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The oxidation of carbon has been studied at
high temperatures (1000 - ZOOOO® with pyrolytic
graphites the oxygen pressure was 0,21 atinospheres,
This grephite has a very gmall porosity and is wvery
pure, Therefore catalysls of the reactiion wasg un-
likely and it was shown that rates of mass transfer did
not limit the reaction rate at any temperature in the
experiments.,

A paximus rate of reaction was ovtalned at
190000 and above this temperature the rate decreased.
This unusual phencrlenon was explained using the Nagle
and Strickland-Constdble theory and the overall rate
equation was fitited to vhe ezxperimental rate -
temperature curve, Reaction rates could be calculated
from the equation at all temperatures and pressures and
were found to be in good agreenment with the experimental
results and with those revorted by Strickland-Constable
(obtained on carbon filaments at very low PTESSUPES) o
lioreover the order of the reaction has been rieasured at
190000 and was found to be in accordance with the saue
Ttheory,

The maximwa phenomenon had been observed



-
%
o

previously at normal pressures DYy Nagle with reactor
grade graphite; ©but rates measured on this material in
the present work appeared to ve at least partly nass
transfer controlled, Iiowever in the mueh slower
reaction between carbon dioxide and reactor graphite a
maximum rate was observed at 170000, Thevefore it 1s
possible that the maximum rate phenomenon 1s a character-
istic feature for gaseous reactions with all carbons at
high temperatures,

With graphites, other than pyrolytic, it was
shown that the porosity of the waterial strongly
influenced its reactivity when bouncary layer mass
transfer control had been reiovedld. The experimental
results were interpreted using a pore diffusion theory.

No conclugive evidence of catalysis was
ottained for Teunperatures gbove 1200°C. In Tact a
sample of speciroscopically pure graphite was found to
have a higher reactivity than the less pure reacuor
graphite; but this apparent anomaly vas attributed wo

the higher porosity of the spectroscopic craphlte.
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INTR0DUCTION,

Recent developrnients in high temperature
engineering show that graphlte is a useful consiruction
material as 1t is one of the few solids which retains
1ts mechanical sirength above 2000°C . A serious
limitation to 1ts use at these itenmperaturss 1s the
reaction of the solid with oxidising gases.

Apart from tue tecimical lmportance the
oxidation ol carvbon is scientifically of an unusual type
in that a gas reacts with a covalenlt solid to produce a
gaseous product, wnhereag in most gas—solld reaciions the
product is also solild,

In certein resgpecis the reaction is very
similar to a gaseous reacilon on a porous solid catalyst
where 1t is normally nossible to distingulsn three
characteristic temperaiture ranges of reactlon.

At low temweraturcs where the surrface rate is
very slow the whole internal surface of the solid
pariicipates fully in Thie rsacilon, Al higher ‘tenpera-
tures the rate of diffusion of the reactants througun the
pores limits the increased reacilon rate and conseguently
the internal surface 1s only partially uvilised, AT

.

tures s5till the reaction rate is so rapid

[y

W)

hizgher tenpev
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that the reaction %taltes place mainly with the external
surface of the solid:; moreover the reaction is then
usvally limited by the rate of diffusion ol the
reactants through a stasnant bDoundary layer. This 1s
fermed from the reaction products at the surface of the

solicd.

Lele Liathematical theories of chemical reaction on

Dorous solids,.

A guantitative theory of reaction rates in

7

porous catalysts war Tirst glven oy Thieleb and later
applied by otherébl"lo to the oxidation of carbon. A
discussion of the thres regimes of rcaction Will now ve
presented on tiie basisg of these tlecories.

1.1,1l., Temperatures nelow 65000: In general the rate
of reaction of a gas with a solid surface (dn/dt) is
expressed as a product of ithe external suriace arsa of
the solid (8), of sowme funciion of the concentration of
the species (ci), and of the reaction constant (Ks),
the latter being related to teuperature by a simple
Arrheniva laws=

e%hviGT R A

waere (4o) is termed the activation ocnergy, (Rg) is tae

gas constant, (T) the dosoluic tepcrature ainc (1) 1is
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the freguency factor. For porous solids it is niore
precise to consider the intvernal surface arca of the
s01lid in addition to the geoneirical area so that the
intrinsic rate of reaction can ve devermined.

However the rate eguation (1.1) is then Tfurther
complicated by the finite rate of diffusion of the
reactant into the pores. The reactant concentration is
depleted along a pore and conseguently vavies over the
reactive surface, Therefore 1t is necessary to integrate
the reaction vrate over m:all aveas (ds) %o zive the

overall raie (S€c S.fe 1,2)2-

) IS
Lo\ msa(ei)ses . . . . . Le2
e

The funcition of conceniration is often assumed to be a
simple power of the concentration but this is usvally an
approximation (only applicable to a limited range of the
experimental variadles). The rcason Tor Tuls is that a
heterogeneous reaction may takc nlace Through a series

of consecutive processes .0 e5-

B

l. Adsorption on the suriace.

¢

2. Dissociation of tic speclos,
5. Chenisorpition of the free radicals or atoms to

forn intermediate commlex conipowads,
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e Re-organisation of the surface siruciure of the
solid,
5. Desorption of tiie reacltlon products.

Under certaln conditlons of reaction a step
of the mechanigi can e so slow that 1t determines the
overall reaction ratc; but in general a complex rate
expression is regulred to define the overall chemical
reactilon rate complatiel ., In suci: a case %ile reaciion
order cannot be satisfactorily denoted by a sinple
power of Tthe concenltration.

el the reaction raie is very low as in the
range velow 65006, the concentration of the specles at
the surfacec (ci) is ecgual to the pulle concentration (co)
and is virtuall; constani tarougicui the pores of the
s0lic. The 'appareat activation enevgy'! (Q) is there-

fore egual to that of the itrue suriace reaciioni-—

dn
g d 1n at d 1n &s Q9 1
-5 - e :mﬁ__ﬂ=-26....3
T i

l.le2e Teuperaturcs above IOOOOG: “he rate of stcady-—

shate transfer of the reactants to the solid surface 1s

given by Fick's law;-

dn s gc 1.
= = D.S. &= . L

g P}

where D is %he coefficient ol diffusion.
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When the gas phase 1s in turbulent motion the
; : de - g
concentration gradient ( ~/dx) can e considered to be

confined to a thin film of fluld at the w»iiase boundary.

.—n[ ‘,- - 3, N - - -3 - o
If{L;is the apparent thickness of the £iln and a

1S

constant concentration gradient is assumed, then the rate

]

o

-

of mass transfer (=%) 1s directly proporiional to the

=

concentration difference across this film (AC), see
eguation l.5. The constant of proportionality

(KG = D/I.) is termed the mass transfer coefficiente.

dn P c Q@A
-a:-l_; = 2_,_8{00-%_) =I\.G_$'_jc. .. . . . . Llb
.« o Ci = Co -1L . dn
S.D dt
The rate of mass transfer eguals the rate of reactlon,

therefores—

Ff = KgeS.T(Co —L_ dn) 1.6
S.D at

This equation can be solved if an explicit Torm of

£ (ei) is known,. For instance a Tirst order law glves:-
dn KgeSaCO -
-F = e = KeeB3L0ar . . . . 1.7
dt 1+ LgL/D SRV O, .

The additional factor (5) in the rate eguation accounts

for thz Doundary layer diffusion, and is the ratio or The

observed reaction rate to tiie maximuwm possible rate in
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the absence of diffusion, The two factors (Kg) and
() can be combined into a single reaction constant
+

(Ko) for a first order reaction. In which cases-—

KS&Q = KO = I
3

Leae _l-_ = __.:!:_ -+ ’L 1-8
o Ta Ko

However for any other value of the reaction ovrder the
relationsihip is much more complicated,
For mass transfer effects to De smalls;—-

TL — 1

i.c. KL 3% O (from equation 1.7)
D

Therefore studies of the reaction kinetics where
transport phenomena does not interfere with the rate
of reaction have besn conducted in three separate

systems: -

a)
o)

c)

K s1all eeveess L0 temperature stuldics below 650°G .
L g108ll eeeeses Oxidation in high soeed Zas streams
winhicii reduce the boundary layer thicuiiess.

D 1arEe  sesaves LlOW nregsurs studles such that the
mean free path of the nolcecules is very largc,

Otherwise, wiea (c¢i) 1s reduced to a anall

value Gthe mass transfer o oxJsen O Gile suriact can
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determine the overall reaction rate, The gnall gpparent
activation energy in this case reflects the small temper—
ature coefficient for mass twransfer,

l.1.3. Interpretation of reaction rates whichh are partly

controlled by the ratec of pore diffuglion,

In the iantermediate temperature range the
concentration of the recactant 1s depleted along the pore,

for such a case a complete solutlon of the rate equation

R e s . D .
ig extremely complex, Dut Yhlele -7 sucgested an

analytical treatment of the situaition and several
important results were achileved,

09

The theory was developed laiscyr by Wheeler

(@2]

and o’c.hersD but was mainly concerned with catalytic
reactions talking »lace in the wores of a solld catalyst,
In the case of oxygewn and carboa ihie situatlon is rather
different Decause the carbon 1ls conswied and Tas pOres
ars continually changing in shope; nor ave they
parallel sidecd, which is wnat Thiele asswicd to obtaln
ail analytical solution. Althcush ratcs vere nleasured

at very high temperatures, winen voundary layer diffusion

normally controls the reaction rave, 1t 1s proposcd 1o

develop the theory to cover tuls case, Docause undcre

high speed flow condltlons the reaculon vate becoies
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Fig.1l1 THREE STAGES OF REACTION CQONTROL
( Rossberg and Wicke Model )



-85~

independent of the gas velocity and can be controlled
by the rate of in-pore diffusione

1

The three stages of wass transfer are
= £z
i “ 5 s P P s D o
illusirated in fig. 1.1 on Tthe Rossgberg and icke o
scheme at different velocities (Q). At low gas

velocities (Q.1) the gas Cilm thicimess (Zg) is large

and the reaction zone in the solid surface (Zg) is

very thin, nowever when the rates are indspendent
of the velocity (Q.3) the reverse is trucy (Za) is

-

very small in comparison with (Zg) aad this is normally
the case with the present experimental technigue.

In the following anaclysis a steady-state
pore profile 1s considered to cevelop by reaction, sece
fig, 1.2, where (r) is the pore radius end (x) the
distence along tiie porc measured from the pore hoiltolie
In the steady state tue concentration (c) will e
gome funciion of (x), and independent of time.

iece ¢ = T (x)

- -

- - s car- e o ot
Also the rate ol reacilon (gFx) waj dorhaps e writtens ~

o
e

1

= kg et

Q
o

wherc Kg is 2 consteant and (m) is an assumed constant
order of reaction, and tihsrelorei-

el

—C:H'; = K_S f(X)l“



\
r (z,r,)
/ — REVERSE FLOW
GAS |
o r—————
X
FLOW ~ BOUNDARY LAYVER
~ SEPARATION

Fig.12 PORE PROFILE Fig1l3 AERODYNAMIC FLOW
DURING REACTION AROUND A CYLINDER
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.o \ ary . o . . - .
This weans that (Fp) is some function of (Z) but this
function is notv casy to note Thorsfore 1t 1s assunmed
in the present analyels that the porec radius (r) is

. ; t P .
proportional to the m h power of thc concentration (C)

- de

in that section of the »pore, In fact this msans thait

the shape of the pore side is »naraoolic.

Other assumptions in the analyslis:-

1, The tempevrature is constant thwroughout the solide.
2, The external surface rsaciion is negligible l.c.
the surface is compleitely fillced with the pore

entrances,.

3, Diffusion through the cixternal boundary layer is
raplid compared with diffusion in the pores.

Iy, No volume changes taie place in the rceaction,

5, Secondary rzactions are nsilizible,

s
Consicer a section of tne pore ax: the
depletion of the concentraticn across tue gectlon
results from reaction at the ssction periphery, but
radial diffusion is ncglectied, (Poiseuillian Tlow
s

and bulk flow are also ncgloctod).



.. a4 (Darrf.e) = Kg.CM.2rr.dx
dx
* 2 .2 m
« e zrq_d-_zog‘g + I Qd C = 21{5,0_ :
dx dx S 2 D /
From egquation L9~
Gom . g_f_ = Iflocm‘-ln _@_g
ro ax dx
¢+ opo amalde) 2. MTh 4 ozo WCF a®c 2K
c o ax: ol dx2 -
. 2 2 . m
LS, oA gy L Hse Loy
dx C dx D To
pat p =do 4% _ 4o _ Go  8e _ @
dx  dx° ax de  as dc
. dp 2n 2
* " dC + ‘5'4 * p = B
97
Putpzzu e o 1 ¢du +208.0 = B
2 de ¢
- du meuw =28
c t ¢
T lm.de Lualne L
IF = ¢7° =0 = C
» CLLmQu ™~ CLu:.—l - o5, GLm
o ® de
I (u.c“"m) = 2B X‘i}cum.dc
. wee™ = 2B . Ml g
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2 - 0
. dc _ 2B Ky -
LeCo ('5.'2) = Y1 © + E;E[.J'ﬂ
Boundary conditions: Lect e =0 Let ¢ = co
When x = o X =2z
and dc/dx =0 &% Ky =0
. __j__ \
[ Y C z.dc = _2‘;_8_ * 1:
A Ll
= \
20 = / B . x + K, °©
N Ll-m+l -
c - S . X111

L+l 2
Let all the pores £ill ithe exteranal surface area.
Thercfore the total rate (R) per unit external aveas-

R =  Dde
dx

2

- D_@_ .« Z
Linisl

= R i’g.;n-;-l . 200\ = D/ B, 2co
Tmsr) ) 7 el
/\,
I

= DJ2Ks « o . 2¢O
N D ry  4m+l
. . / - - m_*_l '
L ] . R = / - l— 3 I\SD . UO . . - 1.12

p\/ 4isl T4
Frciy tlhic dbove equation the aprarent
activetion energy (Q) and asvareat order of the chemical

reaction can be determinaed as they were in the Thiele~
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Wheeler theory. In the present circumstances pore
diffusion was fully devcloped, conseguently the
agssunptions which veres necessar, to derive the
Thiele eguations are different: but tine variation of
the reaction rate (R) with (D),(Kg) and (Co) ave
identical for both derivations, Only the constants
of »proportionality are aiffcrent.
1., Apparent activation cnergys 1.c. comparison of

-

rates al consbtant pariial pressurc (Pop) and total

o -

pressure (Pp). TFrom eguation l.l2:-

-.1—
R o< Kg* D = constant
G—QO/ZRGT Cc == constant
. -8 . _ . ko
[ [ RG‘ o %O:‘i 3 - 2?»(} 1 ‘13

Therefore half the true activation encrgy (Qo) would
Ve measured by experinment.

2., Apparent reaction order: il.c. comparison of rates
at constanti tempcrature and difforent oxygen pressurcs.
From equation L.7:i-

m+l\ ‘o

R /D Co

R 2 Gom/2
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Thercfore half the true rcaction order ig measured by
experiment.

3. Eff'ect of total vrossure (PT) at constant tempera—
turs with the partial preseure of oxyren a concstant

valug; from eguation l.l2:-

B o7 DE Lg 1s counstant
1
T Py 2 co ig constant

- . =1
D - .PT

Thereforc the reaction rate is inversely provortional

%o the sqguare rootv of the total gas pressure.

-
Some aporavently successful comparisons with

the Thiele~iheeler theory have vpeen made Wwith experi-

.

ENtSe for instance ratcs of 2cecactlon have been

shown to depend upon the size of tihe carvon specilmen

- ~ A
s a] La b, bh. P s o oy e .
(W1cke'lo and ouners%‘ ’ .u41so for large parviclcs
the apparent actilvaltion energy was half ithat obssrved
. v - " . s A el
when using thin carbon Geposlis (EJ?lﬂg)»‘

1.2, Bffect of porosiiy on tiae obscryed mcaction ratesge

TFrom the aoove discussion 1t 1s apvarent that

B

the kinetics of carbon oxidation

(o}
s

the interprstation

les is ©

]

Tion difficult because

n
)

in porous graphite sgai

of the assumptions that have Fo be wmade to account for
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the effects of diffusion,

IT graphites of low Lorosity are used the
reactlion 1s malnly with the cxternal surfaée, Thersfore
a more accurate undersianding of ithe kinetics involwed
can be gbtained, Such graphites have a hich bulk density
comparadle with that of thic nerfeci crystal structure
which has a density of 2.2565 O.Gm";. Tatural gradhites
and graphites produccd vy the pyrolysis of hydrocarnon

vapours have densliics approacalng tils Tigure (Le9 to
242 gacm“B). Commnercial gpranhises, apart Irow pyrolytic
graphite, are usually manurac tured by the prrolysis of a
mixture of ground coke and DLTCIl, As a result the
solid has a high porosity with resulting bulk denslties
between 1,4 and 1,76 g.cm"S.

1.3, Revicy of carbon oxidation studies at high tempora-

Turess
At high temperaturcs thoe rcaction has ofien

B > B ER e S . al"'a T Al oy wa A A
ceen studied at very low DIrEsSUIrCS. Under these
conditions the ratcs of sancous Giffusion ars so rapld
that tihe overall reacticn is e longer limlted by the
diffusion vroccss.
L

. o a9 o s -
Amongst others Duval <% and Strickland~

Constablea7 stuGied the oxidation of graphlitlsed caroon
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filaments which were heated clectrically, The
interesting common featurc of their results was the
cboservation of a maxinmum rate of reaction at about
1400°C., A decrcase of thc rate then occcurrcd as the
temperature was increascd up to 190000.

Somewnat similar rcsults were reported by
Strickland-Gonstable® with carbon dioxide, steam and
nitrous oxide, altiwough in the latter reaciion the rate
again showed a positive tenperaturs coefficient after
tihe maxinmum. Yatesaahas reported that even 1n some
experiments with nitrogcn, the rate—~temperature curve
appearcd to ruggest a maximunm, The similarity of these
results with very diffcrent gascs suggests a conmon
mechanism for itne reaction dependent mainly on the

-7,

reactivity of the graphitce.

o

l.h. Bxverimental wmetnods for mecaguring gas—sclic

kinetics at high gas pregsures,

As explaincd carlier, at normal pressures the
overall reaction ig limited by ths rate of mass translfer
througlh the bulk gas phasc, so ithe unusual kinetics
observed at very low pressures ave not observed,

loreover the rate of mass transfer depends on the

]

turbulence of the gas phase, sc that in a flow systen

[
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the overall reaction rate depends upon the velocity

of the gas stream,

lo.lel. Aerodynamic flow arouné a cylinder,
In a real fluid flowing over a solid bwody

i

the solid surface is zero (except

ct
jny

& gas veloclty at
at low gas pressures). Viscous drag produccs this
effect and esgtablisihcs a velocliy gradieat at the wall
called the boundary layocr, The dvag can only be
transmitted fo the fluid at a finite rate so that at

the leading edge of the surfacce the bouncdary layer
thickness 1s very small, It will increcase in thickness
away from the leading cdge put will become thinner in a
decreasing pressure sradlcenvt. I an increaslng prossure
gradlient as from 5 to D and C to D (fig.l3) the woundary
layer will thicken until reverse flow tadecs place when
the boundary layer sevarates from tvhe surface,. INergy
will then be dissipated by eddies in the wake glving
form drag in addition to skin drag on the front surface
of the cylinder CAS.

1.4.2, l.ass transfor analogy to momentusa transfer.

The Rernold's analog, Tor heat, mass and
momentuwa transfer is only valid when cach transport

mechanisi is Dy an analagous processs therc 1s No wass



transfer analogy for form drag. Howvever, Dofore rlow
separation occurs, the mass transfer resistance can be
congidered as confined in the region of the veloclty
gradient l.ec., in the surface boundary layer,

If (J) is the mass transfcr rate per unit areca,
A ¢ tho concentration difference across the boundary
layer of thickness (E-), and (?i) ig the effective

diffusion coefficient then from cguation l.oi-

© \:'

- Ao o= 1. AN\ o 1.13

It is usual to consider the bouncary layer at the lcad~

J =

ry

ing edge to De in laninar flow so that the gas veloclty
is parallel to the surfacc. llass transport across
the laminar Tilm is then purely by molccular diffusion

P

S0 = Da Away from the lecading cdge the boundary

TD

+

layer develope inte turbulent flow, the onset of which
is dependent upon thie gas velocity and the roushncss
of the solid surface. i laminar flow the boundary
layer thickancss (5 ) can be shovn to Do propor tional to

(Re) 2‘ in turbulent bDoundar: layers (2 ) is proportional
- 5 - e - . 1
(2e) 1/5. The change in (ig) can thaerefore be
egtimated as a functicn of the Tlow conditions.

In general, however, the nass transior

coefricient (Kg) can only be found experimentally and



one has to use dincnsionless sroups o0 gensralise the

w3

data,. Such a corrclation is:-~

Sh = f(Re o Se) . . . . . . . . l.i4

“here the Eherwood awiver (Sh = Kgl/D) is cuaracteristic

of the iass transfcr conditions, the Reynold's nuwiber

(-?. ~ > : ‘f I T e A | O S dan oo .
Re = S———) is chavactoristic of the flow conditions

and tne Selyidt nuiber (Sc =f5@IU is characterisiic of
the fluld properiizs. In cxuerunal £low over a solid
body the correlation can be expressed as Sh = T.re 8¢t
and several values for (i) axd (n) have been given in
the litcrature, for instancc:-

Ot =1« 0,57

0.3 =Zn < 0,4
For the flow of yasus, (Sc) is closc to unity thorcefore
tie waln change in (Sh) ig caused by changes in (Re).

At very hich gas velocltics a turbulent
boundary layer 1s guickl) formed at the loading cdge
of the cylinder egpecially 17 the solld gsurlace is
rougu and is reacting with the gas. Under these
highly turbulent conditions magss transfer ratcs can

[ 3

- T Pt R 1 £ o _7;2
oL ten Pe varly mucn 1 as Se

cor than chenlcal reactlion ratve
Conseguenuly the laticr ratesg are measured dirvectly in

tne experimentval obscrvotions.
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This situation was uged by Iaglc to mcasurc
the recaction kinetics of carbon oxidation at normal
Pressures, Graphite rods were hcated clectirically
and tihie reactant gas directcd across the rod surface
Trom a jet, The raltcs were calculated from the linsar
retrcat of the carbon surfacc beucath the jet over a
neasured tlme 1aterval,

Wazle obscerved similar raite-tcmporature

y

curves to tiaose found in the low-pressure studics;
o)

.

howover Yegle's maximum ratc occurred at 1700°C as

opposcd to 1L00°C in the casc of Tilaucnts. A theory

£l 3

was proposed to account for thesc rosulis.

Fal

e reaction kinctics of grashite

1

ig based on the presencc of tiwe differcnt recactiive sltes
ol tihe carbon surface, In this voopeet 1t follows a

o - T2y r-e .5 - ‘1 R A - c3 1 - J'l-\e
theory proposcd 0y #Jving put tie concept of uh

naturce of the sites is diffcrent. Al A sitc, the

more reactive, is associated with looscly bound atoms in
the graphite lattice, The B sitcs are in a wore stable
.

configuration but reactions on B sites produce rcactive

A sites. A third activated process 1s consldsred to e



tne tharmal anncaling of the swface by the migration of
carvon atois: in this process A sites ars converted into
B sitess The overall reaction Kinctlces can then be
devcecloned as follovis:~-
Let the fréction of the surface occupied by
A sites De xe OFf thesc a fraction (§) is occupied Dby
adsorbal O0XVECIl.
Rate of ozygen adscrption on A slice = Kg(l-5)P
Rate of desorpiion of proGuct from 4 sltes = Kp.O
Under stecady-state conditions (&) is constant
e Ep(1-8)P = Kp.
& =Xk . . s

I§E+I{C oF
o'» Rate of rcaction on A siics = KA.Eg. x
= I;.Q.‘ QI{SEDPIX -

Kp+Kg oF B A
B gltus are considercd to have a low adsorption coverage
0L OXYEIhe Thercfore -
Rate on D sites = Kp(l-x).P . . R A A

«*e Total Rate = L .K5.PX 4+ K3 (1=x) 4P

Kn+khg.D . . 1418

-

he fraction (x) is pressurc and temperature depcndent,

Rate oi conversion of B sitee into A sites Kg(1-x)P

P

Rate of amnealing of A sites tc 5 sites = Kp.x
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At steady-state conditions, (x) is constant
e K’B(l"X) P = KT.x

=Kp,P o 1,19

1.6, Deductions from the theory.

i,) At low temperatures (x) is close %o unity and
thercfore (Kgp) is small: (x) depends very little on

-~

(P) and the overall rate is given by R .. Ki.Kg.

However the overall rcaction raic may tcnd to zero or
first order dependent upoa thc rclative magnitude of
Ko.P? and Exm.
iie) A% very high tewperatures (x) is close to zero
and (Kp) large:s (x) depends on (P) so the surface
anneels most rapidly vwhen (P) is small i,e. a meximum
rate at low oxygen pressurcs is rcached at a lower
temperature than at highcr pressurcss The overall
rate 13 given by

R == EpP
This is a first order rcaction.,

S a4

1.7. Scopc and alms of the prosent investigation.

In +the @bove work there was considerable
scatter in the experimental resullts owing principally

to the uncertainty of temperaturc, &G lnaccuracy in
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measuring the rate of burning of the carbon surface,
Nagle invterpretcd the data DYy a statistical correlation
which gave the best £it to the lknown exiserimental
varigblcs. However becausc of the couplexit,y of the
reaction kinetics and the partial dependencc of the
ovsrall rate of reaction on mass transfer cflfeccis, the
information from the analysls was neccscarily limited.
lagle found that the ratecs of pyrolytic
graphite oxidation depended very 1litvle on the gas
velocity but adeguate proof of the absence of the cffects
of mass transfer was not prcsented, Furthermore hecause
of the experimental scatter, the small decrcase oObserved
in the reaction rates above 170000 vas not very
lcant, In fact 1t wwas nogsible to consider the
Ygpparent' maxzimum to be a flavienlng of the rate-
tenperature curve causcd by partial control of the
kinetlcs by rates of mass uwransiel,

Tn the orcgent wori i1t was decilded to inmprove

-~

- - -1

and develop the experimental tochnigue described ancva,

N

at high tomperatures could be investlgated so that the

-

conclusgicns reachcd by Llaglc could be wverifli

rejoctet,
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2. A _study of the experimental scatter using the microscope

technique.

2.1, Introductiong In order %o study the reproducivility

of the cxperimental results using ogles technigue, the

recactor zraphitc were measured

Fy
H

alr-oxidation ratecs o

at a constant temporature of 1400°C aad a constant gas

velocity of 7C00 cm.sac:l Thc data was subscguenily

. BN

analysed by statistics to find the wmagaltude o
)

variation @bout the mean (this snalysis 1s given in

g

Appendiz 2). In addition a complete reaction-tenpera-
ture curve was estobplished ond conpared with the resulis

published by Fagle,.

242 Apporatug: The apparatus used in thls part of the

N .o - ) - Col —y
cexperimental work was that set up by Hogle *and will

a al

be hricfly describod. A cylindrical rod of graphite

was enclosed by o metal vessel but could be viewed fron
outside through a small glass window, (a deawing of the

reaction vessel is given in Tig. 2ele)s Larce

curronts wers toion Lron a sten-down transformer and

asscd through the smuple, walch was roplidly heated

5

Y3

. & R eSS S e - . .
CLIDCI ATV C, A stroon of tihc oxidcant gas

vas directed over the grashite to inercasc the rate of
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mass transfer to the solld surfacc: rate measurcments
were colculated from the rate of retrceat of this
surface bencath the gas jet. The retreat was
obsgerved in a travelling microscone znd the rod

tenperature measgured with a disappearing filament

pDyrometer,
2¢3. Prevaration of grophite saudleg: The grashite

mles used above vwerc orepaved os followay -

w? o

A 4 inch diameter brass tube was drilled into

=

a large block of gzrophite, Cn withé@rawal, the tube

e

ranoved a cylindrical core from the graphise block,

Thig was cul to 4 ciise In length ond jaumcd between

the graphite bushos lrmisdiotely beolow thic tip of the

gasler to moke, tney wecre used in place 0
mods in later experimcnts.

wers cut

(i
(@]
6]
]
@]
'_I
[

Sguare pryrolytic srashi s
from o large sheet of the moatsriol os doscrived later,
Great care vas toxen to Drfeparce the cads of cach sauple

to make a good elecirlcal contact with the suppor



2.4. Hagle's liethod of rate measurement: The duration

of cach run was only aoout a nlnute so all instruuents

h

<t
o

were prepared before the sanple was heatedy

microscone were rfocussed ontc this cold

[N

pyrometer an

gravhnlte surface aind the pyremstcyr set to resad a
o J =, N O o, oo o
temparature of dbout 1400 C. “hea the entrance to

the vessel had been sscaled, tie punps evacuated the

alr space and alyr was dvawn in through the jet over

the graphitc surface, The flovwrate was adjusted oy
congstricting the rubbecr supply tubing to give a gas

velosity of 7000 cri.ssC, ot the jet. A similar
adjustment to the exhaust linz set the vessel pressure
to 0.21 atiiospheres, when the gas prossure ccased
to fluctuate on =opprosriate trangforiicr voltass wWas
selecied oo give the veguired temperature and

current was switched on,

-

The attaeck procceded wogt gquickly at the
site vwhere the jet impinced on the rod, Lforming a
saddle depresgsion in sue surface, AS soon as the
craphite appeared to attain a steady tenporature the

position of the Dite seen in siluoustie on ths

riicroscope gratviculs was read aud mentally noted:



the stopwatch was started simulbaneously, Without
delay the pyrometer filament was matched with the
brightncss of the graphite surface, Then the new
position of the reireating surface wag measured as
the timing was stopped. The recactlon temperature
was read from the caliorated scale of the pyrometer
and the rate was calculaved Lfrom tie other measurcrents
as shown pelow in ecguation 2.1,
The mognification of the nicroscope (M) was
100 divs = (0250 or 0.390) cis,

Wl

All the graphite rods were cut Frow the caue sample in
which the bulk denslty mecasurcd i1a a specific gravity
boittle in comparison with watcr was 1a.76 g.cm."'3

If the surface retreat was (h) divisions of the micro-
scopic scale in a bime of (%) sccsy then the vatc of

reaction was given byi-

s _n L g 2 1
.ilv :—"‘L . i\’: . f’““z‘ :).Qt. Cxﬂ.go SCC ., . f . 2010

.

2.5+ Rosults of rate ssainst tauperature.

)

et dovm

4]

The results of the experiment are

in table AL, which is given in Appencix 2, where the

i

sviivols are the saic as described alovi. The full
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experimental curve was plotted in fig, 2.2 as the
logarithm of the rate (R c.at.om Z.sec™t) against
the reciprocal of the dosolute temperaturve,
Nagle's published rosulits are shown on the same
graphy the expoerimenital scatiter ig scen Lo be
gimilar in Hboth cascs.

A higher gas velocity (7000 cm,sec:l) vas
usced in tae present experimonts waich provably

4

accounts for thie moximu rate belng higher than

Nazle's had beens +this vesult supported the
stpposition o partial aco 1gfer control of the

rcactlon rate,.

It i1s also possiblce that oncc a maxlmwn
value for the wvesulis is ovitoined, they remain constant,
instecad of decrecasiiyg as sugrestcd by Naglce

Below 1500 % thc corrcsoponding velocity

iftf erence has no effect on tie reaction rates,

This appcars to suzsest that reaction rates below this

teaperature are not controllced by rates of mass trans—
Fer and from Hazle's vesults an appavent activation

cals.mole-l was colculated,

o
s
o
F-J
tis]
&g
@)
Ul
(@)
i

2.6, Results for pyrolyiic sraohites With the same
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apparatus and technigue as described above some rate-

temperacsure results vere odltalned with pyrolytic

(6]

D’)

crapiniitey  titese arec described iua dotail in a later

secitlon (log) The rate~temperature curve vas

similar in shape to that ooserved with reactor zZranhite,
It is intercsting to notc that nelther gas~

velocity difference nor pressure diffcrencc affected

the comparison with Wazle's results for pyrolytic

ceaphlte and below 150000 o apparvent activation cnergy

-
L) ]

- ~1 0 s . ;
of 4L K cal.aole was found in Dbolh cascs,

2.7+ Conclusions;

2elele From this »roliminaey analysis, 1t Deceame
clcar that tihe large fluctuation in the temperature
whilst the retreat was nmsasured was a small but
eignificant contribution te the experimental scavier
doout the rate temperaturce curve, Ay lwmprovenent
would be ovtained if the toaperature could Lo brought
under closer countrel,
2efe2s The error in ©
contributed mogt to the czperinmcntal scatter as Was
shown by an error atalysis (ssc anpendiz 2). Thercfore

if this could be measursd witl
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accurate prcedictions could be made from the reaction-
temperaiure curve,

2ele3e The veloecity of the gas sircaa aluered the
reactlon ratcs: thils reguired a fuller investigation
preferably ot a congvant reactlon tcmperaturc,

2e7 lte Below 150000 the aoparoent actvivation cnergy
for the reaction of oxygen with pyrolyitic graphite was
higher than that Tor the reaction of alr with reactor

graphite,
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3. Improvements to Wagle's methods of mcaguremcnt and

e

evaluation of the jet-Clow tect

niguce

The investigation of

scatter in the rate

measurvencnts suggested several major lmprovements
to thoe experimental motiiolGs. These were succsssively
introduced and are dcescribed below in details
%l Meagurcment of the somplce termeraturc.
The cauvses of Gtemwerrature fluctuations during
a run were as followss~
a) Tihe development of the bite in the grophite surfacc
altercd the elecirical resiastance of the sample.
) The contact resistance vetveen the saiple and

support someitime

The reccilon was exothermic,

g chanzed during

The U

a0 where the

ad
<~

(@]

ro2te vas greatest, i.c. under the jei, 10rc heat
nad %o e digsinatcd.

The following values of the temperature chan
were noted, in the presence and adbsence of a jet of ga
hree different carbons were oxidised using both alr
ead oxygen ot atuospheric pressurc, and a pean indlivial

. o 0
tempevature of 1500 °C
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carbon rod + .210 + 130
reactor aphite + 30 + 10
pyrolytic graphite - 90 - 150
As might De expected the piggest temperature

risec wWwas ovserved with the iost reacitive aterial

(carbon rod) in a stream of purc OXYEEoe In coantrast

a ©all of temperature was obscrved with pyrolytic
crephite,

In gencral thc tonmpceraturss as measured
Were not corrcecied for glass absovption, emissivity,
etc., because these werc systematic crrors and the
dbsolute temperabturce valucs werc not essential for

interprotation of the rate-tcmperaturs curve in the

present investigation,

l.odifications: The pyrometer linc of sight was

the samle to the cenuvrs of thc

ch&nged'by’moving T
vessel and Titting a window directly avove ity a view
of tie sample could now be madc muitually at rigl
angles to the axis of the graphite rods and the line

of sitc of the wicroscope, If %ac jot was inclined

at u50 to the rod axis the tewmeraturc at the seat of



Fig. 3.1. Fhotograph of apparatus.
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the reaction could then be viewcd directly through a
M5O glass prism, pluaced on vhe top window (for detaill
sec photograph £igs 3e1)e

Different supporis werc nceded for this new
arrangement and those were made from muci larger pilcees
of graphite as doseribed in scciion (4e2)., Thesc were
zaelly removed Detwecsn runs 2and could bhe macnincd to
give two new parallcl faccs to support cach fresh
graphlte samovle, An additional advantage was that
the supports did not become not and burn away during a

run becausc of their greater thermal capacltys they

@
o5}
by
l—-‘
F3

therefore provided support for tiie sauple during
ozidation and no Turtheyr experimental difficulty was
cxperienced in this rcspoetla

ER

3.2, Now method of temperature conirole

In order to compensatc for the elecirical
resistance changes in & sauple during a run i1t was
decided 0 adjust the heating current manually whilst

as unéer continuous oobscrvation,

-4

the samplc temperaiture «
The magnitude of the heating cuwrrent was of the owrder

s 2 P

of 600 maps, at the low=-voliage sids of the trenarorngr,
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and was now varied by controlling the input power to
the high-voltage side of the itransformer with an

P

additional auto-transforyicr: since the input current
was only 15 amps (at 400 V) a stondord 'Variac! could
e used,

To assist further in conirol, the size of
the hsatling current was estimated Py a current trans-
former (in the shape of a coll) placcd around the
cglecirical lcad rods to the rcacilon vessel. The
current induced in the coll was observed continuously
on an YAvo' meter (sce the electrical disgram fig. 3.8,
and the photograph, fig. 3.1, Tfol the position of the

A

coil next to the reaction vessel).

3a5e Pressure control:

A YCartesian iianostat! wos fitted into the
exhauvat line from the vessel in order to control the
pregsure in the vesssl nore closely. In effect the
manostat conirolled the rate of punplng Irow the vessel
by means of a stalnless-steel bell floating on a pool
of mercury, The space beneatnn e bell was connected

through a three-way tap to the exhaust line, When the

vessel pressure was ab the reguired level thils connecticn
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was sealed off; further pressure reduction caused

the Dell to rise so that the top (covered in hard
rubber) sealed the exhaust orifice (LigZe Je3)e

This ingtrument worked well except for high Iflow-
rates (5 litres per minute) at low pressures (less
than 1/5 atmosphere) when the orifice was too small to

pass the volume of gas, However 1t was very satls-~

factory for cate-velocity work on pyrolytic graphite,

3 4e The Jet:

A "Bray-burnery gas jet was uged vo direct
the cas flow, The suall jet ({" overall height)
consgigted of a hexagonal brass socket with a slotted-
port porcelain Vip. The dimensions of the port are
shovm in £iZe JFele Velocity~traverses were made
acroce tihe jet and showed a pardbolic distribution of
Tlowe The planc of the jet was directed across tue

sample.

35 Galibration of the capillar, Tlovielel.

Two capillariecs were arvanged in parallel;

one was used at low flow wates and potiy were uged at

i

¥

. < k) - S - AA‘ i) ~
high flow ratese he nressure drop (A\Pf) across

bt



Fig.34 Dimensions of Bray burner jet.
(no.115N cms)
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RESULTANT
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Fig.3.5 Support of graphite sample
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the capillaries was neasured with a dibutyl phithallate
manometer, in adGitvion, the pressure in the caplllaries
Was measured uslng o mercury manoneter and densiiy
corrections were made as regulved.

In tihe calibration (APL.2/760) was plotted
against (§) measured at 8.T.P. When () was plotted
egainst the root of the pressure drop a stralghit line

correlation was produced.

%464 Velocity of the gas in the jet.

A simpls pitot tube made from mamall-obore,
thin-wvalled, stainless~-stecel tubing vas used o measure
the flow velocitys The velocity was dependent upon
the ambient gas-pressure, gas flowrate ané position of
measurement relatlve to the jel mouth,

The pitot tube was set Lfirst of all av a
fixed distance from the Jjet inside tne vessel and
the gas veloclty was measured at different gas flow
rates when a straight line calivration was produced;
the slopne of this calibration line varicd directly with
the amblent g as pressurc, Secondly al one atmosphere
pressure, ths Iflowrate-velocity calivration was

obtained at several fixcd distasces (Go) s Irou the
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tip of the jet or (do + 1) mms from the throat of the
jet. At distances greater than 3 mms the slope of
the calibration was found to wvary directly with

(do + 1)2° The Tollowing calibration was evaluated

as characteristic of the jet:-—

v = 2 x 10°

o —————— e e

P(do + 1)
do> 3 mm

" ) -1
where (v) is the gas velocity (crm.sec, ) along the

Wi
[+3
!
a

2

axis of the jet, at a distance (do) ums from the tip of
the jet, <with a gas flowrate (@) L.rins® and abient
pressure of (P) atmosphercs,

The abeve velocity may not be obtained when
the free Ilow of the jev is cbsiructed by the sample,
but the velocity will be characteristic of the conditions
appertaining to the flow,

In each experiment a constant preesure vas
imeintained and the jet-pample Gistance was reproducible
from run to run, For this case, tne flow~rate (@),
ghich is directly proportional to veloecity (Bguation 3.1),
’

can also be used to characterise thie Tlow conditionse

Flow-rates counld be measured more esagily tnen the flow

velocity and so reaction rates were plotted in the



“59.-

first case as a funciion of gas Tlow-rate,.

3e7e Suvrface precsuyc 1ilCreasc.

A specially constructed duminy sample was
used to measurce the surface pressure dircctly. This
wes made from metal and had a gaall hole in the leading
edge which comnecied to a copper tube (below the sample)s
this in turn was connecied by PVC tubing to a mercury
manometar. When measurenients were made under different
Tlow and pressure conditionsg the Lfollowing calibration

was found to apply:i-—

LP, = AFRL . 205 3424
B do2

do> 7 rm
Where (A\P) is the pressure increase; the other
synibols have already been descrived,

In addition to the above experiments the
surface pressure was measured at high temperaturcs
(up to 180000) in one almosphere of nitrogen.  For
this experiment a ceramic tube was inserted into a
graphite saiple. “he temperature of the grapniie was
found o have no e¢ffect upon the surlface pregsure

increase caused py the Jjciv o
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3.8, Measurement ol the graphite surface reitreats

Rather than continue witih a mlcroscope 1t was
decildecd to project an iniaze of the sample for measure-—
ment as the sample itself was incandescent. A magni-
fication uwp to fifty times was obtainea without any
noticeagble distortion of the imasce and the retreat could
be measured to + 0,01 ul, (In the travelling microscope
a magnification of 3.9 times w7asg obtainanle and surflface
retreats could only be mecasured to + 0.l mm.)

Further improvenent wvasg cobtained by photo-
graphing cohe projected image with a Bolex (H.1d6 reflex)
ciné—camera, at an ecxposure rate of 1 frame every
1.94 secondsa Tach iramc of the cind-film gave in
effect a separate egtimate of the rate of corbustion,
so that a single rwn was eguivalent to several Tens of
runs using the microscope method of measureient, A
check could also be nede for steadr-state corbusgilons

he sample siliwouctie was nhotosrapned thwrough
a translucent screen rladc of "Hoda-trace® and a
vafsrence scale at 1 cm. iatervals was drawia upon the
screen, This was mownsed iugide a large rectangular
hox~fraae covered by black clothi and it was possible to

gsec the image clearly even at low itempsraitures,



PIG.5.6 TWO TYPICAL SILHOUWTTES 07 A DBUNING P/ROLYTIO

GRAPHITE SAIFLY






Kodak "plus-X" negative £ilm (SL4ASA) was
used and was sufficlently sensitive for temperatures
o} . . n .
as low as 1100°C and the resolution of ithe lmage at

a magnification of tildrty~five times was dbout 0.5 rmmisg,

3.9, Analysis of the cine-filn,

The ciné-film was develoned with Kodsk D.76
developer. A "Spectoh 165 i, cinééprojector was used
to project the film, fraae by frame, onto a large screen
made from "Kodatrace" supported on a sheet of perspex at
the rcar of the darkencd enclosurc, The movement of
thiec £ilm was operated Dy a micro-switch fitted to an
extension wirc at the screen, and cach Irame was counted
attoniatically by sune drojecior, The image was viewed
thirough the screen and a tracing of the silhouette was
rnade at esach fraine Initerval,

Two typlical views of tue silhoucite are slhicwmn
in fig. 3.6, The punotographs are an enlargement of a
piece of film of the oxidation of pyrolytic graphive at
18&000 and arc taken Trom the sate Lilin shown In Flgselels
The tvo views are sep.orated by 30 Iraacs (equivalent to

58 seconds) and the bite has progressced by avout Ol.75 s,

An image of the jJjet can be ssen above the sanwle owlng
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to the rerlection of light from The white ceramic tip.
Some typical picces of filii are also
reproduced 1in fige 37 On the far right 1is a film

of this oxidation of iron~iupregnated rcactor graphite

o) , . s

at 1400°C, The gas velocity was very high and a
LxY 43 - r: B ) - -5 - .-2 - -
reaction rate of 247 x 10 g.at.cn. sec. Was

ncasured, Centre right is a ©ils of the oxidation of

. . . O~ 2.
spectroscopic graphnite also at 1400°C in a high gas

-
velocity, The reaction raic was 248 x 10~ g.at.
CIil o SECe e Wote how much smoother the silhouette

of the saaple ig Tor thls waterial, Centre left is a
direct view of the sample, obutalnad in early exparimental
TTorK, o this grip of film the umovenent of the sanple

is clearly visible and shows one of the reasons Lfor the

6]

scatter in Nazle's LCSJltV’G nce only the initial and
inal positions of tie samnle silhouvetic werc recorded,

o

Far left is a Film of the oxldation of pyrolytic

. 0o - iy e 3.
graphite at 1840 C. Wote the wuch glower reaction
=5 -2 ~1
rate wnich was 23.7 x 10 - £.8%,Clle SEC,. .

Bach position of the silhoucttec was plotied

against tne fraue nwdber and Ifrom the graph tie vate of

(Y

reaction was determilnel, The gprapns for the tarce

-

recaction rates described above are rooroduced in Tig.3.0:
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tne actual surface retreat (in cms.) is plotted as the

ordinate, and time in seconds is plotited as the abscissa.

3«10« Exverimental procedure using tlic imwroved

experimental 1ectliod,.

1. A graphite sample was preparcd and positioned inside
thie vessel irmediately below the tip of the jet,. It
was possible te view the rod from the top window during
this operation,

2. The front cover of the vessel was clauped invo
position and the vessel evacuated by three rotary vacuuwn
pumps operating in parallel,

%, Atmospheric pressure was recordced ané the caricsian
manostat adjusted to give the reguired ambicnt pressure.

i« The gas flowrate was adjusted to the required level

>3

and the mancstat reset at the correct adbient pressure.
5. liains power vas switched on and the hcating current
was increased to give a saunle temperaturce of about
200°C . This vas malntained for 15 minutcs.

6, In this time tic pyrometer was set to tie required
temperature and a run nuuber photosvraphed by tiue ciné=-
Canela.

7. Inmicdiately before heating the graphite further, the
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various pressure measureents were recorded and the
camers--lens aperture sete The sanple was then brought
up to temperaturs, the camera was started and the
gnclosure guickly noved Zorward on its rollers to focus
thie siliiouette of the samplec on the screeci,

8. Timmediately after the run, the various pressure
micasurenmients were recorded ayain and checlzed for

consistency,

3.11, Evaluatlon of the jeit~flow techniguea.

revious discugsion has shown thai when rates
of reaction are independent of the degree of turvulence
in the gas phase, they are not limited by rates of
diffusion to the graphite surlace. Therclore when a
turbutent gas jet is divected over a carbon surfacc 1t
is to b expected tnat a "critical' veloclty will be
found, above wilch the rates or rcaction are not depend-
ent on fuvther increase in the vclocity. The magnitude

of the critical velocity can be found e Tthe dspendence

of the reaction rates on the gas voloclty at a constant

reaction tewmpcerature

. PO i
2,11.1. Rate—vclocity curvegs Tor Teactor craphlics.
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reactor graphilte was ncasured at lhOOOC and also at
190000; but at 1800°C the reaction rate was so high
that 1t was not possible to eliuinate boundary-layer
mass~transfer conirol of the rsactlone floviever a
maximwa was observed in the rato-temperature curve,

In using very hign gas velocitics in this

o

work it is possible tiial some "erosion' of tae graphite
surface could take place: thls possivliliiy will now be

discusseds -

granhive surface.
1,k

3elle2s "Brosion' of the

[}

Several authorsi 2have reported that
parilicles of grajhite can e Aetached from a saniple
without being consuncd by the oxidising gas. The
reagon for this is tuat as the reacticn procceds in the
pores the surface wull deaslity is progressively reduced

vatil the remalning surfacc siructure eveatually dis—

integraites into a powde: served in the

3
.
-
o
1
0
»
0}
o
[&)

present work for the oxidation of reactor graphite in a

stagnant atmosphere of aiv, wieh a Snower of incandecscent

particlss was continuously cmittcel. The "ervosion'! vas

elearly visionlc in tuacse circusnstanccs and 14 1s provable
“

that the main reaction was procceding in tie binder

(wirieir was only paritly craphitised) along the grain



boundariecs.

It was expecied thaet the surface crosion
would e enhanced in a flow systen but when a gas jet
was Gdirected over the surfacc no erosion was observed
at all, This difference in bchaviour can provanly be
gxplained as followsy~

When the oxyzen has a wniform and small
concentration throughout the porous zraphite the bulk
density must preogressively decrease until the structure
eventually cruaples as described above, On the other
nand with a limited oxygen penetration of the sample the

N

wulk density can decrcase only at thwe surface, From
the theory of vore diffusion, the porc profile will then
be "Weet~shaped and not cylindrical, andG thercforc much
gstrongera. iloreovsy as vhe granhite teuperaturs is
increased the »nceuctration of tiwe 1sple progressively

]

therefore the surface siructure during

M)

decreasges;

Y .

zaction will bec stronger st hisu teuperaturcs. This

3
[

-

may explain wvhy no evosion as obscwved in the Iflow
experiments witnh reactor graphite.

In the case of pyrolyvic prashite the sauples
are virtually non-porous go croslon cof tine naterial is

most unlikely To occur, Dxporimental condirmation can



i

be sought from the rate-velocity resultis,
the nexs chapter, becausc a constant rate
once boundary~laycer mass—iransfor control

removed, Therefore desplie the lacrease

as the gas velocity vias lancrcased furilier,

presented in
Tas obtained
had been

[l

of skin drag

the reactlon-

rate was still constant, which implics that erosion of

the graphite was negligible,
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Lo The reaction between pyrolytic craphite and oxygeil.

bolo Introductions As alrecady explainsd in section lo7,

Nagle observed that at near atwospheric pressures the

P

rate of reaction of oiygen wWith pyrolyiic grapnite

reached a limiting value at about 190000, and appeared
to remain constant above this temperature. ™70
possible explanations for this observation can be
entertained, eithers-—
a) the effect is due to the limiting rates of mass
ransfer at hizh Temperatures (as already explained
in section l.l.2.) o
b) the effect is due to the actual behaviour of the
surface reaction kineticsg, a suggestion which is
strongly supported by the results of the filament
experiments (already Gescribed in section 1.3.)
when a pronounced maximum vag obtained in the rate-—
temperature curve. n these low nressure experi-
ments mass transfer limitations were entirely dbseat,
Some evidence was »roduced Dy Wazle that his results
vere not affected
although this svidence was 1n no way conclusive.
Consequently tuhe flatiening-out of the curve at 170000

[N s

might have been due to a mass iransfer effcct.,
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It appeared ther:lore to be a matter of great
importance to attempt to obtain results which could

-

be denonstrably shovwn rze from any mass transler

5

0 be

ck
w

effects, With this end in view

-

the technique of Nagle

was improved and tihe neasurcments rsndered much more

accurate.

Prior to working with psrolytic graphite a
great deal of work was carried out using reacior graphite,
However thie resulits of these experiments proved to be
inconclusive for tvhe following recasoas:~
a) lavrge rate of rcaction: 1t proved impossible with

the present equipment to obitaln recaction rates wnich
vere independent of the gas veloclty betwcen 160000
and 1900009 Therefore the chemical rates of reaction
could not ve dctermined.

b) high porositys even the rates that were independent
of the gas velocity at other temperatures were siown
to be controlled by the rate of in-pore aiffusion,.
Conseguently it was very difficult to produce a
complete analysis of the rate measurenents.

c) impurities; small concentrations of lmpurities were
present in the rcactor graphite which may have deen

catalytic agents for the oxidation of graphite.
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For these reasons work was continued with
pyrolytic graphite which is of very high purity and has
a much smaller reactivity. In addition the material
has a very low porosity so that intrinsic reaction rates
can be measured, Some furtiier expcerimental modifica-
tions were required to use this new materlal and they

are described in the following section,.

4.2 Further experimental modificatlionsgs

Unlike reactor grashite in which the micro
crystallites ave randomly packed, in pyrolytic zraphite
the crystallites are larger and orientated with thelr
basal planes parallels consequently the material shows
a marked degree of anisotropy., In experimental work
it was observed thalt a sample would strilate into hot
and cold layers i1f imperfect elecirical contact was
made with the saaple supports. Moreover the supports
vlere more reacitive than the sample and rapidly burnt
avvay e

To solve the latter problen larger supvorts,
2 inches in length, were cut from a graphite rod one
inch 1n diaietcre Tith the larger thermal c apacity,

the supports could hold the pryolytic graphite samples
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for a longer period of time before the contact was broken.
A gmall hole was drilled and tappsed along the axis of
the supports wiilch could %i.en be screved onto the

)

electrical leads: a fresi. Tace could be cut on the

support veforc cach experiment, and in this w

J
&

L(l
<
et
=
o

Pyrolytic graphite was glwvays held firmly bvetween two
parallecl surfaces.

Attempts to oxidise the sanple in the a-direction
caused the outer basal-plancs (parallcl to the direction
of tue jet) to cool, As a result a pit was Fformed
rather than a saddlc depression so that the rcaction rate
could no longer be izcasured Trow the silhouvette of the
sample.

Oxidation in the c-directior also tTendzd to
cause the plane teneatinn the jet to cocol. However in the
preparation of the sauple (4 x 25 mm) the ends were

slightly inclined to sach other so tizal the top plane
facing the jet was in Tirmer clectrical contact with the
supports. In this way cooling of the surface was
avoided before tihie bite develoncd,

4 Turiner expecrimental modifaction was intro-
duced to measurce reacilion ravcs velow 130000 wnen the

photographic nethod was insufficiently sensitive, For



o

'G

w

7))
<

= ; o ‘
o 0-21 atm.oxyer
: 1"/‘

2 i

<

= z

L]

~~

)

i

e w

C

o

=

O

®

o

[0

— 1D

o

8)

o

4 -
4 5 6 7 8 (10% T7'°oK
12500 I2000 l1500 11000 °C

Fig.41 OXIDATION OF PYROLYTIC GRAPHITE (HTM)



—~ 75

thesc comparatively small rates the depression of the
surface beneath the Jet could He measured by a micro-
scope after the reaction had taken place, in this
way the range of experiments with pyreclytic grashite
was extended downwards to 90000,

In more detail - the sample was rcacted
bencath the gas jet for a fixed time (of avproximately
five minutes) at a low teuperature. Y/hen cold the
sample was placed on z slide Dencatihy a microscope and
observed at a magnification of fifty times, with
opague illumination. A traverse was made across the
surface of the sample zd the depih of the surface

depression at the bite was used to calculate the rate

of reaction,

1.3, Ratcs of reaction with vyrolytic grachite (HTH)

using Naglds tecuniquc.

Before starving tue work using the improved
technigus, a sct of results was obtained with pyrolytic
grapnite using Nagle's tecunigua. The sanple of
pyrolytic graphite was ouprlied by iigh Temcerature

Materials (U.S.4A.) and was part of the samne material

used by Fagle in his expcriments. Dzperimental results
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were obtained for temperatures up to 250000 and were
found tu be in substantial agreement with Nagle's work.
The results are plotted in fig. Lole as the logariths

of the reaction rate (Rg.ate r“zﬁsec‘l) agalnst ©

o

he
reciprocal of the absolute teuperature (104/¢.n)

Noticeably the experimental scatter is about

agle, Hovevar,

(]
ot

the seame riagnitude as was ovserved vy
when rates were measured sbove 1800°C tiiey were Lfound

to be substantially gnallcr than those ueasured at 18C0 Cj
so desplte the expsrimental scatter the occurrence of

a maximwil and subscguent decrcase of rates at higher
semper otures Was obscrved, It suould be noted that the
vpper limit of Nogle's teuperature ranse was 190000 S0

the above trend was 10t then appavcente

L. Lo Rates of reaction of nvyrolviic grasiite (G.H.Cs )

The remaining cuantity of HTH graphilte
agnall so work was continued with naterlal indly made
avallable by the Cencral Iileciric Company Lu. .A.).
Reaction rates were measurcd on thls neterial (to be
referred to as GBC 430) and were Tound To have substan-
tially ohe same reactivity as the HTil saple. In Tig.

Re]

lte2., the reaciion rates of the ¢2C samples arc represented
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by circles and are comparcd with the rvate~tenperature
curve (from fig, L.1,) obtained with HTi graphite (using

Nagle's technigue).

Le5e The effect of mas velocity on reaction rateg;~

Following tuals work, the reaction rate was
determined as a funciion of the gas velocity in the jet
over a wide range of velocitics with (G3C L30) pyrolytic
graphite: for comparison an additional. curve was
obtained with reactor srapnite,

Lo5.1. Pycolytic zrapnites-

Since tiie maximas reaction rate for pyrolytic
graphite occurs at 1900°C (fiz. 4.1l,) %tie rate~velocity
experiments were carried out at this temperature, the
pregsure belnyg V.21 zticosphercse

The resulis ave gliven 1in Apoendix 5 and are

. . . , 5 . -2
plotted in Tige 4.3s as the reaction rate (2107)g.at.cm,
"’1 R o . ey R .y - 1T o

sec . against tie gas velocitr 1a Cli.SEC, - e

rateg can be seen To be independeant of the gas veloclty
. -1 A i

when this excceds 25C0 cCri.seCs Thecrclfore above a

. a — "'l L) 3 . o
gas velocity of 2500 cme.szec, ~, the reactlon raltes of
pyrolycic graphite are not limited vy rates of umass

transfer at 190000 or ot anr otier iemlceraiurs, because
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the naximum reaction rate was observed at 1900005

These results conirm Nagle's data obtained
wWith pyrclytic graphite where rate measurcements at a
gas velocity of 1090 cm,sec."l were not different from
rate measurciients made at 7000 cm.seoa—l.

It is concluded, therefore, that a linear gas
velocity of only 2500 cm,.sec»“1 is reguired to dispersec
the gaseousg productsy avove fthils criliulical velocity the
true chemical kinetics of reacticn can be observed,

1,5.2. Reactor sranhites -

—

Nagle had argucd that the system Lor the
oxidation of reactor zmraphlie was geonetrically similar
to that for pyrolytic sraphite, and since the reactor
graphife rates vere very much higher than those of
’ v

ryrolytic graphite,

2 &%

tsr could net be controlled

Py
)
2
o
b
ci
pamy
[@]

by mass transfer,

The rate-veloclty curve for reactor graphilte

G

[®]
n
r)

0.21

[ah

was determined exporimentally at 1500 Z1H)

2

atmospheres of ozysen and was plotted with the pirol;tic
graphite results on T1g. [Le3. T this curve 1is
compared ith tiat Tor »pyrolyiic sraphlte, the o rates

are found to colncilée at low zase velociticss
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However, the reactor graphite rates increase with the

e
oL

n

e o gas velocity until the comparatively high
. : o s
velocity of 12,000 cm.sec, wihen a flatteaing of the

curve 1is apparently obtained,

4.5.3. Conclusion;~

Therefore, in conclusion, Tiie maxumu:
reaction rate of pyrolytic grapdhitve appearad not to be
limited vy niass traasfer rates emcept ot very low gas

velocities, It as veilocity exceeded 2500 CliosS€Ce

ch
-

«©
GO

thie constant reaction rate aclileved at 190000 was

-5 =2 -
2l x 10 “geat.cii.” szc. .

AL

L.6., Reaction rave temperature curve for vyrolyiic

graphite (GHC 4307 .

The agbove experinents vere followed Dy a

sy oy ot - e [ R O o} = o
series of rate measurenents bDeltwesen 1000°C and 2500°C
on G.3,0. pyrolytic graphlie. Iin eachr run the gas
velocity was high encush to prevent mass traisier
control of the reaction. the scatter in the resgults
was much smaller than in previous rork and can ve
contrastsd witin Wegle's technique wiich was used (o obtaln

the results slven in Tig. L.l This comparison
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Gemonstrates the superiority of the photographic
technique, and in fact the curve could now be plotted
on an arithmetic scale with a considerable degree of
accuracy (fig, Lels) In this cranh, the reaction
Tate(R=105)gaatocmjzsec:1 is plotted against the
temperature in OCG It will be seen that the

reacitlion rate rises to a moximuws at 190000 and falls

t0 less than half the maximus rate when the temperature
reaches 250000. The reaction rate measuvred at 190000
in the experiment described ia (section l.5.) is found
to lie at the peak of the curve.

Lho7. Swamerys:-

1., The rate~temperature curve for the reaction of
pyrolytic graphite with oxygen at 1/5th atimosphere
pressure shows a pronounced maximw: at 190000°

2. In addition the resulis demonsirate a marked decrzase
in the reaction rates for temperatures aoove 190000.

3, Therefore the phenomenon of 2 maxiruw: reaction rats
is not the result of mags transfer limitations; 1t i1s
a cnemical~-kinetic effect comparadle to that reported

at very low pressures on zravhite Tilauents.
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4,8,1. Comparison of Ffour different rate~temperature

curves obtained with oyrolytic graphite.

In Tige Leb. four different rate-temperature
curves are re-plotted, namelys:-
(L) O results(ifagle) 0.20 atil at 1090 Clies6Ca o
(2) HTL results (Nagle)0.l3 atm at 7000 Ccriesec. T,
(3) HTM results (sectiion L.3) 0.21 atm at 7000 cm.sec.-l,
(L) GEC results (section 4.6) 0.21 atm at 3500 cri.sec.™t,
The results were ovtained with two different
pyrolitic graphites at different auibient pressures and
gas flowrates by two 1ncependent experimenters using
differvent teclhnigues of measurements but all four
curves apyroximately coincide. This implies, Tivst of
all, that the two different experimental tecimiques are
capable of giving the same results; secondly, that

the reactivites of pyrolytic graphites from two different

sourcsass are the cane,

.8.2., Comparison of the pregent resulis with those

published by Hortole

Horton has reported much lower reaction rates

on H.T.li. graphite than those measured gbove: tThese

were subseguently interpreted by him using the theory
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of pore diffusion, Lovever, as alr was used, and not
pure oxygen, 1t is riore probable t.at low rates of gas—
phase diffusion are regponsible Tor tiie low activation
energy and the gmualler reactiion rates,

In order to chieck this deduction, rate
measurenents were nade in a svationary oxygen ausosphere,
to f£ind by how much the rate decreased (in Tact the
incoming stream of oxygen was direcited away from the
saple) . The results are chown in fiz. L.2. Dy discs;
ey are seen to be larger than tiie rates measured DY
forton (shovn in fig. 4.2, by swall crosses) dut saaller
than rates imeasured uvnder flow coaditl ons at all temper-

- , o)
atures above 1300 C.

The thecory of Strickland-Constadle and Iagle
which was reprocduced in section l.5. Was originally
proposed to repnresent the reactivity of all pure carbons
at high temperatures. The rate eguaivion can ve
rearranged to gives-—

Rate = A.nC.P HE H T, I

i A W e T e e

(Tkc.2) * (55 3) Y (Brais.®)

Al estimate was made by Wagle of tie individual rate
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ccngtants (KA, KC/KZ, K8 and KT), Therefore using
these estimated values, a reaction-rate temperature
curve vas calculated ot 0,21 atiospheres pressure and
compared with the expsriiental curve for G.E.C.
pyrolytic graphite (Table L4.2.) and with Hagle's results
(fig. L.6.) thne calculated curve fitted the very high
temperature reeuluD guite well and covrectly predicted
the rate decrease at high tenperatures: however, 1t

3

was apparent that the values of the individual rate
constants (Ki, KC, K&, KT, ¥K3) were in need of correction
to it the more accurate rate-data ncwavaildble.
Consequently, new valucs of the constants were evaluated
by fitting the rate eguation to the Tilament resulis

s

of Stricklanda-Constabls and to the high pressure resulis

.,
-

obtained with <.3.C, pyrolitic zraphivte, The metinod of
calculation is given in detall in Appendix l.

Fromn the new indivicdual rate constants the
rasactlon ratbte was calculated at several teuperatures
and plotsed alongside tue experimental results in fig.l.b.
A close Tit was ovtalned. In addition, the ralte-temp~-
erature curve was calculated for a zas pressure of

2.5 % ;0_5 atizosphercs to compare the theoretlcal

value with the published results of Striculand-Constables
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both curves arc plotted in figure L.,7. and again the
fit is good.

In addition, rates were calculated at
several pressures at a constant reaction temperature,
Three series of resulis wers calculated in this way in
the pressure range (0.l - 1.0) atiiospheres for the
temperatures of 1400°C, 1900%, 2500%K: these are
plotted in fig. 4.8, on a logarithmic scale with the
rate(3410"5)g.at.cm.—2560.~ as a function of the gas
Pressure in atmospheres,

The slopes of these curves correspond to the
reaction order at tue particular itemnsrature and presgsure

ranse, Hence 1t can be seen that tie reaction is first

] ] : . . .
rder above the maximws rate (2,500 K curve); below

o]

tihe maximws the order ciranges rapidly from first to

zero as the reaction »pressure approaciies one atmosphere
(1400°C curve)., Thus i% is seen that the difference in
the rate of rveaction is mmall when measured at 0.21
atmospheres and at 0.l3 at.logpieres wilch may explaln
why tne rates measured by agle and taese two npressures
are coinciden*t (sce sectlon L.0.).

! ) M EAR Dy + O 0
LL.10. A study of the rcaction ordcr at 1900 C.

In the »ressure range 0,21 to 1,00 atmospheres
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the order is practically constant 2t a particular
temperature: for instance at 1400°C (17OOQK) nearly
zero order xinetles would be ovbserved, whilst at
2200°¢ (2@500 OK) the ordsr would De closer to firste
At 190006 (the temperature at whiech a wmaximun rate is
measured) the slove of the calculated curve shown in
fige 4.8, is less than one and a fraciional order would
bYe expecteds

To test tuls Tucoreiical derivation against
experimental evidence, rates of reaction for GRC L30
were measured at 19OOOG ueing a high gas veloecity at
six oxygen pressures froa 0.21 to 1.0 atmosphevres, The
results =we given in Table L,2, and are also dlotted on
the log (rate) - log (pressure) graph (Pig. Le8.) as
circles. The points fall close to the calculated curve

~ O e | - - - > - = s ..
for 1900°C and the nican slope indicates an "order' of

[©)]
9}

reaction of 0,6 over the Dressure ranse,

L.,11,. Conclusions: —

la The rate of reaction of oxygen wiih pyrolytic graphlte
. . o) o X

rises to & maximw: at 1900°C and then falls as the

temperature riscs furtner, “ieis Tall in rate, which

was shown o7 Nagle to be prooavly tae case With reactor

graphite, has now been shown to be gulte certainly the



case with pyrolytic graphite,

2. It was shovn that under the experimental conditions
the rate was not undsr mage transifer conirol.

3. The £all in rate is in accordance With the predictions
of the Strickland-Constadle and Negle theory for the
oxidation of carbon above 1000°C.

Iy, The order of reaction at 190000 has also Dheen
measured and found to De in accordance with the sane
tneory.

Table Lele: Experimental results with G.E.C.L30
pyrolytic graphite at 0.21 atiosphoves pressure of

OXYyE et

i . = : |
Rx10 ° | logy R % %k i 1ote% bg 1amin.t
i 0.03 | T7.L77 % 1180 { 8.483 2485 |
0,589 6,639 1430 6.99 2.73
3.4 5.552 1580 6.33 | 2.80
12.3 L.090 - 1770 5465 2,65
19.7 L.295 1920 ¢ 5421 2075
22,8 .358 2010 498 | 2,86
2347 1375 2110 LTl 2,75
2oz | .393 2170 | l4.61
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1845 L, 267 2290 L o37 2490
18.0 L1255 2380 L4420 2,90
15,2 1,102 2180 1403 2.62
14,0 146 2510 3.98 2.75

8.9 | 5,949 2540 3479 2070
10.3 ho13 2650 3077 2,75

Table l.2., Expsrimental results with G,2.C.430 pyrolytic

. 0 . .
graphite at 19007°C and various Pressures.

#2107 P(atm) Qluinst | logygR Logy P
53.3 1,019 2.8 T.727 0,008
46.1 | 0,851 3403 | L.66L 1.930
U3 .6  0.712 2,59 T .640 1,653
37.6 b 0.553 L.575 T.743
; 355 0,395 11,550 T.597
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Reaction rates of carbon - in the vpresent of catalytic

materials,
5.1y Introduction: The rate-temperature curve for

the reaction vetween pyrolytic graphite and oxyzen

at normal pressures can e sabtisfactorally predicted
by the theory of Sirviciiland-Congtable and Nagle,
Reactor grade graphite gives a similar reaction curve
under the same experimental conditions dbut the rates of
reaction are of a wuch greater magnitude (x10).

-

The difference can be partially attributed

3 e

to the higher porosity of the reavvor grgphite, for,
although the rcaction is confined to wvhie vicinity of
the external surface, limited penetration of the pores
must take place. Therefore, elthough the intrinsic
reaction rates may be the saue, the extent ol reaction
in unit volume is greatcr for ithe vlore vorous grapihlte,
Such a direct comparison of the grapihites
neglects the apprecisble diflerence in the impurity
level of the two Zrephlies. Pyrolytic graphite by
virtue of its method of vreparation ls extremely pure,
The major reguirciient of reactor graphlite novever is

mechanical strengti. and althougn tlie preparatory
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materials are carvefully chosen the impurity level is
mach higher than in pyrolytic graphite. A purer
graphite is available for spectrdscopic analysls using
the carvon arc, In ordecr to evaluate the possible
catalytic effect of impurities at high vtenperatures the
latter two grapiites were reacited with oxygen under the
same experimental conditions and their rateg were
compared, A typical anelysic of the graphites is

suwanarised belows —

Spectroscopic Reactor Pyrolytic
Graphite, Graphlte. Graphite,

Ash ppm I 1,03 100-300 0.1

Fe ppm 03 10 ' -

Bulk density 1,16 | 1.76 | 2.20
g'cﬁfffi | | ro & lom B

At low reaction temperatures (nelow 1000°G)
the presence of impurities has a mnariked c¢ffect on the
reactivity of carbon and graphite as has beenr shown OF
many authors:; in varticular rmetallic impurities are known

toc be effective cavalrrsts,.

At high reaction temperatures little 1s nown
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of the catalytic effect of impuritices because rates of
mass transfer linit the reaction kinetics, In general

it is to be expected that catalytic effects are less
marked at high temperatures, for a catalyst provides
alternative reaction mechanisus of lower activation
energy; the reaction rates on catalysed sites will there~
fore increase more slowly with a rise in temperature than

reaction rates on uncatal;sed sites,

5.2, Bffect of cabalysis at hish terwmeratures.

In contrast to the low tcimperature range, where
many different materials have ween found to e efifective
catalysts for the reaction betwesn graphite and oxygen,
at very high tenperatures 1little or no data is available,
Pyrolytilec graphite, itself, has an extremely hizh vurity

level so it is uwnlikely that catalysis takes place through

lmpurities in this wmaterial., owever, it was not

;atter vapour completely from the

ot

possible to exclude

-

reaction vessel., Onn the other hand reactor graphite 1s
far less pure; 1ron is the main impurity. Lxpcorimeonts
were therefore arrvaaced to investigaie the effects of lron

e

salts alded to the greaphlt
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5.3. Zeaction rates in the pressice of water vVapour.

—

\
In view of the apparent effect of water vapoui}"J

o

on the reaction rate at low temperatures, precautions

were taken to dry the reaciting gases throughout the

a4

experimental investigation, Por this purpose tne gas
passed throuzh a steel fower 8% cums, in diameter and
70 cms. high, wiich was packed with silica gel:y at a
flowrate of 2 litres per minute the residence itime was
of the order of ten minutes, A small glass tube contain-
ing magnesium percihlorate was Joined to this tower and
both eatrancss to the drler were commnected to smaller
guard tubes also containing silica gel, It wes
estimated that the nartiel pressure of water wvapour was
reduced to the orde:r of 0.002 imas.iz, i.e. 3 ppm, DY
tiils technique. o

Special experiments vere also wndertaken in
which wet oxygen vas used with reactor graphite at
1&0000 and at a pressure of 0,21 atiiospheres. Reswreat
meagurcnents were obtained using the lravelling milcro-
scope technigue and the wesulis ere compared wi th Those
previously obtained with dry oxXigcel. The saturation was

effectcd by passing the gas streain at atosnliieric pressure

throughh a sintercd glass disc, Wiilch suprorted a colunm
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of water at 2000. The partial preasure of vwater
vapour at 20° is 17.5 mm.Hg, which represents a
concentration of 23,000 ppm water in the reacting gases.
Two sseriecs of rate measurements were obltained
with both et and dry gas at 1uOOOO and C .21 atnicspheres
of oxygen, as shown in tdble 5.1, Gas velocitics waere
chosen to prevent mass transfer controlling the overall
reaction, There was no significaat difference betuecn
the means anc¢ 1t 1s concluded therefore thiat tiie presence
of water vapour nas no significant effectvon the rcaction

P

rabes for concentrations veilwzen 3 and 23,000 ppm,
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Reaction rate of reactor graphite at

o] - ] o .
14007°C with oxygen, containing diffcrent amounts of

wale?r vapour.

Run Moe. 3 ppm H0 ; 23,000 ppm HZOTi
1 | L6 122.0
2 528 4 88.9
3 7545 101.0
L 749 685.9 L
5 90.5 115.0
& SC &5 90 5
7 88.0 85.0
8 120,0 97.2
9 83.1 107.0
10 895 80 .0
1l 121.0 117.0
12 Sh.o 109.0
13 91.0 1 €75
L 107.0 107.0
15 9340 56,2
16 119.C 8647
17 112.0 -
18 109.0 -
19 G949 -
20 9545 -
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o

3 pom H50 f 25,000 pwum HZO

- ;
Lean rate Sl c5
Standard

9.2 9 eli

deviation
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5440 Reaction rates for reactor craphite impresnased

with iron.
The porous zraphite was impregnatedlwith Tarric
nitrate nona-hydrate byheating the ealt wtil a solution
was formed (circa 5OOC) aad then soaking prepared samplces

of the reactor graphite in this solution for several

<

-

hours. The samples were dried in aan atuosphnere of
. . - OF & .
niltrogen aad heated to above 1000 C in an electric

furnace for several hours: this tresitment reduced the

V)

salt to metallic iron., It vas estimaved by weight
difference that up to 5% i.e. 50,000 ppim iron was present
in the grapnhite, A sectlon of the graphite was cul and
this revealed tinat iron was evenly dlstributed tarough-
out the inner uores.

The experimental resulis are given in Table 5.2.
end are plotted on a rate-veloclty graph figure 5.l. as
the reaction rate “.105)g at, cm.zgec.lagalnst the gas
fiow rate (Q)l min:l Samples lmpregnated wiin iron are
represented on tue graph by discs, and are comparcd

with results obtained with untreated zraphite wihilcih are

3

epresented DY circlcs. At zas Tlowrate of

b

a
11.5 l.minsT (22,500 CL.SGCol) the reaction vate of

impregnated samples was twice the rate ol untrsated



~106-

oy , o=l -1y .
graphite; bdut at 5.1 min,” (8000 cu.sec. ) both sets
of resulis are gbout eguals. Therefore the dbove
results indicate that the iron-imvmregnated graphite

Ja o

reacts faster than unitrcated graphite, dbut the full

(@

catalytic effect of the iron cannot be assessed Decause
the increased reactlion rate was provably limited by rates
of mass transfer, Alternatively, so much zraphite was
used in the reduction of the iron nitrate (deposited in
the pores) that the porosiity of the rcactor sraphite was
slgniticantly ilacrcased: consequently the volumetric
reaction rate was lacrcased, A similar effect of
porosity was obsgserved in itlc conpacison Detween reactor

and spcetroscopic graphilte resulis (see section 5.8).

5.5+ Reaction ratec for rcactor srzphite scaked in

:
-

carbon tatrechloride,

Somc reactor srapvhite was soaited in carven
tebtrachloride and irmscdiately oxidised at a high gas
flowrate: these results arc indicated by small crosses
on figure 5.1. However, tiic avove trcatment did not

appzar to aifcct the rcaction rates,
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5.6. Reaction rates for reactor sraphite impregnated

wotbih sodiwma carvonate.

o

The graphite sauplcs were coveret with sodium
carbonate powder and placed in an elcetric furnace,
0n heating to BMOOC in an atwmosphiere of nlirogen the
salt fused and pencirated into the pores of the graphite,
Tiic rates of reaction on this trcated graphite, however,
did not differ appreciabl; from raw graphite resulis.
These results are alco indicated in fig., 5.1. by muall
CrOSSCS.
Resulis: Table H.2.
Slope of graph(s) crse Tramc
Magnification 15.3/5 on projection

10.5/1 on photosraphing

G 3 : a) 3, ""1
Franing vate 1.S4 sec, Irane
lolecular weight 12

. - 5 P -
Density (bulk) 1.76 gecma”

s x 1 x 1.76 = 2.35 x 1078
1@9)4- 32¢l5 12 N ,_42 _.,1
g.au.cm. SEeC,

‘e
L

B
o)
prs
Q
i
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Slope R Q Impregnated
x 10~ l.main, with
0 .34 8040 JeT2 e
0.520 122 L,16 Fe
0.452 106 Iy .28 Fe
0.610 143 510 Fe
051 121 4.85 Fe
0,445 105 531 Fe
0.987 232 11.7 e
1.051 247 11.7 fe
0.612 14k 11.5 CCl L
0.555 130 11.3 C 6l L
0.655 154 1045 CClLk
0,555 150 1l.5 N3005
0.,59C 162 Q3 NaCO3

5.7« Reaction rates for spsc

crosconically-pure graphite.

and reactor-grade graoni

contents of these materials &

of rcactio:

L

of spoectroscoplic graphite

compared,

The impuriiy

> as follers:—
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JHPURITY SPECTR0SC0PIC REACTOR CRAPHITE
GRAPHITE, i

Fe ppn 0e3 10

Ca pprm 0.1 15

Sr ppm 0,00 15

Na ppm 0.00 2

V  ppn 0 .00 10 i
Si ppm | 0.3 -

Al pom | 0.2 < 1

Cv ppm 0.05 <1

hig pm 0.0H <1

Ti ppm ] 0,03 <1

Total ash ppu 1,05 100 ~ 300

It was anticipated that a sigunificant difference
in rete might result from the almost total climination of
inorganic impurities in the case of <tho spcctroscopic
zraphite. The rasults were plotted as ithe rcaction rate
(3.105) gat,cmfzsecrl arainst thie gas flowrate fig. 5.2.
and a table of the r sults 1s given below, Contrary to

cxpectations the reactor srghite had only Lbp of the

—t
HI
<:
“a
ot
s
[0)]

reactlvity of the purer matcrial.
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anomolous behaviour can be attributed to the lower

porosity of the reactor fraphite,

o

Svectro-sraphite Rcactor-Graphite
! Rate x 10° Q l.aini® Rate x 10° 9 1ot
1 5545 0.5 60 1.04
133 2.04 85 2.08
139 1 340 93 2,94
203 5.8 114 4,18
[ 252 9.5 120 la79
248 10.2 126 6.12
271 13.1 w2 7612
262 15,75 118 8.12
128 9,97

5.8, Analysis of the reaction-rate dependencc on thne gas

velocity for spectroscopic and vreactor zraphites.

A mathematical analysis was souzhit for votn the
rcactor graphite and speciro-;ranhiic rate-veloclty curves
obtained at 1400°%C. Soth scts of resulis can be analysed
simultaneously because tic values of (KG) were ldentical

for both curves so that the differences betiween them
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resulted solely from the diffcrent rcactiviities of the

two materials,

If either a first cr half-order was assumed
for (m) it was shown that the value of (E§) depended
initially on the sguare root of the zas Lflovwrate (Q).
The rate-velocity equations according to this analysis
are showvn on graphh 5.2 Dy the full lincs., dHowever it
was not found possible to account analytically for the
velocity~indepcndent resulis shown by droken lines,
Thercfore it was concluded that the asswiptions made in
the analysis were probadly unjustificd and 1t is suggested
that:-

a) (m) mnust vary apprcciably sccording to the suvface
oxyeen coucentration (Ci) as suggesied by the Nagle
and Strickland-Constable mechanism, Conseguently
an analytic solution of the rate~velocity curve
becomes very dirfficult %o solve in the casc of
porous graphites, cxcept for a constant first-order
reaction. In tils spcecial case the mass transrer

process is first order, the truc reaction order is

(6]

first and the 'apparent' order undcr pore diffusion
is also filrsvt. Hovever, experimental covidence has

snovm that the order for grapnitc oxidation is less

£
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than first and will vary thercforc according to
alffcrent conditions of Ilow,

b) the power of the velocity, on which the valuc of
(KG) depends, may uwndsrgo a change at the critical
velocity. For instance it is conceilvablc that at
a critical Deynold's number the boundary layer can
suddenly change Prom laminar into turbulent flow
as in the case of a pipe. However, in apparent
contradiction it is noted that the critical flow-
rate for thc spectiro-scopic and reactor graphite
curvcee are gulte different although the two systins
were goeometrically similar,

Thereforc at tiuis stage of the work the rate-
velocity curves for porous graphites could not be
interpreted analytically because the progress of the
reaction was too complex to be fully understood. All
that can De s=id with certainty is tuat adove the critical
velocity the reaction rates ave not alfccted by the raties

of boundary-layer diffusion but arc controlled by the

rate of in-porc dirffusion,
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6. The reaction of rcactor sraphite with carbon dioxide

at high tempcraturcse.

B.l, Introduction:-—

o—

Experiments showing the rcaction bstucen
graphite and carbon diloxidc at low pressuwres and aigh
temperatures have been Gescribved by several asuthors.

As discussed carlier, the reacilon-rate ‘temperaturc
curve shows similar characteristics to that for the
reaction between oxygen and graphite at high temperatwres,

To investigate the carbon dioxide reaction at

high temporaturcs, it i

n

neccssary wo conslder the
possiblec digsoclation of the carbon dioxide wefore the

gag rcaches the grapnite surifaces:-

-45 -

Calculations based upon cguilibriun data are gilven in
Appendix 3. A one pcrcent dissociation 1s given at
1550°Cc and 109 dissociation at 2150°C,

If apprecidhle amounts ol oxygen arce Loried
in this way, it was anticipated that the rcaction rate
ocoserved would be at any rase vartly that of oxygen and
carbon, rather than carbon dioxide and carbon,. To

avoid this situation, 30% of carbon monoxide was addcd
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to the carbon dioxide which would reduce the perccntage
of oxyzen below 1% Tor all tcmperaturcs below 215000.
Calculations on which this estimate is based

are given in Appendix 3.

6.2, Expcrimental: -~

A convenilent pressure to use was slightly above
1 atizospherc, for this prevented the ingress of air into
the vesscl, As the rate of rcaction was low, wrates of
mass transifer did not limit the overall rcaction rate,
A glass nixing charber was consiructed for mixing the
gases before they passed to the jct; in addition the
backflow of the gases was prevented, bcfore an
experiment was commenced, a rapid flow of gas was passcd
through the reaction vessel for fifteen minutes: tiis
reduced thoe residual oxygen concentration in the reaction
vesscl to a very low level. The loiwr of the gases was
metered on separate capillary flowmetcrs and adjusted to
give a 30% concentration of carbon monoxide in the gas

strcam,

6.5 Resuligs~

The experimental rosults arc given in Table 6.l

i~
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and are plotted in fige. 6.1 as the reaction rate

(R g.atecme 2scctt x 10-5) ageingt temperature (°C).

A maximun rate of reaction was observed at 170000 and
thhe similarities with the oxyren wvesulis can be clearly
seén. One noticecable diffzrencce is the furiher incroease
of the recaction ratc avove 2000°C as the temperature
increcascs,. Tils cifcecet was attributed to tne partial
dissoclation of carbon diloxide at this high tenperature
which now becomes gpnreciddle in spite of the added
carbon monoxide,

Two results with pyrolytic graphite gave the

-5

f. o - 2
much smaller rcaction ratos of 4,9 x 10 “s.ate.Crile  SE8C, ¢
these were 1too suall Ffor a complete curvs to be satis-

. . - . - . KR - __\/ 1., L]
factorily obtalned using the ciunc-tecihniquc.

) ﬂ , . . 5 0
6.4, Reaction of speccirosconically purc graphitve at 2100 C.

wFith carbon dloxide in the proesenca of a varying

guantity of carbon monoxide,

in seccihion 6.1. it ras shown that the dis-

be

e}

sociation of carbon Gloxide at high tcmperatures can
suppressed DY tilc prescnce of caraon menoxide. Por tils

reason, a gas mixture of 305 carbon monoxide to 705 carbon

. o} . s ot s g e
dioxide was used. AL 2100°C tie reactilion rate~icmperature
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curve showed a positive temperature coefficient as can
be seen in fig. S.1l. This was attributed to an
increasecd guantity of oxygen produced by the carbon
dioxide dissociation: Dut this assuaption nceded a
fuller investigation,.

Therefore somes reaction rates with spectiro-~
scoplc graphite were neasured a2t a constant pressure
(in sxcess of 1 atuosphere) at a temperature of 2100°C

and the Co/’co2 ratic was varied, Spectroscopic giraphite

was used in prcference to reactor gZrapinliie bHecause of its

(61}

higher resactivity,. Zesults arcs presented in table 5,2,
2nG 1t can be ssen that the rate of reaction ©falls with
the increase in %the CO concentration, However, the
rate did not become indepcndent of the carbon monoxide
concentration as would be expecicd from the avdove
discussion,

In viev of the complexity of the problen,

involving several chemical reactions and in-pore mass

transfer effects, no clear interpretvation of the rogults

Qu

could be formed at thls stagce
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Table 6,1, Reaction between reactor graphite and
carvon dioxide (plus 30% carvon monoxide) at 1420

atniosphercs total pressure,

slope (s) { R x lO5 ; 90
0.1062 2L,9 . 2100
0.0778 18.3 2000
{ 0.0895 21.0 1900
0.1065 25 .0 1800
0.1095 2547 - 1800
0.1265 29.75 1700
0.0764 - 17495 i 1600
0.0273 6.42 i 1500

Table 6.2 Reaction vetircen speciro-scopic graphite

and carbon diloxide Tith varying guantities of carbon
. . - . o}

monoxide at 2100 7°C.

———

slope (s) R % 107 BC0/500 % 0p 4
: : gguililoriun :
0.289 56,5 1 0 Is.5
0.157 30.7 ] 045632 1 0.18
0.109 21.3 1.100 0.03
i 0.319 62,1 0 iLeb
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7. Discussion.

Tol. Summary of the main experimental resulis,

le The rate temperature curve for the reaction

of pyrolytic graphite with oxygen (at 1/5th of an
atmosphere pressure) was determined for temperatures
between 1000 and 2500°C using gas velocities in excess
of 2,500 cr.secTy  The curve rose to a maximum at 1500%
and fell to hall the maximum value as the temperature was

inereased further,

2. The reaction rate of pyrolytic graphite was
determiined for several gas velocities at 190000. Above
2500 cm.secty the reaction rate was Tound to be independ-
ent of the gas velocity: +thus it was showm that reaction
rates were not under mass transfer control at the curve
maxinum described above or indeed at any temperature of

regaction,

3, Two pyrolytic graphites from different sources
gave identical rcaction rates.

These results were shown to e in accordance
with the theory of 8tricklanG-~Constadble and Hagle.

The order of reaciion vas also measured
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(at 1900°C) and was found %o be in agreement with the

same theory.

L. A maximuy rate was ooserved when reactior
graphite was oxidised in air but reaction raies were
shown to be partly mass transfer controlled, A
maximum wvas also observed in thé mueh slower reaction of

o

I carbon dioxide. Therefore the

v

reactor grajhite wi
maxinwi phenomenon may be a common factor for gaseous

reactions with most graphites at high temperatures,

5, In certain experimentis water vapour was added
to the oxygen and in others the rcactor grachlic was
impregnated with salis (F¥a,003 and Fe(K03)3); but only
the presence of the iron salt caused any apprecliable
change in the rate of oxidation at 1400°C. (& two-
fold rate increasc vas measured wuen the zas veloclty

was very high).

ts

Q

Prom these cxperiments catalytic effe
scemed to be relatively unimportant when compared to
their effects, reported in the literature, at mmch

lower reaction touperaturesy; Lor a further comparilson
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a rate-veloclty curve was obtalned using speciroscopic-
ally pure graphlte, Rather suprisingly the reactivity
of the spectroscopic graphite was found to be higher

than that of reactor graphite, dut this was attributed

to the different porosities of the two gravhites.

<
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7.2, Kineticg of oxidation of carbon at high temperatures:

explanations given in the literature for the maximum

rate phenomenon.

In the literature deallng with the oxidation
kinetlcs of carbon at high tenperasures no conprehensive
theory of the reaction kinetilcs has been universally
accented, This situvation reflects upon the complex
nature o the reaction mechanlsm Decause in recent yecars
the oxidation of grophite has peen the subject of an
intensive researcih effort on account of its techmnological
lmportance,

In the past the ilnconsistancy of the results
ootained with graphite has been attributed to different
degrees of:-

a) mass transfer participation in the overall rcactlon
1) catalytic effects of liapurities
¢) graphitisation of the carvon.

In the present work zraphite of very low
porosity and high »urlty has becn used, namely pryrolytic
graphite, Catalytic effecis were therefore unimportant
and it has been shown that rates of mass transfer did
not consrol tihe reaciion kinetics at any temperature

under the particular exporincntal conditions used.
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In fact the benaviour of the truc surface chemical

tinetics was indicated by the cxmerimental rate
measurements, liorcover a rates-temperature curve has
been expcrimentally determined at normal pressures with
a maximum at 1900%C.

The gshape of tne curve corresponds with reported
results obtained at very low pressurcs with carbon fila-~
mentse. Such ain unusual rcecsult observed at two widely
diffcerent pressures is sirong evidence of a common
reaction mechanism wiiich is odrovadbly tihe saie for tie
oxidation of all »pure rcrapaltes at high tenperatures
The reaction theory proposed by ifaglc and Strickland-
Constdble predicted the nature of tiie curve gquitec well
and was further confirmed by experimental measurcaent of
tihe reaction order at 190000.

Several other cxplanailions have been givea in

<

the literature to e:xplain the maximus in the rate-
temperature curve of the Tilavient results, Liost of
these are criiicismns of the cxperimental metiods used in
the FTilament work and they will now be rsconsidercd as a
means of explainins the maximum wlien 1t is ovserved at
normal £as DIPCESSUres. As opposced to the criticisms of

the experimental techanique, two rate mechanigas have
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been proposed namely that of Blyholder, Binford and
Byring and that of Strickland-Constablce and Nagle,
Finally an avtoopt to interpret the physical
significance of individual constants in the overall
rate cguation will De made, in addition the eguation
will be used to predict reaction rates below 100000,
which is outside the experimental tempcrature range of
both the present and the filanent results, in order to
compare the predicted valuecs with those published for

pure sraphite specluicitS,
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Criticismis of the experimental methods:

Te2+.1. Rate limitations arce caused by a limited collision

rate.

A gas~solid reaction wmust te ultimately limited
by the numver of collisions that a zas molecule makes with
the surface, so that a 1limit in the rate—temperaﬁure curve
is obtained when the collislon rate equals the rcaction
rate. This ultimate rate Cﬁ) can be calculated from the

-

kinetic theory of gases to zives-

£

=2.P
J LT

vhere (M) is the molceular woight of the gas, (T) the
sbsolute temperature (°K) and (P) the gas pressurc in
atimosphcres. For oxygcn at a teuperature of 190000 and
a pressure of 0.21 atiiosphoress-

1

/

- . -2 -
R = 2350 x 10 > £ el 4Cllie SEC.
The experimental maximwi-rate for pyrolytic graphite

Q _ —-5 . o . "'2 —l d S rr A A
(at 1900°C) was 24 x 10 “g.at.cms"scc, and Thercfore
only 1% of the theoretical nuwiber of collisions need
result in chemical reaction,

~ .
The thneoretical collision rate () is inverssly
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proportional to the sguare root of the ddsolute temper-
ature and so the rate will be expected to decrease above
the meximum rate. This effect would produce the

mazimun phenomenon but the decrease in the experimental
reaction rate (R) Was muen larger than can be predicted

by the collision theoryi-

- P P \
7% R x 10° R x 10° /T/7
1900 2l 2l
24,00 10 21.6

Therefore 1t appeoars that the reaction is notv limited by
tne nwiber of collisions of oxygen molecules with the

surface,

Te2.2. zate limitations by rates of mass trangfer,

When the rcaction vrate is very rapid the graphite
surface is shrouded Dy zaseous rcaction products and the
reaction vate is controlled by the speed with wialch fresh
oxygen can penetrate this stagnant boundary layer, In
the oxidation of pyrolytic graphite the rate-velocity

data obtained at 190000 snowed that the maximwn reaction

rate was not limited by valtes of ilass transfers.

Consequently, the obscrved reaction winectics of pyrclytic
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graphite oxidation cannot be accounted for Dy either

of the above physical limitations,

7e2.3+ The effect of unheated gas on the reaction rate,
Lieyer and Gomarc'3°suggest that when a cold gas
reacts with a hov filament the thermal accommodation
coefficient (<) is less than wnit, and decrsases as the
temperature increases, If (%) is the gas temperature,
(ti) the filament teuperature and (t,) the desorbed-gas

temperature then: -

= — = )i o interel 1o
C><’ ;m EQ energy interchange
i~ Yo total possible interchange,

Accorcing to this argument the gas will desorb when the
energy interchange is large ecnough to overcome Van der
Waal's Torce (of adsorption): +the Tforce is constant and
independent of the filament temperaiure, provided that
(t1) :b»(tr). Consequently at very high teuperatures, the
gas molecules will teund to desorb before reaction has taken
place and a meximw: in the rate-temperature curve will be
produced,

The argument is valid at low gaz pressuves whan
the gas-phase collislons ars rarc, dowever, at normeal

pressurce, mulitiple gas-phasc colligions near to the solid
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surface could be expected to raise the temperature of
the gas to that of the solid before collision with the
surface took place,

Noncetheless it would have been desirable to
determine whether or not a pre-heated gas would give an
increase in the rcaction rate at normal pressures.
However very consideraole cxpevimental difficultles were
foressen, and the experiment has not been atteiqpted
successfully.

Preheating or the gas has been reported by Day
ana Jalkcrg°2 to have no effcect on the reaction rates
this view was supported alsc by Kuchta, Kaut and Damong'3

in Thelr experiments. Hovwever 1t is possible in these

fer cifects were conitrolling the

’-J
(%)
£
7

cases tnat mass G

rcaction rate; prchcating of the gas would not then

rmaterially affect the overall rcaction rate,
In the present vork the erflfect of prcicating

on the reaction rate can provanly ve estimated Tron the
rate-velocity data (fige. L4.3)e  Above the critical

o rcmaln approxi-

O
=)
]
(@]
[

velocity, the reaction ratc is T

mately constant, despitc the fact that with the increcase

-

of velocity the gas layer at the suriace 1s cooler.

+

Conseguently, it is probdble ithat the raits of rcaction
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for a given surface temperature is independent of whether
the gas is hot or cold,

Perhaps thils conclusion is not too difficult to
accept because reaction can only %take place after the
oxygen has peen adsorbed by the graphite, by which time
thermal accomimodation of the molecule with the surface
has taken place: this point is discussed later,
koreover as the reaction rate at normal pressures is
apparcntly of zero order over much of the tenperature
range the rate of adsorption of oxygen onto the grophite

is comparatively rapid and would not limit the reaction
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7e3. Proposal of a rate mechanisi to explain the high

temperature reaction kinetics of cavbon oxidation.

It is very difficult to e:plain the high
temperature results of coarpon oxidcation wilithous
postulating the existence of two ¢ifferent reactive sites
in a graphite surface (for the purpose of this discussion
they will be called A- and B-sites.) This proposal was

’21u order

fTirst given by 3lyholder, Binlord and Byring
to explain the low prossure filament rcsultis (see
Appendix 5),

At this tine no maxinum hoad been reporied at
normal gas pressurcs so olyholdse, Binford and Eyring
were lad to believe that the reaction of o gas with
pure graphite was a 2-site roactlon which was of zero
order with a large acitivation encri¥y. Othnerwise it
was proposed that the reaction was catalysed by
impurities to give a different reaction rave: this
reection %took place on A-sites, was fivst ordcr, with a

much lover activaltion encergy.

™
ct

hat the carvbon

]

Therefore AFring assuwie
filoments were specimens of impurc grophive so that at
low temperatures on A-site rale wos observed: at nhigher

temperatures the coatolytic impurity eveporated Ifrom aa
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A-site which then Yecame a D-site so that for a certain
temperature range the overall ratec cpprcared to show a
negative tamperature coefficient,

However in siie present work only pyrolytic
sreaphlte samples vwere used, This is one of the purest
formas of carbon availsble and it scems unlikely that a

1}

catalytic A-site reacilon is a possibility. Liorgover
the B~site reactlion canunot be considered to be zero order
in view of thie normal pressure resulis. Therefore a
diffcrent rechaniga was proposcd Tor the A- ad B-site
reactions by Nagle and Strickland-Constddole as cutlined
below, This was Touwnd to agrce with the present resulis
and with those at low pressuares,

-I-

T+.3+1. Annealing of reactive siitcs: Theory of Nagzle

and Strickland-Constadle,.

According to the rate mechanism of Nagle and
Stricklond-Constable, all carbon atoms in the graphlte
crystal are regarded as B=gites in the virgin material,
Howsvar, during the reaction, 1t is consldercd that the
crysial structure at the surface i1s disrupied so that

-

A more reactive sitc is produced (Li-site).
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At low temperaturces of reaction all the
surface atoms arc A-sites; Ddut at high reaction
temperatures the A~sitc atoms are dble to migrate over
the surface to more stablc lattice positions and become
B-gltes. 5Y this process of amnealing  the reactivity
of the graphite decreases and for a ceritain temperature
range the overall ratc equation nhas 2 negative temperature
coefficient (maximun phenomenon).

At 2 constant temperatire o steady reaction
rate is achieved when the rate of egreation of (A) sites
equals the ratc of annenling of (i) sites. Conseguently
the steady-sitate reaction vate is independent of the
previous thermal hlstory of the samplc, Thus all
graphltcs are expected to have similar surface reactivi-
ties at high temperaturcs when anncaling can take place,
In fact in the present work two Giffercnt pyrolytic

graphites were found to have identlcal reactlon rates.

In further sunsort of the Wagle ond Stricklond-
Constdble meciionlsm it coan be shown that the maximw: in
the rate~temperature curve must e dependent on the gas
pressure, In the present worik o maximus ccecurred at
19OOOC but in the rcported filament rcsults o maxilmum

- . o
was observed ot dbout 1400 °C.
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7.4s Predictions based on the ¥acgle and Strickland—

Constable the0olrYVe

constant must be considered in relation to the

assumptions made in the curve fitting.

The accuracy of each individual reaction

“

By comparing

the revised rate consitants to fagle's original constants

the variabilit

A table of coumparison 1is

v 1n magnitude can be

[ O
oL

resented velow

seen niwore clearlye.

and a visual

comparison can ©e 1iaGe 0N gravil A.le
i - ]
| K ! Q
*o q . HAGLE | wacLa
g | 3.83 x 1079 21,000 | be46 x 1072 | 15,000
; .
Ky | 2489 10~ 8,000 1.51 x 10”7 97,000
K,.Kg| 8.22 % 1ot 145,900 20 30,000
Ky | 1.17 x 10° 18,350 1.3 ~ 14,100
Ky 0.702 30,500 0,939 34,100
g.moles.c'ﬁ.sacil celondar & gJao]es.,ch?seE].' celandlst oKt

(KA) was calculated from the slops of

 ———

The new rate constant for the A-site reaction

g

thie rate~tempera—

ture curve below 150000, (which compares closely with
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Nagle's value), From equation 1,16 it can be seen that

the reaction rate on an A-site i1s pressure independent

at normal pressures:-
PLA = KAoPof%O 9 I&A.P.]&C ' KA
I«.E + K P I\.C.P
if K .P > K

Q
&

The second asswaption is that all reactive sites
. . - On =
are (a4) sites below 1500°C i,e, x = 1, At normal
pressures it is concelvadle that tlhe graphite structure
v - . . . st - . .- : -
a% the solid surface ig gulckly vroken up to zive only
reactive A-sites because of the hizh reaction rates The

Al

perimental resultg Tor two differen

ot

pyrolytic samples
gave evidence of this situation Pecauge the rate-temper-
ature curves were colucident in this temperature rangce.
dowever at low pregsures tne reaction rate 1is
very smnall and would need to procecd for an extended period

]

of time at a fixed tempesrature belorve tne reacitlve surface

was converied toutally to .i—-sitves or ain eguilibriwa value
of x was established. Therefore in tine low Hressure
experiments the imtial reaction ratse would provadly

end strongly on the previous thermal history of the

jal]
03

e

samples, Thisg was siovnl to e true vy Strickland-
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Consteble who observed a 'hysterisis' effect i.e. the
rate-temperature curve reasured as the filament
temperature was progressively increased was different
from the curve obtained as the temperature was progress-—
ively decreased,

This implies that the potvential reogtion curve
on A-sites must alwvays lie adbove the exverimertal curve,
In the filanent work the initial slope was conrined to
temperaturcs belovw llOOOG (as opposed to 180000 at normal
pressures); very low gas pressures vere present so that:-

K, 22> Kg.P

da
- . R, = EKWP / = KA.KZ,.P>
Egp \ /

On graph A.l. tiie curve for KAfKG/KE is showvn to be ahove
the exper-imental curve,.

Prom the above A-site reaction rates at high and
low 7as pressures tie value of (Kg) can be deduced.
(KZ) is the ratio of the adsorption rate of oxygen onto
A-sites to the desorontion rate of the reaction products
from A-sites. In Nagle's calculations the activation
energy Tor each of these procesces was shown to be
approximately egual, witi the activation energy for

desorpition grecater than that for adsorption: a physical
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process was indicated, However tiie new constants show
that the activation energy for adsorption is very much
larger than that for desorpbiion.

This important deduction vicaltens the Lieyer
and Gomer arguments Tor the occurrence ol a rate maxirmunm,
because if ox¥ygen is chemnisorved as opvosed to 'physisorved!
it is unlikely that a chemisorbed oxygen molecule Will Dbe
released from the surface before reaction has taken place,
In fact experimental wori has olten ghown Tthat oxygen is
noiv desorved Ifrom graphite as oxygen gas but only as one
of the oxides or carjdone.

At normal pressures and very low temperatures
KE:> KC.P because Ky nas an apprecidble activation energy
as opwosed to KE. Conseguently +the potential A-site
reaction will tend asymptotically to the (KA) curve at
high temperatures and to the KA'KG'P/KE line at low
temperatures., At an intermediate temperature a change
in slope will be observed, In expsrimental worik with
porous graphite a change in mechanlan as described above
has been observed but is usually attributed to pors
diffusion effects,. 17 such a chanze were observed wWith
pyrolytic graphite 1t is mors likely %o be caused by the

chemical xinetics as opposzd to the diffusional effect,
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At low pressures and low temperatures the
A-slte reaction is partly limited by the rate of
physical desorption of carbon monoxide fror the reactive
A~-sites, AT high pressures and temperaturecs (KE) is
relatively small despite the fact that the reaction is of
zero order, The rate controlling process {on A-gites)
is the breakdovn of tie surface oxide,

The value of (KT) is smaller than Wagle's
constant in both Ifreguency facitor and activation energy.
Consequently a less sharp peait is givea to the calculated
rate-temporature curve. (KT) values vere calculated
from the pealk of the high pressure roesulis when the major
part of the reaction is on A-sites. Therefore the

calculated values for (K.) can be considered to be sub~-

1

stantially correct,

Note: the negative slope of the low pressure
results vas asswied to be predominantly an A-site reactions
(x) could be calculaied for these temporaturss and
KA'KC/KE was then determined. Therefore KA'KC/KE vas
the last fit in a seriess of %hree (1;_.&, Kny KAKC/KE) and
subject to the cunvlative crror,

(KB> constants were calculated from the low

pressure reculis, Nagle's value ras too high to it
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the filament results and was changed to give a better
curve fit. The physical difference belween a B-site
and an A-site can be visualised in that a D-site is more
tightly bound than an A-site, Consequently a higher
activation energy was expected (but not obitained) for a
B-site reactlion as opposed %o an A-site reaction.
The difference in Qo (30,.) is not as high as obtained by
Nagle (565) and an egual activation energy could be
conceived as neither activatiion energy was cstddlished
With very pgreat accuracy. it 1is not vossible to
consider a higher activation energy (o) for a D-site
reaction which is algo consistant with both sets of
results. Hovever 1T tThe KA.KC/KE curve had a smaller
activation energy then the value of KA world also be
snaller, In fact a more exact £it might have been
notalned from the present data which would have affected
he values of (KA) and (KB) 1108t

A computor prograwne could ve devised to Tit
the diffevent rate functions to the experimental results
but to make the effort worthwhile it would have been
necessary to repeat the filaneat results with G.Z.C.
pyrolytic graphite al several prossures with gpecial

care being taken 10 cnesure that sitecady-suate values were
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measured at each temperature: then the individual rate
constants could be Tirmly established, However it was
not possible to investigate a wider bDressure range using
the present experimental technique, “his could possibly

be undertaken at some futurc stage.
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TeHe Comparison of data reported at low reaction

temperatures with the rates predicted by the

overall rate eguationg

As alreaqy expléined there i1s 1little published
data on the reactiviity of graphite in the high temperature
range, which is free of mass itransfer efects. However
a comparison with low temperature data is possible if
the pyrolytic graphite results are extrapolated to lower
temperatures using the ¥agle aid Strickland-Constable
rate eguatlon. Thls has been done Tfor reaction pressures
of 76, 38 and 2 torrto correspond to ithe expsrimental
resul ts of Gulbransen, aadrew and Brassart.j's' Sotih the
calculated and exporimental rate~temperature curves are
given in fig. 7.l.  The reaction rate in s.cmyisecsT is
plotted as the ordinate; and the reciprocal of the
gbsolute tempevature (°K) as the abscissas

The resulis Gegeribed by Gulbransen were obtain-
ed with spectroscopically-pure graphite using an electiric
furnace,. To allow for thie porosity of the graphite a

rouginmess factor of 350 was used by the authors to

jebe Gulbransen Z.A., andeew K,F., Brassart F.A,

J. Blectro.Cchem.Soc. 110 476 (63)



~142~

calculate the initrinsic reaction rates, The magni-~

tude of these rates differs from the extrapolated curves
by a factor of about 33 Thowever the separation between
the curves at 76, 38 and 2 taw corresponds to that of

the calculated curves and therefore is in apparent agree-
ment with the Naglce and Striciilland~Constable reaction
mechanigi, (Above 7OOOC the Yapparent'" activation
energy of the results descrived by Gulbransen 1s 3600
Ke.cals. which would corresvond to the tempcrature
coefficient for thse change of diffusivity with tempera-

tuve. Therefore nass treansier process probably limits

m

the reaction rate above toiaper ature) .

Blyholdaer and Byring's results are indicated
on the same graph by circles, “‘he results ave agaln
diffcrent in magnitude to the calculated values (vhich

are not plotted) although the activation cncrgy

corrzsponGs qulte closely
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7.6, Summary:

Several theorics have been nostulated in the
literature to explain the maximua in the rate temperature
curve, The limited nuaber of oxygen molecular
collisions, the limiting effect of rates of mass transfer
and the effect of using hot and cold sases have all been
examined, but in the light of the present results cach
ilag been rejected, A more fruitful source of invegii-
gation was Blyholder, Sinford and Iyring's theory that
there are two different reaction sites A and B in the
sanples.

In a modification of this theory, Nagle and
Strickland-Constable postulaited that all virgin material
contains 3 sites only, but vhat A sites are producsd on
the s0lid surface during a reactiona This interpretation
Af the rate mechanisgn agreed with the present results
for pure graphite,

In acddition it was Lfound that the INagle and
Strickland-Constable theory can be used to predict with
accuracy the reaciion rates over a very large pressurec

6

TaEe (10_ to 1 atiuosphcre) willch is quitec an unusual
achlevement, lioreover Tor tomperatures outside the
experimental ransc, the prelicied rate valuss are in

2

approximatc agreement with published resulis.



N\ CALCULATED

o
. o
_leN IN
w
(0 <
and
T
(7p)
w
Q
a
~
w
—
<
(04
o
S
w O 7o)
Tap) I
3 4
o
I
?
- X
e u STRICK
g CONST.

N
/.
o ///
T
,I
3 4] === 4
5 7 4 8
10/ T°K
/
\\
:
/
o _M \.\
* NCEE) 4
(T
\ YZAY
,\_._,_
Fig.A.1 ESTIMATION OF _ZO;\_DCB,_: RATE| CONSTANTS \_..‘




~145.-

Appendix 1.

1. Method of calculation of the reaction constants from the

experimental data to fit the Nagle and Stricklend - Cornstable

theory.

To facilitate the process of curve fitting the two curves
Fig, 4.4, and Vig. 4.7. were plotted on the same graph ( Fig. A.1 )
as log ( rate / pressure ) against the reciprocal of the
absolute temporature ( 105 / 1° K ). Statistical curve fitting to
the Magle and Strickland ~ Constable theory would be extremely
complex : consequently the rcaction constants were evaluated by

means of rearoned approximations.

1.1. Step 1 : The overall rate of reaction can be considercd
in two parts - the A-site reaction and the B-site reaction, where

x is the fraction of reactive sites which are A-sites :-

R Kpo Koo x P KB(l—x) e « . A
P K, + K, P

At low temperaturcs x tends to unity. Therefore the rate at low
temperatures is on A-sites :-

K,. K
B 2L . . . . ... As
K, + Ky P

B

T —3> low values

In this temperature range, at hizh pressurcs:-
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R _A .. . A.3

In fact Nagle's constants show that this is not true at 0.21
atmospheres but KA' KC / ( Kﬁ + KC' P ) is approximatcly a
straight line given by the low temperature slope ( Fig. A.1 ).
At very low pressures :-

K ° K,
"13" = _"':é;——'—(’— . ° . . ° . - s . Ao4‘

P K.,
i
- but the slope for the low pressure curve is not necessarily as

given above because x may not be close to unity. ( The reaction

rate may bc too small to convert all reactive sites to A-sites ).

1.2, Step 2 : The diffcrence between the experimental curve
and potential curve for A-site reactions can be used to find the
variation of x with temperaturc. When this diffircnce is small
the contribution to the overall ratc from the B-site rcaction can

stilihbe neglccted, therefore :-

K,. X
log ;0 B _ log,, AT _ g4 x . . AS
P
P Kﬁ + KC. I
But % - %P .. . . . . as
Kp * KBQP
L ] » 1 I{‘T
X = 1 + . . » . - » Ao‘?
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This analysis gives KT / KB as a function of T and it was

found that:-

K 4
log g L. _ 5.8718 - 1.5 . . . A.8

KB T

1.3, Step 3 : VWith the derived constants above, x values can
be found for the low pressure results. Consequently the variation

of K,. K / K. with temperature can be evaluated.

A
K,. K
log o B _ logggx _ logy, A T 40
P K.
K. X 4
- sl A CC L 4ies - o102 220 L A0
K. T
I
1.4. Step 4 : From steps 1 and & the rate constants KA
and X / K, can be cvaliated :-
K.
2> a
'1—- - "—":‘:"—_" = —P‘_ . . . . . . A.11
R KA. RC KA
. 104
. . log X = 1 - 848 - 0 » 669 — . . A2
10 A T
K 4
log o _ 5.089 - o0.s0322— - - H13
KE T
1.5. Step 5 : At low pressures thc reaction rate curve can now

be plotted at all reaction temperatures ( fig. 4.1 ). At the highest
temperatures the cxperimental results lic above this calculated

. e et
o . (LIS /P i
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curve on account of the B-site reaction. Thercfore the rate

constant for B-site rcactions can be derived.

K . X K. P K
R _ A C 7B %,-__L—.A.m

D K. Kp+ K. P = Kp+ & P

- 104
10g 10 I<B - 5 hd 585 - O . 460 -—T - . - . A- 15
) 104
- - log 10 I(,II = 5 . 461 - 1 * 84.‘2 T ] . . .A-. 16

2. Celculation of a reaction - temperature curve.

From equations A.1 and A.6 :-

P Ki. KC ___KB° P Kﬁ. KT

= +

Kj + KC. P KT + Kﬁ. P KT + KB' P

Put KC/KE = X,

) KA. KZ. KB. P 4 Kﬁ. KT + KB. KT. KZ. P
KT + KT' KZ. P 4+ KB. P s KB° KZ' P 2

2
P

These values can be calculated from equations A.12, A.15, A.15, and
A.16, and are presented in table A.1.

It is then a simple matter to calculate the rate - reaction
Curve at differcnt pressures. sSec table 4.2 for the reaction curve
at 0.21 atmospheres ( R, ) and for the reaction curve at 2.5 x 107°

atmosphercs ( Rl ). Calculations were also made for several pressurcs

ot temperatures of 2200° X, 1900° ¢, 1400°C, see table 4.3.
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g Log 10 Individual. rate constants
ot | ] AR [ I
. o KA'KZ (B *’RA‘I\ZJ‘B‘ e oo Ep b By I\B.l\T.I\Z. Kpe Xy ? I\.B.LZ
2.5 | 2.235 | Z.433 | 2.568 2.856 | 5.209 | 4,062 | 1.350 2.918 | 0.495
5.0 | 1.699 { Z£.203 { 3.902 | 3.955 | B8.138 | 5.660 | 3.993 | 1,795 | 0.063
3.5 | 1.183 | 5.973 | B3.135 3.014 | 8.907 | 3.658 | 4.646 0.672 | 1.631
3.8 | 0.841 | 5.835 | 4.576 2,461 | B8.298 | 3.538 | 5.33% 1.609 | 1.373
4,0 | 0.627 { B.745 | 4.370 | Z2.085 | $5.838 | 3.457 | 5.293 1.550 | 1.200
4.2 | 0.413 | 5.651 | £.054 5.725 | 9.376 | 3.376 i 8.752 1.101 | 1.027
4.4 | 0.198 | 5,559 | 5,757 5.553 | 16.915 | 5.29¢, 6.211 3,652 | 2.855
4,5 | 1.984 | 5.487 | 5.451 | B3.980 |10.455 | 3.215| 7.670 | 2.203 | 2.682
4,81 1,769 | 5.575 | b.144 6.619 {11,924 | 3.135 ] 7.129 3.754 | 2.510
5.0 | 1.555 | 5.285 | 6.858 8.251 | 11,554 | 5.054 | B.583 3.305 | 2.337
5.2} 1.341 | 5.191 | 8.532 7.683 | 11.074 | 2.975 | 8.047 4.556 | 2.164
5.5 | 1.019 | 5.033 | 8.072 7.330 |12.383 | 2.853 | 9.235 4,183 | 5.906
6.0 | 2.485 | 3.825 | 7.308 | B.409 |13.232 | 2.651 | 11.885 | 5,060 { 3.474
6.5 | 3.947 | 8.595 | B8.540 | 9.488 |14.081 | 2.449|712.551 | 7.937 | 3,042
7.0 3.411 | 8.533 | 3.774 {10.567 |16.930 | 2.248 | 15.178 8.815 | 4,611
7.5 | 4,875 | 8,133 | 3,008 l11.646 |17.779 | 2.046|15.825 | $.693 | Z.180
8.0 | 2.339 | 7,905 {10.242 {12,725 |18.628 | 1.845| 16.475 |10.570 | 5.748
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TABLE A.2 : calculated reaction rates at 2.5x10—5and
0.21 atmo spheres of oxygen,
; | 4
10510(R1)§ R,.10° log, (R,)  TK ! i%;
9.851 6.87 5.837 4000 2.5
5.650 6,02 5.779 3330 3,0
5.491 7.94 5.900 2860 3.5
5.425 | 10.88 Z,036 2630 3.8
5.393 | 14,38 4,157 2500 4.0
9.3853 17.75 Z,249 2380 4.2
9.381 20.5 4,312 2270 4.4
8.395 23.1 £.363 2170 4.8
9.418 23,4 Z,369 2080 4.8
5,452 22.1 4,543 2000 5.0
5,493 18,9 Z,276 1920 5.2
9.565 13.4 4,126 1820 5.5
9.700 6.60 5.820 1670 8.0
8.837 2.75 5.761 1540 6.5
9.942 1.42 5.151 1430 7.0
S.o11 0.645 6.810 1330 7.5
9.658 0.293 6.467 1250 8.0
!
3 5
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TABLE A.3 ¢ calculated reaction curves at several

pressures and at a fixed temperature.

4
PROSSURS  (ATH.) L
T K
P 1.0 0.4 0.21  , 0.1
t
log, P 0.000 | TI.602 1.322 | 1.000
R. 10° | 6.74 | .70 | 6.58 6.40
_ _ _ 6.0
1ogldR 5.829 5.825 5.818 5.806
5 l
R. 10 44,8 32,6 2341 1.375
L _ _ 4,6
1og103 1,651 4,513 4,363 5,138
-]
R. 107 49,47 24.5 14 .4 6.84
4.0
log, R i,694 | Z.386 { Z.157 5.835
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Appendix 2.

2.1. Analysis of the experimental results at 1400° C obtained

with reactor graphite in air using the mleroscppe technique.

Adthough the reproducibility of a rate measurement can be
best tested at a constant temperature, it was impossible to set or
control the rod temperaturc accurately to a predetermined value
using Nagle's technique. So some reosults were obtained in the
temperature renge of 1400 % 50° C. Owing to the small variation
of rate with temperaturc these results were all treated as being
at the same temperature of 1400° C. ¥ithin this range the results
did not show a significant dependence on temperature as can be seen
from the graph { fig.2.2 - where the groun of results are enclosed
by a square ) so this proce-dure was probably justified.

The seven results in this range are shown below to have

1y 10® ) equal to 21 °7 with a

a mean value ( E'g.atoms.cm—2.sec~
variance 52(R) of 24 - 8 : from thesec figures the reproducibility

can be evaluated.

2.2. Statistical analysis of results at 1400° % 50°

(sce table overleaf)

C.

R. 10° = 20 + = 21-7 n=7
7
Z(R-R) = Z.(R-20) - | &(R-20);
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| 2
i Rx 10° ! (R~ 20 ). 10° . (R - 20)°. 1010
| -
|
| e2.9 2.9 8.41
|
29.9 9.9 98.01
26.3 6.3 39.69
20,9 0.9 0.81
19.1 | - 0.9 0.81
15.5 - 4,5 20.25 4
19.2 - 0.8 0.64
18,0 - 6.2 168.62
= \2 2 .
. . (r-12) = 168 + 62 - (11.8)°/7 = 148 - %
- ..._._ _— 2
- .
.. 82 (») E(R=-2)7  MB-T7 _ o .4
n-1 6
For 6 degrees of frcedom at 95 probability :-
5 N
R .10 = 21 .7 + 2°45 [2¢ .8
= 21.7 % i2 -2
— 5 - —
R . 10 = 21 -7 * 12 -2/ %7
\.
= 21 - 7 * 4 .« 61

In this analysis R is the expected range for 95 % of the

experimental results obtained with the experimental technique at

1400° ¢. R is the range of the arithmetic mean ratc about the true

reaction ratc with a probability of 95 .



Teble A, 4.

4

h L £ L ¢ | R gloglo R }-fﬁgég
Aivs | secs i
3 §
70 | 115 1420 | 22.9 % 1.56 5,90
25 31.5 1445 29.9 | 1.48 5.85
25 68.2 1305 13,7 1.14 6.54
50 44,5 1480 42.4 1.63 5.71
50 Y1.7 1380 26.5 1.42 6.05
35 83.1 1580 20.9 1.52 6.05
35 69.1 1450 19.1 1.28 5.80
80 68.5 1640 33.0 1.52 5,25
20 48.8 1400 15.4 1.19 5.98
30 50.6 1260 22.5 1.35 6,52
35 | 68.8 1410 19.2 1 1.28 5,94
100 divisions = (O . 257 cm.
20 | 46.4 1955 25.8 1.58 4.53
25 29.5 1790 47.1 1.67 4.85
50 87.7- | 1755 40.8 1.61 4.95
15 29.5 1830 28.1 1.45 4.75
35 39.4 1910 49.1 1.69 4,58
70 89.1 1850 | 45.3 1.64 4,75
50 60.2 1800 45.9 1.66 4,83
50 69.4 1840 39.8 1.60 4,74
50 62.5 1665 44,2 1.65 5.17
40 70.5 i 1815 31.4 | 1.50 4.79
100 divisions = 0O . 576 cn.
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2.3, latimate of the instrumcntal error in the measurcment of the

\ RN I
rate R, at 1400 C.

The method of rate measurement is given in equation 2.1.

h, 1 .9 _ ' h
R = t T %

i2 i -

wherc Y., is constant for a series of runs on the same graphite,

tosal veriance in the rate from

o]

r &° (R) s th
instrunental error and 332 (1) the variance in a measured varieble

(1) , then :-

The two variables are (h) and (t), thercfore :-

-

. b
_ i F:' 2 2 _ i <
<}2(R) o A L (h), R T Cz(t» Lo
/

l 2 4

i t t

The averags values of \/, + and h were calculated from the
results presented in table A. 4 and are given below : The probable

cirors in h and t were known by expericunce to be :-

> (h) = = 0.5 divisions
() = + 0.2 seconds
o = 1.76 g. on™
Boo= 100 to 0.257 divs.on™
.. >{;’ =  0.377 x 1072 g.atoms.cm—z.divn—l
h = 539 diviéions
t = 67.6 scconds

n = 7
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~

y ] 2 . -t 2 ;
coe 5w = L0 J05) . 2 x 0.04 }
67.2 g 67.6 i

- 0.515. 10°° ( 0,25 + 0.013 )

= 8.29 . 10°30

-5

& (R) 2.9 .10

i

Tor 8 degrees of frecdom at 95 ¢, probability :-

5

R x 10 21 - 7 t 2.4 x2 9

. . R x10° 21 .7 % 7 .11

Tn this analysis R 1s the estimated range for 95 ¢ of thc
experimental results at 1400° ¢ caused by instrumental error.
The results of the above analysis are summarised in the

following tabvle :-

. : ; - R
| total ) standard !con§§&che :
variance deviation s
limits
Range of the experimental rates 24.8 1 4.98 + 12,2
Range due to instrumental error 8.29 2.88 7.4
Range due to error in h 7.88 2.80 ’ -
Range due to error in t 0.41 L 0.64 -
Range of R ; - : - y & 461
4 — .
lean rcaction rate = 21 + 7
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2.4, Discussion of the experimental scatter.

2.,4.1. The instrumentel errors in measuring the reaction rates,
arise in the estimation of the reaction time (t) and linear
rctreat of the surface. From the table given above it can be clearly
seen that the error in the measurcment of (h) accounted for most
of the instrumental error. As a consequence of crror from this
source 95 5 of the experimental results are expected to be in the

range of ( 21,7 * 7,11 ) x 1072 g.atoms.cm_2.sec.

2.4.2. ixperimental error : all the experimental rcsults apart
from one were inside the range of the instrumental error. However
the total exmerimental variance o2 (R) was 24.8 as comparad with
the estimated instrumental veriance of 8.29, Therefore it was
concluded that other factors outside the error in measurement of

the rates made a significant contribution to the overall error.

2.4.3. True reaction rate at 1400° C. By using the Students' t-
test on the seven experimentel results, it has been shown that

95 ¥, of any further rate measuremcnt at this temperature will be
in the range of (21.7 = 12.2) x 107° g.atoms.cm_z.sec-l. The
arithmetic mean of the results (ﬁ) will approach the true rcaction

rate (Rtrun) 2s the number of results (n) tends to infinity,i.e:-

&
3 _ 3 + t. (R)_
- true n

If 2 59 deviation from the true rcaction rate is an acceptable

valuz then -
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t. G (@) - 21 + 7
P ~
J n 20
i
i.e. nZ P 0.92% x 12.2
n :> 127

Therefore 127 experimental results are required, with the
present experimental technique, to establish the reaction rate with

a 5% degrec of accuracy.

2.4.4. drror in temperature : the error in the measurement of
the temperature was certainly small, but in the course of a run
the temperature of thc rod deviatcd substantially from thc mean
value. Thc rcaction rate is not strongly tempcrature dependent,
especially near the rate maximum, but even so the temperaturce
deviations could introduce considerable uncertainty into the

measurements.,

2.4.5, Other cxperimental errors : later, when the rate of
burning was rccorded photographically and continuously two sources

of error were detected which could not be obscrved in the microscope
technique where only the initial and final positions of the silhouette
were recorded:~

a) The initial resction ratc was sometimes found to be quite
different from the stecady - state valuc ultimately attained.

b) In addition thc samplc was sometimes obscrved %o move

during the run ; this movement resulted from compressive forces
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exerted on the graphitc rod, as illustrated in fig. 5.5. The

force was required to hold the sample in position but was inercased
by thermel expansion of the graphite on heating. 1In the combustion
only one face rcacted to a largc extent so bending moments developed
which moved the centrc of the samplc downwards. Thc supports did
not resist this movement because only point contact was made with
the ends of the graphite sample, In fact if the support faces were
flat and parallel this movoment did not take place . In addition
the points of contact were weakened by chemical attack which added
to the movement of the sample during oxidation. A picce of ciné-

film illustrating this point is reproduced in fig. 3.7.
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Appendix 3,

Dissociation of CO2 at high temperaturcs in excess of GO

Cc, = €0 + %O

2 2

The equilibrium data was teken from " Technical data on

fuels " and is presented as a graph in fig.A.2.1. Log 10 Kb is

plotted against temperature in °C  where :-

Let (1 -x) moles of o, dissociate.

Initialr 10. moles loles at equilibrium
2} 602 a .« X
b co b + a{l-x)
0 0, Fa(l1-x)
TOTAL = ! b - L 2. X
= 5 & o+ 5 &
' 5aib- tax
. <« K = 8 . X 2 &+ 2 &
1 1 >
b + a(1-x)f( 58 - 3 e.X ) F
Let the €O / 002 ratio , b/ a = q
[ \
. . K = X / 249 - X
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-« log g KP = log ;4 X + '% log 10( 3 + 2q - x) -

1og 4,4 (q+1-x) - -% 1log 44 (1-x)rpP

A valuc of x, q and P were selected and KP celculated
from the abovc equation : the corresponding temperature was read
from graph A.2.1. In this way a series of equilibrium state values
were obtrined from which fig. £.2.2. wes constructed. The fraction
of corbon dioxide dissociated ( 1 - x ) is plotted as the ordinate,
temperature °C  as the cbscissa and the curve poraneter is the
co / 002 ratio g : only & constent total pressure of 1 atmosphere

is considered.
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Appendix 4.

Further discussion of the Blyholder and iiyring theory.

4.1. Ixperimental results of Blyholder and Lyring 1.
Blyholder and Iyring oxidised spectroscopically purec
grephite in a heated furnace between 1 and 150 microns and a
flow method was used.
Below 800° C an activation energy of 42,5 Kcal.mole—l
was observed and the pressure dependence was half order. This
activation encrgy was of a higher value than most other workers

had reported in this temperature range, e.g:~

Arthur and Bowing2 . 25 Xcel 600 - 700° ¢
1> 4
Chen” . . . 21.5 Koal 550 - 500° G
Lambert® ) . 24 Keal 400 - 500° ¢
Tsukhenova® . . 22 Keal 400 - 900° €
icked?? ) . 29 or 58 Kecal 600 - 700° ¢
1. Blyholder and iyring LP.0.S.R. report : technioal
note O0.A. ¥o 20 15 Aug, 1956
2. Arthur and DBowring J. Chim. Phy. (50) 47 540
5. Chen et al. J. Phy. Chem. (55) 59 1146
4, Leambert Trans. Far. Soc. (36) 32 352
5, Tsukhenove Chem. Lbs. (48) 42 3928g
8. Wicke 7. BElectrochem (52) 56 414

7. Vicke %. Slectrochem (53 57 636
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However Blyholder and Iyring attributed the difference
to the very high purity of spectroscopic graphite and compared
their activation energy to that obtained by Gulbransen and
Andrew® ( 37 Xcal ) also working with spectroscopic graphitc
botween 400 end 600° ¢ but at 0.1 to 9.8 nn Hg gas pressire,
Furthermore it was shown that the pressure dependence of Gulbransen
and Andrew's results could be shown to be half order.

In the published results of Wickeﬁ’7 it was shown that
if powdered rather than compacted graphite was oxidised at atmospheric
pressure, the activation encrgy was increased from 29 to 58 Xeel.
Thercfore as Ilvholder and uyring's valuc of 42.3 Kcal ( using
very pure graphite ) was smaller than 58 Kecal, the effect of
in-pore diffusion was investigeted at their very much lower gas
pressures. At 800° ¢ graphite was rubbed onto an "inert" ceramic
rod so that only a very thin smear was obtained. The activation
encrgy for the oxidation of these smears was found to be 80 Keal-
a'most twice the velue obtained with solid graphite ( 42.3 Keal ),
and moreover a Rero order reaction was observed. Blyholder and
dyring showed that both sets of resulits were consistant if explained

by the Thiele - Whecler theory, e,g. from equation 1,12 :-
2\
R /D.K Lo
s o

8. Gulbransen and Andrew Ind. ing. Chem. (52) 44 1034
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Therefore although the true order {(m) is zero, an
apparent helf order is obtaincd. ( In using the above equation at
very low gas prcssures the coe ficient of diffusion (D) is for
Knudsen diffusion and thereforc« independent of pressurc. Whether
this is also truc for the results of Gulbransen and Andrew at 1 cm
Hg pressure is debatable ). lcrcover half the true activation
energy is generally measured a:cording to Blyholder and Iyring,

if samples thicker than 0.1 mns are used.

4.2, The proposed rate mechanism to include thc carbon filament

results,

Blyholder and Iyring developed a theory to cxplain the
filament results based upon two different rcactive sites with
different mechenisms, This is very similar to the theory prcsented
in section 1.5. s0 is not re-prcsented in detail. Site 1 gave
a first order reaction and will be called an AL - site in the
present discussion. Site 2, to be referred to as a B - site,
gave a zero order reaction as observed by Blyholder and Iyring,
With an activation encrgy of 80 Kecal.

Commenting on the filament results Blyholder, 3Binford
and IEyring propoused that as the temperatures rcached in graphitisation
were lower than 3000° C +the filament could consist partly of
graphite crystals ( B - sites ), and partly of hydrocarbon material,

(A - sites ).
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L possible reason for this is that impurity atoms prevent the
formation of graphite from all the hydrocarbon material. Iowever
oxidation can remove the impurity so that the A4 - sites can then
form B - sites.

L rate equation based on the above mechanism is able to
predict the general shape of the filament rate - temperature curves
and Blyholder and Iyring made the following deductions :-

2) The true reaction betwecn a graphite crystal and oxygen
is zero order and has an activation energy of 80 Keals.

b) Cerbon filaments are imperfcetly graphitised and contain
impurity atoms which disrupt the structure. The filaments are
therefore more readily oxidised than pure graphitc on account of
the impurity atoms.

¢) The results reported in different experiments do not agree
with each other because of the different quantities of impurities,
different desrees of graphitisation, porosity and surface areas

cf the filaments.

4.3, Discussion of the above deductions in the light of the

present results.

a) Pyrolytic grophite is as pure if not purer than that used
by LIyring so it is unlikely that a mechanism based on catalysis
will explain the observed reaction kinetics. Ilioreover below 1500° C

an activetion energy of 44 XKcals was umeasured which compares well



-168-

with the valuc obtained by Iyring on solid samples. However
unlike spectrographite which is preparcd from carbonised solids,
pyrolytic graphite is slowly formed by the decomposition of a
hydrocarbon sas onto a heated carbon former. The resulting
naterial is virtually non-porous and it is unlikely that reaction
rates need to be interprcted using the in-pore diffusion equation.
Therefore it can be concluded that the reactivity of the graphite
smears on the “inert” cerzmic gave abnormelly high activation

energies for oxidation.

b) In the present work with pyrolytio grephite, the rate -
temperature curve decresses et a diminishing rate above the maximum
and this trend cannot be attributed solely to the A - site reaction.
Hence if the B - sitc reaction is observed at both low and high
pressurcs the rcaction could not be of zero order ( unless it is
accepted that in-porc diffusion mckes the B - site reactinn

pressurc dependent ).
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Appendix 35,
1. .xperimental results given in fig. 4.1. ( HT. pyrolytic

graphite using the microscope technique ).

} g, R 4 Rx 10° 1 ™ ¢ 107 / 1° &
4,22 V 16.7 '1570 5.43
4.09 12.2 2155 4,12
4.22 17.5 1525 5.57
i 4,31 20.2 1630 5.26
4.26 18.53 ‘ 1815 4.83
[ 5.9 ” 8.6 1635 5.24
%,20 15.7 1770 4,90
| 4.59 24 .4 1785 4,86
4,01 10.53 24.30 3.70
5.83 6.7 2390 3.76
.30 20.1 2095 4,92
5.85 7.2 2460 3.66
5.39 2.4 1260 6,52
5.51 3.2 1480 5.70
! 5.63 4.3 1520 L 5.56
5.34 2.2 1210 6.74
4,00 10.1 1480 5,70
5.41 2.6 1475 5.72
6.10 | 0.1 1050 7.56
5.90 7.9 1460 5.84
6.90 0.8 1160 i 6.98
4,28 19.2 2043 ; 4,32
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2. Iiperimental results given in fig. 4.2.
2 ) G.25.C. pyrolytic graphiégw ( preliminary work )
L o ! log R L 10t /2%x
i 1800 Z.32  to %£.30 4.82
1600 Z.32  +to 4,27 5.34
1400 5.61 to 5.52 5.98
1927 £,36  to 4.31 4.55
2270 2,29  +to £.21 5.95
b ) G.s5.C. pyrolytic graphite in the absence of a jet.
1420 5.378  to 5.358 5.91
1600 5.061  to 6.929 5.34
2010 - to 7.955 4.38
_‘ 1255 5.415 o 5.048 6.54
4
3. 3xperimental results given in fig. 4.3.
!m Pyrolytic graphite . Reactor graphite .
R x 10° v cm.sec. R x 10° v cm.sec.
23.2 9300 15.1 1100
24,3 6900 29.0 2700
24,2 5500 35.0 4300
25.1 3300 42.2 5700 1
24,9 2400 50,2 7000
18.5 1400 58,7 8400 !
1,8 600 66.4 9400 J
79.8 11200 |
: 77.5 12300
75.5 14000 ]
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