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ABSTRACT 

The success of helium cooled reactors is dependent upon our ability 
to prevent significant reaction between the coolant and the other com
ponent:-; ·in the reactor primary circuit. Since the thermal reaction-of 
graphite with oxidizing gases is rapid at temperatures of interest, the 
therma 1 reactions are 1 imited pri rna rily by the concentration of impurity 
gases in the helium coolant. On the other han'd, the rates of radiolytic 
reactions in helium are shown to be independent of reactive gas concen
tration until that concentration reaches a very low level. This apparent 
zero order reactivity is due to energy-transfer from the excited or 
ionized helium to the impurity species with high efficiency, yielding a 
concentration of excited species independent of reactant concentrations. 
As the impurity level approaches zero, the rate of energy transfer from 
the excited helium atoms approaches that of photon emission from the meta
stable helium and at this point the rate of the radiolytic reaction becomes 
dependent upon impurity concentration .. 

As a particular example, data will be presented for the reaction 
CO+ HzO + C02 + Hz, as a function of partial pressure (in helium) and 
temperature. G values (molecules/100 eV) at higher concentrations are 
shown to be GH2 = 6."0 and Gco2 :: 8.5, but at high dilution are qiven by 
GHz = Gco2 = 0. 012 [X] for [X] = [HzO] = [CO]. J.hese results, a 1 ong with 
available thermal rate constants for all the major reactions, have been 
incorporated into a computerized mathematical model. Calculated Steady~ 
state concentrations of reactive species in the reactor coolant and core 
burnoff rates will be presented for current U.S. designed, helium cooled 
reactors. 

Since_precis~ base data are not currently available for radiolytic 
----·- r.r1tes 0f some react1on~ ~nd thel"mal r·eaction rate data are often variable, 

the .a.cc.:ur:.:Jr.r.of t~e_pred1cted gas composition is being compared with the 
act~al ~as compos1t1uns measured during startup tests of the Fort Saint 
Vra1n h1gh temperature gas-cooled reactor. Gas composition will be 
measured by.high sensitivit~ gas chro~atography and the results compared 
to the pre~1cted value. Th1s paper w1ll describe the current status of 
these conf1rmatory tests. 



INTRODUCTION 

Increased thermal efficiency of nuclear reactors requires higher 
temperature operation. Thus, the design using a carbon core,with its 
excellent high temperature properties,in conjunction with an inert coolant 
was developed. The coolant must be a fluid which is inert to graphite at 
temperature near 1000°C and which has sufficient thermal conductivity and 
heat capacity to remove the thermal energy generated in the fission pro
cess. Helium was the logical choice for the system, and thus the major 
task was to eliminate, or reduce to a sufficiently low level, reactive 
impurities from the coolant. This is not ··a simple task since impurities 
come from the graphite itself via high temperature desorption and there is 
potential for gas ingress in the form of steam from the secondary coolant 
system and air from the atmosphere. Successful operation of such a reactor 
requires that techniques be available to detect the presence of impurities 
and maintain them at a low level, and also to predict 
the consequences of the coolant impurities. 

An accurate prediction would require a knowledge of the detailed 
kinetics of several reactions including the following: 

C + H20 + CO + H2 

C + C02 + 2CO 

2C + 02 + 2CO 

C + 02 + C02 

C + 2H2 + CH4 

CO + H20 ~ C02 + H2 

CO + 3H2 + CH4 + H20 

2CO + 2H2 + CH4 + C02 

2CO + C02 + C(solid) 

CO + H2 + C(solid) + H20 

(1) 

(2) 

(3) 

(4) 

(5) 

(6) 

(7) 

(8) 

( -2) 

( -1) 

The first five of these reactions are carbon removal processes; reactions 
6-8 are gas phase processes, which do not remove or deposit carbon but 
which affect the kinetics of carbon removal and deposition; rea~tions (-1) 
and (-2) ~~deposit carbon in the cooler portions of the coolant circuit. 

Hill a~d Hales[!], in predicting equilibrium pressures in gas cooled 
reactors pointed out that all of these reactions can be generated from the 
four simple reactions, namely: 

C + C02 = 2CO (2) 

C + 2H2 CH4 (5) 

2Hz + o2 = 2H2o (9) 

2C + 02 = 2CO (3) 

In our analysis, however, this simplification is not possible since the 
kinetics of the reactions cannot be derived from the kinetics of the simple 
reactions in the manner that the equilibrium constants can. 



These reactions have all been investigated to some extent and some 
kinetic data are available to enable a li~ited evaluation.of the consequences 
of impurities in the helium coolant. In the core of a nuclear reactor, · 
however, a knowledge of the thermal reactions may not be sufficient 
because of the effect of ionizing radiation which has the potential of 
markedly preturbing the thermal kinetics of the reactions and perhaps the 
thermal equilibrium of the system. The purpose of this paper is to describe 
our efforts·to evaluate the importance of radiolytic processes to the 
overall chemistry of the coolant in gas-cooled reactor systems. 

Radiolytic reactions have been shown[2] to be the primary source of 
graphite corrosion in the lower temperature C02 cooled reactors designed 
in Britian. Itis generally believed, however, that at the t~mperatures of 
the helium-cooled reactors, the thermal reactions 'predominate. This con
clusion appears to apply to gas··cooled reactor systems if the impurity 
concentration in the coolant is high, but is not necessarily applicable 
when the total impurity concentration is in the rang~ of a few parts per 
million (ppm). Tingey, et al. [3] have shown that in a large excess of 
helium, the radiation induced reaction of C02 and H2 is independent of the 
concentration of the reactive gases until they are reduced to a few ppm. 
This zero order reaction is attributed to an efficient energy transfer from 
radiolytically excited helium to the reactive gases. On the other hand 
the thermal processes, being dependent upon concentration, are very substantial 
ly reduced at the low concentrations of normal reactor operation. 

Although some work has been done to evaluate the radiolytic processes 
in gas-cooled reactors, the base of information is still far too small to 
make a realistic appraisal of the significance of such reactions in a gas-
cooled reactor system. We have, .therefore, undertaken the task of examining 
the importance of radiolytic reactions using the gas coolant compositions 
during.start-up of the Fort Saint Vrain high temperature, gas-cooled reactor(FSVR). 
Although much more data will be forthcoming in the next few months, this 
paper describes the approach taken in the study, the preliminary data 
obtained thus far and the current conclusions reached. 

DESCRIPTION OF MODEL 

Because of the complicated nature of the coolant chemistry of the 
reactor system, it is virtually impossible to predict the effect of impurity 
gases in a helium-cooled reactor without the aid of a mathematical model 
Several con~uter codes to evaluate the coolant chemistry have been developed 
in the U.S. and in Europe. In our study, we are evaluating the data from the 
Fort Saint V~ain HTGR's initial rise to power using a code which treats the 
system~ in a fairiy simple fashion, but 1·1hich attempts to. iricTude most of 
th~ anticipated chemical reactions including the radiation induced reactions. 
An ·.earlier ,,,·z·sion of this model, called the Graphite Oxidation Program 
(GOP), was described prcviously[4,5]. 

The current version of this code (GOP-3) considers ten reactions includ
ing four thermally induced reactions and six radiolytic reactions. The 
kinetic rate expressions and rate constants used in the code for the thermal 
reactions are depicted in Table I. The rate constants for the gas-solid 
reactions are for the chemically controlled rates. 



TABLE I I • KINETIC RATE EXPRESSIONS 

WATER -GRAPHITE 
(Ref. 6) 

CAR 80 N · OIOXI DE-GRAPHITE 
(Ref. 7) 

WATER GAS SHIFT REACTION 
(FORWARD) 

(Ref. 8) 

R= 

WATER-GAS SHIFT REACTION 

(REVERSE) 
(Ref. 9) 

H20 (g) + C (s) - CO (g) + H2 (g) 

k = O 513 -40 ,·900/RT ·p· -1 -1 
1 . e a sec 

k2 = 2.92 x 10-6 e+28,600 Pa-0.75 

-7 +27,500p -1 k 3 = 5.24 x 10 e a 

I 

c:(s) + co 2 ·(g)- 2CO (g) 

k -66,800/RT p -1 ~1 
1 = 16.7 e . a sec 

k 2 = 1.13 X 10-9 +29,500/RT p -1 e a 

k3 = 2.63 X 10-5 Pa-l 

a = 2.18 x 10 3 ! rnole-l 

1 
C0 2 (g) + H2 (g) - CO (g) + .H:"Z~) (~J) :.; 



It is, therefore, necessary to account for diffusion in and out of the 
pores of the graphite. This is done in the GOP code by solution of the 
Bessel funct.ions to calculate an "equivalent radius of oxidation·." The 
chemical reaction rates are thus reduced by the ratio of the equivalent 
radius of oxidation to the effective geometrical radius for the graphite 
around the coolant channel. 

The radiolytic reactions along with their yields (G values) are listed 
in Table II. The kinetic rate expression for these reactions is of the 
general form R* = EFpFcGTl/2exp-A'lRT, where 

E is the energy transferred to the reacting gas molecules; 
Fp is a partition function to account for other distribution of 

active species to the various paths; 
Fe accounts for the efficiency of energy transfer from helium to the 

reactive gases at low concentrations; 
G is the radiolytic yield of the reaction in units of molecules formed 

or reacted per unit of energy adsorbed in the gas; 
T is the gas temperature; and 
A is the activation energy for the reaction. 

Although the G values for the radio lytic rates .have some experimental basis, 
the other parameters, i.e., distribution of active species and efficiency 
of energy transfer, are merely estimates based on scientific judgment. 
Thus, to establish the validity of the calculations, experimental evaluation 
of these parameters is badly needed. The analysis of the Fort Saint Vrain 
data is one attempt to obtain experimental data for such an evaluation. 

Integration of the rate of change in gas composit.ion with distance 
along the flow channel is accomplished by use of the Range-Kutta method to 
obtain starting data required by predictor-corrector proceedure at the 
inlet to the flow channel and repeated use of Milne's predictor formula to 
obtain integral solutions at subsequent points along the channel. Provisions 
for input variations in temperature and radiation dose rate with position, 
as well as variations of flow rate and flow fraction for different regions 
of the core, allow considerable flexibility in modeling the operating 
reactor. 

Data on the temperature and puwer distributions; flow velnr.it.ies, and 
flow fractions for each of the 37 fuel regions of FSVR at three different 
times during the planned startup testing were obtained from General Atomic 
Company. These data were reduced to 5 or 6 equivalent regions. For many 
of our calculations, satisfactory accuracy could be obtained when the 5 or 6 
equivalent regions were further reduced to a single region to represent 
the entire reactor core. With the single-region representation, one hour 
of reactor operation at full power requires only 25 seconds of computer time 
on the Control Data Corporation CDC-7600 computer system. 

RESULTS AND CONCLUSIONS 

Using the single zone approximation, the GOP-3 code was used to predict 
the gas compositions and graphite removal rates from the Fort Saint Vrain 
reactor assuming various leak rates and radiation levels. The steady-state 
gas compositions calculated are shown in Table III.. Comparison of the gas 
composition for the- case where the radiation dose is assumed to be zero with 
the reference case an indication·of the effect of radiation on the coolant 



TABLE II. RADIOLYTIC REACTIONS CONSIDERED IN GOP-3 

Yield 
Reaction (Reactions/100 eV) 

Activation 
Energy 

(cal) Reference 

c + 2H20 -+ C02 + 2H2 

c +.C02-+ 2CO 

2CO C + C02 
co + H20 -+ C02 + H2 

H2 + C02 -+ CO + H20 

C + 2H2 -+ CH4 

* Estimated Value. 

0.9 

0.675 

1.0 

0.17f) 

0.0757 

1:0 

200 

215 

TABLE III. PREDICTED STEADY-STATE GAS COMPOSITIONS IN FSVR. 

Steady-State Gas C~osition, ppm 
Reactor Condition* HzO H . 

~ co C02 CH4 

Reference 0 .. 28 2.5 4.3 2;6 3.5 

Radiation Dose =· 0 0.44 9.4 9.4 0.006 0.0 

0.1 x audiation Dose 0. 38 n. 1 7.7 0.88 1.6 

10 x Radiation Dose 0.20 0.83 2.8 3.3 5.2 

0.1 x Leak Rate 0.015 0.25 0.44 0.26 0.36 

10 x Leak Rate 6.1 25.0 42.0 25.0 33.0 

10 

3 

* 
11 

* 

*Reference Conditions: -6 H20 Leak Rate = 5.0 X· 10 kg/sec (0.04 lbs/hour) 

Coolant Pressure ; 4.8 x ·106 Pa (700 psi) 

Maximum Radiation Dose = 1.2 x 10S Rads/sec. 



chemistry of the reactor. The COz concentration and methane concentrations 
increase dramatically with an accompaning decrease in CO, Hz, and HzO. The 
other entries in the Table show the affect of various levels of radiation 
and also the affect of a very small and very large steam leak. 

It is likely that some of the reaction.rate constants are in error and, 
thus, will require adjustment as we refine our calculations to agree with . 
experimental data. In particular, it appears that the calculated CH4 levels 
are much larger than anticipated. The calculated CH4 yields are entirely 
due to the radiation induced reaction of methane with graphite. Since the 
G value for this reaction is unknown, it was arbitrarily chosen to.be 1 
molecule/100 eV, but may have a significantly lower value. In addition, 
there may be other reactions which are important at higher temperatures and 
higher power levels. For example, the thermal radiolytic decomposition of 
CH4 would be expected to become important at high powers and thus limit the. 
CH4 concentration yet neither of these processes are .included in the code. 

It should be noted that our predictions indicate that carbon removal 
·during normal operation will be of little consequence in the HTGR core. 

In the fo~r year life of the fuel elements, the maximum oxidation in the 
core will be less than I% and the average will be very much less than that. 

The main purpose of this paper is to show a value of experimental 
varification of codes using data from the Fort Saint Vrain reactor startup. 
Thus, we have calculated the gas compositions under the rise to power 
conditions of the FSVR and compared them with the measured data. The 
composition of the gases in the reactor coolant are analyzed at least every 
hour during the rise to power tests. Hz, Oz, Nz, CO, COz, and CH4 are 
analyzed on a Varian gas chromatograph with dual columns ·and dual helium 
ioni<.ation detectors. By comparison with standard gas mixtures, analyses 
accurate to a few percent and senitive--to impurity fractions of 0.1 parts 
per million parts or less are possible. The moisture content of the 
coolant is analyzed using a Cambridge Instruments Company automatic dew
point monitor. 

To date, reactor operation has been limited to less than Z% of design 
power and our evaluations are, therefore, limited to low radiation fluxes 
and low temperatur·es. Table IV list some typical gas compositions as a 
function of power during the tests. Although the gas compositions \oJeTe 
variable,several conclusions can be drawn from the data. Of particular 
interest is the low levels of CO in comparison to COz. The potential 
sources of COz include outgassing from the graphite in the system, air 
ingress, thermal and ~adilytic reactions of Oz o~ HzO with the core graphite, 
and reactions of CO with Oz. Since the temperature of the coolant and 
graphii:e are so low, we do not expect any significant contribution from 
thermal ':.::t{::<f~t ions. Furthermore, the thermal" react ions of steam and Oz with 
carbon both yield major quantities of CO which are not observed. Also out
gassing of oxides from graphite yields a mixture of both CO and COz. The 
removal of CO by the thermal reaction with oxygen has been shown [ ] to be 1·1; 
insignificant up to temperatures substantially higher than the coolant 
temperature experienced during the test. Thus, we have concluded that the 
most likely source of COz is the radiolytic reaction of steam with the 
graphite which has been shown hy Woodley to yield COz and Hz but not CO. 



TABLE VI. GAS·COMPOSITIONS IN FSVR DURING STARTUP APRIL lO.TO MAY 9, 1975 

Reactor Power Coolant Temp., Gas ComEosition, ·EEm 
(% Of Full Power) oc H20 !:!2. co C02 CH4 !iz_ Qz_ 

. 0 105 100 Q.5 * 0.1 * 75 20 

0.1 165 150 0.5 * 10 * 75 20 

1.0 175 150 0.4 * 20 * 75 20 

1.5 220 150 1.0 * 30 0.1 75 20 

1.9 220 150 1.0 0.5 30 0.2 75 20 

*Not Detectable 

TABLE V. PREDICTED GAS COMPOSITIONS AT 1.9% OF DESIGN POWER 

Steady-State Gas ComEosition, EEm 
Calculation Parameters H20 !i2. co C02 . CH 

-~ 

Measured Value 150 1.0 0.5 30 0.2 

Reference* 12.8 1.8 0.008 0.94 0.02 

10 x Leak Rate 130 16.5 0.06 8.4 0.2 

10 x Leak Rate 100 38 2.1 23 4.6 
10 x Dose Rate 

*Reference condition: 
. -6 

H2o Leak Rate = 5 x 10 kg/sec (0.04 lbs/hour) 

Coolant Pressure = 

Maximum Radiation Dose = 



, ... 

Table V shows a comparison of the measured gas composition with the 
calculated values using various adjustments in parameters to maximize the 
agreement. The high ·HzO content in the coolant is undoubtedly due to a 
relatively rapid ~esorption of moisture from the graphite in the system and 
is in reasonable agreement with a leak rate ten times the reference leak 
rate (5.0 x l0-6kg/sec). In order to predict the high COz composition it 
was necessary to· increase the radiation flux tenfold. ,This assumption may . 
be justified because at the low reactor power levels the actual power is 
not very accurate. ·It may als·o be true that the G value of the reaction of 
HzO with iraphite is someone hi~her than reported. Therefore, some com
bination of increase radiation dose and G (COz) is required to predict ·the 
high COz levels. With these assumptions, reason~ble agreement with measured 
concentrations of HzO, CO, and COz are achieved but the predicted Hz yield 
is far too high. A close evaluation of the reactor gas compositions sho~ 
that the Hz concentration varies inversely with the Oz. We, therefore, 
conclude that Hz is being limited by the radiolysis of Hz with Oz, a reaction 
process not included in the mathematical model. This.reduction in Hz would 
also tend to limit the CH4 generation rate and also explains the high pre
dicted CH4 level. Future tests should demonstrate the validity of these 
conclusions when the Oz and Nz impurities are eliminated. 

SUMMARY 

A computerized mathematical model has been developed to calculate the 
gas compositions in high temperature gas-cooled reactors. This model differs 
from other models in that it includes many radiolytic processes. It is 
used in this study to evaluate the importance of·radiolysis in the HTGR 
coolant .. 

The coolant chemistry of the HTGR is sufficiently complicated that 
there remains a large uncertainty in the accuracy of the predictions. To 
improve this accuracy, a program is underway to evaluate the validity of the 
code using measured gas compositions in the coolant of the Fort Saint Vrain 
reacto~ during rise to power testing. 

The GOP predictions indicate that the major affect of radiolysis 
reactions on the coolant composition is to measurably increase the yields 
of COL and CH4. Some increase in Hz/H20 ::~lsn rf!sults which may have an 
affect on the potential for carbon deposition processes. Radiolyiis 
reactions tend to have a beneficial affect on carbon removal by spreading 
the removal more evenly throughout the system and reducing the oxidation 
rate at its maximum location. 

Calculated compositions have been compared with measured ones for 
power levels up to 1.9% of design power. Under these conditions the gas 
compositions appear to be totally controlled by radiolytic processes. 
Reasonably accurate predictions are possible for thic; system but v~rification 
of the predictions will require gas compositions with air eliminated from 
the coolant and at higher powei levels. 
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