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Rate data have been obtained for the deposition of carbon films from methane and acetylene 
in fluidized beds of alumina, uranium dioxide, uranium monocarbide, uranium dicarbide, and a 
solid solution of uranium-thorium dicarbide powders. These carbon films have been shown to pro- 
vide excellent protection for the powdered fertile material against attack by hot concentrated 
nitric-acid solutions. The coated uranium-thorium dicarbide particles were also shown to be 
stable in humid air. 

One of the principal difficulties in 
the design and construction of a nu- 
clear reactor employing uranium, tho- 
rium, and plutonium carbides as the 
fertile or fissile material is the reactiv- 
ity of the fuel with moisture even at  
room temperature to form oxides. If 
this partially hydrolyzed fuel is em- 
bedded in a graphite-matrix fuel ele- 
ment, subsequent operation at high 
temperature may result in the genera- 
tion of carbon monoxide gas and in 
dimensional changes. 

It was therefore desirable to develop 
a process whereby the carbide fuel in 
powdered or granular form could be 
coated with a protective film. Such a 
coated fuel powder could then be 
readily shipped and fabricated into 
fuel elements without recourse to the 
use of protective atmospheres. In  ad- 
dition the coating may help to retain 
fission products within the fuel particle 
during operation of the nuclear reac- 
tor. Pyrolytic carbon is probably the 
least expensive coating for this pur- 
pose, and it was expected that pyro- 
lytic carbon films would be relatively 
easy to prepare. The investigation de- 
scribed herein was designed to provide 
quantitative information on the kinetics 
of the deposition reactions and quali- 
tative information on the effectiveness 
of the coating as a moisture barrier. 

Techniques used to coat powders 
with protective films have been exten- 
sively investigated for a number of 
years. The first commercial process 
based on a fluidized bed accretion 
technique is the fluid coking process, 
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whereby a heavy petroleum residue is 
converted into coke and volatile hy- 
drocarbons (1 to 5 ) .  Other work sug- 
gested that the metals could also be 
deposited in a fluidized-bed system 
( 6 ) .  Based on a strong background of 
experience in chemical vapor-deposition 
reactions (7)  the original fluidized- 
bed studies at  Battelle were directed 
toward deposition on seed particles as 
a low-cost method of producing metals 
(8, 9) .  However recent work has in- 
cluded the deposition of metallic and 
ceramic coatings on nuclear-fuel par- 
ticles (10 to 16). In addition Argonne 
National Laboratory has recently used 
the fluidized-bed vapor-deposition 
technique to prepare granular uranium 
dioxide from the hexafluoride (1 7). 

E X P E R I M E N T A L  STUDIES 

Description of Equipment 

A schematic flow diagram of the ap- 
paratus used in deposition studies is 
shown in Figure 1. Helium was used as 
the principal fluidizing medium in the 
majority of runs, and acetylene and 
methane were used as the source of carbon. 
All of the gases were metered through 
rotameters. 

The deposition reactor consisted of a 
24 in. length of 26-mm. quartz tubing, at 
the top of which was a 6 in. length of 
53-mm. quartz expanded section to mini- 
mize loss of particles from the reactor. The 
bottom of the reactor tapered to a 5-mm. 
O.D. by I-mm I.D. quartz capillary over 
the span of 1% inch. The capillary tube 
had a reverse bend of l%-in. diameter 
and was connected to the preheater 
through a 12/5 ball and socket joint. The 

capillary was used to increase the velocity 
of the gas entering the reactor and thus 
prevent plugging of the inlet line by the 
solids in the fluidized bed. The temperature 
of the fluidized bed was measured by 
means of a chroniel-alumel thermocouple 
protected by a 7-mm. quartz tube. This 
tube extended from the top of the ex- 
panded section to midway in the bed. 

A preheater, consisting of a 14 in. length 
of 57-mm. quartz tubing filled with small 
quartz helices 4/4 in. in diameter, was used 
to heat the fluidizing gas to a temperature 
just below that at which deposition takes 
place. 

A special deposition reactor used for 
runs at 1,400"C. consisted of a 24 in. 
length of 26-mm. I.D. mullite combustion 
tube with a 6 in. length of 53-mm. quartz 
expanded section mounted at the top of 
the reactor to minimize loss of product. 
The bottom of the reactor had a taper 
somewhat similar to that of the quartz 
reactor. An outside platinum-platinum 10 
w/o rhodium thermocouple was used to 
measure temperature in the 1,400"C. de- 
position runs. 

Electrical resistance heater furnaces were 
used to heat the various units of the 
apparatus and proper temperatures were 
maintained by means of controllers. 

Experimental Procedure 

The procedure for the deposition runs 
was relatively standardized. The reactor 
was placed in a furnace and coupled to 
the preheater, the expanded section, and 
the traps. The equipment was then leak 
tested. While the system was purged with 
helium, the reactor and preheater were 
heated to the desired operating tempera- 
tures. The reactor was then charged with 
bed material, and if the bed material was 
reactive with moist air, a glass transfer 
flask having a clamped exit line was used. 
With this arrangement the flask could be 
filled in a dry box and emptied into the 
reactor without exposing the materials to 
air. The hydrocarbon was introduced into 
the reactor in a predetermined ratio of 
hydrocarbon to helium. The total flow of 
both gases was adjusted to give somewhat 
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Fig. 1. Apparatus for coating powders with 
carbon. 

more than the rate needed for incipient 
fluidization. 

At the end of the coating period the 
hydrocarbon gas was turned off and the 
helium flow increased. The reactor and 
preheater were cooled to room tempera- 
ture. After the coated material was 
screened and weighed, samples of the 
coated particles were analyzed for carbon 
content and examined metallographically. 
Conversion levels were calculated on the 
basis of the increase in carbon content of 
the bed material. 

Experimental Results 

A summary of a sample of the ex- 
perimental data for the deposition 
experiments is presented in Table lo. 
Photomicrographs of carbon coated 
uranium dicarbide and carbon coated 
thorium-uranium dicarbide particles 
are shown in Figures 2 and 3. 

CORRELATION EQUATIONS 

In order to satisfactorily correlate 
the experimental data it was necessary 
to derive linearized kinetic equations 
for both a differential and integral re- 
actor system. These linearized equa- 
tions were then solved by use of an 
IBM-650 computer and standard re- 
gression techniques. 

I t  can readily be shown on the basis 
of kinetic theory that the rate of ac- 
tivated collisions of hydrocarbon on 
the surface of the bed material re- 
sulting in reaction can be expressed 
( 1 8 ) :  

Generalizing to include the possibility 
of a nonlinear proportionality between 

~ 

* Tabular material has been deposited as docu- 
ment 6752 with the American Documentation 
Institute Photoduplication Service, Library of 
Congres;, Washington 25, D. C., and may be ob- 
tained for $1.25 for photoprmts or for 35-mm. 
microfilm. 

variables one gets 

The weight rate of carbon deposition 
is therefore 

(3)  
For low conversions such as in the 

Of the methane data Equation 
( 3 )  can be applied directly without 
regard to the actual flow mechanism 
through the reactor, changes in re- 
actant partial pressure, or the possibil- Retaining the first two terms of Equa- 
ity of reverse reaction. Taking logar- tion (6)  substituting into Equation 
ithms of both sides of Equation ( 3 )  (5) and taking logarithms one obtains 
one obtains 

In WcTB = In k' + n In Pc + 

Fig. 2. Spherical uranium dicarbide coated with 
80 p of carbon. Sample i s  from Run 18. 

k 
a + l  

( a  + 1) In S, - EJRTB ( 7 )  

( a  + 1) InSB-EE,/RTB (4)  
This equation is in linear form, and 
the unknown coefficients (k', n, a, E t )  
can be obtained from the data by re- 
gression techniques (1 9) .  

where an appreciable conversion of 
the reactant occurred, Equation ( 3 )  
must be used in conjunction with the 
general equation for flow over a differ- 

In- + nInP4" + 

since 

In the case of the acetylene data, In ( nx nx 
I ) - 
'(F) +... .  ( 8 )  
4 

K " 
ous stream is Lpredominating. The re- in Z,FTB = in + 
lation between conversion level and a + l  
the process variables for the case of 
no volume change upon reaction be- n (In P," - ~ / 2 )  + 
comes (if n f: 1) (20)  (U + 1 )  In SB - Et/RTB (9) 

( 1  - 1 - - ~ ( P ~ " ) " S R " "  e-n,,BT,  quat ti on (9) is in linear form and can 
n (a+ l)Z,FTR be solved by standard techniques. 

Expanding one gets 

-(1- n)x  

l! 
( 1 - x ) * - * - 1  = + 

( l - . . > ( - n >  x z -  

2! 

(1 - n)  (- n )  (- 1 - n )  
3! 

Xa + . . . . 
(6)  

DISCUSSION 

Process Variables 
The effects of the process variables, 

that is partial pressure of reactant, 
surface area of the bed, and deposition 
temperature, were determined by a 
regression analysis of the experimental 
data and the linearized kinetic expres- 
sions for the rate of carbon deposition. 
The rate constants for carbon deposi- 
tion were found to be as follows: 

SUMMARY OF REGRESSION ANALYSES FOR CARBON 
DEPOSITION IN A FLUIDIZED BED 

Acetylene Methane 
Avg. Std. dev. Avg. Std. dev. 

Activation energy 90.4 t 3.7 51.0 & 1.8 
Partial pressure dependence 1.30 t 0.25 1.45 rt 0.10 
Surface area dependence, a + 1 0.92 f 0.10 
Logarithm of rate constant, In k' 

1.39 2 0.16 
21.537 t 0.723 11.173 f 0.543 

or k/a + 1 
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Fig. 3. Thorium carbide-uranium carbide solid- 
solution carbide coated with 30 p of carbon. 
Sample is from Run 12. Structure of carbide . 
is not clearly discernible because of the rapid 
hydrolysis of the core after sectioning for 

examination. 

At a bed temperature of 1,OOO"C. 
a hydrocarbon partial pressure of 760 
mm. of mercury, and a bed surface 
area of 7,000 sq. cm., the rate of car- 
bon deposition from acetylene is 182 
times the rate of deposition from 
methane. However at  1,600"C. the 
rates of carbon deposition from both 
methane and acetylene become equal 
under these same conditions. 

The experimental activation energies 
for the pyrolysis of the hydrocarbons, 
as determined on the basis of carbon- 
deposition rates, are in rather good 
agreement with the literature values. 
The activation energy for carbon depo- 
sition from methane was found to be 
90,400 cal./g.mole, which is in ex- 
cellent agreement with the most re- 
cent values of 93,000 by Kervorkian, 
Heath, and Boudart (21) and Shan- 
torovich and Pavlov (22) and com- 
pares favorably with most of the pre- 
viously reported data, that is 78,000 to 
102,200 (23 to 26). In contrast Brown 
and Watt have reported a value of 
21,600 (27) and have calculated a 
value of 39,000 from the data of Gris- 
dale, Pfister, and Von Roosbroeck 
(28) . However failure to correct for 
depletion of reactants may be the rea- 
son for these latter low values. 

The activation energy for the depo- 
sition of carbon from acetylene was 
found to be only 51,000 cal./g.-mole, 
which is somewhat higher than the 
values of about 30,000 which have 
been reported previously (29, 30). 
Since the acetylene activation energy 
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Fig. 4. Hydrogen content of deposited carbon as a function of deposition 
temperature. 

is so much lower than that of the 
methane system, it would appear that 
a step by step reduction scheme (26, 
31), wherein the decomposition of 
methane is slow with respect to the 
subsequent steps, is correct in prin- 
ciple at low temperatures, although the 
mechanism involved in each step has 
yet to be clearly defined. 

The fact that the rate of carbon 
deposition is roughly proportional to 
the surface area of the bed, since the 
exponent on the surface-area term in 
the rate equations varies from 0.92 to 
1.39, indicates that at least the reac- 
tions leading to the deposition of car- 
bon are heterogeneous. However this 
does not necessarily mean that the en- 
tire pyrolysis reaction is so dependent. 
Gordon (32) reported that there is a 
large catalytic effect of surface in the 
early stages of the pyrolysis of meth- 
ane. Tesner and Refal'kes (33) rea- 
soned that the process of carbon for- 
mation is an example of a purely 
surface reaction and is in no way 
bound up with simultaneous changes 
in the hydrocarbons which take place 
in the volume of gas. It is also note- 
worthy that they reported that the rate 
of deposition of carbon on a carbon 
surface was greater than any other 
surface studied. The data obtained in 
the current study support the conclu- 

sion that surface area does have a very 
significant effect on the rate of deposi- 
tion. 

In both the methane and acetylene 
pyrolysis studies the exponents of the 
partial-pressure term were greater than 
unity, that is, 1.30 and 1.45. Although 
good data concerning the order of these 
reactions are scarce, most observers 
have assumed a &st-order reaction for 
methane decomposition. Kevorkian, 
Heath, and Boudart (21 ) have shown 
that the methane decomposition is 
closer to a first-order reaction than it 
is to a second-order reaction. Kassel 
(26) showed that at low concentra- 
tions of hydrogen, and hence in a dif- 
ferential reactor system, his theory 
leads to a linear proportionality be- 
tween rate and methane partial pres- 
sure. Tesner and Refal'kes ( 3 3 )  found 
a linear relationship between the rate 
of carbon deposition and concentration 
for both methane and acetylene pyro- 
lysis, while others have reported a 
second-order reaction for acetylene 
pyrolysis (29, 30). 

It is believed that the disagreement 
between the fluidized-bed studies and 
prior work concerning the order of the 
reactions is theoretically significant and 
may be due to hydrogen inhibition as 
a result of chain termination, although 
from a practical viewpoint the general 

TABLE 1. SUMMARY OF SELECTED EXPERIMENTAL DATA ON DEPOSITION OF CARBON 
Conv. 

Avg. Coating Helium tode- Reactant Depo- Uranium leached in porosity 
Bed part. Bed thick- Run Bed flow posited flow rate, sition test during time indicated, % 

mate- diam., weight, g. ness, time, ten+. rate, cc./ car- Reac- cc./min. rate, 0-1 1-7 1-8 0-8 7-19 8-15 
Run rial p Init. Gain p lu min.STP bon.% tant STP p h .  Hr. Hr. Hr. Hr. Hr. HI. 

1 ALOa 266 53.0 -0.1 0.2 3.0 955 1,075 0.05 CHa 2,140 0.07 - - - - - - 
5 U02 166 193.8 2.6 1.0 4.0 1,015 - 0.94 CH, 3,200 0.25 88.8 4.47 - - 0.07 - 
6 UO, 173 193.8 11.3 7.0 0.5 1,015 2,150 36.4 CsHa 1,050 14.0 0.28 0.006 - - <0.001 - 
8 ALOs 139 45.7 1.0 4.0 2.0 850 2,150 2.26 CSH, 1,050 2.0 - - - - - - 

14 UCz 318 107.8 11.4 40 3.0 1,095 2,950 40.3 CzHz 333 13.3 - - - 0.004 - <0.001 
15 UC2 240 98.6 7.6 17 0.8 1,015 2,150 22.1 C2H2 1,050 21.2 - - - 0.004 - <0.001 
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effect is the same, that is, higher par- 
tial pressures of hydrocarbons yield 
higher rates of deposition. 

Product Evaluation 
The hydrogen contents of the car- 

bon films deposited from acetylene 
were measured and found to decrease 
at higher temperatures, which is simi- 
lar to the trend reported by Grisdale, 
Pfister, and on Roosbroeck for carbons 
deposited from methane (28). How- 
ever in all cases the hydrogen contents 
of the films deposited from acetylene 
were greater than those reported for 
carbons deposited from methane, as 
can be seen from the data in Figure 
4. Nevertheless it would appear that 
the curves for the two sets of data 
might interact at a temperature of 
about 1,O3O0C., which is about the 
highest temperature at which the 
hydrogen content of the deposited 
carbon was measured in the present 
study. 

The evaluation of the properties of 
the carbon coatings was primarily 
based on the ability of the coatings to 
protect the fertile material against at- 
tack by hot concentrated nitric acid 
for periods of about 8 hr. As can be 
seen from the data in Table 1 the 
carbon coatings provide excellent pro- 
tection for the powdered fertile mate- 
rials. Although the data are somewhat 
spotty, since the major emphasis was 
placed on evaluation of the process, it 
would appear that a 7-c~ coating de- 
posited from acetylene at a tempera- 
ture of 1,015”C. on uranium dioxide 
powder provides good protection. Sur- 
prisingly a 7-p  coating deposited from 
methane at 1,125”C. on uranium di- 
carbide powder did not provide good 
protection. It is suspected that differ- 
ence in behavior is a result of the dif- 
ference in coating conditions and not 
the difference in base material, al- 
though further information on this 
point should be established. It was 
determined that a 9-p coating on ura- 
nium monocarbide, a 17-p coating on 
uranium dicarbide, and a 30-p coating 
on thorium-uranium dicarbide are 
within the safe coating-thickness region. 
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NOTATION 
a 
El 

e = a constant, 2.718 
F 

mole/hr. 

= exponent on surface-area term 
= activation energy for a chemi- 

cal reaction, kcal./g.-mole 

= feed rate of inert gases, g.- 

k = a rate constant, & / m R  
4 2 E i / M ,  

k‘ 
MI = molecular weight of the i 

component in a gas mixture, 
g./g.-mole 

= molecular or atomic weight of 
solid deposit, g./g.-mole 

= number of moles of deposit 
per mole of converted reactant 
feed 

n = exponent on partial-pressure 
term 

Pi = partial pressure of reactant 
gas, mm. of mercury 

P,” = partial pressure of reactant 
gas in feed stream, mm. of 
mercury 

= ideal gas constant, 1.987 cal./ 
(g.-mole) (K ) or its equiva- 
lent 

= activated collision rate, mole/ 
(hr.) (sq. cm.) 

= surface area of the bed, sq. 
cm. 

= a rate constant, m,M,k 

MI 

m, 

R 

rz 

S, 

T ,  = bed temperature, O K .  

W, = weight rate of carbon deposi- 

3c = fractional conversion of reac- 

Z, = g.-mole of reactants/g.-mole 

p1 = fraction of activated collisions 

7~ = a constant, 3.14 
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