
180 1570 1843 5.43 2.26
180 1570 1843 5.43 2.26
170 1610 1883 5.31 5.23
180 1730 2003 5.00 2.26
173 1780 2053 1.87 2.24

Ambient gas pressure = 0.20 ats. Impact pressure = 0,30 ats,
Partial oxygen pressure = 0.30 ats.

1342 1280 1553 6.45 1.86
43,9 1090 1363 7.35 1.64
60,0 1150 1423 T.04 1.78
172° 1700 1973 5.07 2.24
6645 1170 1443 6.94 1.82
7T 1220 1493 6.71 1.89
2246 1020 1293 T.75 1.35
102 1260 1533 6.53 2.01
9345 1250 1523 6.57 1.97
9745 1320 1593 6.28 1.99
97«5 1300 1573 6.36 1.99
122 1620 1893 5.29 2.,09
140 1640 1913 5.23 2415
160 1500 1773 5.65 2420
147 1620 1893 5.29 2.17
160 1580 1853 5.40 2.20
144 1670 1943 5.15 2.16
125 1640 1913 5.23 2410
170 1690 1963 5.10 2.23
226 1700 1973 5.07 2435
160 1750 2023 4.95 2420
175 1700 1973 5.07 2.24
7345 1220 1493 6.71 1.89
153 1550 1823 5.49 2,18
92 1440 1713 5.84 1.96
116 1380 1653 6.06 2,06
125 1350 1623 6.17 2,10
146 1400 1673 5.98 2.16
124 1370 1643 6,09 2,10
135 1360 1633 6.13 2413
180 1850 2123 4.71 2.26
154 1830 2103 4.76 2419
169 1370 2143 4.67 2423
117 1960 2233 4448 2407
162 1820 2093 4.78 2.21
163 1920 2193 4,56 221

163 1840 2113 4.73 2,21



160.

R x10° 1°C, a. /14 x10*  1og,(10°R)
133 1910 2183 4.58 2.12
172 1920 2193 4.56 2.24
156 1380 2253 4.44 2.19
133 1900 2173 4.60 2,12
110 1960 2233 4.48 2,04
167 1790 2063 4.85 2,22
164 1550 1823 5.49 2.21
167 1600 1875 5.34 2,22
160 1580 1853 5140 220
160 1540 1815 5.52 2,20
195 1530 1803 5,55 2,29 .

Ambient gas pressure = 0,20 ats., Impact pressure = 0.30 ats.
Partial oxygen pressure = 0,06 ats.

41,7 1940 2213 4,52 1.62
56 1930 2203 4.54 1.75
45.5 1960 2233 4.48 1,66
5845 1840 2113 4.73 1.77
56 1850 2123 4.71 1.75
64 1800 2073 4,83 1.81
68 1820 2093 4.78 1.83
53 1820 2093 4.78 1,72
44 1980 2253 4 .44 1.64
5% 1880 2153 4,65 1,72
61.5 1860 2133 4,69 1,79
65 1830 2103 4.74 1.81
58.5 1640 1913 5.23 1,77
5245 1550 1823 5.49 1,72
51.5 1660 1933 5.18 1.71
42 1780 2053 4.87 1,62
48 1700 1973 5.07 1,68
53 1740 2013 4.97 1,72
48 1770 20473 4,90 1,68
56 1690 1963 5.10 1.75
45 1800 2073 4.8% 1,65
51 1790 206; 4,85 1,71
33,2 1470 174 5.74 1.52
5845 1640 1913 5.23 1.77
6345 1580 1853 5,40 1.80
45 1520 1793 5.58 1.65
53 1630 1903 5.26 1.72
40,5 1550 1823 5.49 1.61
4345 1500 1773 5.65 1 .64
43,5 1520 1793 5.58 1.64

1.5 1050 1323 T.57 0.18

1.5 1060 1333 7.51 0.18



161.

R x10° Tog, 7oA, 1/7°4 x10%  log, (10°R)

645 1180 1453 6.89 0,81
10.3 1100 1373 7.29 1,01
1.2 1030 1303 7.69 0.08
10,3 1080 1353 7.40 1.01
10.6 1200 1473 6.80 1.03
15.5 1230 1503 6.66 1.19
25,7 1280 1553 6.45 1.41
13,2 1180 1453 6.89 1,12
8.4 1180 1453 6.89 0.92
18.3 1300 1573 6.36 1.26
27.4 1440 1713 5.84 1.44
3144 1460 1733 5.78 1.50
6445 1620 1893 5.29 1.81
24 44 1420 1693 5.91 1.39
35,2 1480 1753 5.71 1,55
63 1660 1933 5.18 1.80

Ambient gas pressure = 0,40 ats. Impact pressure = 0,44 ats.
Partial oxygen pressure = 0.44 ats.

188 14.00 1673 5,98 2.27
140 1350 1623 6,17 2.15
212 1440 1713 5.84 24,33
174 1350 1623 6.17 2,24
27.6 1020 1293 7.75 1,44
18,3 1010 1283 7.81 1.26
26,6 1000 1273 7.87 1,43
260 1600 1873 5.34 2,42
158 1340 1613 6.21 2,20
146 1420 1693 5,91 2.16
233 1570 1843 5.43 2,37
175 1380 1653 6,06 2.24
66 1150 1423 7.04 1.82
15 1050 1323 7.57 1,18
146 1230 1503 6 .66 2.16
130 1250 1523 6.57 2,11
146 1400 1673 5.98 2,16
225 1480 1753 5.71 2,35
212 1630 1903 5.26 2633
225 1760 2033 1.92 2.35
233 1650 1933 5,18 2,37
241 1800 2073 4.83 2,38
205 1780 2003 5.00 2,31
260 1680 1953 5el 2442
260 1710 1983 5105 2442
146 1400 1673 5.98 2.16
193 1460 1733 5.78 2,29



162 L]

R x10° 1°6.  1°A.  1/7°A x10%  log,(10°R)
222 1600 1873 5.34 2,35
205 1900 2173 3.60 2,31
239 1850 1823 5.49 2.38
226 1850 2125 2.73 2,35
223 1800 2073 1.83 2.35
223 1739 2003 5.00 2.35
240 1750 2025 2.95 2.38
188 1780 2053 4.87 2,27
212 1700 1973 5.07 2,33
185 1870 2143 1.67 2.27
185 1810 2083 4.80 2.27
138 1920 2195 4.56 2,14
180 1970 2243 4.16 2,26
172 1930 2203 4.54 224
138 1880 2153 4.65 2,14
175 1870 2143 4.67 2,25
167 1840 2113 4.72 2,22
175 1930 2203 4.54 2,25
167 1830 2103 4.76 2,22
185 1930 2205 4.54 2.27
150 1950 2223 4.50 2,18

Ambient gas pressure = 0.60 ats. Impact pressure = 0.65 ats.
Partial oxygen pressure = 0,65 ats.

156 1800 2073 4.83 2.19
110 1260 1533 6.53 2.04
38 1030 1303 7.69 1,58
8345 1160 1433 6.99 1,92
297 1020 1293 Te75 1.47
103 1180 1453 6.89 2,01
15 1000 1273 .87 1.18
125 1350 1623 6.17 2.10
5845 1100 1373 7.30 1.77
19.5 1010 1283 7.81 1.29
176 1600 1873 5.34 2425
234 1500 1773 5.65 2437
205 1840 2113 4,72 2431
234 1870 2143 4.67 2.37
250 1850 2123 4.71 2440
234 1820 2093 4.78 2437
220 1800 2073 4.83 2434
175 1900 2173 4.60 2425
267 1740 2013 4.97 2.43
292 1660 1933 5.18 247
260 1720 1993 5.02 2442

308 1650 1923 5.20 2449



R x10°

225
267
234
251
125
212
230
234
251
195
267
126
264

67
254
260
225
246
205
250
196
187
176

Ambient gas pressure = 0,50 ats.,

T°C.
1630
1570
1900
1670
1360
1480
1800
1780
1550
1400
1550
1250
1600
1100
1760
1580
1480
1820
1970
1930
1930
1900
1910

Partial oxygen pressure =

225"
92.5
188
240
180
225
195
225
146
146
1845
16%
210
264
187
133
12
174
214
278
244
244

1450
1180
1500
1580
1440
1580
1420
1570
1260
1300
1060
1320
1540
1550
1360
1360
1000
1540
1720
1650
1720
1730

7°4.  1/7°A x10t
1903 5.26
1843 5.43
2173 1.60
1943 5.15
1633 6.13
1753 5.71
2073 2.8%
2053 1.87
1823 5.49
1673 5.93
1823 5.49
1523 6.57
1873 5.34
1373 7.30
2033 4,92
1853 5.40
1753 5.71
5093 1.78
2243 1.46
2003 1.54
2203 4.51
2173 1.60
2183 4.58
0054 ats.,
1723 5.81
1453 6.89
1773 5.65
1853 5:40
1713 5.84
1853 5.40
1693 5.91
1843 5.43
1533 6.5%
1575 6.36
1333 7.51
1593 6.28
1813 5.52
1823 5.49
1633 .13
1633 6.13
1273 7.87
1813 5.52
1993 5.02
1925 5.20
1933 5.02
2003 5.00
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1og10(1o53)

2435
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R x10° 1°C. 1ea. 1/7°4 x10° log,,(10°R)
264 1800 2073 4.83 2,42
235 1700 1973 5.07 2,37
274 1730 2003 5.00 2,24
263 1600 1873 5.34 2,42
229 1760 2033 2.92 2,36
220 1840 2113 4.73 2,34
254 1660 1933 5.18 2,40

78 1230 1503 6.66 189
23,4 1010 1283 7.81 1,37
146 1220 1493 6.71 2.16
97 1100 1373 7.29 1,99
11 1000 1273 7.87 1,04
155 1300 1573 6.36 2.19
160 1850 2123 4.71 2,20
148 1920 2193 4.56 2,17
207 1850 2123 4.71 2.31
175 1870 2143 4.67 2,25
195 1920 2193 4.56 2,29
207 1870 2143 4.67 2,31
182 1850 2123 4.71 2,26
220 1890 2163 4.63 2.31
175 1880 2153 4.65 2,25
195 1860 2133 4.69 2,29
167 1830 2103 4.76 2,22

Ambient gas pressure = 0.30 ats. Impact pressure = 0.34 ats.
Partial oxygen pressure = 0.34 ats. .
2645 1030 1303 7.69 1.42

195 1670 1943 5.15 2.29
61" 1130 1403 T.14 1.79
15.7 1000 1273 T7.87 1.20

104 1290 1563 6.41 2,02
9345 1160 1433 6.99 1.97

104 1230 1503 6.66 2,02

120 1310 1583 6.32 2.08
975 1250 1523 6.57 1.99

158 1540 1813 5.52 2.20

117 1270 1543 6.49 2,07

117 1250 1523 6.57 1.99

155 1470 1743 5.74 2419

160 1360 1633 6.13 2.20

123 1340 1613 6.21 2.09

155 1480 1753 5.71 2.19

155 1520 1793 5.58 2,19

183 1500 1773 5.65 2426
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R x10° 7°C. rea. 1/1°a x10t log,,(10°R)
161 1620 1893 5.29 2.21
195 1640 1913 5.23 2.29
197 1630 1903 5.26 2.30
183 1780 2053 4.87 2.26
187 1760 2033 4.95 2.29
172 1800 2073 4,83 2.24
195 1750 2023 4.95 2.29
195 1770 2043 4.90 2.29
156 1860 2133 4 .69 2.19
208 1760 2033 4.92 2432
165 1580 1853 5.40 2.22
210 1670 1943 5.15 2.32
167 1630 1903 5.26 2,22
128 1410 1683 5.95 2,11
122 1300 1573 6.36 2.09
174 1530 1803 5.55 2.24
128 1300 1573 6.36 2.11

77 1200 1473 6.80 1.89
123 1880 2153 4.65 2.09
147 1900 2173 4.60 2,17
15% 1860 2133 4 .69 2,18
138 1850 2123 4.71 2.14
148 1880 2153 4,65 2,17
141 1900 2173 4.60 2,16
117 1870 21473 4.67 2,07
140 1870 21473 4.67 2.15
130 1970 2243 4.46 2,11
147 1930 2203 4.54 2,17
172 1950 2223 4 .50 2.24
146 1930 2203 4.54 2417

With 'squared' samples. Ambient pressure 0.13 ats,

Impact pressure 0,23 ats. Partial oxygen pressure 0,23 ats.
130 1980 2253 4 .44 2,11
168 1660 1933 5.18 2.23
161 1740 2013 4.97 2,21
130 1880 2153 4 .65 2,11
161 1690 1963 5.10 2.21
174 1680 1953 5.12 2.24
146 1650 1923 5.20 2.16
156 1700 1973 5.07 2,19
142 1850 2123 1.71 2415
156 1640 1913 5.23 2,19
156 1660 1933 5.18 2,19

156 1670 1943 5.15 2.19
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(C) Reactions of oxygen with pyrographite.

Pyrographite reacts with oxygen much more slowly
than the other materials and the reaction is thought to be
mainly chemically controlled. To test the velocity
dependence the reaction rates have been measured at different
velocities when the oxygen impact pressures have been about
equal.

Table 8.
R x10° 770, T4, 1/7°4 x10*  log,,(10°R)
Nominal gas velocity 1090 cms/sec.
Total gas pressure 0.20 ats., Oxygen partial pressure 0,20 ats

9,7 1440 1713 5.84 0.99
14,7 1900 2173 4,60 1.17
13 1980 2253 4.44 1.11
17.1 18C0 2073 4.83 1.23

0.35 1100 1373 7.29 1.54
13.4 1880 2153 4,65 1.13
12,2 1850 2123 4.71 1,09

2.7 1200 1473 6.80 0443
1342 1500 1773 5.65 1,12
15 1520 1793 5.58 1.18

3.7 1300 1573 6.36 0457
11.1 1540 1813 5.52 1,05
1447 1550 1823 549 1.17
14 1550 1823 5.49 1.15
1741 1730 2003 5.00 1,23

9.3 1500 1773 5.65 0,97
11.8 1660 1933 5.18 1,08
1741 1650 1923 5.20 1,23
1844 1730 2003 5.00 1,26

1,75 1240 1513 6.62 0.24

4,6 1300 1573 6.36 0.66
15,5 1550 1823 5.49 1,13

3.5 1280 1553 6.45 0445

3.3 1250 1533 6.57 0.52
20,6 1700 1973 5.07 1.31

7.6 1350 1623 6.17 0.88
1945 1600 1873 5.34 1.29
14.7 1850 2123 4.71 1417
176 1580 1853 5.40 1.25
11,1 1450 1723 5.81 1,05
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10°R PG 7oA. 1/1°4 x10*  log, 4(10°R)

Nominal gas velocity 7000 cms/sec.
Ambient gas pressure 0.13 ats. Impact pressure 0.23 ats,
Partial oxygen pressure 0.23 ats.

4.2 1300 1573 6,36 0,62
17. 18¢€0 2153 4.65 1.24
18.6 1700 1973 5,07 1.27
18.8 1520 1793 5.58 1.27

0.2 1060 1333 7.51 1.3
15.1 1640 1913 5,23 1,18
16.7 1680 1953 5.12 1.22
14,7 1800 2073 1.83 1417
19.4 1750 2023 4.95 1.29

0.6 1100 1373 7.29 1.78
10,5 1450 1723 5,81 1,02
20 1850 2123 4.71 1.30
1447 1770 2043 4.90 1,17
16 1950 2233 4.48 1,20
18.% 1900 2173 4.60 1,26

141 1350 162% 6.17 0.61
17 1980 2253 4.44 1,23
21 1880 2153 1.65 1,32
16.7 1550 1823 5449 1,22
16,2 1660 1933 5.18 1.21
16.8 1830 2103 4.76 1.22

8.8 1460 1733 5.78 0.94
17.6 1850 2123 4.71 1.25

1.1 1220 1493 6.71 0,04

0,32 1080 1353 7.40 1,51

1.63 1170 1443 6.94 0.21

1.6 1300 1573 6.36 0.66

0.93 1150 1423 7.01 1.97

1,33 1260 1533 6.53 0.12

2.5 1300 1573 6.36 0440

0.82 1190 1463 6.84 T.91
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APPENDIX 3.

Gas Impact Pressures at the Leading Fdge of a Cylinder,

A pitot tube was placed diametrically through a
steel rod of the same size as the carbon rods. Gas at low
pressure was allowed to flow radially across the rod.

The impact pressures were measured and compared
with the values calculated from the conventional impact
pressure formula

u® = 2p1 vi 10ge g%

in which it was assumed the gas impinges on the surface at

velocity ws
uis = the linear gas velocity at the pressure pi.
vi = the specific volume of the gas at pi.
pz = the impact pressure of the gas.

Nominal Gas Gas Velocity Ambient Calculated Measured
Velocity at Ambient Pressure Impact Impact
(Proportional Gas Pressure (ats,) Pressure Pressure
to Reynolds (ats.) (ats,.)
Number) -
cns/sec.
7000 1,67 x7000 0.60 0.65 0,65
7000 2.5 xT7000 0.40 0.51 0.44
7000 5 x7000 0.20 0.40 0430
7000 7.7 x7000 0.13 0.65 0,23
7000 2 %7000 0.50 0.56 0.54
7000 3.3 xT7000 0.30 0.40 Ce34
1090 15 x1090 0.066 0.075 0,072
1090 7.7 x1090 0.13 0.133 0.13

1090 5 x1090 0.20 0.202 0.20
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Sample Calculation.

It

If the nominal gas velocity = 7000 cms/sec.

Gas velocity at 0.13 ats. 7.7 x7000 cms/sec.
Now pt v+ = pa va = 9 %108 cm® /sec?

6

2
to% s Zps Vi 2x 9 x 10° L
.P.%. = 1‘6 = E— =

19810 31 5.303 0.7 Pt 5

it

Pz 5 x 0.13 = 0.65 ats.
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APPENDIX 4.

Error Analysis.

There are two types of source of error in the
measured reaction rate (R); (A) errors in the direct
measurements of length, time and density from which R is
calculated and (B) errors in the independent variables
temperature, gas velocity, etec of which R is a function,
The error analysis shows the effect of errors in all the
experimental observations on the error in R and in this way
‘discovers which observations must be made most carefully.
The total estimated error should agree approximately with

the actual measured error in R,

(A) BErrors arising from errors in direct measurements.

If the linear rate of removal of carbon at the

point of attack is

X cms
t sec
; o - 2 _ x/f? g atoms
The rate of removal of carbon per cm, R = 10t i e
where (@ = density of the carbon gms/cm® .
. xP
R o= I3%
2R . .1 x 2R _ £ R _ _ Lx
opP T 12t QX 128 7 12t2
_ OR QR OR
and dR = é“-p"- dp + ax dx + Dt at
2

and (TZ(R) = Z(%) {;"‘(i)



187.

y
where G (R) = +the variance of R

and R is a function of i independent variables.

o z
G(R) = (—1-5) [xacrz@) PG + (f-’t—}ﬁ) szj

Probable error in A = + 0.1 gms/cc.
Probable error in x = + 0.002 cms.
Probable error in t = + 0.2 secs.

(5'206? = 1072 gm® /e
G % (x)=1 x107° cm®
thzlt)= 4 x107° seo®

A typical value of the reaction rate is

-5 atoms =
R = 60 x10 %EE_EEE when fj = 1.75 gms/cc.

x = 0,04 cms.
t+ = 10 secs.

2 107°
G [®) = Ti%0)= 4 + 12 + 2
Brrors in lenzth contribute most to the error in R

= ) atoms
C® = &x107 GEes

Rate of Reaction = (60 + 4) x1o'5 %E§E§g§

The measured error in R is closer to + 10% so that
it would seem that the method used to measure the amount of

reaction is not the only source of error.
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(B) Errors in R arising from errors in temperature, etc,

R is a function of temperature etc. but the form
of the funcﬁion will be dependent on the rate controlling
process 1,e., mass transfer or chemical reaction. These two
cases will be discussed separately.

B.l1. Mags Transfer Control of the Reaction Rate.

The following formula has been éerived from the
experimental results to express R as a function of gas
velocity, temperature, partial oxygen pressure and total gas
pressure, This equation comes from the regression equation
accounting for mass transfer rates up to a nominal gas

velocity of 1500 cms./sec.

-2000
) 0.5 2000 __ . -5 g atoms
R = (20 Vel e 1.98 T p, F ) x10 cmR sec

= partial pressure of oxygen in ats.

a3
]

o)
T = absolute surface temperature of the carbon °K.
P = total ambient gas pressure in ats.
X -2000
R _ }20x 0.5 1.98T -1 =5
Y 0.5 Py P ) x10
S -2000
R _ 0.5 1 2000 1.98T -5
37 ° (\20 v o F T 08T ° ) x10
-2000
Q% - (20 y0.5 o I.987 1) <1067
o)

e e
oo
n
i
o
A%
o
<

(@]
Aox]
()
,_L
03]
=1
e
Q
o
N
V
b
=
(@]
i
\J3
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The probable error in velocity because of a + 1 mm, error

in a flowmeter at about a velocity of 900 cms/sec. is about

10 cms./sec,
CTZ(V) = 100 cm2/sec2

Probable error in temperature = + 20°C.

G2(1) = 400 (°0)?

The probable error in p, and P is # 1 mm. mercury.

)]

crg(po) ==c;2(P) = 1.7 x 107° (atn.?).
When V = 900 cms/sec.
T = 1,500°C. = 1773 °A
b, = 0,06 ats.
P = 0,30 ats.
R = 67 x107° g. atoms/cmz, sec.
C5“2(R) =( va’“”*{%T‘G(T)+ )G(p){ )
LG8 (@)
= 10710 (CL16 + 0.80 + 0,08 + 2.00)
When there is  mass transfer control the most importantd

error is the error in the total pressure.

Total Error in R {;" (R)

Total
Cim o=G°m o2 () = 15 x 10710
Total measurements variables
Gop (R) = 4x107° i.e. = 74

This magnitude of error is near the measured error in R, but

errors in the dircct measurements are the most important,.
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Be2e¢ Chemical Control of the Reaction Rate.

The chemical reaction rate can be expressed in

the usual way

R = kg e—A/RT o

A = the activation energy of the reaction, found to be about

30,000 cals/g. atom.
p = oxygen partial pressure in ats.

Now OoR _ R and R _ RA

ap P o7 1.98T2

A typical value of R is 60 x107° E&BLMS .44 500°¢,
and p = 0,18 ats,

ce(R) = (20 + 3600) x10712
The most important error is in the temperaturc

2(R) =g 2(@®) +G(R) = 5,000 x10”12
Total measurements variables

7 x107°

i

G (R)

The error is + 10% which is approximately the observed error.

The errors in temperature contribute most to the total error.
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APPENDIX 5.

Opniical Pyrometry.

Apart from any reading error there is in most
cases an error in temperature measurements made with optical
pyrometers. The temperatures recorded by optical pyrometers
are "apparent black body temperatures" and may require
considerable correction to compensate for the cmissivity of
the surface at the wavelength of the emission [25,26,27].
FProm the definition of a tlack body and from Kirchoff's law
it follows tha+t non black bodies are legs bright than black
bodies of the same temperature. If non-black bvodies arc
assumed black the temperatures measured by an optical
pyrometer are less than the true temperature.

‘Wien's formula is used to calculate the true
temperature (T) from the apparent temperature (S) when the
emissivity (i;) of the particular body is known, at the

wavelength of emission (fg).

- % = Jklg%ef; C, = 14,350 micron degrees
2

i

The magnitude of the correction to the obscrved
temperaturce incrcases ag the observed temperature incrcases
and as the deviations of the emissivity from unity increasec,
There is no nced for any temperature correction when
temperaturcs are mcasured on black body cavities butb
correcctions are required when the temperatures of unenclosecd

radiating bodies arc measured.
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The following teble [28] gives the correcctions for

a pyrometer having a wavelength of 0.65))
Emissivity 0.1 0.2 0.3 0.4 0.5 0.6 0.7 O«8 0.9

Feartes UL IR B S B T B
600 88 63 44 35 25 18 13 8 4
800 135 o1 66 50 37 27 19 12 6

1000 195 130 95 71 53 39 27 17 8
1200 267 177 128 96 71 52 36 22 10
1400 353 232 168 125 93 67 46 29 14
1600 454 295 213 157 117 85 58 36 17
1800 570 368 263 195 144 104 71 44 21
2000 705 450 263 236 174 126 87 54 25

Various values have been suggested for the average

emissivity of carbon at f& = O.65$J
£ =0.53 [29] enda £ = 0.85 [28]

Correcction tables [30] for the temperatures of carbon
filaments are more in agreement with the value of Ei of 0.85,

More recent measurements [31] made at wavelcength
/@,= O.65j}j and temperatures 1,300°C. to 2,000°C. give values
of EE in the range 0.75 to 0.80.
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