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REMOVAL OF HYDROGEN, CARBON MONOXIDE, AND METHANE
FROM GAS COOLED REACTOR HELIUM COOLANTS

1.0 INTRODUCTION

Contamination of coolant gases by chemical impurities is a major
problem in gas cooled reactors and in-pile experimental loops. Recent
gas cooled reactor concepts in the United States use helium as the
primary coolant. 1’2:33

The non-radiocactive, gaseous impurities of most concern are Hz0, COp,
Hz, CO and traces of hydrocarbons which can be represented by CHy. These
contaminants result from (1) out-gassing of the graphite reflector and
moderator, and (2) inleakage of HzO with resulting reaction with graphite,
Hz0 + C - Hz + CO. It is necessary to maintain these contaminants at low
levels so that removal of graphite in the reactor core by chemical reaction
is at a minimum, nuclear properties of the coolant are constant, and constant
thermal properties of the coolant are maintained. 1In the Oak Ridge National
Laboratory program of GCR Coolant Purification studies, processes for removal
of the gaseous contaminants are being developed. Our ultimate goal is to
develop design equations which will allow design of purification system
components.

2.0 PURIFICATION FLOWSHEET

Production rates of the various gaseous contaminants are fairly low,
therefore, removal of the contaminants can be achieved on a side stream
from the main coolant stream. This side stream will probably be less than
1% of the total coolant flow. Use of such a side stream will also reduce
the amount of useful heat lost from the coolant due to the necessity of
operating part of the purification system at < 100°F.

The proposed coolant purification flowsheet for non-radioactive,
gaseous contaminants is a two-step process in which (1) all oxidizable
gases are oxidized to Hz0 and COz, and (2) the Hz0 and COz are removed
by a fixed-bed sorption process (see Fig. 1). It is anticipated that the
oxidation process step will be carried out at a temperature in excess of
L0o0°C, while the sorption process will be at ambient temperature. Present
GCR concepts are for system operating pressure of 20-60 atm, and it is
desirable to operate the system at a minimum pressure drop.

2.1 Oxidation of Hz, CO, and CH,

There are two possible process methods of oxidizing Ho, CO, and CHa:
(1) catalytic oxidation by Oz, and (2) oxidation by inorganic oxides such
as CuO.

Catalytic oxidation by oxygen in a fixed bed of solid catalyst appears
to offer the best solution to this problem if allowable concentration levels
are high (> 10,000 ppm). Introduction of small amounts of the oxidant,
oxXygen, to the coolant would not add materially to the contamination problem.
However, if contamination must be maintaine% t low levels (< 1000 ppm) as
would be the case for high temperature GCR, the control problem of Oz
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addition becomes very critical since small amounts of additional oxygen
contamination to the coolant could not be tolerated.

For the cases of low levels of contamination by Ho, CO, and CHy, fixed
beds of CuO could be used to oxidize the contaminants to COz and Hx0,

Hz + Cu0 - H20 + Cu (1)
CO + Cu0 — CO2 + Cu (2)
CHg + 4CU0 - COp + 2H20 + kCu (3)

The resulting reduced beds of Cu could then be regenerated to Cu0 by use
of air or Op,

Cu + 1/2 0z - Cuo (&)

The fixed bed, CuO oxidizer would not have the problem of oxygen contaminat'g
of the coolant (02 decomposition pressure is < 1 ppm at 600°C and 20 atm),% ?
however, if continuous operation is desired dual oxidizers would be needed
for cyclic operation of the system with alternate regeneration of the reduced
bed.

2.2 Co-sorption of COz and Hz0

Removal of the COz and Hz0 from contaminated helium is most easily
achieved by fixed beds of Molecular Sieves. This method of COz and Hz0
removal is necessary for low levels of contamination and it may be used
in conjunction with a cooler-condenser if large amounts of HzO are present.
Since this process is also a fixed-bed process, there will be s
necessity for dual sorbers one of which will be active at a time, thus,
allowing time for regeneration of the second bed by dry air.

3.0 EXPERIMENTAL PROGRAM

Although a considerable amount of experimental work has been done on
this entire subject by Oak Ridge National Laboratory, the program is not
complete. In order to demonstrate the general techniques of experimentation
and data analysis used to date, the work on the Hz-Cu0Q reaction will be
discussed in somewhat more detail. The other processes and reactions have
been and are being investigated in a similar manner.

Our approach to the development of Cu0 fixed-bed oxidizers has been to
determine the kinetic mechanisms of the reactions of interest in the operat-
ing ranges of interest. This is then the basis for derivation of the
necessary design equation for system components.

3.1 Physical Properties and Operating Ranges

Since low pressure drops are necessary in the CuO oxidizer, it was
decided to use pelleted CuO as the fixed bed material. The material used
was CuO compacted into nominal l/8-in. rt circular cylinders obtained from
the Harshaw Chemical Company (see Fig. 2). This material is available in
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commercial quentities. The mass flow rates of interest were 0.25 g-moles/
cm®-min or less. The Hz contamination level to be investigated was 1000
to 10,000 ppm (vol). Temperature range of interest was 400-600°C. The
pressure range was 10-30 atm.

5.2 Rate Controlling Mechanism

It was found that when CuO pellets reacted with Hz from a flowing
stream of He, the partially reduced Cu0O pellet always had a well defined
Cu-Cu0 interface within the pellet (see Fig. 3). This interface was so
well defined that it suggested control of the reaction must be due to mass
transport of the Hx from the bulk gas to the reaction site. That is, the
reaction was very rapid and essentially irreversible. Thermodynamic con-
siderations show that the H2-CuO reaction is essentially irreversible.

The resulting mathematical model for such a system would be (see Fig. 4)
a pellet, assumed to be a sphere, in which the Hpz diffused through an
external stagnant gas film to the solid surface and then subsequently
diffuses through the solid to the reaction interface. The reaction inter-
face would be a spherical shell of radius Ty Because of the irreversibility
of the process, the Hz concentration at the interface would go to zero and
the Ho concentration gradient within the sphere would be dependent on the
internal diffusion assumed to be molecular diffusion through the pores of
the solid. The external diffusion through the gas film would be assumed to
be dependent on the driving force due to the concentration difference between
the bulk gas and on the solid surface.

This mathematical model of the rate controlling mechanisms of Hz in a
flowing stream of helium reacting with a fixed bed of CuO pellets can be
expressed as three differential equations:

Bed Material Balance:
ac> dCh 1 <an>
+ V ==z (5)
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where,

C = gas-phase concentration of hydrogen

t = run time

z = bed height measured from bottom of bed
V = interstatial gas velocity

B = bed porosity

n = bed molar density of CuO reacted to Cu
X, = film mass transfer constant

a = exterior surface area of Cu0 pellets

T = number of Cu0 pellets per unit volume of bed
& = effective porosity of CuO pellets

R = radius of pellet
rqg = radius of Cu-Cu0 interface in pellet

b = molar density of CuO in pellet

D = molecular diffusivity of hydrogen

These equations can be solved simultaneously by a finite difference
technique on a digital computer.

3.3 Internal Diffusion

In order to determine if the assumed mechanism of internal mass transfer
was correct, molecular diffusion through pores, a series of experiments were
made in which differential beds of CuQ pellets were reacted with Hz in high
velocity streams of He in the pressure range of 10-30 atm, temperature range
of 400-600°¢ and Ho concentration range of 0.1 to 1.0%. If external diffusion
does not contribute to the reaction rate control, an expression for molecu-
lar diffusion can be derived for the differential beds of CuO:

3 2
b . b R2+f9___i°__) (8)
“aCt\ & 3R 2
In the differential bed tests, the monolayer of pellets were sectioned
after each test and the resulting position of the Cu-CuO interfaces were
determined and used in equation (8) to obtain the molecular diffusivity.
It was found that the temperature and pressure dependence for the molecular
diffusivity were correct in the range of operating conditions tested.
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However, the effective porosity of the pellets was found to be about 1/5
of the total porosity of the pellets (~40%). This effect has been noted
by several other workers.

3.4 External Diffusion

When resistance to mass transfer of the contaminant from the bulk gas
to the CuO pellet surface was assumed to be the conventional film diffusion,
it was found that the mass transfer factor, Jp, for this transfer in the range
of Modified Reynold's Numbers tested (~4-15) could be expressed as a function
of Modified Reynold's Number:

Jp = 0.2k (Re')'o'69
where,
Jp = mass transfer factor
Re' = Modified Reynold's Number

This expression is similar to others found in the literature for various
solid-fluid mass and heat transfer systems.

5.5 Deep Bed Tests

The data on internal and external mass transfer and the three differential
equations describing the mathematical model can be utilized to predict the
Hz concentration at any point in the deep bed. Finite difference solution
of the three equations, (5), (6), and (7), was made by an IBM 7090 digital
computer. A series of deep bed tests were made in which a flowing stream of
pre-heated He contaminated with Hz was continuously introduced to a bed of
CuO pellets and the effluent from the bed was periodically analyzed for Hy
content by a gas adsorption chromatograph (see Fig. 5). These resulting Ha
effluent concentration history curves were then used as the basis for compar-
ison of experimental and predicted results (see Fig. 6). It was found that
agreement was adequate for the assumed model and the three differential
equations from the model can be used as design equations.

3.6 Other Work

Work has also been completed on the CO and CH4 oxidation by CuO and
the reaction mechanisms for these reactions have been determined. The CO-
Cu0 reaction appears to have the same mechanism as the Hz-CuO reaction while
the CH4-CuO reaction is dependent on CH,; concentration in the bulk gas and
avalilable Cu0 surface area. The co-sorption of Hz20 and CO» by type 5-A
Molecular Sieves is currently being investigated in a manner similar to
that outlined for the Ho-CuO reaction. Initial experimental results indicate
that this process is feasible and the Hp is sorbed preferentially to COso.
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