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React ion-ra te  resu l t s  are  presented for CO 2 in the range 1200-2400~ interacting with graphite 
of grades  VPP ,  MPG-8 (1), and pyrographite.  

Graphite is a h igh- tempera ture  construct ional  mater ia l ,  and its working capacity may be limited by 
interaction with gases such as H20, CO2, 02, NO, etc. In some cases  one has to pe r fo rm engineering ca l -  
culations on the rate  of interact ion of graphite with cor ros ive  gases ,  but for this purpose one needs to know 
the react ivi ty in relat ion to each gas. We have examined the ra tes  of interaction of some grades  of graphite 
with CO 2 over  the range 1200-2400~ at part ial  p r e s s u r e s  of CO 2 of (0.08-0.34) �9 105 N /m 2 and total p re s su res  
of At - -CO 2 of 1 �9 105 N / m  2. 

Published studies on the interaction of carbon with CO 2 give very  little evidence that can be direct ly 
used in engineering calculat ions,  the reasons  being that tests  at high tempera tures  do not occur  in the purely 
kinetic region but in the t ransi t ional  or diffusion region. One can avoid diffusion inhibition most  completely 
by conducting exper iments  at low p r e s s u r e s ,  but then the resul ts  [1, 2] are difficult to use in calculations 
when the p res su re  is severa l  a tmospheres  or more.  In such cases  one has to extrapolate the experimental  
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Fig. 1. Section of oven: 1) upper 
cur ren t  lead; 2) Input bushing; 3) 
graphite specimen; 4) graphite tubu- 
lar  heater;  5) Insulator;  6) lower 
cur ren t  lead; 7) outlet tube. The 
gas flows along the cent ra l  channel 
f rom top to bottom. 

resul ts  f rom the range 10-6--10 -5 arm to the range 10-1--10 atm. 
Experiments  have been repor ted  [3, 4] for CO 2 p r e s s u r e s  of 
0 .1-1.0.105 N /m 2. The effects of diffusion were not completely 
eliminated, because the rate  at which the gas was flowing was 
comparat ively  small  (0.2-0.8 m/sec ) .  In [5], exper iments  were 
done with gas flow speeds of 200-500 m / s e c ,  and the gas flow 
was heated by an e lectr ic  are with a tungsten cathode. Unfor- 
tunately, the resu l t s  f rom this study are unusable on account 
of effects f rom tungsten vapor.  We have found that a tungsten 
cathode gives r i se  to tungsten vapor that then part ial ly deposits 
on the graphite and dis tor ts  the reaction rate.  This is why in 
[5] low maximum react ion rate  of graphite with CO 2 was found 
in the range 1600-1800~ although one is indicated by the resu l t s  
of [1-4, 6]. 

The apparatus we used for the experiment consisted of an 
e lec t r ic  arc  heater ,  a mixer ,  and an oven. The heater  served 
to heat the argon. In the mixer ,  the hot argon was mixed with 
CO 2 at room tempera ture .  This gave a mixture of specified 
composit ion and temperature .  This passed to the oven (Fig. 1), 
where CO 2 reacted  with the graphite specimen 3, which was a 
30 mm cylinder with outside diameter  12 mm. The react ion oc-  
cu f f ed  within the axial channel of diameter  3 mm. The flow 
rate  for the gas mixture was designed such that the gas speed 
within the workIng channel was on average 200 m/ sec .  The 
tempera ture  of the specimen was measured  with an OPPIR-017 
pyrometer .  A m i r r o r  was used to sight the pyromete r  t h r o u g h  
the outlet tube 8 on a hole of diameter  2.5 mm and length l = 15 
mm in the lower end of the specimen. The specimen tempera ture  
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Fig. 2. Reaction rate m (kg/m 2. see) for VPI ~ graphite in CO 2 as a 
function of temperature t (~ Gas pressure (Ar + CO 2) 9.8.104 N 
/m 2 (1 arm), flow speed w = 200 m/see, CO 2 partial pressure N/m2: 1) 
0.81.104 2) 1.51. 104; 3) 2.1. 104; 4) 2.61. 104; 5) 3.46.104 . 

Fig. 3. Reaction rate m (kg/m 2. sec) for VPP graphite in CO 2 as a 
function of temperature  t (~ With calculated allowance for diffu- 
sion: 1) f rom experiment;  2) f rom (12); CO 2 p r e s su re s  (N/m 2) at su r -  
face of: 3) 1.81. 104; 4) 1.35. 104; 5) 0.9. 104; 6) 0 .45.10 ~. 

was controlled by the cur ren ts  of the tubular graphite heater  4. When a set temperature  has been reached,  
the argon flow was turned on and the arc  was s t ruck.  The mixer  was supplied with a set flow rate for CO 2, 
and the gas tempera ture  was adjusted via the heater  power (we omit the descript ion of gas tempera ture  
monitoring). The loss in weight of the specimen during the experiment  was determined by weighing with 
an ADB-200 balance. The running time was measured  with a 51-SD clock. The react ion rate  m in kg /m 
�9 sec) was est imated from the loss in weight of the specimen as a rat io to the surface of the working channel 
and to the running time. The carbon dioxide flow rate  was measured  before and after the experiment by 
an RS-3 ro tameter .  The argon flow rate was established from the superer i t ica l  p re s su re  drop at the flow 
thrott le.  The cal ibrat ions for flow were performed by means of GSB-400 gas mete r s .  The e r r o r  in mea-  
suring the argon flow rate was • 4%, while that for the carbon dioxide was • 6%. 

Although the gas flow speed was comparat ively high (200 m/see) ,  the react ion rate depended act only 
on the kinetics of the C + CO 2 react ion but also on the gas mixing rate in the boundary layer ,  i . e . ,  there 
was some diffusion retardat ion.  The effects  of this were seen in that the concentrat ion of the CO 2 direct ly  
at the graphite surface C s was less than that in the initial gas mixture Cg. To allow for diffusion by ca lcu-  
lation we need to know the carbon dioxide concentration that rea l ized direct ly  at the surface Cs, and the 
react ion rate has to be r e f e r r ed  to this concentrat ion,  not to Cg. To calculate C s we used the method of 
[7], which is based on the empir ica l  relat ionship 

m = g B .  (I) 

The analogy between heat and mass  t ransfer  [7] gives 

g = a/cp.  (2) 

To calculate ~ we used the empir ica l  relat ionship for the inlet par t  of the tube with a laminar boundary 
layer  (this was the case of a specimen) [8]. The concentration head B was obtained by using the law of 
conservat ion for C in the boundary layer  [7]: 

B =  C g - - C s .  (3) 

~co~ _]_ Cs 
~c 

F r o m  (1) and (3) we get 

Cg ml~c~ 

Cs = g,~c 
m 

1 4 - - -  
g 

(4) 
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Reaction rate m (kg/m.  sec) as a func- 
tion of tempera ture  t (~ (diffusion effects 
present)  for:  1) pyrographite;  2) MPG-8 (1) 
graphite for a par t ia l  p ressure  of 2.1.104 N / m  2 
of CO 2 in the initial flow and a speed of 200 m 
/sec. 

F r o m  (4) we calculated the carbon dioxide concentration 
at the graphite surface in each experiment.  

We used art if ical  polycrystal l ine graphites of 
grades VPP  and MPB-8 (1), as well as pyrographite of 
grade UPB-1. The initial mater ia l  for making the 
medium-grained VPP graphite (density 1.9-1.95 g / c m  3, 
graphitization tempera ture  2800~ was fired oil coke 
(filler) and coal s inter  (bonding agent). For  the fine- 
grained MPG-8 (1) graphite (density 1.8 g / c m  3, graphit i -  
zation temperature  2800~ the fil ler was unfired coke. 
The pyrographite had a high degree of orientation in 
the crys ta l l i tes ,  the layers  of atoms in these lying para l -  
lel to the deposition surface.  This was responsible for 
marked anisotropy in many proper t ies  of the pyrographite ,  
including the react ivi ty in oxidation. 

The react ion rate  for the pyrographite  (density 2.2 g / c m  3, production temperature  2100~ was de te r -  
mined on the end face, i . e . ,  on the surface intersect ing the layers  of atoms at a r ight  angle. 

Figure  2 shows the react ion rate for VPP  as a function of tempera ture  for 5 CO 2 concentrat ions in the 
initial gas mixture ,  Cg= 9.1; 16.6; 23 ; 28.6; and 37.5wt. %. These relat ionships are distorted by diffusion, F r o m  
(4) we determined the cor rec t ions  for diffusion. The solid line in Fig. 3 shows the true m = f(t) react ion ra tes  
(corrected for diffusion) for C s of 5, 10, 15, and 20 wt.%, while Fig. 4 shows m = f(t) for Cg of 23 wt.% 
for MPG-8 (1) and pyrographite  react ing on the end surface.  These relat ionships were derived for only one 
CO 2 concentrat ion,  so we could not introduce cor rec t ions  for diffusion. Each point on these curves  is the 
mean of not less  than 3 runs.  

For  convenience in using the resu l t s  in engineering calculation, the experimental  relat ionships (solid 
lines in Fig. 3) were approximated by an analytical express ion (broken lines). The choice of the approxi-  
mating express ion  was based on the following concept of the react ion mechanism.  It was assumed [1, 9] 
that the react ing surface had active atoms (mass react ion rate m a) and inactive ones (reaction rate  mn). 
The total react ion rate was 

/T/ = m '  a "~- m n . ( 5 )  

The active atoms are  evidently ones with unsatisfied valencies.  The tests  showed that the react ion rate of 
V P P  in the range of par t ia l  p r e s s u r e s  of CO 2 used was direct ly proport ional  to the carbon dioxide p r e s su re ,  
i. e . ,  was direct ly  proport ional  to the number of coll isions of CO 2 with the graphite surface v. We denote 
the fraction of the react ing surface occupied by active atoms by 0, in which case the nonactive atoms occupy 
1--0. 

Then we get that 

m = 6"~ [%0 + % (I - -  0)]. (6} 

We assume that the active atoms were t rans formedtononac t ive  ones at high t empera tu res ,  which may 
ar ise  f rom increased  thermal  mobility, par t icular ly  for the active atoms,  which are less f i rmly bound. 
The final resul t  of motion in the active atoms is that they become incorporated into the hexagonal network 
in such a way as to bebound by free bonds. 

Below 1500~ the rate  of convers ion of active atoms to others  is small ,  and the production of hole 
defects predominates ,  which are produced where a carbon atom reac t s  with CO 2. Therefore ,  at low t em-  
pera tures  the entire react ing surface should be coated only with.active atoms and 0 = 1. Above 2200~ 
the convers ion rate is so large that the active atoms formed by C + CO 2 are t ransformed to nonactive ones 
before collision with CO 2 can occur.  Therefore ,  one assumes  that in this case 0 = 0. In the intermediate 
range 1500~ < t < 220~ both species are  present  and 0 < O < 1. The relat ionship between the two species in this 
t empera ture  range is dependent on the temperature  and the frequency of the collision o f  C O  2 molecules with the 
surface ,  i . e . ,  f rom the part ial  p ressu re  of CO 2. 

The following is the proport ion of the surface occupied by the active atoms as a function of tempera ture  
and part ia l  p re s su re  of CO 2 (approximating expression):  
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0 = (7) 
I 1 

l+explD(T--Tg)l 1 -- exp [0.014 (T - -  Tg)] 

The Tg of (7) is i t se l f  a function of the par t ia l  p r e s s u r e  pp of CO2: 

i 

Tg = (Epp) 3~ 

When V P P  r e a c t s  with CO 2, the constant  E is 28.5 .10 -5 deg ~ 
are  approximated  as 

% = exp . . . .  ~, . . . . .  exp T 

~n = CT~ = 1.42.10-31T 7. 

(8) 

�9 m2/N. The t empe ra tu r e  fac to r s  q~a and (Pn 

- - - ) ,  (9)  

(10) 

The laws f rom the molecu la r  kinetic theory of gases  [10] imply that the col l is ional  f requency v for  CO 2 
molecules  with unit sur face  is dependent on the p r e s s u r e  and t e m p e r a t u r e :  

v = F  P-----~P. 
V r  (11) 

Substitution of (7), (9), (10), and (11) into (6) gives a final express ion  for approximat ing  the e x p e r i -  
menta l  r e su l t s :  

m = A  V 

+ CT ~ ( 1 -- 
\ 

1 -:- exp [D (T - -  T2)] 

1-:-exp[D(T--Tg)] )]" (12) 

When V P P  r e a c t s  with CO2, the constant  A is 65.6 kg.  dega /2 / sec .  N. 
mended for  use in engineer ing calculat ions for  V P P  reac t ing  with CO 2 over  the range 1200-2600~ at par t i a l  
p r e s s u r e s  of CO 2 of (0.05-0.2).  105 N / m  2. 

Express ion  (12) can be r e c o m -  

m a ,  m n 
Cg, C s 
g 
B 

Cp 

~CO 2, ~C 
f 
T , t  
0 

Pp 
C a ,  Ca 

A, B1, C, 
D, E, F 

N O T A T I O N  

are  the r a t e s  of react ion  of more  and less  active carbon a toms ,  k g / m  ~. see; 
are  the weight f rac t ions  of carbon dioxide in the initial gas mixture  and at graphite  surface;  
is the mixing ra te  in the boundary l aye r ,  k g / m  2. sec;  
is the concentrat ion head; 
is the heat  t r a n s f e r  coefficient ,  W/m 2. deg; 
is the heat  capaci ty ,  J / k g .  deg; 
a re  the re la t ive  molecu la r  and a tomic m a s s e s  of carbon dioxide and carbon; 
is the functional re la t ionship;  
are  t e m p e r a t u r e s  in ~ and ~ respec t ive ly ;  
is the fract ion of the surface  occupied by active C atoms;  
is the frequency of CO 2 col l is ions per  unit a r ea ,  1 / m  2. sec;  
is the par t ia l  p r e s s u r e  of carbon dioxide at graphite su r face ,  N/m2; 
a re  fac tors  exp re s s ing  dependence of reac t ion  ra te  on t e m p e r a t u r e  for act ive and inactive 

C a toms respec t ive ly ;  

a re  constants .  
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