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THE CARBON-OXYGEN REACTION AT HIGH TEMPERATURES
AND HIGH GAS FLOW RATES™

By R. J. DAY®, P. L. WALKER, jun.{ and (the late) C. C. WRIGHT
{The Pennsylvania State University, University Park, Pa.)

This work was undertaken in order to expang available information on the carbon~oxygen reaction
to high temperature-high gas velocity conditions.

The rate of petroleum-coke carbon combustion was found to increase proportionally with the square
reot of the gas injection velocity at carbon surface temperatures of 1500 and 2000°c. 1t was shown that
the rate of petroleum-coke carbon consumption was directly proportional to the oxygen concentration
from 37 to 100%, at all temperatures studied, The apparent activation energy for the combustion of
petroleum-coke carbon decreased from 5-3 to 23 kcal.jmole as the gas injection velocity increased from
5000 to 60,000 feet per minute. Nitrogen, helium, carbon dioxide and carbon menoxide were found
to act merely as diluents during combustion, water vapour decreased the product CO/CO, ratio, and
chiorine was found strongly to retard the combustion reaction.

These results primarily indicate the importance of using a high gas-injection velocity if rapid com-
bustion rates of carbon are desired.

I. Description of the apparatus and character of the reaction

Introduction

Modern combustion and gasification processes frequently operate in the range of 1600° and
higher where little or no data are available regarding either the mechanism or kinetics of the
carbon-oxygen reaction. With a view to securing information primarily in the high-temperature
range, the present investigation was initiated using an adaptation of the high-velocity technique
employed by Grodzovskit & Chukhanov.! This high-velocity technique has been employed in
an attempt to remove as much as possible the effects of diffusional films and interfering secondary
reactions on the kinetics of the over-all carbon~oxygen reaction. This was deemed desirable so
that information on the effect of the true chemical reactivity of different carbons on their com-
bustion rates with oxygen at high temperatures could be studied.

Apparatus and procedure

In essence the method of attack, as shown in Fig. 1, consisted of impinging a jet of reactant
gas at the centre and perpendicularly to the end of a carbon rod. The rapid flow of the gas
stream past the surface served to sweep the primary reaction products away from the surface
before significant secondary reaction had a chance to occur. The carbon rod was fed into the
reaction chamber as fast as it was consumed so that the reacting surface was at the same location
at all times.
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Reactor

The furnace was a steel cylinder 6 in. long by 6 in. in diameter. A 11-in. diameter hole
along the central axis of the cylinder admitted the fuel and blow tuyeres, which were mounted
coaxially and faced each other. A §-in. hole, drilled horizontally and perpendicularly to the
tuyeres, provided two portholes—one through which the operator could waich the progress of
the reaction and the other through which a photocell could be focused on the reacting carbon
face and thereby control its rate of advance during combustion. A $-in. diameter ignition port
drilled at approximately 45° to the axis of the tuyeres, enabled the lowering of another carbon rod
into the apparatus. This carbon, along with the test carbon, formed the elements of an electric
arc used to raise the temperature of the test carbon prior to ignition.

Tuyeres

Steel and graphite fuel tuyeres, having an inner sleeve lining of mullite, were used in com-
paratively low-temperature experiments, and a 4 -in. thick pure beryllia sleeve was used in high-
temperature work. Tests showed that changing the materials comprising the tuyeres or the
liners did not effect the product gas compositions under the reaction conditions imposed. In
order to exert some measure of control over the reaction temperature, a water-cooled stainkess
steel tuyere and an electrically heated, all-ceramic tuyere, were also used.

Both stainless steel and water-cooled gas injection tuyeres were used. These tuyeres had
stainless steel inserts which fit snugly into their gas exit end. These inserts had internal diameters
ranging from 0-028 to 0-144 in, and served as an effective means of varying the size of the imping-
ing pas jet.

Treatment and measurement of injected gases

Fig. 2 presents a flow diagram of the apparatus. Oxygen and small amounts of other gases
were mixed in a common main before entering the combustion furnace. Spot chemieal analyses
indicated that mixtures of constant composition could be maintained in this way. When
gaseous mixtures from the two meters were used, however, samples were always taken, and
chemical analysis was relied upon as the ultimate standard. For some experiments where pre-
heating of the injected gases was used, the gases were passed through a Fisher gns-fired super-
heater before entering the blow tuyeres.
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FiG. 2. Flow diagram of apparatus

Sampling and analysis of gaseous products

Samples of the product gases were aspirated through a gas cooler, shown in Fig. 1, placed
as close to the reacting surface as possible without disturbing the flow of gas to the carbon
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surface and the surface temperature, The gas cooler was packed with stainless steel helices to
increase the amount of cooling surface and to facilitate mixing of the gases before the sample was
taken. After the gases were aspirated through the cooler, they were passed through a tube
where a fraction was continuously drawn off into a gas-sampling bottle and stored over a brine
solution composed of 20% Na,SO.and 5 - 10% H.S0O,. The gases were analysed in a conven-~
tional gas-analysis apparatus.

Apparatus for ignition of carbon rods

An insulating ceramic sleeve and igniter carbon were lowered into the ignition port, and an
arc between the igniter carbon and the test carbon drawn. Several minutes after the arc had
been struck, the oxygen was turned on and the reaction proceeded under its own heat. The
following sequence of events then took place: the arc was turned off, the igniter carbon and
ceramic sleeve were withdrawn, the ignition port was closed, and the blow tuyere was slid in and
secured in place. A test was then ready to be started.

Temperature measurements

A Pyro optical pyrometer was mounted outside the window of the injection tuyere and
within 14 in. of the carbon face to record reaction temperature. The temperature of the steel
reaction furnace was followed with a chromei-alumel thermocouple imbedded in a well in the
steel block and connected fo a Bristol recorder. The temperature of the injected gases was
measured by placing a thermocouple, insulated from contact with the furnace, in the position of
the carbon face and then flowing the gas upon it at the various rates of flow. The temperature
of the product gases was measured by lowering an aspirated thermocouple as close as possible
to the reaction pocket in the carbon rod.

Carbons

Five types of rod carbons, $-in. and 3-in. in diameter, were used in the investigation.*

1. Petroleum-coke-base carbons—These rods were made by extruding a mixture of 753,
petroleum-coke flour (709 through 200 mesh) and 25 % coal-tar pitch. The gas-baked carbon
resulted from baking the extruded rods at a temperature of approximately 1000° for several weeks.

2. Anthracite-base carbons.—These rods were produced in essentially the same manner as
the petroleumn-coke-based rods. The original coal used for these rods was a medium-volatile
anthracite, selected especially for its low ash content.

3. Lampblack-base carbons.—Because of the difficulty of obtaining a good bond between
the lampblack and coal-tar pitch, the lampblack and coal-tar pitch were mixed, extruded and
baked again. In this way, the amount of binder used was as high as 40 7.

4. Graphitized carbons—Graphitized carbons from lamp black and anthracitewere examined

in the work. These rods were produced by graphitizing the carbons at approximately 2500° for
about 12 hours.
Chemical analyses of the test carbons.—The chemical analyses are shown in Table 1. It cannot
be readily explained why the volatile matter content of the graphitized anthracite is higher than
that of the anthracite-base carbon. A repeat analysis on separately prepared samples also
resulted in a higher volatile matter content for the graphitized anthracite.

Table 1
Chemical analyses of carbon rods
Carbons Graphitized carbons
Petroleum- Lamp- Anthracite Lamp- Anthracite
coke black black
Lass at 105°, % 13 131 131 o1 01
Volatile matter, % a7 04 02 4 0-3
Ash, 7 09 03 4:6 o1 03
Sulphur, % a9 04 o7 00 03
Carbon, % 973 987 94-3 §9-4 98-7
Hydrogen, ¥ o1 0 1) 00 01

*Supplied through the courtesy of H. W. Abbott, Speer Carbon Company.
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Crystallinity of test carbons —X-ray diffraction patterns of the carbons were taken to determine
their relative degrees of crystallinity. The samples were prepared by placing 0-150 g. of
— 325-mesh material on a glass slide and dispersing the carbon with a mixture of 20 % collodion
in amyl acetate so that the sample covered an area of about I sq. i A 90° (26) Norelco
spectrometer was used for the work. The height of the (002) diffraction peak of the carbons
was measured and the data presented in Table II. The relative crystallinity was arbitrarily
based on a value of 100 for the graphitized fampblack carbon, which gave the highest peak.

Tahle L
Relative erystallinity of carbon rods
Type of carbon Height of peak  Relative crystallinity
Graphitized lampblack-base 62 100
Graphitized anthracite-base 37 61
Lampblack-base 1-5 24
Petroleum-coke-base 2.2 36
Anthracite~-base -3 4-8

Spectrographic analyses of the test carbons—The spectrographic analyses were performed by the
National Spectrographic Laboratories, Inc., Cleveland, Ohio. Table I presents the results
which are indicative of the approximate impurity levels between the samples, )

Table 111
Spectrographic analyses of carbon rods
Carbons Graphitized carbons
Type of Carbon Petroleum- Lamp- Anthracite Lamp- Agthracite
: coke black biack

Vanadium 0-00x 0-000x ¢-000x Absent 0-00x
Aluminium G{00x 0-00x 0-0x ¢-000x 0-000x
Titanium 0-000x 0-000x 0-00x Absent G-00x
Boron 0-00x 0-0x 0-00x 0-000x 00x
Fin 0-00x -000x 0-G0x Absent Absent
Calcium 0-0x 0-00x (-000x 0-00x 0x
Nickel 0-00x (-000x 4-000x 0:Q00x 0-000x
Caopper 0-00x 0-00x 0-00x {0-000x 0-000x
Iron 0x 0-0x Ox 0-000x - 000x
Lead 00x 0-000x 0-0x-0x 0-G00x 4-000x
Magnesium 0-0x-0rx O0x CrOx-0x 0-000x 4-000x
Manganese 0-000x 0-000x 0-00x (-000x -000x
Silicon 0-0x 0-0x 0-0x (-000x 0-00x
Sodium 00z 0-0x 00z ¢-000x 0-000x

Results
Factors affecting shape of reacting surface

The reaction on the carbon surface quickly stopped when the oxygen blast was turned off.
Thus, it was possible to preserve the surface for measurement and close examination. Pre-
liminary experiments indicated that above 2 certain minimum flow velocity, the shape and depth
of the crater hollowed out of a reacting carbon end remained constant for a particular diameter
of carbon rod and blow tuyere used, being independent of carbon-face temperature, inlet-gas
composition and inlet gas velocity. For example, when blasting a #-in. diameter petroleum coke
rod with the jet from a 0-091-in. diameter tuyere, this ‘minimum’ flow velocity was 10,000 feet
per min. From 10,000 to 60,000 feet per minute (the maximum possible flow rate obtainable),
the shape of the carbon end remained the same. Below 10,000 feet per minute, the crater began
to deepen, exposing more carbon surface for reaction. The ‘minimum’ flow velocity at which the
depth of the crater became constant increased with decreasing diameter of tuyers. The
depth of the crater in the carbon face, formed at ‘minimum’ flow velocity, was also found to
increase with decreasing diameter of blow tuyere. .

Repeated experiments showed that the surface of the reacted carbon assumed an equilibrium
shape and size at some interval after the reaction was started, Furthermore, under identical
operating conditions this surface could be readily duplicated between runs. For the 0-091-in.
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diameter tuyere (used exclusively in the subsequent papers) the equilibrium surface was assumed
within the first $-in. length of rod reacted. It should be emphasized that in the experiments to be
reported later all measurements were made and gas samples taken only after it was certain that
the equilibrium surface had been established.

Calculation of external carbon surface areas

In order to obtain the shape of the reacted end of the rods, they were cut in half longi-
tudinally and the outline of the rod’s diameter and the reaction cavity transferred by means of
carbon paper to a piece of thin tracing paper. The tracing paper was then placed in a photo-
graphic enlarger and projected on to a sheet of graph paper with an enlargement of 7-9 times.

In Fig. 3 are plotted the dimensions of the cavities produced in a 3-in. diameter petroleum
coke rod by the 0-091-in. blow tuyere at different times until an equilibrium surface was reached.
Equations of the straight lines are of the form, y = ax°'5¢, characteristic of a parabolic shape for
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the crater. For the 10,000 feet per minute or higher flow rate, the equation is y == (-50 xo-50,
This expression can then be substituted into the equation for the generation of a surface of
revolution

X 2
S:—msz ¥ 9.") el dy TR ¢ 3
0 dx

and using as limits x = 0 and x = 0-141 inch, the equilibrium carbon surface area is found to be
103 sq. cm. (It should be emphasized here that doubtless the equilibrium carbon surface
contains some micro-surface roughness which has been ignored in this caleulation but the
surface calculated for the macro-shape of the reacting surface is thought to be proportional to

-the true reacting surface area). A similar procedure has been carried out for all carbons investi-

gated and the daia for equilibrium crater depth, surface area and volume developed by flow

Table IV

Dimensions for the eguilibrium shapes of carbons produced by combustion at flow velocities greater than
10,000 fr. per min.

Type of carbon Craier depth,  Surface area, Volume,

cm sg. cim, c.C.
Petroleum colke 0-358 103 0129
Lampblack 300 063 0-104
Anthracite 3221 0-80 0-085
Graphitized lampblacic 0358 1-03 0-129
Graphitized anthracite (338 1-03 0129
Petroleum coke at 5,000 ft. per min. 0-475 1-16 0-159

velocities of 10,000 feet per minute and higher, with the 0-091-inch diameter tuyere, are given
in Table 1V.  Similar data for the surface generated by the 5000-ft. per minute velocity on
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petroleum coke is included for purposes of comparison. The crater volumes have been
calculated by substituting the parabolic equations for crater shape of each carbon in the
equation for a volume of revolution

X
Voo x j < 2 Ceeiiaees )
0

It is seen from Fig. 3 that the depth of the crater developed in petroleum coke at 5000 ft. per
min. is deeper than that for higher flow rates. A calculation of the Reynolds number for
5000 ft. per min. velocity of flow through the'(-091-inch diameter tuyere gives a value of 4000,
which is in the transition range between streamline and turbulent flow, Velocities through this
tuyere of 10,000 feet per minute and greater give Reynolds numbers well in the turbulent region.
Therefore, it is seen that the depth and shape of the crater are dependent upen the nature of flow
emerging from the tuyere.

Pressure distribution on reacting carbon surface

The impact pressure on the carbon surface was measured in the following way. After the
equilibrium surface had been generated, a s-in. diameter hole was bored along the central,
longitudinal axis of the carbon rod. This part of the hole in the end of the rod opposite the
reaction face was enlarged just to allow an #-in.
diameter stee} tube to be snugly fitted into the hole.

One end was connected to a manometer. The
carbon rod was then inserted into the furnace in
its normal position, oxygen turned on and the
impact pressure measured for various flow rates.
The same procedure was repeated for other
positions toward the outside periphery of the rod.

A diagram showing the location of the holes
drilled in a $-in. petroleum-coke carbon rod and 10 O
the pressures obtained with the 0-091-in. tuyere
is shown in Fig. 4. The outside pressure taps were /\
filled with cement around a small rod placed in the
opening so that the diameter of the hole would be
#5-in, and its opening would be perpendicular to
the carbon face. In the absence of more definite
knowledge concerning the oxygen concentration
along the carbon surface, the impingement pressure
at the vertex has been taken as a relative measure
of the number of impacts per unit surface per unit
time over the entire surface for the various rates 30 f(

/
of flow. }{
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Cant:ict time

The contact time, or average time of residence of the injected oxygen in the reaction zone,
was taken as the time required to renew the volume composing the crater in the reaction end of
the carbon rods. This time was obtained by dividing the calculated volume of the crater by the
volume of gas injected per unit time. The temperature of the gases coming from the reaction
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pocket, measured as shown in Fig. 1, varied from 300 to 500°, depending on the velocity of gas
flow, oxygen concentration and type of carbon. Since, at best, the temperature of the gases in
the crater could only be measured roughly, the volume of the injected gas was calculated at
conditions of 400° and the average pressure in the crater. Table V presents the variation in
contact time with inlet velocity for the §-in. diameter petroleum-coke carbon and the 0-091-in.
tuyere, using the previously discussed data on the shape of the crater to determine crater volumes.
The contact times for other carbons are of the same order of magnitude,

Table V
Variation of contact time with injection velocity for 3 in. petrolewni-coke carbon rods
Injection velocity, ft./min, Contact time, min., x 10 ¢
at 24° and | atm,

5000 10-8
10,000 440
15,000 300
20,000 2:29
30,000 i-63
40,000 1-33
60,000 1-07

Effect of tuyere size on the CO/CO. ratio in the product gas

Table VI presents data on the effect of injection tuyere size on the CO/CO, ratio obtained
in the product gas and the extent to which reaction may occur, for both the £ and i-in. diameter
petroleum-coke carbons. The percentage conversion of oxygen increases with decreasing
diameter of blow tuyere, but higher injection velocities must be employed to keep secondary
reactions at a minimum when using the smaller tuyeres. The percentage oxygen conversion for
the 0-091-in. tuyere and §-in. rod was nearly the same as the conversion for the 0-118-in. tuyere
and }-in. rod for the same injection velocity. The ratio of carbon to tuyere diameter is nearly
equal for these two combinations, being 412 and 424, respectively. Furthermore, for each
ratio of carbon diameter to injection tuyere size, the oxygen conversion was a function of the
velocity only, remaining essentially constant for oxygen concentrations from 36 to 100%, and over
the temperature range [500-2300°k.

For the later experiments reported, 3-in. diameter rods and the 0-091-in. injection tuyere
have been used in order to limit the number of variables studied.

Table VI

Effect of injection tuyere size and injection velocity on the COJC Oy ratio and extent of reaction for i-in, and
t-in. diameter petrolenm-coke carbon rods

Tuyere Injection velocity Carbon COJCO, Oxygen
diameter, at 24° and | atm., surface ratio conversion
in. ft./min. temp., °K %
§-in. diameter rods
0047 67,700 1-53 267
0-047 68,000 2005 i6 266
0-0625 13,000 1930 0-022 462
(-0625 22,000 2065 0035 352
00625 . 42,000 2138 1-25 22-6
0-0625 58,000 2210 59 120
0-091 10,000 2035 296 141
0.091 20,000 2080 3-5 9-4
0-091 30,000 . 2175 39 75
0091 €0,000 2300 11-0 545
0-118 20,000 1710 69 60
0-118 20,000 1875 091 62
0-118 35,000 2195 6-8 34
i-in. diameter rods
0-118 10,000 2035 174 15:3
0-118 20,000 2100 36 98
0118 30,000 2170 49 7
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II Kinetics of the reaction between 1500 and 2300°K

Introduction

Heterogeneous reaction rates involving a porous solid and a gas may be controlled by one or
more of three major steps:

(1) Mass transport of reacting gas and product or products across a relatively stagnant gas
film between the exterior surface of the solid and the main gas stream.

(2) Mass transport of the reacting gas from the exterior surface to an active site beneath the
surface and mass transport of the products in the opposite direction.

(3) Adsorption of reactant, chemical reaction between reactant and active site, and desorp-
tion of produect.

In essence, if the resistances of steps (1) and (2) are low in comparison with that of step (3),
the concentration of reacting gas both at the exterior and interior surface of the solid is equal to
the concentration in the main gas stream. Since the chemical reactivity of the solid, step (3),
usually increases with temperature more rapidly than steps (1) and (2), temperatures are reached,
first, where the resistance of step (2) becomes significant and then step (1) also becomes significant.
The resistance of step (2), at a given temperature, is primarily determined by the size and degree
of inter-connection of the pores within the solid and cannot be significantly altered in a given
carbon, the result being that the percentage of the reaction occurring close to the exterior surface
of the solid increases markedly with increasing reaction rate. The resistance to step (1) can be
easily decreased by increasing the gas flow rate past the exterior surface of the solid, which in
turn decreases the film thickness. This results not only in a faster rate of mass transport through
the film but also in a higher concentration of reactant at the surface by decreasing secondary
reactions in the film.

In the case of the strongly exothermic carbon-oxygen reaction, surface temperatures are
easily reached where the rate of combustion is controlled by steps (1) and (2). The majority of
the work in the past®~t¢ on the carbon-oxygen reaction has been devoted fo investigating the
change in the reaction rate as the gas flow rate was increased, while still being considerably
in the range where the rate was controlled by steps (1) and (2). The partial control of the
reaction by step (2), as discussed previously, means that the reaction occurs almost entirely
on the outer surface of the carbon, thereby utilizing only a small fraction of the carbon for
ceaction. This in turn results in a reaction rate which is only a small fraction of what it would be
if the entire surface of the carbon, exterior and interior, were exposed to the reactant at unit
concentration. In other high-temperature investigations, as in this, it should be pointed out that
step (2) is always the controlling resistance, in the above sense; but future discussion regarding
it, considering the problem at hand, is unnecessary.

Kuchta, Kant & Damon? investigated the combustion rate of spectroscopic-grade electrode
carbon in a high-velocity air stream. They have shown that reaction rafes are essentially inde-
pendent of oxygen preheat temperature between 900 and 1200° but vary with the 0-45 power of
flow velocity over the range 1700 to 32,500 feet per minute, This they show is in agreement with
theoretical calculations in which mass transport to the external carbon surface is assumed to be
the rate-controlling factor. These authors also show that their experimental data agree in
general with the Arrhenius-type equation, assuming chemical reactivity, step (3), to control, if an
activation energy of 20 keal. per mole and surface temperatures of the reacting carbon are used.
The final conclusion is that under these conditions the reaction of carbon and exygen lies in an
intermediate region where both mass transport to the external surface and chemical reactivity are
rate controlling factors.

‘With this in mind, the present investigation has been carried out at gas velocities up to 60,000
feet per minute to examine the effect of very high flow rates on the rate controlling mechanism.
The experimental apparatus, procedure, and a description of reactants have been covered in
Part 1. ’

Results

Factors affecting CO{CO . ratio

As the injection velocity was increased, the temperature of the carbon face and the CO/CO,
ratio increased. It was desirable to separate these variables in order fo determine whether
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velocity or temperature, or both, influenced this ratio. Two methods were utilized to vary
the reaction temperature independently of the velocity: (1) A temperature range of 300 to 400°
was obtained by employing a variety of fuel tuyeres, i.e., water-cooled, heated, etc.: (2) oxygen
concentration was decreased by dilution with nitrogen. Fig. 5 shows that the CO/CO, ratio was
independent of the oxygen concentration at a velocity of 20,000 feet per minute and was depen-
dent on the temperature, the ratio increasing steadily as the temperature increased above 1800°%.
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Fig. 6 demonstrates that the CO/CO, ratio was essentially independent of injection velocity
above 10,000 ft. per min., the points over the range of velocities from 10,000 to 60,000 ff. per
min. falling essentially along the same curve. These data suggest that the velocity at which the
reaction products were swept from the surface was sufficient, at 10,000 ft. per min, and greater,
to prevent appreciable secondary reactions in the gas phase. This was not the case at 5000 ft,
per min., as is seen in Fig. 6. Visual observation also showed that a definite change in reaction

.conditions occurred when the velocity was increased from 5000 to 10,000 ft, per min.; the flame
observed (undoubtedly being the oxidation of carbon monoxide to carbon dioxide in the gas
phase) at the lower velocity disappeared as the velocity was increased. At temperatures below
1800°k., only a smali part of the carbon monoxide was consumed by secondary reactions even at
5000 ft. per min. velocity; but above 1800°K the rate of flame propagation exceeded this relatively
low velocity of product removal and secondary combustion occurred to a large extent.

The effect of the type of carbon on the COJCO, ratio

Fig. 7 presents data for the CQJCO, ratio versus temperature of the carbon surface for all
five carbons investigated at a gas velocity of 20,000 ft. per min. This ratio is seen to be essen-
tially the same for petroleum-coke, graphitized lampblack and graphitized anthracite. On
the other hand, both the lampblack and anthracite-base carbons gave an appreciably higher
CO/CO. ratio. Since the amount of gas-phase oxidation of carbon monoxide would be expected
to be roughly the same at identical gas velocities and surface temperatures, the implication is
that both carbon monoxide and carbon dioxide were primary products of the surface reaction.
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There is, however. no apparent correlation between the CO/CO, ratio and the known properties
of the carbons, such as, ash content, amount or type ; hydrogen or sulphur content; relative
crystallinity ; and particle size of the starting carbon.

Effect of temperature and oxygen concentration on carbon consumption

The effect of temperature and inlet oxygen concentration, in oxygen-nitrogen mixtures, on
consumption rate of petroleum-coke for an injection velocity of 20,000 ft. per min,, is shown in
Fig. 8. The carbon consumption is plotted in terms of g. of carbon consumed per min. per sq.
cm. of the equilibrium carbon surface exposed to reaction per unit oxygen concentration. A
temperature variation of roughly 300° was obtained for each gas composition by using either
the water-cooled, plain or electrically heated fuel tuyere.

Using the data of Fig. 8, cross-plots are made of the carbon consumption versus the %
oxygen in the injected gas stream at different constant temperatures, as shown in Fig. 9. The
data indicate a linear increase in rate with increasing oxygen concentration, The 1900°k plot
is within the range of experimental data presented in Fig. 8, while the 1600 and 2200°K plots
are the result of extrapolations for the most part, but considering the steady trend exhibited in
Fig. 8, these extrapolations appear reasonable.

Figs. 8 and 9 show that the carbon consumption rate is directly proportional to the oxygen
concentration which would normally be expected, but has not been previously demonstrated
for the particular temperature range or for oxygen concentrations from 37 to 100%,. Parker &
Hottel* have shown this to hold for oxygen concentrations between 5 and 2577 and for tempera-
tures up to 1700°k. Gulbransen & Andrew® report a first-order reaction between oxygen and
spectroscopic graphite at pressures above 10 cm. Hg and at temperatures between 450 and 500°c.
Meyer, working with a graphite filament in a high-velocity stream of oxygen at 5X 10—2mm.
Hg pressure, found the reaction to be first-order at temperatures up o 1500°g.
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Fi16.9. Effect of oxygen concentration on the petroleum-coke
consumption rate at constant temperature of carbon surface

The data from the other velocity experiments are treated in the same way and are presented
in Fig. 10. These data are compared with those reported by Parker & Hottel,* who reacted
brush carbon with air of varying velocities. Their data are converted to unit oxygen concentra-
tion by dividing the carbon consumption rate by the fraction of oxygen concentration ; and
their air velocities at s.T7.p. conditions, in terms of cm. per sec., are converted to ft. per min.
These recalculated data are then plotted, along with the data in Fig. 10, in Fig. 11 for purposes
of comparison. Since the lowest temperature in the experiments being reported was about
1500°k, the liberty of drawing in the dotted lines is taken based on the findings and indicated
trends of Parker & Hottel. . '

Fig. 12 presents data for the rate of petroleum-coke consumption, in units of g. per min.
per cm.? of surface per % oxygen, versus the ambient gas velocity at carbon temperatures of
1500° and 200°c. The ambient gas velocity is the actual efflux velocity from the tuyere nozzle,
considering the increase in volume of the injected gas due to preteating by contact with the warm
metal inlet tuyere. The rate of petroleum-coke consumption is found to increase proportionally
with the square root of the velocity at both temperatures. The data of Parker & Hottel are also
included for comparison. To a rough approximation, it was assumed that the air in their
experiments had been preheated to 1200°k on passing through the apparatus, thus increasing
the velocities four-fold over those reported at s.1.p. conditions. Although these increased
velocities are used in Fig. 12, naturally the slope of this line is not changed, the rate varying with
the 0:37 power of velocity. Mayers,? using 40 by 60 mesh coke in I-in. high beds, obtained a
value of 0-5 for the exponent ; Chukhanov & Karzhavina, 1 in their high-velocity experiments
using beds of particles 3 by 5-5 mm. in diameter found the reaction rate to increase lineatly with
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the 0-40 power of velocity ; and Kuchta ef 4/.,7 using carbon rods, reported an exponent of
(-45. The agreement is fairly good considering the differences in the experimental techniques,
extrapolations and different forms of carbons used.

The initial oxygen concentrations have been used for ali calculations to date since they are
the easiest and most reliable to obtain.  If the oxygen concentration is taken as that found in the
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product gas analysis, each curve in Fig. 10 is raised a proportional amount along the ordinate,
the spacing between curves and the slopes being changed insignificantly.

In the absence of direct experimental data concerning the oxygen concentration at the
carbon surface, the impingement pressure at the vertex of the carbon crater is taken as a relative
measure of the number of impacts per unit surface area per unit time over the entire surface
for the various rates of flow. These pressures in terms of atmospheres are divided into the
corresponding petroleum-coke carbon consumption rates, shown in Fig. 10; and the results
are plotted in Fig. 13. This shows that above 30,000 feet per min. injection velocity, no material
increase in reaction rate, based on unit oxygen concentration and unit pressure, was realized.

2

2% o

100 x g. min. em

CARBON CONSUMPTION

0
1500 1600 1700 1800 1900 2000 210¢ 2200 2300
CARBOMN SURFACE TEMPERATURE °k.

Fia. 13.  Effect of temperature and injection velocity on petrolenm-coke carbon consump-
tion, based on unir oxygen concentration and unit pressure

Injection velocities calculated at 24° and 1 atmosphere

O 5000 ft./min. 30,000 ft./min.
£ 10,000 fr./min. A 40,000 ft./min.
A 15,000 fe./min. ¢ 60,600 ft./min.

@ 20,000 ft./min.

Effect of preheating the irjected gas

The effect of preheating the oxygen on the petroleum-coke carbon combustion rate is shown
in Fig. 14. The injection velocity of 20,000 feet per min. was calculated as the volume of gas
injected at 24° and 1 atmosphere. In preheating the gas, the volume and inlet velocity were
increased accordingly, so that the actual eflux velocity of oxygen preheated to 300°, for example,
would be 38,500 ft. per min. A reasonably close efflux velocity, 34,000 ft. per min. counld also be
obtained by passing 30,000 ft. per min. of oxygen at 24° and [ atmosphere, but heated to 62°,
the normal efflux temperature of the oxygen at this injection velocity. In turn, the carbon
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-consumption rate for oxygen preheated to 300°, shown in Fig. 14, closely coincides with the
30,000 ft. per min. curve shown in Fig. 10, Therefore, preheating the oxygen appears only to

“increase the injection velocity and impinging pressure and have no direct effect on combustion
rate.  This agrees with the findings of Kuchta es af.,” who found the rate independent of oxygen
preheat temperature between 900 and 1200°

Effect of gas injection velocity on activation energy

The rate equation for the carbon-oxygen reaction may be expressed as
dC

—azkccﬁ'o= ........................... e v (3)
where k is the specific rate constant, C, is the concentration of reacting carbon surface and Co,
is the oxygen concentration at the surface, If the concentration of the reacting carbon surface
is taken to be proportional to the equilibrium surface of the carbon crater and the oxygen
concentration is taken as that of the inlet gas stream, the specific reaction rate constant can be
expressed in units similar to the rate in Fig. 10. Then using the Arrhenius concept, k==Ag-5""
these data are plotted in Fig. 15, resulting in a family of straight lines each representing a particu-
lar flow velocity. The slopes of the lines vary slightly, decreasing with increasing velocity
as shown in Table VIIL
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Fi6. 15, Apparent Arrhenius relationship for petrolenm-cole
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30,000 ft./min. O 5000 fi./min,

& 20,000 ft./min.
Table VII

Variation of apparent activation energy with gas injection
velocity for petroletm-cole combustion

Injection velocity, Apparent activation Activation energy,

ft. fmin, energy, cal./g.-mole cal./g.-mole

{equation 3} (equation 5)
5000 5300 8000
10,000 4300 5700
15,000 3750 4850
206,600 3350 4200
30,000 2860 3800
40,000 2530 3200
60,000 2300 2700

Tt was concluded from Figs. 8§ and 9 that the reaction was first-order with respect to oxygen.
Further proof of this is shown as follows :
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be taken as an expression for the reaction rate, where AC,_is the difference between the injection

oxygen concentration and ic final oxygen concentration appearing in the product gas analysis,
A\t is taken as the contact time, and Cg_, the average of the initial and final oxygen concentra-
. C T -

tion. A plotof }ogi——r versus log Cp, gy, is shown in Fig. 16 for petroleum-coke, with an
injection velocity of 20,000 feet per minute, giving a slope of one, indicating the reaction to be
first-order,
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The integrated form of the first-order equation
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where Cg, | and Com represent inlet and outlet oxygen concentrations, can then be used to
calculate specific rate constants, which give equally as good Arrhenius plots as Fig. 15.  Calcula-

tion of activation energies yields values of the same order of magnitude and shows the same trend
as those previously caleulated from the rate of carbon consumption, as seen in Table VIL

Reaction rates of different forms of carbon

The carbon consumption rates for lampblack- and anthracite-base carbons, at a velocity of
20,000 ft. per min., were calculated in the same manner as the petroleum-coke data and are
plotted as a function of temperature as showa 1n Fig. 17. The reaction rate of the lampblack
carbon is some 15% higher and of the anthracite carbon, 9% lower than that for the petroleum-

coke.
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The greater heat conductivity of the graphitized rods rendered the experiments in which they
were employed very difficult to control in the present apparatus. In order to prevent the reaction
from being extinguished by the high heat losses, the electrically-heated fuel tuyere had to be used,
along with preheating of the incoming oxygen. The ignition procedure used for the carbons
could not be successfully employed for the graphites. Instead, a 1 to I3-in. length of petroleum-
coke rod was fastened to the end of the graphitized carbon rod by means of a tongue and groove
cut into the ends of the rods, the petroleum-coke preceding the graphitized rod into the furnace.
The petroleum-coke was easily ignited, reacted down and in turn ignited the graphitized rod.
Once the graphitized rods were ignited the reaction proceeded smoothly provided the temperature
of the apparatus and the injected oxygen was maintained high.

Only two experiments for each type of graphite were made under conditions such that a
direct comparison with the behaviour of petroleum-coke could be made. Table VIII shows the
data obtained from the graphitic carbons for oxygen preheated to 300° flowing at a velocity of
20,000 ft. per min. Points from previous figures, showing the behaviour of petroleum-coke at the
corresponding temperature, are included for purposes of comparison. As can be seen, the
agreement for the CO/CO, ratio is within experimental error and the differences in reaction
rate are small. '

Table VIII
Variation of carbon combustion rate and CQIC O, with type of carbon
Type of carbon Temp. °K CO/CO, ratio Carbon reacted,
. g min.~t cm,~% %0,
Graphitized lampblack 2080 36 217102
Graphitized lampblack 2105 34 2:203
Graphitized anthracite 2100 46 209
Graphitized anthracite 2130 47 214
Petroleum-coke 2100 40 2:36
Discussion

The major results reported in this part of the paper are as follows:

(1) The reaction rate was first-order with respect to the ambient oxygen.

(2) The reaction rate increased directly with the 0-5 power of velocity of the impinging gas
stream.

{3} The reaction rate increased slightly with increase in temperature in the range 1500 to
2300°k, having an activation energy of under 8 kcal./mole at all flow velocities.

(4) The type of carbon affected the reaction rate only slightly.

Result (1} is an important finding for it extends considerably the work of Meyer,* Parker &
Hottel* and Gulbransen & Andrew.®  In the present work, it has been shown that under normal
pressure, high temperature and high gas-velocity conditions, the combustion rate is first-order
with respect to the partial pressure of oxygen in the ambient entering gas stream.

Results (2), (3) and (4) would nermally be explained on the basis that the combustion rate was
controlled primarily by the rate of mass transport of reactant to the carbon surface. Before
agreeing to this conclusion in the present case, however, several facts should be brought out.

(a) As isseen in Table VII, the apparent activation energy for the combustion of petroleum-
coke decreased with increase in gas injection velocity.

(b) Calculations of film thickness indicate that the film thickness at the high-gas velocities
used are appreciably less than those required for the reaction to be entirely mass-transport
controlled.

Considering (a), Kuchta et al.,” among others, have shown from theoretical calculations
that the reaction temperature of the carbon should have a negligible eflect on the combustion
rate of carbon when the reaction is diffusional (mass-transport) coatrolled, This means that
the activation energy determined over such a temperature range should be negligible. On the
other hand, in low-temperature experiments, i.e, at 500°, where there was no doubt that the
combustion rate of carbon was controlled by its chemical reactivity, Gulbransen & Andrew®
determined an apparent activation energy for carbon combustion of 37 keal./mole. Therefore, if
in the present case the combustion rate of carbon were solely diffusion controfled, an increase
in gas injection velocity should” decrease the contribution of the diffusion-resistance to the
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over-all resistance controlling combustion rate. This in turn should make the chemical resistance
more important and increase the over-all apparent activation energy of the reaction, Such was
not found experimentally in the present work.

Considering (b), it is informative to compare qualitatively the film thickness that would resuit
if the diffusion rate were assumed to be equal to the combustion rate, i.e., the reaction controlied
by mass transfer across the gas film, with experimental values of film thickness. For this
calculation, Sherwood’s equation®* for steady-state counterdiffusion of both components in a
binary mixture was used'®, Calculations give film thicknesses of 0-013 em. and 0-0077 cm,,
respectively, for gas injection velocities of 20,000 and 60,000 fi. per min.

Direct experimental evidence by van der Hegge Zijnen,™ who studied the effect of air velocity
paraliel to a plate on film thickness 150 cm. from the upstream edge of the plate, showed that
the thickness of the laminar layer at a velocity of 4700 ft. per min. was only 0-018 cm. If this
thickness is assumed to vary with velocity to the 0-5 power,” the predicted thicknesses at 20,000
and 60,000 ft. per min. would be 0-009 and 0-005 cm., respectively, which are less than the
thicknesses calculated assuming diffusional control. Considering the fact that added turbulence
by impingement of the gas stream against the surface would be expected to decrease the film
thickness still further, the conclusion would appear to be that the reaction is not solely controlled,
at least, by diffusion..

III Effect of admixture of various gases with injected oxygen on carbon
reaction rates and CQ/CQO. ratio '

Introduction

An admixed gas can affect the rate of a heterogeneous reaction either by physical or chemical
means. There are at least two major ways in which the diluent can physically affect a hetero-
geneous Teaction. One, it can dilute the reacting gas and thereby decrease reaction rate by
decreasing the number of collisions of the reacting gas with the surface per unit time. Two,
changing the diluent can affect the heat capacity, viscosity, thermal conductivity of the reactant
mixture and diffusion rate of the reacting pas to the carbon surface. These factors, in turn,
can affect the combustion rate.

There are also at least two major ways by which a diluent can chemically affect a hetero-
geneous reaction. One, the admixed gas can be in competition with the reacting gas for adsorp-
tion on active sites, can build up on these active sites and poison the reaction. Two, the admixed
gas can affect the rate of gas-phase reactions which occur between the products of the hetero-
geneous reaction and the reacting gas. This in turn can affect the reaction rate by changing the
concentration of the reactant at the solid surface. :

In the present paper, the effect of different admixed gases, as well as sodium carbonate
addition, on the combustion rates of carbon with oxygen and the CO/CO. ratios produced
therefrom, under high-temperature and high-velocity conditions was investigated. The
apparatus and operating procedure have been described in Part I.

Results

Helfum addition

If the reaction rate were controlled by mass-transfer across a relatively stagnant film
surrounding the carbon surface, it is conceivable that a change in the diluent gas from nitrogen to
helium, and its attendant effect on increasing the rate of mass transport of the reacting gas to the
carbon surface would increase the combustion rate. The results of two experiments, in which
4 and 109, by volume of helium in oxygen were used at an injection velocity of 20,000 {t. per min.,
are shown in Table IX. These results indicate that under these conditions the effect of changing
the diluent from nitrogen to helium had an insignificant effect on reaction rate of petroleum-coke
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Table IX
Comparison of heliunt with nitrogen as diluent for combustion of petroleun-coke rods
He, % Temp., °K CO/CO, ratio Carbon reacted,
g2 min. "' cm.”? %0,
40 2066 41 1-98:x10-3
100 2050 33 1-94
10% Ny . 2098 39 2:00

carbon. It is noted that the recorded carbon surface temperature for the run using nitrogen as a
diluent is higher than those for helium. In line with the lower heat capacity of helium over
nitrogen, it would be expected that at the same gas injection velocity the earbon reacted with
the helium-oxygen mixture would have the higher surface temperature. Since the error in
reading the surface temperatures was possibly greater than the temperature differences reported,
however, probably no significance can be attached to this fact.

Carbon dioxide addition

It was desired to know whether carbon dioxide would be reduced under the temperature and
velocity conditions of the experiments being reported.  Accordingly, oxygen containing 109
carbon dioxide was reacted with petroleum-coke and lampblack carbons.  The results of these
experiments are shown in Table X in comparison with values for the corresponding temperatures,
as taken from Part II. The CO/CO, ratios are calculated after correcting for the added carbon
dioxide.

No appreciable change in the CO/COQ, ratio is apparent and the reduction in the reaction rate
is proportionat to the added carbon dioxide. Therefore, under these conditions the CO, was not
significantly reduced and acted only as a diluent.

Table X

Effect of carbon dioxide addition to inlet oxygen on CO/CO, ratio and combustion rate of petroleum-coke and
lampblack rods

Carbon COy, % Temp. °K COfCO, ratio Carbon reacted,
’ £. min,~ cm.® 90,1
Petroleum-coke 10:3 2093 3.7 199 x H3-2
Petroleum-coke — 2100 38 [-99
Lampblack 106 1955 i4-8 214
Lampbiacl o 1960 o130 215

Carbon monoxide addition

A comparison of experiments with and without admixed carbon monoxide at a flow velocity
of 20,000 ft. per min. on petroleum-coke carbon are shown-in Table XI. The COJCO, ratio is
calculated after correcting for the added carbon monoxide. The results show that the carbon
monoxide acted only as a diluent, the decrease in reaction rate being proportional to the amount
of added carbon monoxide.

Table XI
Effect of carbon monoxide addition te infet exygen on CO[CO, ratio and combustion rate of petroleum-coke rods
CO, % Temp., °k CO/CQ, ratio Carbon reacted,
g. min.~t cm.~* %0,
98 2030 2 191 x 102
s 2030 26 1-93
10-0 2070 34 201
— 2070 33 197

Water addition

Moisture was added to the oxygen stream by bubbling the oxygen through a 30-in. column
of water contained in a 3-in. diameter lucite tube, 53 in. high, The moisture content of the
oxygen, determined by adsorption, indicated almost complete saturation of the oxygen when
passing through the saturator at the velocity used in these experiments. Table XII shows the
results of a run at 20,000 ft. per min. on carbon from both petroleurm-coke and lampblack,
along with data for the appropriate temperatures taken from the figures for experiments in
which no moisture was added.
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Table XII
Effect of water addition te inlet oxygen on CO{CO; ratio and combustion rate aof petrolewm-coke and lampblack rods
Carbon H.0, % Temp., °K CO/CO, ratio Carbon reacted,
g. min. 7t e~ %0,

Petroleum-coke 1-89 2093 20 1-86x10™*
Petroleum-coke 0-04 2090 37 1-98

Lamphblack 229 1965 33 2405

Lampbiack 004 1965 13-5 245

The reaction rate was retarded slightly and the CO/CO, ratio was measurably reduced,
especially for the Jampblack, indicating the marked effect that moisture had on catalysing the
oxidation of carbon monoxide. The gas-phase combustion of carbon monoxide has been
shown by other workerstt:® to be markedly catalysed by water. It would be thought, however,
that if the oxidation of carbon monoxide were occurring entirely in the gas phase the effect of
water on changing the CO/CO, ratio for two different carbons would be simnilar. ‘That thisis not
the case for the two carbons possibly could be attributed both to the differences in percentage of
water in the gas and the carbon temperatures, as well as the nature of the carbon. Indeed, the
decrease in reaction rates for the two carbons upon combustion with wet oxygen, as contrasted
to dry oxygen, was almost identical, which would appear to rule out the possibility of the moisture
affecting the surface reaction. :

Chiorine addition

Arthur's and Bridger'? have reported that carbon tetrachloride, phosphorus oxychloride
and chlorine are capable of inhibiting the gas-phase oxidation of carbon monoxide. Arthur'®
reported that phosphorus oxychloride also affects the combustion rate of artificial graphite.

Chlorine was added to the oxygen in the present work to investigate its effect on the com-
bustion rate of petroleum-coke under high-velocity conditions. Initially 277 chlorine was added
to the oxygen. When this amount of chlorine was admitted to the system in which the injection
velocity of oxygen was 20,000 ft. per min. and the carbon surface temperature was 2000°k,
the reaction was, however, immediately extinguished. In fact, it was found that 0-25% chlorine
was sufficient to smother the reaction proceeding under the above conditions. When from 0-10
to 0159, chlorine was admixed with the oxygen, several changes ocourred. The surface temper-
ature decreased as much as 280°, the CO/CO, ratio was tripled in some cases, the reaction rate
decreased, and the reacting carbon surface assumed an entirely different appearance. The
surface of the petroleum-coke carbon, resulting from the addition of chlorine to the injected
oxygen, was very deeply eroded, consisting of jagged peaks and valleys and showing evidence of
marked preferential reaction.

The results of the experiments with petroleum-coke in which chlorine was added are presented
in Table XIII together with points taken at corresponding temperatures from Figs. 6 and 10 (see
Part II) in which no chlorine was added. The reduction in reaction rate varied from 14 to 24 7.
This, together with the extinction of the reaction with slightly larger percentages of chlorine and
the change in appearance of the carbon surface, strongly suggests that the carbon surface was
being poisoned. The poisoning was not permanent, however, for after the chlorine was removed
from the gas stream the system returned to its original condition. The return to normalcy did
not occur as rapidly as the poisoning occurred, which was practically instantaneous, indicating

Table XIH

Effect of chlorine addition to inler oxygen on COJCO, ratio and combustion rate of petrolewm-coke
Velocity, Chlorine, %5 Surface Temperature COJCO, Carbon reacted,
ft./min, temperature, °x reduction, °c ratio g. min~! cm.~? YO

10,000 trace 1910a 120 2-4 103

10,000 none 1910 — 13 136

20,000 133} 1933a 160 46 1-59

20,000 none 1530 P {5+ 1-84

20,000 015 17772 283 26 1-31

20,000 none 1780 — -8 1-72

30,000 11 : 2033a 117 50 1-89

30,000 none 2030 — 2-6 233

a—Temperature before introduction of chlorine
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that the poisoning agent was desorbed relatively slowly. It is possible that the chlorine was
aided in its desorption by the action of the oxygen on adjacent points in the carbon bedy, thus
weakening the forces holding the poisoning agent to the surface.

Table XTIV

Effect of sodinm carbonate addition to petraleum-coke rods
on COICO, ratio and combustion rates
Carbon reacted
Na,CO,, % Temperature, °K CO/CO, g min~'cm™ % O,
ratio

20 2L15° 37 180 x 102
00 2120 44 200
20 2000 21 1-80
00 2000 22 190

It is diffieult to decide if the increase in the CQO/CO, ratio was due chiefiy to chlorine
inhibition of the gas-phase oxidation of carbon monoxide or to preferential chemisorption of
chlorine on carbon sites where production of carbon dioxide was originally predominant. By
visual observation, the chlorine was undoubtedly affecting the reaction at the carbon surface.
From the previous investigations of Arthur *¢ and Bridger, 7 retardation of gas-phase oxidation
would also be suspected,

Sodium carbonate addition

Many inorganic materials have been added to carbon in an effort to influence the reactions
that occur during combustion and gasification. 1??¢ Sodium carbonate has been found to
exhibit a marked effect on combustion and, therefore, has received a large amount of attention.
In the present work, sodium carbonate was added to the carbon rods to determine what effect, if
any, it had on high-temperature, high-gas velocity combustion.

Petroleum-coke rods were impregnated with the carbonate by sealing ther in a vessel which
was then evacuated. A 15-5% solution of sodium carbonate was admitted to the vessel saturat-
ing the carbon rods.  After drying in an oven at 105°, the increase in weight showed that 2%/ of
the carbonate had been added to the rods.

The impregnated rods ignited very readily and the reaction proceeded smoothly thereafter.
The change in the CO/CO. ratio between treated and untreated rods was within experimental
error and the reaction velocity was decreased only slightly, as shown by the results in Table XIV,
at an injection velocity of 20,000 ft. per min. The siight decrease in reaction rate, which is
almost within experimental error, may be due to the decomposing sodium carbonate partially
bianketing the carbon surface.

Fox & White,” from experiments simulating a producer bed, postulated the action of
sodium carbonate in the following mechanism :

Na,CO0, +2C—3C0O-+2Na

2Na+-CO,—CO+Na.O

Na O+ CO p-+Na ,CO
the over-all reaction being

2C4-2C0 ~+4CO

The fact that addition of sodium carbonate had no effect on the CO/CO, ratio probably is
explained in the following manner. At the relatively high tfemperature of the surface, the
carbonate is probably decomposed and evaporated from the carbon body before any appreciable
reaction, according to the first step in the foregoing mechanism, can occur. Once the sodium
atoms have left the surface they are rapidly swept away before further reaction with any carbon
dioxide that may be present can take place in the gas phase, according to the other steps in the
mechanism. This might also be taken as further indication that there is little, if any, homo-
geneous reaction cccurring under these conditions.
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Dr. R, F. Strickland-Constable: 1 wish to comment on the general question of the

temperature-dependence of the oxidation reactions of carbon in the technically usefui range of
temperatures from 1000° upwards. I have in the past carried out experiments with carbon
filaments to determine the rates of reaction of O,, CO,, H,0 and N,O-? with carbon at
temperatures between 900° and 2000°: gas pressures of the order of 0-05 mm. Hg were used in
order to eliminate any influence of mass transfer in the gas phase on the observed rates, which
were accordingly considered to correspond to true surface chernical reaction rates.

With oxygen, the rate of reaction at 900° was observed to be about the same as at 2000°
with only slightly greater rates in between, so that roughly speaking the rate could be said to
be temperature-independent over the great range of 900 to 2000°. Very similar results have
since been obtained with oxygen by Duval* whose observations confirmed my own in general
outline, although differing in certain details.

In the case of CO;, I found the reaction rate to be constant from 1400 up to 2000°. Similar
results have since been obtained by Boulangier,® who has studied the reaction in great detail:
his region of constant temperature extended, however, only over the range 1100° to 1600°

I found the rate of reaction with water vapour to be about the same at 1400° as at 2000°,
with somewhat variable rates in between. Boulangier® has found an approximately constant
rate over the range 1200°-1700°. In my experiments with nitrous oxide the rate was
approximately the same at 1100° as 1600°,

Summing up, therefore, it may be said that there is strong evidence that the rates of the
reactions between carbon and oxidizing gases show the unusual feature of being largely
temperature-independent over a considerable range between 1000° and 2000°,

In the paper of Day et al. experiments are described in which oxygen reacts with carbon at
approximately atmospheric pressures: at the same time very high superficial oxygen velocities
are used, in order, presumably, to reduce as far as possible the influence of mass transfer on
over-all rate. Now in Fig. 13 of their paper, the curves for velocities of 40,000 and 60,000 ft./min.
virtually coincide. The carbon consumption is therefore independant of gas velocity. and this
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points to the conclusion that mass-transfer effects have been eliminated, and the true chemical
surface-reaction rate is being observed. The authors appear, however, to hesitate to draw this
conclusion on the grounds that the observed rate of reaction scarcely changes with temperature
(as is clear from Fig. 13 where the curves are nearly horizontal), and this they consider a
characteristic of reactions whose rates are mass-transfer-controlled. If, however, the conclusion
drawn from the low-pressure experiments-—that rate is independent of temperature—is correct,
this argument of Day et al. is groundless, and they are entitled to regard their observed rates
as frue surface chemical reaction rates. Looking at the matter the other way round, it may in
fact be legitimate to consider that Fig. 13 provides direct evidence that at high pressures also
the chemical reaction rate is largely temperature-independent.

It may also be useful to compare the absolute values of the rates observed by myself at
low pressures with those of the authors. Since the gas in the low-pressure experiments is at
atmospheric temperature, only the filaments being at reaction temperature, it is safer to make
the comparison on the basis of the collision yield, #, whose method of calculation will be given
later. If the first-order reaction constant k = 0-2 min.~* is taken from my results, Fig. 2,
the collision yield, 1, can be calculated to be 30 x 10-%, The authors’ rate of carbon consumption
would appear from their Fig. 9 to be about 2 x 10~* g. cm.~® min.~* for a pressure of 1
atmosphere, from which their v value would appear to be about 85 x 10-5 In view of the
nature of the comparison and the immense range of pressure extrapolation involved, the two
figures must be considered to be in adequate agreement with each other, falling as they do within
a factor of 4 of one another.

Reverting now to the oxidation with water, Graham et al. find rates of reaction represented
by 7w =2 x 10-% They then draw attention to the fact that in my low-pressure experiments
» values of the order of 10— were observed, and that these values were confirmed by filament
experiments carried out by Watt himself, and not yet reported in detail (page 320 above).
They then suggest that this considerable difference, represented by a factor of 50, between
low- and high-pressure results may be due to the fact that in the low-pressure experiments only
the filament is at reaction temperature, the gas being virtually at room temperature. Whilst
not wishing to deny that gas temperature may have some effect on the rate of reaction, I would
like to suggest that a completely different explanation of the difference in rate is available,
In my paper® two values of the rate of reaction with water at 1800° are given; in Table VII
k = 0-004, whereas in Fig. 4 the values exceed 0+1. The difference is due to the state of the carbon
filament itself: these filaments were coated with pyrolytic carbon at the beginning of each series
of runs, and in this condition reacted extremely slowly with water: the runs of Table VII were
with such a filament. Before the runs of Fig. 4 the filament was heated in 8 mm, of air for
8 min. at 1600°: this was a relatively large dose of oxidation and resulted in an increase in the
reactivity of the filament to water at low pressures up to a value represented by k = 0-1; the
treatment also resulted in a blackening of the originally silvery white surface of the filament.
In other words, the rate of reaction of a given filament with water at these temperatures and
pressures may vary by factors of hundreds or even thousands depending on the state of the
carbon surface, which is itself largely determined by the pressure at which the carbon has
previously been burnt. It seems entirely possible to believe that when carbon is burnt at
atmospheric pressure the surface may be maintained in a state of reactivity much greater than
that produced by very-low-pressure oxidation.

Furthermore, the k value shown in Fig. 4, at 2000°, namely, logy, k == [-2 or k == 1-6 min.~t,
corresponds according to my calculations, to an % value of 1-8 x 10-4, and this differs by a
factor of 10, and not by a factor of 50 from the results of the high-pressure runs of Graham et a/.
who presumably took the value of k = 0-004 for their comparison. It is believed that a factor
of 10 could quite easily be accounted for on the grounds of the differing states of the carbon
surface: and in any case it is clear that absolute rates of reaction under such totally different
conditions can only be compared with great caution, and a factor of 10 is probably scarcely
significant. It is also to be noticed that the 4 values for filaments reacting with oxygen are
some 4 times greafer than those of Day et al. at atmospheric pressure: and in this connexion
it must be emphasized that the rate of reaction of oxygen with the filaments was found to be
largely independent of whether or not the filament had been subjected previously to high pressure
oxidation. '
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The 7 values have been calculated from the first-order reaction constant, k, for the filament
experiments by the formula

134
. 777 -1
1= G0aRT / (=RMT)

where k is first-order reaction constant, min.—*
a area of filament, cm.? T temperature of reaction bulb, K
¥ volume of reaction bulb, cm.? & molecular weight of gas
R gas constant, erg mole-! "KL,
The following very rough numerical values were used: ¥ == 1000, a = 1, T'= 300 (the reaction
bulb, and hence the reacting gas, is at approximately room temperature).
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Prof. Walker: I agree with Dr. Constable that it is interesting to compare his low-pressure
results with our high-pressure results on the carbon-oxygen reaction. I would, however, like
to express my concern as to whether or not his experimenis are in the region of chemical controf,
in the accepted sense. Dr. Constable’s reasoning is that, at the low pressure which he is using,
many more oxygen molecules are striking the surface per unit time than are reacting, and,
therefore, the reaction cannot be in mass-transport control. 1 feel that the factor ignored is
the low accommeodation coefficient between the oxygen and carbon surface at low pressures.
I think my point can best be made by quoting the abstract of the paper by Lothar Meyer on
‘ The Exchange of Energy Between a Hot Graphite Surface and Cold Gas Molecules,” presented
at the 1957 Buffalo Carbon Conference:

‘ Hydrocarbons do not decompose on hot graphite surfaces up to 2300° if the gas pressure is so low
that the mean free path of the gas molecules exceeds the dimensions of the vessel, This apparent paradox
led to a detailed study of the exchange of energy between a cold gas molecule and the hot surface. The
resudts can be summarized as follows: gas melecules reaching the surface are held by physical adsorption
until they reach a critical temperature at which they evaporate. This critical temperature depends on the
van der Waals® forces between the geaphite and the gas molecule, but is essentially independent of the graphite
temperature as long as the latter is higher than this critical tempcratuse Methane, e.g., evaporates at about
300° with graphite temperatures ranging from 850 to [300° and methane temperatures between room

temperature and 400°, The methane does not decompose during its contact with the hot gfaphue surface as
it does not reach a temperature sufficiently high to cause decomposition before it evaporates.'

1 am suggesting then that the factor determining the reaction rate is the temperature which
the reacting species {oxygen, carbon dioxide, water, etc.) reaches before it leaves the surface.
This temperature will determine the rate and amount of carbon~oxygen complex formed, which
in turn will determine the reaction rate. If, as in the case of methane which Meyer quotes, this
temperature is independent of the surface temperature, over a wide range, the reaction rate
will also be independent of the surface temperature as Dr. Constable finds.

With regard to Dr. Constable’s remarks regarding the low value for the reaction probability,
n, reported by Graham et of., T would like to express our views. The authors very nicely
show that the magnitudes of the chemical and diffusion resistance terms are of about equal
magnitude in their experiment. This clearly means that approximately half of the reaction is
occurring on the external carbon surface and half on the interior of the carbon, instead of its
oceurring solely on the surface, as the authors assume.

Qualitatively, the key point is that , the reaction rate in g, of carbon reacted per em.? per sec.,
is considerably too low. Therefore, when /¢ is plotted against F~%-% and extrapolated to zero,
the € determined will be considerably too low. Since C = If4mc, this means that n will be
considerably too high. Indeed, from surface-area work which we have done on samples in the
intermediate zone of both chemical and diffusion control (Walker, jun., P. L., & Raats, B.,
J. phys, Chem., 1956, 60, 370), it appears that a reasonable area value would decrease q to
approximately [0-% which the authors had expected.
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