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Preface

In the past years new experimental methods were applied to or developed

for the investigation of fission product transport in graphitic materi-

als and to characterization of the materials. Models for fission product

transport and computer codes for the calculation of core release rates

were improved. Many data became available from analysis of concentration

profiles in HTR-fuel elements. New work on the effect on diffusion of

graphite corrosion, fast neutron flux and fluence, heat treatment, che-

mical interactions and helium pressure was reported on recently or was

in progress in several laboratories. It seemed to be the right time to

discuss the status of the transport of metallic fission products in gene-

ral, and in particular the relationship between structural and transport

properties. Following a suggestion by Dr. H. Nabielek (KFA JUlich) a Col-

loquium was organized at the HMI Berlin. We tried to stimulate interdisci-

plinary discussions by only inviting a limited number of participants who

work in different fields of graphite and fission product transport research.

The publication of proceedings was not intended, however, at the end of

the meeting, the participants agreed to the publication of extended ab-

stracts. Some of the contributions became full length papers or reviews.

Hereby, the editor did not try to persuade those authors to shorten their

papers, because he felt it was worthwhile printing most of them as-re-

ceived. Thus, the contents of the proceedings and the date of their ap-

pearance reflect to some extent that this colloquium was an improvised

one. Thanks are due to all the authors who made this publication possible.

The help of Mrs. E.-G. Halke and Mr. P. Szimkowiak in organizing the meet-

ing and the assistance of Mrs. P. Behne, Mrs. L.A. Mertens and Mrs. Och-

mann in connection with the editing is greatly appreciated.

Ernst Hoinkis



4

CHARACTERIZATION OF GRAPHITIC MATRIX AND POLYCRYSTALLINE GRAPHITE
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GRAPHITIC MATRIX FOR HTR FUEL ELEMENTS

- MANUFACTURE AND CHARACTERIZATION

W. Rind

HOBEG MBH, P.B. 110029, D 6450-Hanau 11

1. Targets of Matrix Development

The development of graphitic matrix is an integral part in the complete

fuel element development. The aim is to meet the fuel element specifica-

tions, e.g. for THTR or the successor plants. The coated particles - ge-

nerating the nuclear energy - for the most part have to retain the fission

products within their coating layers. The matrix graphite - the moderator

material - chiefly serves as structural material protecting the coated

particles from outside attacks. Thus the key properties of the matrix to

be kept within specified ranges are graphite density, strength, and cor-

rosion resistance. In the case of THTR there also exist requirements con-

cerning the irradiation behaviour due to the sphere feed system: The neu-

tron induced shrinkage is limited to less than 2% under operation condi-

tions.

The specification requirements make it impossible to fabricate the fuel

elements from conventional electrode graphite with caverns for the coated

particles. All investigations in this direction have failed. The only so-

lution to the structure material problems of spherical fuel elements was

found in the isostatically pressed element with the well-known design: A

fuelled zone of 50mm diameter embedded in a fuel-free shell of 5mm thick-

ness, both based upon the matrix A3.

The standard A3-matrix (A3-3) has operated satisfactorily in the AVR since

1969, the modification A3-27 since 1976.
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2. Matrix fabrication

The fabrication flowsheets of the two modifications of the A3 matrix are

given in figs 1 and 2.

NATURAL FLAKE PHENOLIC RESIN

GRAPHITE

GRAPHITIZED COKE METHANOL

POWDER

COLD MIXING DISSOLVING

I•' I ••°
FILLER 71BINDER

KNEADING

DRYING

GRINDING

RESINATED POWDER

FUEL ELEMENT FABRICATION

NATURAL FLAKE GRAPHITE

GRAPHITIZED COKE POWDER

PHENOL

HEXAMETHYLENETETRAMINE

MIXING AT 130'C

I

FUEL ELEMENT FABRICATION

Fig. 1: A3-3 Matrix fabrication Fig. 2: A3-27 Matrix fabrication

The composition of the two matrix modifications after final heat treatment

of the fuel elements is shown in table 1:

A3-3 A3-27

Natural graphite grade FP 72% 71,2%

Graphitized coke grade KRB 18% 17,8%

Nongraphitized binder coke 10% 11 %
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The composition results from early development work. Within a series of

matrix types containing different raw materials, e.g. carbon black in ad-

dition to the KRB graphitized coke, the matrix A3 showed the optimum com-

promise between mechanical properties and irradiation behaviour. The A3-27

modification is the result of a consequent further development in which

the process was simplified and the prefabricated phenolic resin binder

with its relatively large property variations removed by chemically well-

defined components. In this case the resin is generated during matrix ma-

nufacture as shown in fig. 3a and 3b. The first step in the resin forma-

tion process is performed during the mixing procedure. The hexamethylene-

tetramine molecule is cracked and reacts with phenol to produce twofold

or threefold condensed compounds (fig. 3a). Further condensation - the so-

called hardening of the binder - happens in the first phase of the fuel

element heat treatment: The binder molecules consequently add further phe-

nol rings, generating a three-dimensional network (fig. 3b). During this

condensation NH3 is released.

NE

CH I 100O-130OoC C +

NCH 2+

C H2 C CH 2

HN

I C6H°OH

CH2  

Q- OH

N \CH2  Q OH

CH2 - Q OH

Fig. 3a: Phenolic resin synthesis reaction during matrix
powder warm mixing.
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HARDENING OF BINDER > 140 oC
OH

OH OH OH

& OH2 ER CH2 QN +INH3

FURTHER CONDENSATION:

OH

;H2-

Fig. 3b: Phenolic resin synthesis

Due to this process modification the properties of A3-27 have more narrow

bandwiths than in the case of A3-3.

The predominant common property of the A3 modifications is the content of

about 10% nongraphitized carbon used instead of the conventional electrode

grade graphite.

The predominant difference between A3-3 and A3-27 is the binder type:

A3-3 has a thermoplastic (non hardening) resin binder whereas A3-27 has

a duroplastic (hardening) resin binder.



9

3. Matrix characterization

The matrix characterization at HOBEG covers the raw materials with regard

to cleanliness and processability as well as the final product with regard

to the matrix aspects of the fuel element specification as listed in

table 2 and 3.

Specification Method

Apparent density Weight and dimensions of a
rectangular sample

Thermal conductivity Radial heat flux method, energy
flow to be known, geometry and
temperature gradient within the
sample

Anisotropy of CTE CTE measurement by dilatometry
with and across grain

Abrasion Normalized test in steel drum

Corrosion rate Normalized test in helium atmo-
sphere with defined H2 0 content

Crushing strength Crushing experiment between paral-
lel steel plates, measurement of
crushing force.

Table 2: Matrix characterization

Type A3-3 A3-27

Property Application THTR- AVR-
Fuel Fuel**

Dynamic modulus -2 A 1000 1070
of elasticity NkN cm"2] 1 970 1020

Bulk density [g • cm-3] 1.73 1,74

Coefficient of
Therm.Expansion (106 K-] 2,89 2,43
(CTE), 20-5000C 1 3,45 2,69

Anisotropy of
CTE O1/C1, 1,19 1,11

Thermal conduc- s! 0,70 0,69

tivity (200C) (W cm-1 K-I1 0,63 0,64

Thermal conduc- II 0,41 0,44

tivity (1000C) (W 1cm-1 K-1 1 0,37 0,39

Specific electr, . 1,46 1,43

resistance [10.3 a- cm] 1 1,48 1,48

Corrosion rate 1
at 1000°C in He of [mg.. cm-2 h- 1 0,97 0,73
1 bar, I Vol.% H20
(10 h).

Table 3: Properties of graphitic fuel matrix type A3-3 and A3-27
• Parallel and perpendicular to the equatorial plane

of the fuel element
•* Starting with 13th load of the AVR-reactor
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Moreover, in special cases further properties are also investigated. For
processability the elastic properties of the natural graphite and graphi-

tized coke powders are of most importance, as well as the molecular weight

of the resin binder. In the case of A3-3 the molecular weight should be

equal to a condensation of 8-10 phenol rings, in the case of A3-27 after

matrix formation it should be equal to ca. 3 condensated phenol rings.

BET surface and porosity are closely associated to the corrosion of the

graphite and can be used to identify the corrosion type. In the case of

surface corrosion at high temperatures BET surface is high in the outer

I - 2mm of the fuel element shell and low elsewhere, in the case of volume

corrosion at lower temperatures BET surface is high in the total sphere.
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EFFECT OF ANNEALING ON IRRADIATION INDUCED PROPERTY

CHANGES IN GRAPHITE AND FUEL MATRIX

W. Delle

Kernforschungsanlage JUlich GmbH, P.B. 1913, D-5170 JUlich I

1. Introduction

The importance of the annealing of irradiation effects in relation to the

safe operation of graphite-moderated reactors is self-evident. But mean-

while questions have arisen concerning the consequences of an accident with

a failure of the cooling system. Depending upon the power of the reactor

20001C and more could then be reached. This does not mean that the graphite

might fail, but it is important to know what happens to the graphite pro-

perties, when the temperature exceeds irradiation temperatures. Annealing

studies play an equally important part in the characterization and under-

standing of radiation effects in graphite and fuel matrix. Annealing ex-

periments provide information on property changes as a function of tempe-

rature and time. They may be conducted in many ways. The most common type

is to keep the sample at a constant temperature for a given time, and the

property change is measured at room temperature. Then the procedure is re-

peated on the same sample at a higher annealing temperature. In a second

type of experiment the property is measured during an isothermal anneal.

In yet another type, such as linear-temperature-rise anneal, neither the

annealing time nor the annealing temperature is kept constant [1]. The

literature on annealing experiments after irradiation damage produced in

graphite by bombardment with fission neutrons in a nuclear reactor covers

in considerable detail irradiation temperatures from room temperature to

350 0 C [2]. There are however, fewer published data at higher temperatures.

Kelly et al. [31 have presented results obtained on PGA graphite irradia-

ted at 450'C up to a fluence of about 6.10 2 0 cm- 2 EDN and the author of this

paper has reported [4] on annealing experiments after low and high fluence

irradiation at temperatures between 600'C and 1200'C.
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2. Experimental

The matrix samples investigated were irradiated in the High Flux Reactor

Petten (The Netherlands). The fast neutron fluences accumulated were in the

range between 2.3 • 102 1cm- 2 EDN and 5.2 • 102 1cm- 2 EDN, the irradiation

temperatures between 4201C and 1145°C. The measured irradiation induced

changes were in the linear dimensions, the electrical resistivity, Young's

modulus and in thermal conductivity. Some of the specimens were then heat

treated in a resistance furnace at temperatures from about 100°C above irra-

diation temperature up to 20000C. The duration of the annealing was bet-

ween 4 and 60 hours. The different temperatures remained constant for the

different periods of time chosen. Details concerning the heat treatment

history can be found in figures 1 and 2. The furnace was at first evacua-

ted to about 10-5 bar and after 16 hours of degassing, filled with argon

at a pressure of about 750 pbar at 2000 0 C. The thermal conductivity samples

were different in shape. They were measured and annealed in a separate pro-

gramme. For the annealing a vacuum resistance furnace was used. At the max-

imum temperature of about 1500'C a pressure of about 10-5 bar was achieved.

The thermal conductivity and electrical resistivity were measured between

100 and 1000 0 C simultaneously using special equipment designed for this

purpose [6]. The sample irradiated at about 425 0 C was heat treated at 535,

800, 1055, 1255 and 1.455 0 C for 1,3,5 and 10 hours [5].

1 5 N I =-I I
120

5]e. mvil Pre- Irr. Values

grr. Cond.il 2 6f T
10"l cm'Z oC S 5C1E0

M. 455 1 1280°C-x- 3. •ss :sssC.ffoc.9•' lVz0oC
-o-2,3 420 11 S600C I5400C 9300C 1200C

-- . v .730-C 8350C 11300C 14300C- ao - 3.3 ;6 10 I 'V ' 3 8 . 16t C

-o- 2.6 870 V 1380C 1680C
-a- 2,6 1100 VI 16800C 2000C

-a- 5,2 1145 VII I 20 - I

Fig. 1: Annealing of irradiation induced changes in Young's modulus of
the graphitic fuel matrix A3-3
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3. Resul ts

3.1 Linear dimensions

The recovery of dimensional changes with annealing occurs only in samples

which have accumulated small fluences. The annealing of the irradiation
induced shrinkage of samples exposed to higher fluences and irradiation

temperatures is getting more and more difficult.

In the experiments reported here, no dimensional changes could be achieved

even after annealing at temperatures of 2000 0 C for 24 hours.

3.2 Physical properties

Samples which had been irradiated at temperatures between 450 0C and 1200'C

with fluences between 2.5 • 1021 and 5 • 102 1cm- 2 EDN were heat treated at

temperatures between about 550 0C and 20000 C. Not until about 1400 0C could

significant changes in physical properties be found, but at annealing tem-

peratures of about 1700'C and higher a decrease in electrical resistivity

and Young's modulus was observed (fig. 1 and 2).

R
11 mm2 m-1

40-

30"

Pre - Irr. Values

Irr Cond. T 12 1;6 0 2 2A 32 36 4" '4 8 52 516 610 f/h
f T

10'1 Cm2  OC s ie c
- - 3,1 455 1 :P 550C , 12800C I
--- 2,3 420 i :555*C1650WC.940-C. 1260

0
C

-A-3,2 560 i1 6,60*C ,6400C 930*C I ?1s0
0

C

-a-3,3 610 IV 730DC ,835*C 1,130*C : 14300CC

-9-2,6 870 V t 1'380C 16800C

-&a-2,6 1100 VI: 1680*C 2000C(

u 5,2 1145 VIIi 2000 
0

C

Fig. 2: Annealing of irradiation induced changes in electrical resistivity
of the graphitic fuel matrix A3-3
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The Young's modulus of the fuel matrix which, as the final production step

was heat treated at 1800'C, decreased by the annealing at 2000 0C to below

even the pre-irradiation value. The high temperature thermal conductivity

of a specimen irradiated at 425 0 C started to increase at 800 0C to a very

slight degree. It was somewhat greater at 10551C. A more pronounced im-
provement of thermal conductivity was found after the heat treatment at

1255% and a drastic increase at 1455°C (fig. 3). High temperature elec-

trical resistivity was observed to decrease slightly after annealing at 1055°C

and significantly after heat treatment at 1255°C and higher temperatures.

0,5-

0,4- N o

0,3-
-"--0".. •unirradiated

Q2 ,annealed at 14550C
0,2- (10+E)h

•""•* .-. _ " 3+0:)h

-~ 1+E)h
0,1" measured extrapolated E = 18 min

- --- "• - - - --- o- -- irradiated
"Irradiation temperature= 425°C

Irradiation temperature Fluence= 1A4X10 21 CM2 EDN
0! F1ene 1,x01m 1DN

0 200 400 600 800 1060
Measuring temperature /°C

Fig. 3: Effect of annealing on the irradiation induced change of thermal conducti-
vity measured [5] on a sample of the graphitic fuel matrix A3-27 (1950).

The specimenwas investigated before irradiation between about 100'C and
10000 C. Because of the low irradiation temperature of 4250C, the highest
post-irradiation measuring temperature was 4000C to prevent annealing. The
specimen was than heat treated at 14550C for different durations (1, 3, 5,
10 hours) plus the time of heating up the furnace, .. Between each heat
treatment, the sample was measured between 100°C and 1000 0C.

(The final heat treatment temperature during production of matrix A3-27 was 1950 °C)
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4. Discussion

The effect of annealing on the irradiation induced dimensional changes in
the graphite and fuel matrix depends first on the fast neutron fluence. If
the material is irradiated to a dose just sufficient to close the cracks,

the annealing causes both the crystallites and the bulk graphite to return

to their original state. If the graphite is irradiated to fluences much grea-
ter than those required to close the cracks, irreversible changes occur be-
cause the difference between the growth of the crystallites in the c-direc-
tion and their contraction in the a-direction is accomodated by radiation

creep. When the graphite is annealed the crystallites return to their ori-
ginal sizes, but the plastic flow which occured during irradiation cannot

be reversed. Consequently internal stress is produced and in addition to

opening the original cracks, new cracks may appear [2]. One of the effects
of the formation of new cracks is a reduction in thermal crystallite ex-

pansion which becomes less than it was before irradiation [5].

At low temperatures, irradiation mostly produces single vacancies. They
can be annealed in the way just described. Between 300'C and 600'C the da-
mage consists of interstitial groups about 600 to 1000 nm in diameter and

randomly distributed vacancies. The effect of annealing is to decrease the
number of interstitial groups to increase the size of groups. Single va-

cancies may be annealed by recombination. At still higher irradiation tem-

peratures large interstitial clusters formed by the migration of atoms and
small clusters between the layer planes cannot recombine with the vacan-

cy clusters. The latter may have collapsed after high fast neutron fluences

or may have migrated to the crystallite boundaries at high irradiation tem-

peratures. This may be the reason for the results reported in this paper:
an annealing of the irradiation induced changes could in part be achieved,

only at very high temperatures, but not in dimensional changes.

The fact that, after heat treatment at very high temperatures, the Young's

modulus was near the pre-irradiation value indicates that annealing in the

sense of recovery might not occur. There might rather be a thermal treat-

ment of a "new" material with quite different structure and properties

from the original graphite.
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INFLUENCE OF FAST NEUTRON IRRADIATION AND CORROSION

ON THE POROSITY OF GRAPHITE AND FUEL MATRIX

W. Delle

Kernforschungsanlage JUlich GmbH, P.B. 1913, D-5170 JUlich 1

1. Introduction

During the fabrication of graphite materials, macropores, mesopores and

micropores are formed. Macropores are derived from the evolution of pyro-

lysis gases when, during the baking process, the binder is fluid. Also the

filler particles may contain gross porosity which can be reduced by grin-

ding before mixing and pressing. Micropores are formed parallel to the lay-

er planes when, during cooling down from graphitization temperature, stresses

are developed which at temperatures lower than 2000 0 C are not relieved by

thermal creep but by the formation of the cleavage mentioned above. The micro-

cracks are more pronounced in well graphitized than in poorly graphitized

materials.

With reference to their diameterthe pores are classified [1] as

micropores d ! 2 nm

mesopores 2 nm 5 d ! 50 nm

macropores 50 nm s d

The volume accessible for liquids and gases is called open porosity, the

other part is the closed porosity. The sum of both is called total poro-

sity. Porosity is of fundamental relevance for physical and chemical pro-

perties as well as for irradiation behaviour. It can be correlated with

electrical resistivity, thermal conductivity, thermal expansion, strength,

and Young's modulus of elasticity and permeability [2]. Further relation-

ships exist between porosity and corrosion, and fission product transport

and adsorption [3].

It is difficult to determine the porosity due to the various kinds and shapes

of the pores as well as their wide range of sizes. The assumptions which

must be made for the calculation of the pore diameters are sometimes
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rough approximations compared with reality. For some purposesit is neces-

sary to know the open porosity or pore size distribution, in other cases, the

total porosity may be of interest. To meet the particular requirements, a

series of methods have been developed. They are listed in tables 1 and 2

which contain the limitations of the application as well as the advantages

and disadvantages of the particular procedure.

Procedure Range of pore sizes Advantages Disadvantages

Calculation total Easy calculation
from appa- from commonly known
rent density property

Small angle Complicated evalua-
X-ray scat- 1 nm 5 d : 100 nm Short time method tion programme
tering

Small angle Much experimental
neutron 1 nm : d 6 100 nm Short time method effort. Procedure
scattering limited to nuclear

research centres

Quantita- d > 20 nm Large pores can be Significant errors
tive image measured, optical in coarse grain ma-
analysis, (measurements on cera- checking is possible, terials, area in-
assuming mographic section) also microporosity formation, for spa-
spherical can be measured by tial information
pores analyzing TEM photo- large mathematical

[81 graphs effort

d > 1 nm

Image ana- Size measurements Subjective measure-
lysis sys- (measurements on TEM on pores of irre- ment, area information
tem photographs) gular shape, appli-

cation on ceramo-
graphic sect, fig.,

[91 view graphs

Table 1: Methods for the determination of total porosity [5]
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Procedure Range of pore sizes Advantages Disadvantages

Xylene and Simple method, No pore size distri-
water im- Some nm short time bution, specimens with
pregnation small diameter

Liquid me- True pore net- No measurable pore
tal impreg- work size distribution,
nation carbon burn-off ne-

cessary for obtaining
the metallic network

Very short time
Air/helium Some nm depending method, ", 1 min,
penetration upon gas applied good reproduci-

bility, no in- No pore size distri-
fluence on sample bution

Correlation with Complicated evaluation
N2 Adsorp- < 50 nm BET surface programme

tion

Mercury im- Much in use, com- Danger of breaking
pregnation parable data, ex- pore walls, large
assuming cy- n, 4 nm < d < 4 pm tended range of pores are filled at
lindrical pore size atmosph. pressure
pores

Table.2: Methods for the determination of open porosity [5]

2. Irradiation induced changes in porosity

The total porosity of graphite and fuel matrix is decreased by irradiation,

because the crystallites expand into the micropores and the macropores serve

as a buffer volume for the dimensional changes within the bulk material. The

extent of the reduction in porosity depends on the degree of graphitization.

In materials with large crystallites, the reduction is smaller than in poorly

graphitized ones. After passing the turn-around of dimensional changes, stres-

ses build up which may lead to the formation of a new kind of pores connected

with an increase in porosity (fig. 1). In nuclear graphite, also, open poro-

sity is reduced by fast neutron irradiation, and the pore size distribution

is changed (fig. 3,4). But investigations of matrix materials with various

filler compositions, resin binder and final heat treatment temperatures of

18001C proved that the open porosity of this group of materials is increased

by fast neutron exposure (fig. 2).
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Material Porosity Pre-Irr. Porosity (V/o) App. Cryst.
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Petroleum A A 24,9 + 0,6 15,3 t 1,4 6 65

coke gra-
phite

Gilso- * 0 24,1 ± 0,5 14,0 ± 0,4 • 35
carbon
graph.
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Fig. 1: Irradiation induced fractional
change in total and open poro-
sity of various graphitesFluence 11021 cm-2 EON

This increase is caused by the irradiation induced formation of large open

pores which may be the result of the opening of originally closed pores. After

a certain fluence depending upon material compositon and irradiation tempera-

ture open porosity decreases, even below the pre-irradiation value (fig. 2).

Also in the case of the renewed formation of porosity at very high fluences

The irradiation induced increase in open porosity im matrix material is re-

lated to an increase in BET surface.
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sity of fuel matrix
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3. Effect of corrosion on porosity

Graphite and matrix materials in 60

the core of the high temperature Kr

reactor (HTR) are subject to cor- 50/ Graphitic matrix

rosive attack by small concentra-

tions of moisture, present as an +
1.•o N2

impurity in the helium coolant.

Furthermore, air can penetrate

the core walls through small

leakages. Thus H2 0, 02 and CO2

cause corrosion effects, the 20 Max. burn - off forHTR fuel elements at

mechanisms being mainly tempe- normal reactor conditions
(0.14 w/o)

rature dependent. In the chemi- ,0 -

cal regime (up to about 5000C) - -- Reactor graphites

the reaction rate of 02 is that 0 -

2 0 1 5

of the chemical reaction, i.e., Burn-off w(.Iao)

the concentration of the reactant Fig. 5: BET surface versus carbon burn-off for

in the pores of the material is graphitic fuel matrix.and reactor gra-
phites (determined by Kr or N2 adsorp-

the same as that of the gaseous tion) [4]

environment. The corrosion rate.is the same in the whole volume of the sample.

It leads to an increase in open porosity and BET surface (fig. 5). This in-

crease is more pronounced in matrix materials than in graphite. At very high

burn-off the BET surface decreases again.

With increasing temperature, the reaction rate is governed by diffusion of

the reactant through graphite pores (fig. 6 and 7). A concentration gradient

is established and at equilibrium the rate of reactant depletion is balanced

by the rate of diffusion through the pores. At very high temperatures, that

is higher than 10001C for the 02 -corrosion and higher than about 1250'C for

the water graphite-reaction, the reaction rate is-limited by the rate of dif-

fusion of the reactant through the gaseous boundary layer. Only the surface

of the graphite sample is attacked.

Investigations aimed at optimizing the corrosion behaviour of the fuel ma-

trix have proved the influence of various parameters. If the temperature of

the final heat treatment is increased during fabrication the corrosion rate

decreases (fig. 8). If the phenolic resin binder is varied, a decrease

is obtained as well. The irradiation induced dimensional changes, changes
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Near the surface the corrosion induced porosity
gradient is smaller than in the whole profile

0

50 r-'j L--
-6 - :.- - .--- i ....... .... .... .. ...................
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R 30 in Helium temperature
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n
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Fig. 6: Macroporosity near the surface of the
sample, measurd by means of quantita-
tive image analysis which includes all
pores with diameters larger than 1 pm [6]

*0200 1000 2000 3000 4000

Distance from the surface/Rm -- ,

Fig. 7: Macroporosity profiles measured
by means of quantitative image
analysis [6]

in Young's modulus and changes in porosity as well as the results of che-

mical analysis indicate the effects caused by the parameters mentioned above

and the processes which take place in the material. If the heat treatment

temperature is increased on the one hand the catalysts for the corrosion

such as Fe, Ni, V, Mo and Ca again are brought to the metallic state, on

the other hand the disordered binder coke is ordered to a small extent. If

hexamethylenetetramine is used as a binder component the binder coke struc-

ture varies according to an alteration of crosslinking, open and closed
I .. . ....... . .. .. ........................ __ ... . ... . . . ................. .

Fig. 8: Effect of final heat treatment
temperature and binder type on
the corrosion rate of the fuel
matrix [4]..
Corrosion conditions:
Iv/o H2 0 in He of 1 bar tem-
perature: 10001C, duration:
10 hours

2,5

E
U

E 1,5

0

0*~1,0

0

0.5-

Binder type:

Phenol-formoldehy d

Phenol-

Phenol-formaldehyd
+ hexamethylenetetramine
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Final heat treatment temperature (0C)



23

P

24-

100 10 1,0 0,10 0,010
Pore diameter/pim

Fig. 3: Pore size distribution in the
and after irradiation
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P
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Fig. 4: Pore size distribution in extruded gilsocarbon graphite
before and after irradiation at 1000 0C [61
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porosity (fig. 8) and pore size distribution [4].

In view of the facts that in a power reactor the matrix temperatures vary

from about 300 to about 10000C in different positions and that there is a

high helium pressure (max. 60 atm) together with relatively low reactant

concentrationsin-pore diffusion is rate controlling under normal service

conditions. Considering the impurities in the cooling gas, the spheres will

only be affected insignificantly (fig. 5).

4. Conclusions

In an HTR both effects, irradiation and corrosion, occur simultaneously.

In graphite, irradiation causes a reduction in porosity whilst corrosion

increases porosity. Under normal service conditions, the porosity will be

slightly decreased after the accumulation of the life time neutron fluence,

because of the stronger effect of the irradiation induced densification. As

far as the fuel matrix for spherical fuel elements is concerned, an increase

in porosity can be expected. The porosity changes lead to an increase in

BET surface and may therefore increase the active surface area, Young's

modulus and strength are increased in spite of the growth in porosity of the

matrix material. The mechanical properties are more affected by intercrys-

talline effects, such as pinning, than by porosity changes. Defects in the

lattice of the crystallites influence thermal conductivity more than changes

in porosity. Depending on the structure of the materials resulting from

the raw materials used and the production procedures applied, the por-

tion of open porosity within total porosity is changed by the combined in-

fluences described. The increase in open porosity leads to an increase in

BET surface and therefore corrosion. It may also diminish the effect of

fission product retention, which is, anyhow, much smaller than that of pyro-

carbon and silicon carbide.
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DETERMINATION OF CORROSION INDUCED CHANGES IN PORE SIZE

DISTRIBUTION AND SPECIFIC SURFACE OF GRAPHITIC MATRIX BY

GAS ADSORPTION*

E. Robens

Battelle-Institut e. V., Am Rbmerhof 35, D-6000 Frankfurt/M.

1. The method

The specific surface area and the pore radius distribution in the micropore

and mesopore range were determined by measuring the nitrogen sorption iso-
therm at low temperature before and after corrosion, utilizing the gravi-

metric method [1-3].

We used two different methods to calculate the specific surface area: the

BET method and the cumulative method [6]. We applied the two-parameter

equation of Brunauer, Emmett and Teller in the following form:

P/P0  c-1 P. 1

ma (I-P/Po) c.mM P0  c .mM

where P/P0 is the gas pressure over the sample related to the saturation
pressure P o ma the adsorbed amount measured, and c the BET constant.

This equation describes isotherms of the type we observed in the relative

pressure range between 0.05 and 0.35 for nitrogen at 77 K. Even in the

case of microporous-samples c is constant in the range indicated for ni-

trogen.

The cumulative surface area results as a "byproduct" of the calculation of

the cumulative pore size distribution. From the volume adsorbed in each
group of pores of known diameter, the surface area inside the pores can be

calculated, using a pore model. The cumulative surface area is the sum of
the surfaces of all diameter ranges . Differentiation of this curve gives

the pore radius frequency.

*Work carried out under the commission of the Hahn-Meitner-Institut Berlin.
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In our evaluations we used modified versions of the method of Cranston

and Inkley for a cylindrical pore model and of deBoer for a slit-pore mo-

del. If the isotherm shows hysteresis, it is necessary to decide whether

the calculation should be based on the adsorption or on the desorption

branch. For reasons of equilibrium considerations the adsorption isotherm

is used if cylindrical pores predominate, while the desorption isotherm is

preferred if there is a preponderance of slit pores. Agreement of the BET

surface area with one of these surface area values may provide an indica-

tion of the pore shape.

2. Experimental conditions

The measurement technique has already been described (4-7]. The change in

sample weight during corrosion and nitrogen adsorption was measured by an

electromagnetic balance. The apparatus was equipped with a turbo-molecu-

lar pump which produces a vacuum down to 10-6 Pa, temperature programmed

ovens and liquid nitrogen thermostats. The pressure was increased or de-

creased step by step automatically between 10 and 105 Pa. The gaseous ni-

trogen used was of 99.995 percent purity and was additionally purified us-

ing an oxygen-removing and drying catalyst.

The graphitic matrix investigated was in the form of compact cylindrical

pellets, 10 mm in diameter, with a mass of up to 1.3 g and a density of

about 1.7 g cm- 3 . Matrix materials contain "40 w% nongraphitized binder

coke. Some physical properties of the materials are given in Rind's paper

[8] and in a recent report made by Schulze et al. [9]. The samples were

placed in quartz vessels with platinum bows in such a way that all contact

between the sample and the metal was avoided. Quartz glass was used as a

counterweight.

The samples, which had been degassed in advance at the Hahn-Meitner-In-

stitut at 1500'C in high vacuum, were degassed again at the beginning of

our measurements at 9601C until no further mass loss was observed and then

heated for a short time at 1000 0C. The pressure was about 105 Pa. Subse-

quently, the ovens were replaced by Dewar vessels filled with liquid ni-

trogen and the samples were cooled down to 77 K. Then nitrogen at a pres-

sure of about 1.3.104 Pa was introduced and the adsorption/desorption iso-

therm was measured step by step at 30 points on each branch. At least 5

points on each branch was within the BET range (1.3 to 3.104 Pa).
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Subsequent corrosion experiments were carried out with 99.995 percent CO2.
Less than 2.5 volume ppm were oxygen. The pressure in the closed volume of

about 5 liter content was maintained at 1.3"104 Pa. The temperature was

chosen in the range of 850 0C to 900 °C in such a way that the desired de-

gree of corrosion was reached within a few days, the mass loss being con-

tinuously observed. By changing the whole gas content at least once during

the experiment we ensured that the corrosion was not affected by the CO2

consumption.

A second nitrogen isotherm was measured after the corrosion experiment.

Material Sample Degree Specific surface area Specific Poro- Mean Most
Type of BET cumulative pore sity pore frequent

corrosion cylinder slit volume radius pore

model model radius

No. [W%] [m2 g- 1  [m2g-I] [m2 g2-] [mm 3 g9 1] [%] [nm] [nm]

5 0 0.66 0.78 0.58 1.56 0.3 4.7 1.3
A3-3 (1800) 6 0 0.44 0.49 0.50 0.91 0.6 4.2 1.4

7 0 0.71 0.76 0.54 1.39 0.2 3.9 1.3

5 0.11 1.69 1.31 0.99 2.46 0.4 2.9 1.2
7 0.54 5.34 3.36 2.59 5.92 1.0 2.2 1.3

A3-3 (1800) 4 0.86 20.32 7.61 5.63 16.29 2.7 1.6 1.1
6 2.55 27.16 14.27 9.49 24.73 4.0 1.8 1.1

8 2.89 23.44 12.43 9.52 22.7 3.7 1.9 1.1

A3-3 (1950) 0 0.25 0.26 0.25 1.45 0.2 11.4 1.2
• 0 0.24 0.26 0.21 0.94 0.2 7.9 1 .1

** 0 0.19 0.23 0.18 1.19 0.2 12.5 -

A3-27 (1950) ** 0 0.20 0.18 0.16 1.12 0.2 11.2 1.3
•* 0 0.26 0.26 0.22 0.89 0.2 6.9 1.2

Table: Data on fuel matrix materials. Samples designated by numbers
studied by Eatherly and Krautwasser (17]. Samples designated
been taken from the same matrix sphere as those investigated

4 - 8 and
by ** are
at ORNL.

* are identical to those
not identical but have

3. Results

The results are summarized in the table. The error in the specific surface

area, the pore volume and the porosity is estimated to be + 3%.

At 9601C only small mass losses from the pre-degassed samples were ob-

served. Increasing the temperature to 1000 0C did not result in additional

mass losses. Both these results proved the absence of oxygen in the appa-

ratus.

Corrosion of the samples in a CO2 atmosphere at a pressure of 1300 Pa and
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temperatures between 850 0C and 900'C resulted in a mass loss approximately

linear with time, i. e. the corrosion rate remained nearly constant despite

the increasing surface area and the change in the pore structure [10]. This

result may be explained by the fact that the additional surface produced

was situated mostly in micropores, the narrow pore necks of which hinder

the exchange of the reacting species. Similar results have been obtained

by Turkdogan et al. [11] for electrode graphite (bulk density = 1.69 g.cm- 3).

However, Strange and Walker [12] studied the gasification of natural gra-

phite flakes of very high purity and observed a continuously increasing

rate with reaction time until a weight loss of 'x' 10% was reached. The cor-

rosion rates of matrix in our experiments were about 0.5 pg-s-1 at 9000C.

A half percent mass loss resulted in an approximately fivefold increase of

the specific surface area.

Similar results have been measuredby Delle et al. [13,14]. A typical iso-

therm and its variation due to corrosion is shown in fig. 1. All isotherms

obtained are of the S-shaped type II according to the BDDT classification

[1,2,6].

6

5

E

2

3

2

1

0.4 0.6

relative pressure p/Ps

Fig. 1: Nitrogen isotherms of matrix A3-3 samples at 77 K before and
after corrosion in CO2. Degree of corrosion was 0.54 W%.
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As far as the hysteresis loop is concerned the isotherm corresponds to

type B of the deBoer classification. The hysteresis loop indicates meso-

pores with diameters between 2 and 50 nm. The hysteresis loop was marked-

ly extended by the corrosion and in some cases extended to very low re-

lative pressures. The extension of the hysteresis loop may be caused by

factors other than the variation in pore shapes. Doe and Haynes [15]

showed that, in addition to capillary condensation in single pores the

metastable persistence of clusters of filled and empty pores within an

interconnected network of pores may contribute significantly to hysteresis.

The pore width frequency is shown in fig. 2 as a function of the pore ra-

dius. The most frequent radius is located at the lower limit of the meso-

pore range, which is the only range in which the calculation is valid.

This means that the pore system consists mainly of micropores and small

mesopores.

The t-curves are of the b-type and indicate that all samples contained

many micropores with diameters below 2 nm. The existence of micropores in

matrix materials has been proved by small angle X-ray scattering [16,17].

Evans and Marsh [18] and Fryer [19] found micropores in nongraphitized

carbons using electron microscopic techniques. Turkdogan et al. [11]

explained the marked increase in the surface area of graphites during

oxidation by assuming the development of additional micropores during

the early stages of corrosion. In the mesopore range the comparison of

the cumulative specific surface area with the BET value shows discrepan-

cies. This is due to the high micropore content: the amount of N2 ad-

sorbed in micropores is not included in the cumulative calculation.

In the uncorroded samples the BET surface areas mostly agreed with the

cumulative areas, based on a cylindrical pore model. This suggests that

this model, which includes cylindrical tubes, ink bottles and voids of

irregular shape, is more appropriate than a slit model for graphitic

matrix materials.

As can be seen from the pore width frequency (fig. 2) a great many micro-

pores are generated by the corrosion process and, in additon, mesopore dis-

tribution becomes more structurised. The mean pore width, which is usual-

ly determined by macropore and mesopores, is shifted towards lower values

because of the generation of micropores. The most frequent pore widths
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are to be found at the lower measuring limit. The generation of some

wider pores due to corrosion should not conceal the fact that there is

a predominance of micropores.

0.6 -

0,5

0.4

U

'U

4-

0.3

0.2

0.1
after

corrosion

before

U 25b 5 7.5

pore radius Enmi

Fig. 2: Pore width frequency of matrix A3-3 samples
(fig. 1) before and after corrosion in CO2 .
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CORROSION-INDUCED CHANGES IN PORE SIZE DISTRIBUTIONS

OF FUEL MATRIX MATERIAL

P. Krautwassert and W.P. Eatherly

Oak Ridge National Laboratory, P.O. Box, Oak Ridge, Tenn. 37830

1. Introduction

In order to understand the mechanism of metallic fission-product adsorption

and desorption as well as diffusion in graphitic materials, a detailed know-

ledge of the material microstructure is essential. Different types of gra-

phitic matrix material used or to be used in fuel elements of the German

HTR Program were measured at ORNL in cooperation with the Hahn-Meitner-

Institut Berlin. Actual measurements of fission product diffusion and de-

sorption were performed at HMI Berlin.

2. Material

A3-3 (18000C), a material consisting of natural graphite and electrographite

with a binder of phenolformaldehyde resin. The final heat treatment of the

material was at 1800 0C.

A3-3 (18000C) with different degrees of CO2 oxidation (corrosion), ranging

from 0 to 2.9% weight loss.

A3-3 (1950'C), an A3-3 material with a final heat treatment at 1950 0C to

increase strength and decrease reactivity.

A3-27 (19501C), an alternate material to A3-3 consisting of natural graphite,

electrographite, and a binder based on in-place polymerization of phenol

and hexamethylene tetramine. The final heat treatment was 1950 0 C.

Research sponsored by the Office of Nuclear Power Systems, U.S. Department
of Energy under contract W-7405-eng-26 with Union Carbide Corporation and
by the German Government and the State of Nordrhein-Westfalen through the
Project "HBK".

t On assignment from KFA Juelich.
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3. Method

Geometric densities at low Hg pressure and mercury porosimetry were measur-

ed with an Aminco Porosimeter modified with precision pressure gauges and

a rotating stand to permit subatmospheric pressure measurements. Apparent

densities in helium and inner surface areas were obtained with a classical

BET apparatus designed and built at ORNL. The micropore size-distributions

were derived from Small Angle X-Ray Scattering (SAXS) curves determined

with the 10-meter SAXS facility at ORNL. Lattice parameters were measured

by standard Debye-Scherrer techniques on powder as well as on solid samples.

4. Results

Oxidation of A3-3 (1800 0C) Matrix Material.

An increase in weight loss during oxidation of the material leads to an in-

crease of pores in the diameter size range of 1.5 to 20 nm (SAXS) and of

0.4 to 1.5 pm (Hg porosimetry) as shown in table 1 and fig. 1. This is ac-

companied with an increase in accessible pore volume as determined by the

apparent material density in helium as well as a pronounced increase in

total BET surface area. Conversely, as might be expected, the inaccessible

pore volume decreases.

The sample with the smallest weight loss (0.11wt%) shows a decrease in con-

centration of the very small pores with D = 1.0nm. This indicates that at

the beginning of oxidation the existing fine pores are enlarged. Further

oxidation leads, in addition, to the development of micropores smaller
than 2.0nm-.

Sample Burn Off Bulk Density [g/cm3] Pore Volumes [ Surface AreaNo. (%) [2/c
Oxidized > I pm > 0.4 pm Accessible Inaccessible [m /cc]

1 0 1.698 11.62 14.79 15.90 9.30 0.236

5 0.11 1.695 11.15 14.49 16.63 8.70 0.437

7 0.54 1.683 9.85 13.12 20.35 5.51 1.70

4 0.86 1.670 10.00 13.68 20.17 6.26 7.19

6 2.55 1.652 9.58 14.34 22.77 4.45 11.2

8 2.89 1.645 22.07 5.46 13.3

Table 1: Data on Oxidized A3-3 (1800 0C) Material. Inaccessible pore volume
assumes a theoretical density of 2.27 g/cm3 .



35

A3-3 Material Heat Treated at 1950 0C.

Compared to the A3-3 material heat treated at 1800'C, the increase in

heat-treatment temperature to 19501C leads to a decrease of pores in the

diameter range of 10 to 20 nm (SAXS) and in the range of 1.0 to 2.5 pm,

as shown in table 2. In this wide range, the peak of the pore size dist-

ribution shifts with increasing temperature from D = 1.8 pm to D = 0.9 pm

(fig. 2). This shift as well as the decrease in larger pores lead to a

lower BET surface area, accessible pore volume, and apparent density in

helium. An increase in inaccessible pore volume is caused by a shift of

the pore size distribution to smaller pores and therefore an increase in

small micropores with D < 5 nm, as seen by SAXS. The observed reduction

of c-lattice spacing with heat treatment, especially in the binder, leads

to an increase in bulk density.

Material Bulk Density Pore Volumes [%] Surface Area
Type [g/cm3] > 1 pm > 0.4 pm Accessible Inaccessible [m2 /cc]

A3-3 (18000) 1.706 + 0.009 (2) 11.62 14.79 14.56 + 1.76 (2) 10.28 + 1.3 (2) 0.224 + 0.016 (2)

(1950 0 ) 1.724 + 0.031 (4) 5.39 9.71 11.14 + 1.38 (4) 12.93 + 0.74 (4) 0.181 + 0.006 (2)

A3-27 (19500) 1.766 + 0.002 (2) 5.82 7.04 9.58 + 0.18 (2) 12.65 + 0.27 (2) 0.432 (1)

Table 2: Characterization of three Fuel Matrix Types. Where applicable,
values are given as means with population standard deviations
and, in parentheses, number of samples.

A3-27 Material Heat Treated at 1950 0C

Comparing A3-27 (1950 0C) with A3-3 (1950 0C), the difference in binder

polymerization leads to a higher bulk density, a somewhat lower accessible

pore volume, and a decrease in pores with D > 0.4 pm (table 2). The maxi-

mum in pore size distributions of A3-27 material is at D = 1.25 pm, in

between the peaks of the A3-3 (1800'C) and A3-3 (1950 0C) materials. The

inaccessible pore volume in A3-27 (1950'C) is about the same as in A3-3

(1950°C).

Compared to A3-3 (18000C), the increase in final heat treatment leads as

well as in A3-3 (19500C) to an increase in pores ranging from 1.0 to

5.0 nm and a decrease in 5.0 to 20.0 nm pores.
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5. Conclusions

The oxidation series of A3-3 (18000C) samples shows the anticipated effects

of an immediate increase in total surface area (BET) and accessible void

volume at the very lightest burn-offs. This is consistent with graphite

behavior generally under steam or carbon dioxide oxidation but accentuated

here presumably due to the nongraphitizable binder and low heat-treatment

temperature. The pore textures coarsen, although the effects are more mark-

ed in the micropore region (< 20 nm diameter) than in the macropore region

(> 0.4 Pm diameter).

Both A3-3 (1950°C) and A3-27 (1950'C) show a normal behavior to increased

heat-treatment temperature with increased densification and inaccessible

pore volume and decreased total surface area (BET) and accessible pore

volume. These effects are attributable to the resin binder shrinkage as

the last hydrogen is eliminated and incipient crystallization occurs. The

lack of well-developed long-range order leads concurrently to an increase

in the micropore volume (< 5 nm dia).
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CORROSION-INDUCED MICROSTRUCTURAL CHANGES

IN A U. S. CORE GRAPHITE

W.P. Eatherly and D.A. Lee

Oak Ridge National Laboratory

1. Introduction

The results reported here apply to Great Lakes grade H-451 graphite, the

core graphite specified for the U.S.HTGR. This graphite is structurally

similar to the German reflector grades we have investigated at ORNL, and

hence should be applicable to them if similar impurity levels are obtain-

ed. Moreover, these results extend and confirm the behavior pattern exhi-

bited by the fuel matrix material A3-3 reported in the previous paper,

although the effects are more pronounced in A3-3 presumably due to its

resin-type binder and low heat-treatment temperatures.

The work reported here has been in progress for about six months and the

data are incomplete. Hence, this should be considered a progress report

rather than a final evaluation of the results.

2. Measurement Techniques

Three types of measurements are reported here: BET surface areas, helium

densities, and some mercury porosimetry results. A brief description of

the apparatus and their estimated precision and accuracy are as follows:

The BET apparatus was designed and built at ORNL and is of the classical

type except for operating on a constant volume/variable pressure regimen

rather than vice versa. Limiting accuracy is determined by the pressure

sensors, Baratron capacitor sensors specified at 0.05% of full scale. We

employ two measurements of precision: the standard deviation derived from

Research sponsored by the Office of Nuclear Power Systems, U.S
Department of Energy, under contract W-7405-eng-26 with Union
Carbide Corporation.
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the least squares fit in the linear sorption range (about 0.04 m2/g or
better) and the standard deviation on replicate measurements (about

0.01 m2 /g). For H-451 graphite specimens selected in the density range

1.74 to 1.76 g/cm3 , the surface areas show a standard deviation of

0.06 m2 /g; hence the measurement is significantly better than the in-
herent variability of the material even for selected specimens.

Helium densities are also measured on the BET apparatus and accuracies

are thus also limited to that of the Baratrons. Standard deviations on

replicate measurements are 0.0004 g/cm3 or better, about the same as the

selected specimen variability.

Mercury porosimetry measurements are on a modified Aminco porosimeter.

A rotating stand for the initial specimen evacuation and penetration per-

mits measurements at subatmospheric pressures (from a pore hydraulic dia-

meter of < 100pm).Pressure measurements are effected on 30-cm-diam scaled
Bourdon gauges with a claimed accuracy of 0.1% full scale.

3. Experimental Results

Specimens were oxidized in a recirculating system from 600 to 12,000 ppm(V)

water vapor in helium. Water concentrations were held constant and reaction
products allowed to reach quasi-equilibrium. The oxidized material was

exposed as cylindrical rods about 40 cm long by 1.2 and 1.9 cm diameter.

Individual specimens were then cut from the rods with axial thickness of
0.6 cm and of 2:1 length/diameter ratios. Burnoffs were calculated from

the final specimen densities and the original entire rod density.

Currently availably results are given in figs. 1-3. Please note all values

are given on a specific volume basis, that is, that for a cubic centimeter
of "average specimen". That is to say, oxidation gradients existed in one

form or another in all specimens, and the parameters apply to the specimen

average value and specimen average burnoff.

Since the oxidation apparatus operated in a steady-state mode, hydrogen/

water ratios varied considerably from run to run as the water input and
removal rates varied. The range in this ratio ran from as high as 20 down

to as low as 0.5. Presuming iron to be the major catalytic agent, it could
become active only in the sample interior when the gas stream ratio ap-
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proaches 3. Such an effect was noted and described as "inside/out" oxida-

tion. Specimens oxidized in this pattern are noted on the figures as par-

tially filled or unfilled points. Such points cannot be expected to lie

on the same curve as the normally oxidized material.

4. Discussion

We observe a very rapid increase in total BET surface area and accessible

void volume at the expense of inaccessible volume for total burnoffs under

about 2%. The effects are less pronounced than in A3-3 for reasons mention-

ed above, but are still quite dramatic. This is undoubtedly due to a rapid

initial attack by the steam on the less graphitic binder carbon. A conti-

nuing rather linear attack extends even up to a greater than 10% burnoff.

These trends hold whether expressed with reference to specific volume or

specific mass. This data must yet be corrected for burnoff profile.

These results do not yet represent the data base to be available on these

specimens. In progress are mercury porosimetry and density profiling. We

further note BET measurements reported here reflect total surface area by

nitrogen adsorption. Measurements by gas porosimetry and surface areas by

highly polarizable or ionizable gases for active site measurements are

contemplated.
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MODELS FOR FISSION PRODUCT TRANSPORT
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THE EFFECT OF TRAPPING AND EVAPORATION ON THE KINETICS

OF FISSION PRODUCT RELEASE

H. Gaus

Hahn-Meitner-Institut fUr Kernforschung Berlin GmbH

Glienicker Str. 100, D-1000 Berlin 39

The transport of cesium in graphite was investigated using the release

method [1,2,3] and the thin layer technique [1]. In the present lecture we

discuss the mathematical description of the kinetics and the determination

of the parameters governing it. The concentration profiles in the form

xgc = f (x 2) were nonlinear. After short annealing times there was a steep

concentration gradient at small penetration distances. It appeared that a

part of the cesium seemed to be immobilized. However, after long annealing

times the deviation from ideal behaviour became less pronounced. Measure-

ments of the release rate showed too that the trapping was not permanent.

The kinetics of cesium transport can be described most simply by adding

to the diffusion equation an absorption and a reemission term with p and

b [sec- ] , as was done by Hurst 1962 [4]. Evans [5,6] assumed trapping to

be irreversible (b = o).

3c(Xt) DAc(',t) - pc(x,t) + bm (',t) (1)

at

3m(x,t) ct÷pm(x,)- - bm(x,t) (2)

3t

Correspondingly, beside the concentration c(•,t) of particles on "diffu-

sion sites" there is a concentration m(x,t) [cm- 3 ] of particles in "traps".

D is the diffusion coefficient corresponding to a migration between diffu-

sion sites. This description is compatible with the model used by Wolfe,

McKenzie and Borg [7]. It is more general because thermodynamic equilibrium

between particles on diffusion sites and those in traps is not necessarily

presupposed. As has already been mentioned, this generalisation is espe-

cially supported by the profile measurements. A description of the time

dependent profiles by the simple diffusion equation is not possible.
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However, a description of this kind with a single parameter D' is often

applied to the evaluation of release data R(t). The question arises of

the relation of this D' to the three parameters D, p, b. In some cases

a simple and exact relation is possible, e.g. a stationary state without

the production of diffusing species by fission within the sample. Then

the time derivatives are zero and by adding (1) and (2) one gets DAc = 0.

But when measuring the profile one determines the quantity (c + m) and

since, in this case, according to (2) m(x)/c(x) = p/b,

DAc =DeffA(c+m) = 0

with Deff = D/(1+(p/b)). (3)

Equation 3 is frequently used as a definition of Deff* It corresponds to

thermodynamic equilibrium between particles in traps and on diffusion sites.

Another exact relation is possible for the kinetics of release for the

asymptotic behaviour of the release for large times, i.e. for the decay

of the base mode with exp(-aIt). In this case again m(•,t) = const .c(x,t)

asymptotically, and according to (2) m/c = p/(b-aI) and so

a (c+m) = DAc = D'A(c+m)
at

with D' = D/[1+(p/(b-a 1 ))] (4a)

With C2 = Eigenvalue of (-A) ("buckling") of the base mode and exp -alt,

we obtain

= D'C2 (4b)

as also follows from the unmodified diffusion equation with D'. We refer

to the fractional release F(t), the fractional content R(t) = 1-F(t).

Plotting the experimental points as kn R(t), we obtained in fact rather

accurate straight lines for long periods of time. However, these experi-

mental straight lines were shifted parallel to the ones corresponding to

the solution of the unmodified diffusion equation with the usual boundary

condition. The solution of the equations including the trapping effect ex-

plains only partly this deviation. The solution gives a shift the sign

and extent of which depend on the initial distribution of the diffusant.
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Quantitative agreement could not be reached. Therefore a further modifica-

tion turned out to be necessary:

Following a remark made by Leyers [8] we imposed as the boundary condition

that the flux from the surface of the sample should be proportional to the

concentration there. We outline the evaluation [9].

Boundary condition to (1) and (2):

J = - Da surface =hDcI surface

So a further parameter h [cm-I] is introduced. The limit h ÷ means that

the concentration at the surface is = 0. With (5) the usual Fourier decom-

position remains applicable, but the parameters are modified. For a cylin-

drical shape (2L,R)

c(x,r,t) = z cos(cm.x/L)Jo(pn.r/R).fmn(t) (6)
mn

whereby the parameters Pm' Pn follow from (5), see [9] and [101

For h 4 .: 'm (m-1)T; P ÷ J1(n)

Putting

DA = -D ý(M)2 + ( )2]= -D Cn K 2 mn

it follows [41, [9] from (1) and (2)

fmn (t) = c(1) exp(- 1 mt) + c(2) exp(-c2mnt)

K2) - A = 0 .2-.b (8a)

a2  (b+i + 2 + Amn = (b+p)..... (8b)

= 1(b+p+K 2-K2b
Amn 4 \ mn) 2Kmnb

Thus, as shown by Hurst, each Fourier component decays with two parameters,

a 1 and a2 .Their range is indicated on the right of (8a), (8b) for K from

0 to -. The a are the solution of the quadratic equation
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2 2
a 2 t(K 2+:b +Ij) + bK2  = 0 (9)

We see from (8a,b) that, if the traps are effective, the slowest decay

constant is (ai),1. In fact, (4a) with (4b) gives (9) with K2
1 1bearing in

mind the definition (7) Of K It is now possible to determine the release

from a sample with an initially uniform concentration. Again we use the

result only for large times, i.e. we use the term resulting from that part

of the base mode, which goes with (cI)1. For a cylinder (R,2L) one ob-

tains ([9], equ.(23), (24a,b))

R(t) ÷. C exp[-(a 1 )11t] C = C'B' (10a)

B' = 1+(ai/2A) - c' 2/A2 c'o = Co/(co+mo) (lOb)

c1 = 8 1 1 (1Oc)
2 2 1+(1/hL)+(ý 1/hL) 2  1+(pj,/hR)2

C1 Pil

(h = ) 0,56065 ý C' 1 1 (h = 0)

Here in al, A and K2 the indices are omitted. The range of C' applies

if oo ý h - o. The fraction of particles, which is at t = 0 on diffusion

sites is given by c'0 '

In fig. I two measurements are plotted as znR(t) versus t. The asymptotic

straight lines cut the ordinate axis at a point, which should be knC. Of

course, ZnC depends on the temperature, since all parameters (h,D,p,b) do

so. To show the influence of the temperature and the contributions of the

two effects in fig. (2), calculated curves are given of inC' and knB' for

three values of c'0. In fig. 2 kn(C/0,5607) = 0 corresponds to h = and

there are no traps (B' = 1). In fig. 1 for t = o the conditions h =

and no traps effective correspond to R = 0,5607. This point is nearly

reached at the higher temperature. The calculation according to (10c)

and (lOb) is performed for the radius R = 0,3 cm and the height 2L =

0,3 cm and based on the values of h, D, p, b noted at the end of this

paper.
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We determined D , p from the profiles of the thin layer method [1]. With
these values we determined b from knR(t) for F Ž 80% by means of

b= al + a1p/(Dý 2_a1)b = +2(11)

which follows from (9) bearing in mind the definition (7) of K2. Even though

C2 depends on h (via C1, pl), b is essentially determined by the slope a,.
For the quantity h one obtains a first value from the measured C, putting

first B' = 1. With this h one gets a value 2 and by (11) a value b. With these

b and 2 one may calculate a better B' and then by iteration and interpo-

lation the final values for h and b. In (lob) we put c'0 = b/(b+p) corres-

ponding to thermal equilibrium. The final results (calculated by E. Hoinkis

and the author) are:

b = 2,75.103 [sec- 1] exp (-46,24 kcal/RT)

h = 1,66t105 [cm- 1] exp (-24,2 kcal/RT)

The values of D and p used in the calculation of b and h have been deter-
mined by Hensel and Hoinkis [3] by use of nonlinear least-square fitting

of diffusion profiles based on the solution of equations (1) and (2) given

in [9]. The temperature dependence of D and p is given by:

D = 4,510-3 [cm2 /sec] exp (19,30 kcal/RT)

p = 2,7 [sec- 1 exp (-21,20 kcal/RT)
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THE INTERPRETATION OF THE TRANSPORT PARAMETERS

H. Gaus

Hahn-Meitner-Institut fUr Kernforschung Berlin GmbH
Glienicker Str. 100, 1000 Berlin 39

The release of cesium from matrix A3-samples is described in the previous

note using four parameters:

1. Diffusivity of adsorbed Cs along the pore surfaces,
D[cm2 sec- 1 ].

2. Probability of diffusing Cs becoming trapped for a limited time,
p[sec-1].

3. Probability of trapped Cs escaping from the traps,
b[sec-1].

4. Evaporation coefficient h[cm-1], defined by
(dc/dx)surface = h.c.

The above interpretation of the parameter D is based on two points:

Firstly the vapor phase transport is assumed to be negligibly small under

the conditions of our experiments. Secondly the diffusion through the gra-

phite grains can also be neglected, because the equilibrium concentration

of Cs in the binder coke is much higher than in the graphite grains [1].

For the same reason the trapping during diffusion cannot be caused by an

occasionally diffusive entering of cesium into the grains. We assume a

trapping or bonding on a microscopic scale. A similar effect influences

the escape from the surface of the sample and is described above by the

parameter h. In other experiments the kinetics of Cs-desorption from a

matrix-surface has been investigated by Hoinkis and Stritzke [2,3,4].

Desorption was found to be first order: -dn/dt = n.y exp(-Q/kT).

We now apply the absolute rate theory in order to obtain a relationship

between the parameters mentioned. We assume three kinds of sites with a

corresponding free enthalpy G; concerning diffusion: traps and diffusion

sites, concerning desorption: adsorption sites on the surface.
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Type of site Total number Number of occupied sites

trap Nb nb

diffusion site Nd nd

adsorption site N a na
on the surface

The figure shows the enthalpies H and activation enthalpies Q for the

different sites and transitions.

Hb O-

He

0 h =24.2 kcal/Mol

Od =193 kcal/Mol
Hd

H,

I-

Qb-%,.=2 5.l kccil/MoI
L

68.6 kcal /Mot

trap diffusion sites adsorpt.ion site

We consider the system "particles on adsorption sites on the surface" as

a phase (a) in equilibrium with the adjacent phase (d) "particles on dif-

fusion sites near the surface". Regarding each system as an ideal mixture

of occupied and non-occupied sites we obtain the chemical potentials go-

verning the exchange between the two phases:

Pa = kT {n (na/Na) - n za } + H a

Pd = kT {zn(nd/Nd) - zn zdl + Hd

(1)

(2)

Here, as usual, N-n is replaced by N and the entropy term of G = H - TS

is expressed by z = exp(S/k), the "number of accessible states". We ob-

tain:

na/nd = (Na.Za)/(Nd'Zd) exp [(Hd-Ha)/kT] (3)
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Now according to the "third" boundary condition the flux [cm-2sec-I] due

to diffusion from the surface of the sample is given by

J = -D (Pc/•x) = Dhc (4)

wherein c is the concentration of particles on diffusion sites [cm- 3] at

the boundary and h [cm- 1] the mentioned parameter [5]. Concerning the de-

sorption, the flux is described by

J = na v exp(-Qa/kT) (5)

whereby na is the surface concentration [cm-2 . We count also the above

numbers of sites in the table as numbers per cm2 , Nb and Nd per cm2 of

the grain boundary surface. We relate nd to c by means of the porosity

£ = (volume of open pores) : (total volume)

considering the pores as long cylinders with a mean radius r.

c = (27rnd/r 2)c = (2e/r)nd (6)

Equating the J in (4) and (5), inserting c and using (3) we obtain

h D eXp(Q/kT)'exp(-Q/kT)(NZ/Ndz d)exp((H-Ha)/kT)
2 E D 00 e /ae QaN~ a d zd d -a (7a)

h = h0 exp (-Qh/kT),

with Qh = Qa-Qd-(Hd-Ha) = (He-Hs) (7b)

this way defining the level He as indicated in the figure. Hoinkis and

Stritzke [2,3,4] measured the kinetics of Cs-desorption from the basal

plane of pyrographite and from matrix A3-surfaces. Cs desorption from the

basal plane was first order at low Cs-coverages, the frequency factor was

determined as v = 5.10 12sec-1 and Qa- 3 7 kcal/mole. Cs adsorbed on a matrix

A3-surface was released from sites of differing binding energies, but the

activation energies of desorption and the corresponding frequency factors

v could not be determined independently. However, assuming v = 1013sec-1

one obtains [3] a mean value of the desorption energy Qa % 81 kcal/mole.

'7
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We consider especially a measurement [4] of (1/n).(dn/dt) at 8001C giving

v exp(-Qa/kT) = 7,63.10-4 [sec-1 1 (8)

It seems likely that the enthalpy H a of adsorption sites is nearly equal

to the enthalpy Hb of the inner traps, as is supposed in the figure.

Equating Ha = Hb we obtain Qa = 68,6 kcal/mole. Using equation (8) one
10 -1obtains v = 6,84.10 sec" . Summing up the margins of error reported in

[41, one obtains AQa = t7,1 kcal/mole, giving a factor 28, so v = 2.1012

with Qa = 75,7 kcal/mole is also permissible. One should note that the

value of Qa estimated assuming H a = Hb and the value of, determined from

(8) are independent of the value of Qa which was estimated [31 from the

kinetics of Cs-desorption. The agreement is reasonable. However, since for

matrix A3 v and Qa were not separately determined experimentally, it is

not possible to compare the pre-exponential factors in (7a) and the expo-

nents (7b) independently. We set Ha = Hb and solve for the (Nz)-quotient

Naza 2 e hodo
- -. 000,017 (9)

Ndzd r 6,84.10 1 0 sec-i

The open porosity c = 0,15 has been measured [4]. We have supposed r =

20!10- 8 cm and used the reported values [4,5] of ho, Do.

We can consider the corresponding expression for the inner traps. In the

same way as the equ.(3) we obtain [6]

nb/nd = (Nbzb)/(Ndzd) exp [(Hd-Ha)/kT] = p/b (lOa)

nb/nd = p/b follows from the kinematical treatment. Inserting the measured

preexponential factors of p and b, we arrive at

Nbz 2,7/(2,75.103) - (lOb)
Ndd

If the mentioned factor 28 is taken into account, the value ,10-3 can be

obtained even with equ.(9). We conclude: the measurements are compatible

with the assumption that the considered adsorption sites are identical
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with the traps. It should be mentioned that at 8001C p/b = 129 and so in

thermal equilibrium nearly all the particles are in the traps (10a). This

was presupposed when identifying the experimental na in (5) with the na

in (1).

For the discussion of the trapping parameter p we apply a formula given

by Waite [7]. Following Waite we consider the trapping as determined by

two probabilities:

1) that Cs will encounter a trap in his random motion,

2) if the cesium is in a spherical shell surrounding the trap (radius rV,

thickness Ar1 ), it will be captured with a probability X[sec- 1. When the

parameter

s = (r 1 .Ar 1.X)/D (11)

is introduced, Waite's formula for the steady state yields

p = 4nr 1 D.c P.s/(s+1) (12)

in which cP [cm 3] is the density of the traps. The parameter s is the

ratio of the probability, that cesium inside the shell will be trapped

to the probability that it will diffuse away before trapping occurs.

For s>>1 the s in (12) cancel and (12) corresponds to the diffusion to

an absorbing sphere of radius rI.

For s<<1 the diffusion coefficient drops out

p = 47rr1DscP = 4•rIAr Ac (12a)

In the experiments the density of the cesium was 64.10 1 5cm- 3 . Taking this

value as lower bound for c and taking for rI the low value 5.10- 8cm we

obtain with p/D = 283cm (1000C)

s/(s+1) < 283/(4n.5.10-8. 4.1015) = 10- 7
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So (12a) must be valid and the activation enthalpy of V is equal to the
one of X. Since it is nearly equal to the activation enthalpy of D, the

low value s must be due to the preexponential factors of x and D. These

contain a frequency factor, which cannot be so different. The jump dis-

tance occuring in D may be larger than r1 Ar, as the "number of nearest

neighbours" certainly is.

However, it seems likely that x contains a further configuration factor

indicating that the capture is possible only in a certain position or

orientation.
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A REVIEW OF THE DIFFUSION OF SELECTED FISSION

PRODUCT METALS IN POLYCRYSTALLINE GRAPHITE

B.F. Myers
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1. Introduction

In high-temperature, gas-cooled reactors, graphite presents a barrier to

the escape of fission products from the reactor core. This retentivity is

of interest for purposes of maintenance and safety. The graphite is poly-

crystalline and of high purity.

In characterizing the graphite retentivity, the diffusion of fission pro-

ducts through the graphite and the sorption of them on the graphite are

important. For the high-temperature, gas-cooled reactors, the key fission

product metals are cesium, silver, and strontium.

2. Experimental Methods

The methods of measuring diffusion in graphite can be classified as per-

meation [1], release [2], and profile [2]. In the permeation method the

flux of diffusant through the graphite sample is measured for a specific

concentration gradient maintained by means of an external source and sink

for the diffusant. In the release method, the graphite sample has an ini-

tial known concentration of diffusant whose release in time is measured.

In the profile method, the distribution of diffusant in the graphite is

measured; the source is external or on the surface of the graphite. These

methods can, of course, be combined. The processes occurring in all three

methods need to be understood for predicting transport in the reactor core.

The described methods have been applied mostly to laboratory experiments,

but experiments under reactor conditions are necessary. The methods can

be adapted to the latter requirement.
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3. The Variables of Diffusion

The variables affecting diffusion include the type of graphite, surface

conditions, concentration of diffusant, temperature, gaseous atmosphere,

neutron irradiation, pressure, and graphite oxidation.

3.1 Type of Graphite

The prominent structural features of graphite used in the high-temperature,

gas-cooled reactors (HTR) are the grains, binder carbon, and pores [2,3].

The grains are composed of crystallites of graphite aligned to varying de-

grees and are surrounded by binder carbon which is crystallographically

disoriented. Dispersed throughout are voids consisting of open and closed

pores.

In the prismatic core HTR, graphite is used which has been graphitized at

2800 0 C, whereas in the pebble bed HTR the highest treatment temperature-

of the graphite is 1800 to 1950 0 C. The former type of graphite is conse-

quently more highly graphitized than the latter.

The type of graphite can significantly affect diffusion as illustrated by

the concentration profiles of cesium in the fine-grained Hawker-Siddeley

HS-1-1 and in the coarse-grained H-327 graphite [4]. In the former graphite,

the logarithm of the cesium concentration depends on the square of the pe-

netration distance whereas in the latter graphite, it depends only on the

first power; this difference corresponds to different mechanisms of trans-

port. While there are differences in the measured properties of HS-1-1 and

H-327 graphites, no correlation of these with the differences in diffusion

behavior has been established. This is true, as well, for the measurements

of diffusion in other graphites.

3.2 Surface Concentration

With experiments on cesium, particularly, the appearance near the surface,

contiguous with the source, of a steep concentration profile, which pre-

cedes a more shallow profile, has led to a variety of interpretations.

Analysis of the most extensive data set available [51 demonstrates that

the characteristic penetration distance, Dt, is constant over time and

independent of temperature; here D is the alleged diffusion coefficient

and t the time. This indicates that the initial profile does not repre-
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sent a diffusion process but probably depends on the sorptivity and direct

accessability of the surface for cesium vapor.

3.3 Effect of Concentration

The diffusion coefficient depends on the concentration of diffusant in

the graphite for concentrations above a certain value. This has been in-

cisively demonstrated for strontium [61 where, above a concentration of

62 pg Sr/g graphite, the diffusion coefficient depends on the 3.2th power

of the concentration. Similar results have been obtained for barium and

cesium [7]. These results are explicable in terms of a distribution of

binding energies for the sites among which the diffusant migrates. With

relatively few diffusing atoms among the sites, the more strongly binding

sites play a major part in the migration; with a relatively large number

of diffusant atoms, more weakly binding sites become important for diffu-

sion. The average speed of migration will be larger in the latter case.

A model [8] developed on the basis of a distribution of binding energies

has been successful in accounting for the concentration dependence of the

barium diffusion coefficient.

The levels of concentration for single species expected to be encountered

in a normally operating HTR are such that the diffusion coefficient should

be independent of the concentration of diffusant.

3.4 Effect of Mixed Species

The presence of other elements can affect the diffusion coefficient of a

specific element; thus the effect of calcium above a certain concentration

level on the diffusion coefficient of strontium is the same as reported

above for strontium [6].

In a system with several elements present where there is competition for

binding sites on the graphite, the more strongly bound will displace the

more weakly bound element and consequently the diffusion coefficient of

the latter will increase. On the basis of studies of cosorption [9,10]

it would be predicted that rubidium and cesium would diffuse more rapidly

in the presence of cesium and barium, respectively, when competition for

sites becomes important.
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3.5 Effect of Temperature

Mean values of the activation energies of barium, strontium, and cesium

descend in the order 73, 67, and 37 kcal/mol for experiments with low dif-

fusant concentrations [7]. For a specific sorbate concentration, the vapor

pressures over graphite increase in the order barium, strontium, and cesium

indicating that the heats of vaporization decrease in this order. Conse-

quently, the activation energies and heats of vaporization are correlated.

The assumption that the activation energy is proportional to the heat of

vaporization is not unreasonable when the movement of diffusant occurs by

jumps among sites on the graphite.

The magnitude of the activation energies indicates that diffusion of barium,

strontium, and cesium occurs on surfaces and not in the bulk of the gra-

phite. The mechanisms of bulk diffusion, volume diffusion via vacancies and

interstitial diffusion, require activation energies in the range 160 to

200 kcal/mol [11]. Furthermore, for strontium and barium at least, auto-

radiographs and microprobe recordings show an inhomogeneous distribution

of these elements in graphite in contrast to expectations based on a bulk

diffusion mechanism [7].

The activation energy for silver is larger than would be expected on the

basis of the preceding discussion [12]. For atoms which diffuse on a sur-

face, the ratio of the activation energy for diffusion to that for eva-

poration is generally significantly less than 1. However, in the case of

silver, the ratio approaches 1. This may indicate that silver does not

move primarily by surface diffusion but is first desorbed and then dif-

fuses as a vapor.

When the concentration of diffusant in the graphite rises beyond the level

at which the diffusion coefficient'begins to increase, the activation ener-

gy decreases. For example, the activation energy of strontium decreased

to 27 kcal/mol when the diffusant concentration rose to 2000 pg Sr/g gra-

phite [6].

3.6 Effect of Gaseous Impurities

The presence of a gaseous mixture of CO, H2 , CO2 , and CH4 , representative

of the impurities in the circulating helium of the primary circuit of an

HTR, does not significantly affect diffusion [21. In other laboratory ex-
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periments [1], however, diffusion was found to be accelerated in the pre-

sence of CO or impure helium, an effect that was eliminated by conducting

the experiments in the presence of hydrogen.

3.7 Effect of Neutron Irradiation

The structure of graphite changes under irradiation by fast neutrons [7];

there are dimensional-changes, and changes in conductivity, resistivity,

and mechanical properties. On a microscale, crystallites of graphite ex-

pand in the c-axis direction and contract in the a-axis direction. The

precursor of these changes is the loss of energy by fast neutrons to the

graphite with a consequent displacement and rearrangement of the atoms.

The induced damage can be largely removed by annealing to high tempera-

tures, but, under HTR conditions, a significant part of the damage remains.

It is natural to inquire about the effect of this damage on the transport

of fission products through graphite.

Evidence has been obtained that in the highly graphitized graphites, H-327

and H-451, the diffusion coefficients of cesium and strontium are inverse-

ly proportional to the fast neutron fluence [1,13]. The diffusion of silver

is also retarded on irradiated graphites [12,14]. In H-451 graphite the dif-

fusion coefficient of cesium decreased by a factor of 100 for irradiation

to a fast neutron fluence of 4.6 • 1025 n/m2 . Also in this experiment, the

amount of cesium accumulated by the graphite was 5.5 times larger than

would have been expected on the basis of laboratory experiments. The great-

er accumulation under reactor conditions is consistent with measurements

of cesium sorptivity on H-451 graphite where the sorptivity increased by

factors of 5 to 7 for irradiation to a fast neutron fluence of 3.4 • 102 5

n/m2 . A similar result was obtained for strontium.

By contrast, the fast neutron fluence had no effect on the sorptivity of

fuel rod matrix material [7]; this material, made from 30 wt % graphite

filler and 67 wt % petroleum pitch, was processed at temperatures of

18000C and less and was thus not highly graphitized. By analogy with the

case of H-451 graphite, one would predict that the diffusion of cesium

in the fuel rod matrix material would not change significantly under ir-

radiation conditions. Apparently, the degree of graphitization along the

diffusion paths influences the extent to which diffusion will be retarded

under irradiation by fast neutrons.
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For both cesium [13] and silver [14], an increase in activation energy

with increased irradiation exposure has been reported. Thus bonding sites

with higher than average binding strenghts are being created during irra-

diation.

3.8 Effect of Pressure

In HTRs, the system pressures of helium are as large as 5 MPa. The high

pressure may have an effect on diffusion of fission products through the

graphite mainly where vapor phase transport is involved.

For strontium diffusion in H-327 graphite, a pressure of 4.1 MPa apparent-

ly had no effect on diffusion [7]. In contrast, the silver diffusion coef-

ficients derived from reactor measurements at 2 MPa and from laboratory

measurements on irradiated AGL5 graphite were in agreement only after cor-

recting the laboratory measurements for the effect of pressure, assuming

most of the silver transport to be in the gas phase [14]. For cesium, no

effect of pressure was detected at 2.4 MPa on H-451 graphite [15] whereas

an effect was detected at 4.0 MPa in graphitic matrix A3 [16].

3.9 Effect of Graphite Oxidation

In high-temperature, gas-cooled reactors, the graphite core is subject to

oxidation by gaseous impurities such as H20, CO2 , and 02 in the circulat-

ing helium. Oxidation changes the properties of graphite; measurement of

diffusion at different stages of oxidation can promote an understanding

of the dependence of diffusion on these properties.

The homogeneous oxidation of graphite results in increases in the BET

surface area, total and accessible pore volume, pore diameters in speci-

fic pore-size ranges and adecreasein the inaccessible pore volume [7].

These changes are larger at low burnoff and became smaller at high burn-

off. Experiments also show that the binder and filler materials of the

graphite are preferentially oxidized.

The diffusion of cesium, silver, and strontium is accelerated in oxidized

samples of both matrix and highly graphitized graphite [7]. For silver [12]

and strontium [17], the diffusion coefficient increases rapidly with burn-

off to above 1% burnup, then decreases continuously for silver, and for
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strontium decreases only slightly before continuing to slowly increase.

The net increase in the diffusion coefficients of silver and strontium was

about a factor of 3 for burnoffs of 3 and 9 wt %, respectively. Also, the

oxidation apparently did not affect the mechanism of transport. For cesium

(on oxidized graphitic matrix A3), the diffusion coefficients increased by

factors of 6 to 330 for burnoffs less than 5 wt %, and the mechanism of ce-

sium transport did change [2].

The relationship of the diffusion behavior of the fission products to chan-

ges in the graphite upon oxidation, correlates best with the decrease in

the inaccessible pore volume and the preferential oxidation of the binder

and filler materials. The inaccessible pore volume decreases at first ra-

pidly with burnoff corresponding to the initial rapid increase of the dif-

fusion coefficient. Also relevant in this connection is the reported in-

crease by a factor of 4 in the connected porosity across a block of gra-

phite in the burnoff range below 6 to 10 wt % [7]. The preferential oxi-

dation of the poorly graphitized surface regions of the graphite has two

effects: (1) binding sites are destroyed, and (2) oxygen may be adsorbed

on remaining sites. The former effect does and the latter effect may sig-

nificantly decrease retention of the diffusants by the graphite.

4. Mechanisms and Model in Graphite Diffusion

As graphite is a porous material, several transport processes are possible:

(1) volume or bulk diffusion in grains, (2) grain boundary diffusion, (3)

surface diffusion, (4) gas phase diffusion, (5) gas phase diffusion com-

bined with adsorption and desorption at surfaces, and (6) transport by

convection.

Volume diffusion is not normally observed in polycrystalline material, in-

cluding graphite [7]. In polycrystalline but nonporous material, the domi-

nant mode of diffusion is grain boundary diffusion [18]. In porous material,

surface and gas phase diffusion have been observed to be important [7].

The existing models are classified here as classical diffusion, diffusion-

trapping, two-path diffusion, diffusion-sorption, grain boundary and perco-

lation.
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4.1 Classical Diffusion Model

The differential equation of classical diffusion is given in one dimension

by

ac/• = D(a2 c/3x2) (2)

where c is the diffusant concentration and D, the diffusion coefficient.

Equation (1) has been successfully applied to describe the diffusion pro-
files of strontium, barium, and europium in graphite [7]. It is worth

noting that under continuous fast neutron irradiation, the magnitude of D

is reduced, at least for strontium, but the form of the mathematical des-
cription of the diffusion profiles is unaltered. The reduction in D implies

that D is time dependent and that Eq. (1) must be changed accordingly in
order to describe the time as well as the spatial dependence of diffusion

under continuous fast neutron irradiation.

4.2 Diffusion-Trapping Model

Polycrystalline graphite is a porous and inhomogeneous material. A diffu-

sant moving through this graphite will encounter sites and blind pores at

or in which the residence time is longer than elsewhere. These locations
are termed traps. The simplest description of diffusion with account of

trapping is given in one dimension by the following differential equations:

ac/at = D(D2c/x 2) - kc + bm (2)

3m/t = kc - bm (3)

where c is now the concentration of mobile diffusant, m, the concentration

of trapped diffusant, and k and b are the capture and release coefficients,

respectively, for traps. In Eqs. (2) and (3), the traps are represented by

one capture and one release coefficient: these coefficients are independent

of time and position and consequently are average quantities.

The diffusion-trapping model applies to the diffusion of cesium both on

irradiated and unirradiated graphite [2,7]. That it is apparently not ap-

propriate for describing the diffusion of strontium, barium, and europium,

raises a problem unless kc = bm.
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Under reactor conditions, the diffusion profiles for cesium in highly gra-

phitized graphites can adequately be described by Eqs. (2) and (3) with

b= 0 [4,131. Thus the capture process dominates. Furthermore, the effect-

ive diffusion coefficient,

Deff = D(ac/Dx) / (D[c+m]/ax) (4)

decreases with increasing fast neutron fluence. This corresponds to a de-

crease in the ratio D/k as irradiation proceeds. Thus D for cesium may be

decreasing under continuous fast neutron irradiation, as observed for stron-

tium, or k may be increasing, or both D and k may be changing in these

ways. An increase in k with increasing fast neutron fluence is consistent

with the observed increase in sorptivity for cesium on highly graphitized

graphites. In this case, more strongly binding sites are being created and

these apparently act as traps; hence there would be an increase in the

trapping frequency, k.

The time dependence of D and k, as implied by their changing under conti-

nuous fast neutron irradiation, raises the same problem in using Eqs. (2)

and (3) as was discussed above for Eq. (1).

4.3 Two-Path Coupled Diffusion Model

A model has been proposed [191 which accounts for surface and volume dif-

fusion and transfer of atoms between the surface and volume phases; this

model is represented in one dimension by the differential equations:

Dc/t= D1 (a 2 cl/x 2) - kc + bm (5)

ac = 02 (a 2 c/@x 2) + kc - bm (6.)

where Di is the surface and D2, the volume diffusion coefficient. Since

there is no compelling evidence for treating volume diffusion in graphite,

D2 = 0 and Eqs. (5) and (6) reduce to Eqs. (2) and (3).

4.4 Diffusion-Sorption Models

Diffusion-sorption models are similar in some respects to diffusion-trap-

ping models; in both cases there are sites with a range of retentivities,

In the former models, the sites are characterized on the basis of energe-
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tics and in the latter, on the basis of kinetics.

In one of the diffusion-sorption models [8], account is taken of the ad-

sorption site-energy distribution function and the fractional coverage of

the sites. In this model, the surface diffusion coefficient is calculated

as a product of the jump frequency between sites and the mean square jump

distance with account of the occupancy of the sites by diffusant atoms.

In another model [20], transport in the gas phase with adsorption and de-

sorption at the pore surfaces as well as diffusion along the pore surfaces

is considered. The sorption is treated by a Henry's law isotherm. In the

absence of convective flow through the pores, the governing equations are

3a/9t = DO(W 2a/lz 2) (7)

a = 'r 2c + 2Trrs (8)

Do = (D + D' ar/2)/(I + cr/2) (9)

where z is the axis of the cylindrical pore; r, the pore radius; c, the gas

phase concentration (assumed to be constant in the radial direction); s,

the surface concentration; D, the surface diffusion coefficient; D', the

effective gas phase diffusion coefficient; and a, the ratio c/s. D' =

DKDG/(DK+DG) where DK is the Knudsen diffusion coefficient and DG9 the true

gas phase diffusion coefficient. This model has been successfully applied

[14] to the diffusion of silver in irradiated AGL5 graphite to demonstrate

the significance of gas phase diffusion and the effect of pressure on the

diffusion process.

4.5 Grain Boundary

Grain boundary models treat the diffusion in the interface region between

grains and also account for diffusion into the grains [18]. The different-

ial equations are:

c9/9t = DkV 2c (10)

9 cb/at = DbV 2c (11)

where Di is the diffusion coefficient in the grain, i = Z, or in the grain
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boundary region, i = b, c, are the corresponding diffusant concentrations

and V is the operator 32/ax + 32/3y2. At the interface between the grain

and grain boundary region, the respective concentrations and fluxes are in

equilibrium or are equal. This model has been shown not to apply to the

diffusion of cesium in graphite [2] and is unlikely to be important for

diffusion in porous media such as graphite.

4.6 Percolation Model

Percolation theory has been applied to diffusion in randomly porous solids

[21] but not including graphite. It might possibly be useful in describing

the increases in diffusivity in graphite during oxidation as the burnoff

increases.

5. Comparison of Data

The magnitude of the diffusion coefficients in unirradiated graphite at a

common temperature decrease in the order silver, cesium, strontium, and

barium [7]. On irradiated graphites, this order may be preserved but un-

certainties in measurement rule out a definitive statement [7].
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CESIUM DIFFUSION IN H-451 GRAPHITE

B.F. Myers and D.W. Hill

General Atomic Company, P.O. Box 81608, San Diego, Calif. 92138

1. Introduction

In the prismatic core, high-temperature, gas-cooled reactor (HTGR), the

graphite web is an important barrier to the release of cesium into the

primary circuit. In preliminary experiments, the diffusion of cesium in

the reference H-451 graphite was measured at temperatures between 850 and

9501C and at pressures of \O and 2.4 MPa. The experimental results are

compared with a diffusion-trapping model and with results of previous

permeation experiments.

2. Experimental

ZP3_ LENGTH

lZZl 38.86 mm

S3 DIAMETER
I I 18.54m

I I ICORE DIAMETER
i i 5.00 m

S I I APPROXIMATEH I DIFFUSION DEPTH
... ......... 8.0 mm

Fig. 1: Configuration of the diffusion sample. P3 = plugs (H-451,
impregnated H-327); S = Cs source (impregnated H-327);
S3 = sleeve (impregnated H-327); V = core volume used for
profile (H-451)

A typical diffusion sample of cylindrical configuration is shown in fig. 1.

The resin-impregnated components act as sinks for any cesium reaching them.

At the end of the experiment, the cylindrical core V is removed from the

sample and analyzed by determining the cesium activity as a function of

axial position.
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The source disk was first impregnated with resin; this increased the ce-

sium sorptivity of the disk by a factor of 10. Then the source was im-
pregnated with Cs-137 in a procedure involving heating for 60 to 70 hours

at temperatures between 600 and 9501C under vacuum. Thereafter the source

was kept under vacuum or in an inert atmosphere. The cesium concentration

in the source was between 0.05 and 0.2 pgCs/g source material.

The graphite samples, plugs, and sleeves were outgassed for about 95 hours

at temperatures between 940 and 1040'C and maintained in an argon or helium

atmosphere or under vacuum until after the experiments. The samples were

either annealed under continuous evacuation or under a helium pressure of

2.4 MPa at the temperature of the experiment.

The cesium loss from the sources was generally less than 2%. The cores of

the sample (V in fig. 1) were removed and sectioned at intervals ranging

from 0.1 to 2 mm to obtain the axial cesium activity profile. The graphite

powder removed from each section was collected and counted. The volume of

the cut was determined with an uncertainty of less than 6% generally; the

absolute activity of the cut was determined with an uncertainty ranging

from 3 to 25% with an average value of 12%.

The radial cesium actitivy profile was constant in the core as shown in

fig. 2.
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Fig. 2: Radial activity profile in experiment 4B.
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3. Analysis

The analysis was performed on the basis of a diffusion-trapping model.

The model is represented by the following equations:

a c/at = D(32c/ax2) - kc (1)

a m/at = kc (2)

where c is the concentration of mobile species; m, that of the trapped

species; D, the diffusion coefficient; k, the trapping coefficient; x,

the axial distance; and t, the time. If k = 0, Eq. (1) becomes the class-

ical equation of diffusion; thus the analysis should test the applicabi-

lity of both the classical and diffusion-trapping models.

The values of D and k were determined using a computer program which mini-

mized the sum of the square deviations between calculated and observed va-

lues of the cesium activity as a function of axial location.

4. Results and Discussion

The results of experiments are presented in table 1.

The diffusion-trapping model is a better representation of the activity

profiles than is the classical diffusion model. This result is based on

the non-zero values of the trapping coefficients obtained by means of a

least squares fitting procedure. This result is confirmed by visual com-

parison of the fits to the data of Exp. 6G at 9521C as shown in fig. 3a.

However, for Exp. 5E at 8541C, the classical model of diffusion can be

used to fit the activity profile data almost as well as can the diffu-

sion-trapping model as shown in fig. 3b. The choice of model in this case

has to be made on the basis of a smaller deviation from the experimental

data in fitting the diffusion-trapping model; however, within the uncer-

tainties of the activity measurements, this choice is significant only

at a very low confidence level.

By comparing the values of D and k in table 1 for experiments at the no-

minal temperature of 950'C, one finds no dependence on the pressure from

experiments at near zero and 2.4 MPa.
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From the data of table 1, activation energies of 202 and 452 kJ/mol (48

and 108 kcal/mol) can be derived for D and k, respectively. The uncertain-

ties in these values could be as large as 50%. In contrast to these values,

Mysels [1] found values of 136 and 184 kJ/mol, respectively, from cesium

permeation experiments in H-451 graphite.

Comparison of effective diffusion coefficients from the present experiments

(in a semi-infinite axial geometry) with those from previous permeation ex-

periments (in a finite axial geometry) demonstrates significant differences.

The effective diffusion coefficient is defined by

Deff - D (ac/lx)/(9{c+m}/3x) (3)

In H-451 graphite, the ratio of the effective diffusion coefficient to the

permeation coefficient is 55. From previous experiments with H-327 graphite

[2,3], the ratio is found to be 110. The smaller effective diffusion coef-

ficient obtained in the permeation experiment may be related to the effect

of the exit boundary through which the cesium passes in the permeation ex-

periment.

The absolute effective diffusion coefficients are comparable in H-327 and

H-451 graphites and are about three times larger than in graphitic matrix

A3 at 950 0 C [4].

Exper. Temperature Pressure D k k/D

No. [00] [MPa] [mW/s] [1/s]

3A 951 %0.0 1.21(-9) 2.76(-4) 478 0.3

4B 943 %0.0 1.14(-9) 11.66(-4) 382 0.15

5E 854 %0.0 2.20(-10) 5.54(-6) 159 0.40

6G 952 2.4 1.31(-9) 2.88(-4) 469 0.20

Table 1: Values of the diffusion and trapping coefficients.
f=fractional deviation; n = number of data;6= 1.96

n
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THE EFFECT OF PILE RADIATION, HIGH HELIUM PRESSURE, CORROSION AND GASEOUS

HTR-COOLANT IMPURITIES ON THE DIFFUSION OF CESIUM IN A GRAPHITIC MATRIX

W. Hensel, E. Hoinkis

Hahn-Meitner-Institut, Glienicker Str. 100, D-1000 Berlin 39

The diffusion of carrier-free Cs-137 in as-received and oxidized fuel

matrix A3-3 was investigated in the temperature range 800 - 11500C using

the thin layer technique. Initially the samples were degassed at 14501C.

A thin film of Cs-137 (< 0.1 monolayers) was evaporated onto one of the

circular surfaces of each of two cylindrical matrix specimens (I0xiO mm).

The specimens were placed, their radioactive surfaces in contact, within

a resistance furnace and annealed at a known temperature and time. Out-

gassing of the specimens, the application of the tracer and the diffusion

anneal were carried out in the same apparatus at a pressure of < 10-7 Torr.

In one experiment the atmosphere during annealing was a mixture of CO

(76 V%), H2 (20 V%), CO2 (2 V%) and CH4 (2 V%) at a total pressure of

3-10-3 Torr.

Several experiments were carried out in an hydrogen atmosphere (0.37 Torr).

In three experiments the specimens were removed from the apparatus after

the application of Cs-137 and firmly pressed together in a graphite cru-

cible. The diffusion couples were, in turn, inserted in helium filled

quartz ampoules (4bar) and irradiated in the SILOE-reactor (Grenoble) at

815, 893 and 1020'C in a fast flux n 2-013 cm-2 (E > 1 MeV) for 8 and

1.5 hours, respectively. A similar assembly [3] was used to measure Cs-

diffusion at 40 bar helium (3 experiments) and 100 bar helium (2 experi-

ments) at temperatures between 800 and 1000 0 C.

After diffusion annealing the specimens were drawn out to a diameter

< 5 mm. The axial concentration profile was determined in the remain-

ing core. Thin layers were taken off repeatedly (accuracy ± 2 pm) and

the Cs-137 activity remaining in the core was measured.

By plotting the logarithm of the Cs-concentration against the square of

the penetration distance x 2 , straight lines were obtained only when pre-

viously oxidized specimens were used.
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Transport of Cs into as-received matrix A3-3 cannot be described by a

simple diffusion process, since after the diffusion anneal there was

a steep concentration gradient near the surface, which preceded a more

shallow profile. The diffusion profiles, however, could be described

by the solution of

ac/t= D 2c/x - p c + b • m

m/3t= p c - b - m

c and m are the concentrations of the mobile and trapped Cs, p and b

are trapping and emission probability [1I.

The parameters D, p und b were evaluated by use of a non-linear least-

squares method. For short annealing periods (b • t < 1) reemission can

be neglected [1,2] (b was set at zero) and determination of D and p was

straight forward. The fit of data to the model was good. However, eva-

luation of D, p and b from profiles obtained after long diffusion times

was not very precise. Various sets of the parameters fitted the data

equally well. The effective diffusion coefficient , given by

Deff =D / (1 + (p/b))

was almost the same for various data sets. The results of the numerical

analysis [3]of diffusion profiles are listed in the table. The tempera-

ture dependence of D and p is shown in Figs. 1 and 2.

Cs-diffusion behaviour changed from a diffusion-trapping process in as-

received matrix A3-3 to a classical diffusion process in an oxidized

(0 0.3 w%) matrix. Diffusion coeefficients increased with increasing

extent of corrosion. Cs-diffusion coefficients were independent of gas-

eous HTR-coolant impurities (H2 , CO, CO2 9 CH4 ) and of hydrogen with a

partial pressure of 0.37 Torr. A fast neutron flux of 2.4.10 13cm- 2 sec-1

(E > 1MeV) in the presence of 4 bar helium had no effect on the trans-

port of cesium. In the temperature range 800 - 1000'C D decreased with

increasing helium pressure (40 bar and 100 bar), whereas b was indepen-

dent of pressure. The resulting effective diffusion coefficients at 40

bar helium were lower than those for vacuum conditions but they were
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still within the 95% confidence bounds of the data measured in vacuum.

An interpretation of the transport parameters based on the absolute

rate theory [4] and an interpretation of the distribution of cesium

within the graphitic matrix based on equilibrium thermodynamics [5]
were given in two other papers. The pressure dependence of D and p

will be discussed elsewhere.

Para- Pre-exp. ±AlogDo Q[kcal/mol] ±AQ Conditions
meter factor cC

800-1150 0C
High vacuum

D[-2 4.510 0.22 19.3 1.3 p = 5"10-3 Torr
sec- (CO, H2 , CO2, CH4 )

p[sec- ] 2.7 0.62 21.2 3.6 4 bar helium,
neutron irradiation
environment

2
D[-•m 10.3 0.63 40.6 3.4 800-10000C

p[sec- 1 2.2.103 0.41 37.5 3.2 40 bar helium

Table: Cs transport in as-received matrix A3-3. D = D exp(-Q/RT).
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THE DETERMINATION OF DIFFUSION COEFFICIENTS OF CESIUM AND SILVER BY

THE RELEASE METHOD IN AS-RECEIVED, OXIDIZED AND NEUTRON IRRADIATED

GRAPHITIC MATRIX

E. Hoinkis

Hahn-Meitner-Institut, Glienicker Str.100, D-1000 Berlin 39

1. Introduction

Cesium diffusion profiles measured by the thin layer method in graphitic

fuel matrix [1,2] and in nuclear graphites [18-20] frequently did not con-

form to classical diffusion. The cause could be that the cesium in graphitic

materials is immobilized for a period of time in trapping sites and for a

shorter period in diffusion sites. The existence of surface sites of differ-

ing binding energies was demonstrated by studying the kinetics of desorp-

tion by the TPD-method [3]. These experiments were done under non-equili-

brium conditions. Two modes of transport with regard to Cs-transport in the

bulk, namely non-equilibrium and equilibrium between the mobile and the

trapped fractions of Cs are possible. The mode of transport depends on

the exchange-rate of Cs between the different sites which is influenced

by temperature and by material properties such as grain size, type of bin-

der coke and heat treatment during production. Deviations from Fick's law

were apparently often found, because the most feasible combination of an-

nealing times and temperatures for the profile method were such that Cs-

transport in many materials was in the non-equilibrium mode.

The transitory trapping of diffusant can be accounted for [4] by the coef-

ficients for capture p [sec- ] and re-emission b [sec- 1]. When calculating

release rates for HTR -cores, a single parameter, the effective diffusion

coefficient Deff is needed [5-7]. Deff under equilibrium conditions is de-

fined as

Deff = D/[1 + (p/b)] (1)

where D is the diffusion coefficient corresponding to migration between

diffusion sites. Approximate values of the effective diffusion coefficient

can be determined from Cs-release experiments. The relationship between

this observed diffusion coefficient, D'ff' and the parameters D, p and b

were derived by Gaus [4,8]. D' must be determined from fractional re-
eff

lease data for large times [8].
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Contrary to cesium the kinetics of silver release from specimens with ini-
tial uniform concentration and the distribution of the silver remaining in

the specimen was found to be governed by the classical diffusion equation.

Therefore, it was not necessary to apply the diffusion-trapping model to

the Ag-transport in matrix materials.

2. Materials

Data of bulk density, accessible and inaccessible pore volume, pore size

distribution and BET surface area of unmodified and oxidized graphitic

matrix materials are given in Robens' [9], Krautwasser's and Eatherly's [10]

papers as well as in [1]. Delle [111 reported on the influence of fast neu-

tron irradiation and corrosion on the porosity and the effect of annealing

on irradiation induced changes of thermal conductivity and electrical re-

sistivity in matrix materials. Rind and Schulze [12,13] described the fa-

brication of the matrix. The material is almost isotropic with regard to

the physical properties [12,13]. The final heat treatment temperature du-

ring production was 18000C and 1950'C for matrix A3-3 and A3-27,respectively.

For the release experiments cylindrical specimens were taken from the sur-

face near region of fuel-free matrix spheres (diameter = 6 cm) supplied by

HOBEG*. Graphite dust was removed by ultrasonic cleaning in acetone for a

few seconds. Typical specimen values of diameter and height were 0.6 cm and

0.4 cm, respectively. All specimens, except the samples taken from an AVR**

fuel element, were degassed at 1500'C at pressures < 10"7 Torr for several

hours. Specimens treated in this way are termed "as-received". Some speci-

mens were heat treated two hours at 2200'C in a graphite crucible in high

vacuum.

The materials investigated were matrix A3-27 as received, and matrix A3-3

- as received

- oxidized in CO2 at 850 0C to degrees of corrosion ranging from 0.2 to 2.3w%

- irradiated at 950 0 C to a neutron fluence of 5"10 2 1 cm- 2 EDN and annealed

at 1500°C for 15 hours in order to remove y-emitting activation products

(mainly Co-60).

- taken from an irradiated AVR fuel element after discharge from the reactor

(no heat treatment).

* Hochtemperaturreaktor-Brennelement Gmbh, Hanau

** Helium cooled 15 MWth pebble-bed-reactor in JUlich
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3. Methods

Doping of the specimens

About 1 pl of carrier free aqueous solutions of 110mAgN0 3 or 137Cs2C03 were

applied to each specimen. The latter were dried in air at 1100C and then
loaded into a cylindrical glassy carbon* container which in turn was placed

in a tantalum tube. This was mounted in a vacuum chamber, heated to 2000C and
after several hours closed by a glassy carbon plug and a niobium seal in
high vacuum. The glassy carbon liner prevented the contamination of the spe-
cimens by volatile tantalum oxides. Some of the tantalum capsules were eva-
cuated and then closed by electron beam welding. Up to 20 specimens were
piled in the glassy carbon container during loading. Natural flake graphite

(grade FP 79/1) and graphitized petroleum coke powder (grade KRB 79/2), the
components from which matrix A3-3 was made**, were contained in matrix A3-3

capsules. These graphites do not include any binder coke. For comparison,
compacted pellets (bulk density = 2.1 g/cm3) of the above mentioned natural

flake graphite powder and compacted pellets (bulk density = 1.8 g/cm3 ) made
from ground matrix A3-3, grain size fraction 20-40 pm, were used. Powders

and pellets were degassed at 15001C. The specimens were annealed either for
periods of time between 20 and 96 hours at 1000 0C or for 3 hours at 1500°C.
The Cs-concentration in the specimens, in the order of stacking, may be

taken from fig.4-6.

Release measurements

A method was developed for studying the kinetics of fission product metal

release from the specimens into vacuum in the temperature range 800-16500C.
The initial concentration of diffusant was measured and the specimen was
placed on a cooled copper target above a tantalum crucible. The release ex-

periment started when after attainment of high vacuum (<10-7 Torr) the speci-
men was made to fall into the preheated crucible. The metals desorbed from

the specimen surface reached, through a cooled screen, cooled copper targets
and condensed there. These targets were changed automatically at preselected

times by a pneumatic feedthrough. The release rate was proportional to the

countrate per target. The temperature was held constant to within ± 50C and
was measured through a window by a calibrated disappearing filament micro-

pyrometer. After its removal from the apparatus the activity remaining
in the specimen was measured. The distribution of the activity in different

specimens was also determined before and after some release experiments.

* Glassy carbon tubes and plugs (Sigradur G) were fabricated by Sigri Elektro-

graphit GmbH, D 8901 Meitingen

** These materials were supplied by HOBEG, D-6450 Hanau 11
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The fission product metal concentration in the samples taken from the AVR-

fuel element were extremely low, e.g. < 3"10-9 g/gC. The activities of

Cs-134, Cs-137 and Ag-110m were measured by y-spectrometry. For AVR-samples

D' eff were estimated from one F-value only, assuming a simple diffusion

process, F was in the order of 50%.

4. Evaluation of data

The fraction released, F(t), was obtained from the activity of the specimen

at the beginning and end of the experiment and the activity collected on the

copper targets. D'ff was determined from the slope of the linear part of the
2ef2 2graph a2(F) versus time (a2 = Deff t/r 2 and r = radius, H = height of the

specimen). Values of a 2 (F) were taken from tables [14] where a 2 (F) is given

for classical diffusion, initial uniform distribution and vanishing concen-

tration at the surface for cylindrical samples with certain values of the

ratio 2 r / H.

Release kinetics of silver

Plots of c2 (F) versus time for Ag-release from as received, oxidized and ir-

radiated graphitic matrix types A3-3 and A3-27 were linear in most of the ex-

periments up to F = 95% in the temperature range studied (fig.1). Only minor

deviations from linearity of the plots a2(F) versus time at the beginning of

some release experiments were found. The concentration profile of Ag remain-

ing in the sample after the release of a part of the Ag initially present,

was measured in 3 specimens and could also be described by the appropriate

solution of the classical diffusion equation. A detailed evaluation of the

Ag release experiments will be published elsewhere.

Release kinetics of cesium

Plots of A2 (F) versus time were linear at high temperatures indicating within

the error limits simple diffusion kinetics. However, at temperatures less

than 13000C the cesium release rate at the beginning was lower than expected

for classical diffusion (fig.2). In the experiment at 10320C the deviation
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from linearity and the resulting shift of a2(F) corresponds to the shift of

kn R(t) shown for the same experiment in fig.1 of reference [8].

90
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(X 2(F

I
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0

'0 5 t [102 min] 10

Fig. 1: Silver release from matrix A3-3

a
2 (F) versus time at 905 'C for

two specimens (d/H = 2 ; H = 0.3 cm).

Fig. 2: Cesium release from matrix A3-3

a2(F) versus time for two tempe-

ratures (d/H = 2 ; H = 0.3 cm).

Gaus [4,8] explained deviations from classical diffusion kinetics by the

trapping effect and by a non-zero surface concentration of diffusant, i.e.

evaporation coefficient h < -. The latter effect was only also considered

by Leyers [15]. The cesium release data were evaluated using the method out-

lined in [8]. The emission coefficient b was determined from kn R(t) for

F(t) Ž 80%. D and p for matrix A3-3 only were derived by non-linear least

squares fitting of diffusion profiles obtained by the thin layer technique

[2] in the temperature range 800-11600 C. The computer program was based on

Gaus' solution [4] of the diffusion equation with account of trapping and re-

emission. From eq.(3) and (4a) in ref. [8] follows

Deff = D'eff (1 + b - a1 (2)

Values of the effective diffusion coefficient were obtained by setting for
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large times and h ÷> according to eq.(25) in ref. [41

cD • D • 2b/(b+p+D%2 ) where 2 = (i/H )2 + (2.405/r) 2 (3) (4)

(5)Deff D'eff I + F-_P-

The ratio Deff/D'eff was computed in the temperature range of interest ac-

cording to eq.(5) for cesium release from cylindrical samples using the tem-

perature dependence of D, p and b given in [2,8]. Fig.3 displays the results.

The ratio 2r/H of most specimens was 2 or 1.5 for H = 0.15 cm, but for some

specimens this ratio was 4. One notes that D'eff ' Deff for large specimens

and high temperatures.

Deff-
D.'f f

Fig. 3:

The ratio of the effective diffusion
coefficient to the diffusion coeffi-
cient observed in release experiments
as function of sample size and tem-
perature for Cs-release from cylin-
drical matrix A3-3 samples.

1800

Finally, the ratio c/(c+m), the fraction of cesium on diffusion sites in ther-

mal equilibrium has been computed as a function of temperature. From eq.(1)

to (3) in Gaus' paper [8] follows c/(c+m) = 1/(1+(p/b)) = Deff/D.

5. Results

5.1 Cs- and Ag-concentration in matrix materials after doping

Figs.4-6 display the results:
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Cesium and silver (loading temperature 1000 0C)
- CCs and CAg were in as-received matrix A3-3 much higher than the corres-

ponding concentrations in the graphitic components of the matrix.
- CCs was in irradiated matrix A3-3 slightly lower than in as-received

material. CAg was in irradiated material 19 to 40 times higher.

- C Cs and CAg were not significantly dependent on the degree of oxidation

for burn-offs • 3 w%, according to doping experiments not shown here.
- CCs was in as-received matrix A3-3 about 10 times higher than in as-re-

ceived A3-27. CAg was in matrix A3-27 slightly higher.
- CCs was in the annealed (2200 0C) matrix A3-3 by a factor of 0.1 lower

than in as-received material, whereas CAg only decreased to a slight degree.

Cesium (loading temperature 1500 0C)
- CCs was in as-received matrix A3-3 two times higher than in as-received

A3-27.

- CCs was in annealed matrix A3-3 by a factor of 0.42 lower than in as-

received material.

The Cs-concentration in the binder coke was obtained from the known composi-

tion of matrix A3-3 [12] and from the data given in fig.4 with 1.5 pg Cs/gC.

Thus, the Cs-concentration in the binder coke was a factor of 230 higher

than in the graphitic components of the matrix. 96% of the total cesium pre-

sent in matrix A3-3 was adsorbed in the binder coke at I0000 C with a Cs-

concentration of 0.16 pg Cs/gC. Hilpert [21] reported that strontium also

was predominantly bonded to the binder coke. Table 1 shows CCS in matrix

A3-3 and the sorption ratio's.

Materials Binder coke CORR. A3-3 HTT A3-3 A3-27 IRR. A3-3
NG + EG A3-3 A3-3 A3-3 A3-3

Temperature l000°C

Cs-concentration
[PgCs/gC] 0.16 0.16 0.9 0.5 0.5
in A3-3

Sorption ratio 230 1 0.1 0.1 0.9

Temperature 1500 0C

Cs-concentration
[PgCs/gC] - - 0.11 0.11 -
in A3-3

Sorption ratio - 0.53 0.42

Table 1: Cs-sorption ratios for matrix materials loaded at 1000 0c and 1500-C.
(NG: natural graphite, EG: electrographite, COR: corroded,
HTT: high temperature treatment, IRR: irradiated)
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5.2 Diffusion coefficients

The diffusion coefficients for Ag and Cs are shown in figs.7 and 8. Pre-expo-

nential factors and activation energies Q are listed in table 2. Only D'eff

is given for Cs-diffusion in matrix A3-27, because D and p were not deter-

mined by the profile method.

Material Metal Diffusion Do ±Alg Do Q ±AQ Diffusion
coefficient coefficient

2 at 1000°C
[cm /sec] [kcal/mol] [cm2 /sec]

Matrix A3-3 8
as-received Cs Deff 1.99 0.181 43.33 1.16 7.2 10
irradiated

Matrix A3-27 Cs D'eff 1.76 0.155 50.78 1.08 3.3 • 10-9
as-received

Matrix A3-3 Ag 0 6.80-105 0.541 62.45 3.20 1.3 10-5

as-received

Matrix A3-27 Ag D 1.32.104 0.605 58.89 3.76 1.0 • 10-6
as-received

Matrix A3-3 Ag D 1.61"104 0.518 61.65 3.11 4.2 •10-7

irradiated

Pyrographite
parallel to Ag 9.28.103 64.3 2.6 8.4 10-8
the basal
plane [17]

Table 2: Comparison of pre-exponential factors D activation energies Q and diffusion
coefficients at 1000°C for Cs- and Ag-dyffusion in graphitic materials
(D = D 00 exp[-Q/RT]). Loading temperature was 1000'C.

The results shown in table 1 and in figs.7-8 may be summarized as follows:

Cesium
- Fast neutron irradiation of matrix A3-3 did not Tead to a significant

change of Deff in comparison to as-received material.

- D'eff was in matrix A3-27 lower than in A3-3.

- Deff increased with oxidation in matrix A3-3 [1].

Silver

- Fast neutron irradiation of matrix A3-3 caused a decrease of D by a

factor of 0.03 at 1000 0 C.

- D in matrix A3-27 was lower than in matrix A3-3.

- D increased with oxidation of matrix A3,3.

- The activation energy of diffusion in different graphitic materials

agreed within experimental error.
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(o not included in the fit. P: determined from
the diffusion profile of the Ag remaining in the
specimen after a part of the Ag present initially
was released)8

104/T [K-11.
10
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6. Discussion

6.1 Cesium-sorption and porosity

100 The fraction of cesium bonded to

- -the graphitic components of ma-
c

m+c trix A3-3 in equilibrium at
0 10000C was obtained from the

10-1 Cs-concentration in: natural gra-

phite, graphitized petroleum coke

and binder coke. The point in

fig.7 represents this value. More

10• than 95% of the cesium were sorbed

in the binder coke at 10000C. This

result alone does not prove the

/ existence of traps which were po-

10o3  stulated in order to describe de-

viations from the classical dif-

fusion kinetics. However, also

shown in fig.7 is the fraction

100 ' , ,of cesium on diffusion sites in
600 1000 1500 0C

thermal equilibrium c/(c+m) =

1/(1 + (p/b)). The p- and b-data
Fig.9: The fraction of cesium on
diffusion sites in matrix A3-3 were determined from diffusion
in thermal equilibrium. The con- profiles and from the release ki-
tinous line denotes the tempera-
ture range covered experimental- netics [2,8] using the appropri-
ly by the thin-layer method.The
value 0 was obtained from the ate solutions of the modified
data shown in fig. 4.

diffusion equation, where trapping

and re-emission was taken into
account. The agreement of the data from diffusion kinetics and the doping

experiment at 1000 0C supports the assumption that the adsorption sites in

the binder coke are identical with the traps postulated in the diffusion-

trapping model. This assumption will be used in the following sections.

The results of pore size measurements may be summarized as follows:
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- The concentration of micropores with diameters = Inm decreased [10], but
the concentration of mesopores in the diameter size range 2 5 d < 15 nm

increased [9] by oxidation to 0.11 w%. The sorptive Cs-capacity remained

unchanged.

- Further oxidation led to a pronounced increase [9,10] in the concentration
of pores in the range of 2 < d < 20 nm. The Cs-sorptivity did not change

for burn-offs up to 2 w%.

- Heat treatment (22000C, 2 hours) led to an increase in the concentration

[40] of pores in the range of 1 : d 5 5 nm and a decrease in pores in the
range of 5 ý d 5 20 nm. The Cs-sorptivity decreased by a factor 0.1.

- The concentration of pores in the range 1 < d < 20 nm increased with

fast neutron irradiation [40]. The Cs-sorptivity decreased by a factor 0.8.

- The concentration of pores in the range 1 < d < 20 nm was by a factor

1.1 higher in matrix A3-27 than in A3-3 [10]. Matrix A3-27 adsorbed less

cesium than matrix A3-3.

- The size distribution of pores ranging from 0.4 - 4 pm as measured by
mercury porosimetry [10] remained almost unchanged for burn-offs up to

0.54 w%, whereas the Cs-diffusion behaviour [1,2] changed from a diffu-
sion-trapping process to a classical diffusion process at a burn-off of

only 0.29%.

There is no correlation between the changes in the concentration of pores

> 1 nm due to oxidation, annealing and irradiation on the one side and the

Cs-sorptivities on the other side. One must conclude that pores with dia-

meters > 1 nm cannot be cesium traps.

Pores in the lower micropore region cannot be measured by small angle

X-ray scattering and nitrogen sorption at low temperatures because the

lower limit of pore sizes of both methods is about 1nm.

However, there is no reason to assume that pores with diameters smaller

than 1nm do not exist in the binder coke of graphitic matrix materials

and in other nuclear graphites. In activated carbons pore-widths, in the
region 0.6-0.8 nm, were determined from molecular sieve experiments using

gas molecules of different size [47].
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6.2 The state of cesium in porous graphites

The electron work function of graphitic matrix materials has not been mea-

sured but its value is very likely between 5.1 eV for non-graphitized car-

bon [43] and 4.6 - 4.7 eV for polycrystalline graphites [44,45]. Cesium

atoms are at low surface coverages ionized by graphite because of the low

first ionization potential of Cs (3.89 eV). Silver is adsorbed as an atom

because its first ionization potential (7.57 eV) is much higher than the

electron work function of graphite. Cs+ cannot diffuse between graphite

layers because its diameter (0.338 nm) is larger than the spacing between

the graphite layers (0.335 nm). The solubility of cesium and silver in gra-

phite seems to be severely limited.

The approximate range of bonding energies of an individual isolated Cs+

in graphitic materials is given on the one side by the electrostatic image

energy e 2/4r ' 49 kcal/mol for Cs+ adsorbed on a perfect basal plane, and

on the other side by the potential energy of Cs + midway between the basal

planes and the corresponding images above and below the positive ion. The

graphite layer plane spacing in cesium-graphite compounds [42] is 0.6 nm.

Assuming the two conducting planes to be separated from each other by the

diameter of Cs+,Salzano and Aronson [46] calculated a bonding energy of

56 kcal/mol. The bonding energy of Cs+ adsorbed in slit-shaped, parallel-

walled micropores of 0.6 nm diameter should also be about 56 kcal/mol.

If one assumes that such small pores exist in graphitic matrix and other

nuclear graphites and that Cs + was mainly adsorbed in those pores, the

heat of adsorption of cesium on graphites at very low surface coverages

should then be about 56 + 18 = 74 kcal/mol. This value agrees almost with
heats of adsorption measured in the Henry'an region [19] and is within the

range of desorption energies obtained by the TPD-method [3]. Thus the energy

considerations are compatible with the assumption that the trapping sites

for CS are slit-like pores of < I nm diameter.

The observed [10] decrease of the concentration of the smallest micropores

(d = 1 nm) with low burn-off (0.11 w%) and the concurrent change of Cs-

diffusion behaviour from a diffusion-trapping process to classical diffu-

sion may be interpreted as meaning that traps are destroyed by an enlarge-
ment of the existing fine pores at the beginning of oxidation. A shift

towards larger micropores with increasing burn-off was also measured on

activated carbons [47].
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Molecular sieve experiments could probably be applied to assess the lower

micropore region in graphitic matrix. Cs+-traps could also be irregularly

shaped cavities possessing a relatively high negative charge density. In

this case, it is doubtful whether neutral gas molecules usually used in

molecular sieve experiments would be an appropriate probe to detect traps

for cesium ions. Cs+ may well be the only probe to detect Cs+-traps.

Holian [421 calculated an increase of the adsorption energy from 120 kcal/mol

for the perfect surface to about 200 kcal/mol for a 6 atom defect in a basal

plane. This increase was mainly caused by the decrease of the distance be-

tween the positive ion and the image plane. Both values are much higher

than any experimentally obtained sorption energy of cesium on graphite or

metals and should therefore be regarded as an estimate, showing that the

interaction energy of Cs+ with one basal plane surface is highest in cer-

tain imperfections in the basal plane.

Considering the differences in the sorption and diffusion behaviour of sil-

ver and cesium one must conclude that Cs + and Ag are adsorbed on different

sites in the binder coke. Thus trapping sites are highly specific as al-

ready assumed by Wolfe et al. [171.

The reason for the difference in the Cs-sorptive capacities of matrix A3-3

versus A3-27 should be the difference in binder polymerization technique

and heat treatment during production [12,13], since the graphitic compo-

nents are the same in both materials.

It is difficult to estimate the influence of very low concentrations of me-

tallic impurities and of hydrogen traces on the sorption of Cs+ and Ag. De-

pending on the final heat treatment temperature during production and type

of binder coke, graphitic matrix materials contain [28] less than 60 ppm

ash, mainly consisting of carbide forming metals like Fe, Cr, Co, V, Al,

and some Si and chlorine. The electron work function should be independent

of such low impurity contents [441; however, the observed preferential oxi-

dation of the binder coke may be due to the higher impurity content of the

binder material [28].
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Fbrthmann [27] proposed that Cs diffusion in graphite and matrix is con-

trolled by the formation and decomposition of Cs-graphite compounds. How-

ever, the loading experiments show that Cs-graphite intercalation compounds

do not-exist under the conditions of our experiment and in HTR's. This was

to be expected, since the Cs-concentration range was far below that of in-

tercalation compounds. Moreover, the Cs-partial pressure in the container

during doping may be estimated from literature data [18,19,22] to

< 10-5 Torr at 1000 0C. This was much lower than the threshold Cs-pressure

at 1000'C below which no reaction between Cs and graphite will occur. This

threshold pressure is about 3 Torr according to an expression derived from

thermodynamic data of Cs-graphite intercalates by Salzano and Aronson

[24,42]. This equation was later verified experimentally by Merz and

Scharf [25]. Thus, there is no reason to assume that cesium traps were

Cs-graphite compounds.

The main points in the preceding section may be summarized as follows:

Most of the Cs+-trapping sites are in the binder coke. They consist pre-

sumably of either slitlike milcropores ! 1 nm or cavities possessing a

relatively high negative charge density. The Cs+-traps present in as-

received matrix A3-3 were destroyed by oxidation to about 4 w%. A certain

fraction of Cs+-traps also disappears due to annealing at 22000C and irra-

diation with fast neutrons at 9500C. Ag was bonded at other adsorption

sites than Cs+. Traps in general are highly specific adsorption sites.

We will now proceed to discuss the sorption ratios listed in table 1. Data

given in the reviews of Zumwalt [22], Myers and Bell [18] and in ref.[19]

as well as recent data of Zumwalt and Kazi [23] suggest that for

CCs 1 pgCs/g C and T 1 1000%C for graphitic materials

PCs = KHenry CCs"

Thus, one can assume the sorption ratios shown in table 1 to be independent

of Cs-concentration.
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6.3 An interpretation of measured cesium-sorption ratios

The activation energy of desorption as measured by the TPD-technique at

coverages t 10-3 monolayers was independent of a slight oxidation by an

oxygen plasma or heat treatment (2200'C) of the matrix A3-3 surface [1,3].

Evans, Davis and Sutton [19] argued that the only distinguishing feature

of high BET-surface area cokes and low BET-surface area nuclear graphites

seems to be their different effective surface areas, with respect to cesium.

They arrived at this conclusion by plotting adsorption isotherms as Cs-gas

density versus Cs-surface density on the basis of BET-surface areas. In

the Henryan region the sorption energies for the coke and the two nuclear

graphites were all about 67 kcal/mol.

Therefore, it seems reasonable to assume that by oxidation or heat treat-

ment or irradiation only the number of Cs+-adsorption sites is altered but

not the binding energy. Two kinds of adsorption sites, i.e. diffusion sites(1)

and traps (2), are assumed in both as-received and either oxidized, heat-

treated or irradiated matrix A3-3. The parameters referring to the latter

are denoted by a prime. Following the treatment of the adsorption equilibrium

by Kryer [26] the chemical potentials are given by

1= kT(tn 1 -_ 9,n z1) + (Pg-9 E) (6)

p= kT(knNý- -n z) + (6g-n)

N1, N2 and nI, n2 denote the total number of sites and the number of Cs ad-

sorbed, respectively. At the temperatures of interest the value of the vib-

rational partition functions z is in the order of 1. cg - CI is the energy

difference between the gaseous and the adsorbed species. For low concentrations

i.e. N1 >> n1 ... Ný >> ný , follows then:

nl/nj = N1 /Ni and n2 /ný = N2/N• (7)

The sorption ratio is here defined as:

CL in matrix A3-3_ C + q (8)

C Cs in as-received matrix A3-3 C1 + C2

From (7): C C N m M NC M• = C1*N2 N-2 M9
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C1  N' N1  Nj N2

-r Mr M. Mr W (10)

1 + (C1 /C 2 )

M and M' denote the totalmass of the specimens of as-received and either

oxidized, heat treated or irradiated matrix in the container during loading.N /M is the concentration [g- ] of diffusion sites and C1 the concentration

([g Cs/g] of cesium on diffusion sites.

Cs-sorption on oxidized graphitic matrix

The sorptive Cs-capacity of matrix A3-3 was independent of burn-off up to

about 2 w%. This was unexpected because generally the gas sorptivity of

cokes and graphites increases due to slight oxidation. Even degrees of oxi-

dation as low as 0.3 w% caused a marked change in the Cs-diffusion beha-

viour: the profiles measured by the thin layer technique then conformed to

classical diffusion (1,2]. Obviously a certain fraction of the traps was

destroyed by oxidation. Deff approaches D only for burn-offs a 4 w% [1]. For

a lower burn-off (1.2 w%, f'g.4) we can approximately only set

Ni / M << N2 / M (11)

The ratio of Cs-concentrations in the graphitic components and the binder

coke of as-received matrix A3-3 is CI/C 2 = 0.044 and 1 ' 1, according to

fig.4. From eq.(10,11) follows

Nj / M' ._ 24" N1 / M (12)
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C1  N' N1  N/ N2

T2 (0)
1 + (C1/C2 )

M and M' denote the total mass of the specimens of as-received and either

oxidized, heat treated or irradiated matrix in the container during loading.

N1/M is the concentration [g 1] of diffusion sites and C1 the concentration

[pg Cs/g] of cesium on diffusion sites.

Cs-sorption on oxidized graphitic matrix

The sorptive Cs-capacity of matrix A3-3 was independent of burn-off up to

about 2 w%. This was unexpected because generally the gas sorptivity of

cokes and graphites increases due to slight oxidation. Even degrees of oxi-

dation as low as 0.3 w% caused a marked change in the Cs-diffusion beha-

viour: the profiles measured by the thin layer technique then conformed to

classical diffusion [1,2]. Obviously a certain fraction of the traps was

destroyed by oxidation. Deff approaches D only for burn-offs Z 4 w% [1]. For

a lower burn-off (1.2 w%, fig.4) we can approximately only set

Ný / M' << N2 / M (11)

The ratio of Cs-concentrations in the graphitic components and the binder

coke of as-received matrix A3-3 is C1/C 2 = 0.044 and c 2I 1, according to

fig.4. From eq.(10,11) follows

N• / M' •' 24 •N / M (12)

According to eq.(12) the concentration of diffusion sites in matrix A3-3

increased by oxidation to 1.2 w% by a factor of 24. Thus the destruction

of traps by oxidation was offset by a concurrent appearence of diffusion

sites. Because the BET-surface area also increased about 20 times for a
I w% burn-off, one may conclude that the concentration of diffusion sites

is proportional to the specific surface area.
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Cs-sorption on annealed graphitic matrix

The BET-surface area did not change significantly when annealing the matrix

A3-3 at 2200 0 C. We assume the concentration of diffusion sites to be pro-

portional to the specific BET-surface area and thus we set

X1 / M' = X1 / M

With C1 /C 2 = 0.81 at 1500 0 C (from fig.7), @ = 0.53 (table 1) and using

eq.(10) we get

X/ M' = 0.15• X2 / M (13)

The concentration of traps decreased by a factor of 0.15 due to annealing.

Considering that the highest heat treatment temperature during the pro-

duction of matrix A3-3 was 18000C only, the observed decrease of Cs-sorp-

tivity is most probably due to property changes of the binder coke.

Cesium-sorption on irradiated graphitic matrix

Fig.5 shows a small but significant decrease of the sorptive Cs-capacity

of irradiated and subsequently at 15000C annealed matrix A3-3. The irradia-

tion behaviour of nuclear graphites at elevated temperatures has been re-

viewed in a number of articles [29-32]. Changes of linear dimensions of po-

lycrystalline graphites by irradiation with high energy neutrons at high

temperatures may be explained by several effects. The volume of the gra-

phite crystallites increases because the ratio of c-axis expansion to a-axis

shrinkage is ; 2 even at temperatures Ž 1000 0 C. However, the bulk shrinks

initially because some of the c-axis expansion is accomodated by micro-

porosity which is preferentially oriented parallel to the basal planes

and also because the radiation-induced graphitization of the binder coke

[33-36] produces a densification of the bulk. The turnaround of the change

in linear dimensions is reached when the oriented microporosity becomes

filled. The bulk begins to swell. Further growth of the crystallites causes

fracture and the accompanying generation of porosity. High temperature di-

mensional changes dre difficult to anneal out and have been termed [371

non-annealable or cumulative in contrast to transient property changes re-

sulting from irradiation below about 300 0 C.
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The irradiated samples investigated here were beyond the point of shrinkage

reversal [38,39]. Bulk and liquid immersion density, open porosity and BET-

surface area increased in comparison to as-received matrix A3-3. Conversely,

the closed porosity decreased [40]. The observed decrease of Cs-sorptivity

was probably caused by irradiation-induced graphitization of the binder coke.

However, the irradiation behaviour of nuclear graphites is far too complex

for a simple explanation of an irradiation-induced change in metal sorptivi-

ty. Although the bulk density of the irradiated material remained unchanged,

the question arises whether the 15-hour heat treatment at 15001C caused any

significant changes of properties relevant to the sorption ratio or Cs-dif-

fusion. Delle [11] reported that no dimensional changes of matrix A3-3 irra-

diated at T : 4550C could be achieved even after annealing of 2000'C for

24 hours. The electrical resistivity R of a specimen irradiated at 870'C to

2.6 • 102 1cm- 2 EDN decreased only slightly after annealing at 1380'C for

12 hours, but R decreased by a factor of 0.6 after 12 hours at 16809C. How-

ever, R was then still higher by a factor of 1.4 than before irradiation.

Property changes of our irradiated specimens due to annealing cannot be

excluded, but we believe that these are smaller than the cumulative proper-

ty changes of the specimens during irradiation.

6.4 Cesium-diffusion in graphitic matrix materials

Mean values of desorption energies from the basal plane of pyrographite and

from a matrix A3-3 surface were measured as 37 and estimated as 81 kcal/mol

[1,3]. The activation energies of diffusion and re-emission from the

traps were 19.3 and 46.2 kcal/mol, respectively [1,8]. Diffusion and re-

emission from the traps occurs only over barriers Y 0.5 of that for desorp-

tion, as would be expected. Gaus [41] concluded that the adsorption sites

on a matrix A3-3 surface are identical with the traps. The measured activa-

tion energies are compatible with the assumption that D corresponds to a

diffusion process along the basal planes of the graphite crystallites, where

the diffusion sites are presumably two dimensional defects as opposed to

three dimensional trapping sites in the binder coke. The activation energies

for diffusion and desorption allows one to decide whether it is justified

to neglect vapour phase transport of Cs in comparison to transport by sur-

face diffusion.
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The mean time T before desorption in the gas phase and the mean time of so-

journ Ts between surface hops are given by

T = T* exp(Q/RT) and Ts = sT 0 exp(Qs/RT) (14)

Assuming To sTo:

T/Ts = exp[l(Q-Qs)/RT] (15)

Surface migration is dominating transport in the gas phase [49,50],if

Ta2 / sd2 > 6)

where a = distance of diffusion sites and d = pore diameter. Setting

Q = 37 kcal/mol and Qs 19 kcal/mol, condition (16) is valid for pore dia-

meters • 10 nm (the most frequent pore diameter is 2.5 nm [9]) and a = 0.5 nm

in the temperature range of interest. Already in 1961 Reidinger, Milstead and

Zumwalt [221 found that Cs-permeability was much greater than the helium per-

meability of the graphite. The transport of Cs by surface migration was much

faster than He gas diffusion.

A detailed discussion of the results obtained in diffusion experiments will be

published elsewhere. Only a few points of interest with regard to Cs- and Ag-

transport in HTR's should be mentioned here.

A fast neutron fluence of 5-.1021 n/cm2 EDN at 950 0C and subsequent anneal-

ing at 1500 0C had no effect on Cs transport in matrix A3-3. However, DAg de-

creased due to irradiation by a factor of 0.03 and the sorptive Ag capacity

increased. Deff,Cs measured in samples taken from an irradiated AVR fuel

element after its discharge from the reactor were higher than the other va-

lues (fig.7). However, the samples could, of course, not be characterized

before and after irradiation and therefore it is not known whether the fuel-

free zone of the fuel element was oxidized during its stay in the AVR; here-

by corrosion of the matrix would have increased Deff'Cs* On the other hand,

DAg determined for the same AVR-samples in the same experiment agreed with

DAg measured in the irradiated matrix A3-3 specimens. However, this agree-

ment might be accidental, because there is obviously a marked effect of

fast neutron irradiation on DAg and we do not know the fluence experienced

by the AVR-samples. Taking into account that the diffusion coefficients of
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Cs and Ag in the AVR-samples were estimated from one F-value only, it seems

to be reasonable to conclude that the results obtained from AVR-samples are

not in contradiction with the results obtained by evaluating the release

kinetics from specimens which were initially irradiated under controlled

conditions, then annealed at 1500'C and doped at 1000 0C.

Both Ag and Cs+ diffuse in matrix A3-27 slower than in A3-3. The effect of

irradiation on the transport of metallic fission products in matrix A3-27

has not been investigated.

There are only a few other data on Cs-diffusion in matrix A3-3. Fdrthmann's

[27] effective diffusion coefficient obtained from the break-through time

at 1000 0C agrees with the data reported here. Leyers [15] samples were

oxidized during doping and release. In the often quoted work of Pummery [51],

Faircloth and Hooper [52] diffusion coefficients were obtained from profiles

by assuming a "slow" and a "fast" uncoupled diffusion process. Therefore

agreement or disagreement of Dfast or D slow with the data reported here

might be accidental. According to Stbver [5] most of the profiles measured

in test fuel elements after their irradiation could be best represented by

assuming a temperature dependence of Deff which yields values in reasonable

agreement with Deff reported here. Diffusion coefficients of Ag in graphitic

matrix materials measured by Fbrthmann [27] agreed reasonably well with our

data considering the differences in sample preparation employed.
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CESIUM RELEASE OUT OF GRAPHITIC MATRIX A3 IN FLOWING HELIUM

H.J. Leyers

Kernforschungsanlage JUlich GmbH, P.B. 1913, D-5170 JUlich 1

Abstract

We have studied the release of cesium from a spherical sample made out of

graphitic matrix A3 in flowing helium. We found that for normal HTR-condi-

tions 1. the transport of cesium in the sphere could be described by ordi-

nary Fick-diffusion-mechanism and 2. the release of cesium is determined

correctly by introducing a release-coefficient a, which could be related

to material constants of the sample (diffusion coefficient D, Henry-con-

stant K and evaporation coefficient a v ) and to variables determined by

the flow conditions (mass flow coefficient $ and velocity of the stream v).

1. Introduction

In spite of the known fact that the transport mechanisms of fission pro-

ducts in graphitic materials and their release kinetics are very complex

because of the complicated structure of graphite, we assume for our in-

vestigations that the sample could be homogenised, meaning that Fick-

Diffusion is valid and the release of cesium is determined by the equa-

tion:

- 1 c(R,t) 
-

3r
(1/aR) • c(R,t) for a sphere.

(c = cesium-concentration,

coefficient, R = radius of

2. Theoretical background

With the cited assumptions

the release-coefficient as

r = local coordinate, t = time, a = release-

the sphere).

made and using simple gas-kinetics we get for

shown in reference [1] the following expression:
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a = (kTD/RK3) (1+(ý/av.,max)) • (1+Glv,gi) (1)

(k = Boltzmannconstant, T = temperature, ýmax = constant from gas kinetics,

G = constant determined by flow conditions, other symbols as cited above).

For pure convection G is equal to the quotient ý over v. Furthermore it

follows from the proposed model that the time dependance of a cesium-re-

lease-curve allows us to determine the unknown coefficients D and a sepa-

rately, if 2 conditions are fulfilled, namely 1. the initial concentration

of cesium in the sphere (c ) must be constant and 2. the release-curve

must not be linear in time.

It is shown in reference [1] that for the considered case the fractional

release FR must obey the following equation:

F(a =67..Pn "c°SPn -sinp n (1-exp(-p 2)
FR(T,c•) =6-2 3 -" (1-x( ~))

n=1 Pn (c°Sn - a'NnSin n)

with eigenvalues:

tg Pn = n.in/(Ct-1) (Pn> 0 ) (2)

hereby is introduced the dimensionless time parameter T= D.t/R2 and by

definition:
t

FR {-D. [c(Rt)]dS I dt/ CodV,

0 S V

(S = surface, V = volume).

3. Experimental procedure

In order to verify the theoretical predictions mentioned by experiment we

used a special test facility adjusted to conditions corresponding to the

normal operation of HTR-reactors. That means we could measure by gamma-

spectroscopy the release of radioactive Cs-134 from a sphere which was

1 cm in diameter and made out of matrix A3 (standard) in an atmosphere
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of flowing helium with an average velocity in the range between 23-110 cm/
sec at a pressure of 1 bar and in a constant temperature field, which tem-
perature was adjustable up to 1200 0C, (see also figure 1). A typical re-

Fig. 1: Scheme of test-facility.

lease-curve as we measured is given in figure 2, the temperature and the
flow conditions (partly)are hereby kept constant in time. By definition
the fractional release FR is related to the activity of the sphere A, which

IC
60 _____ _____

50 1796 kev- G~eINE~ I____ ___

FR

~0_ DFTECOR _

_____ ______ (vN0 =23cnISECl] ýo3~NSC 
t 7___

0ý 20DO 9000 10000 1 min I

Fig. 2: Measured cesium-release curve.
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is easy to measure with a collimated gammadetector, in a simple manner,

namely: FR(t) = 1-(At/Ao0 ), with Ao = initial activity before the release.

4. Sample Preparation

Our samples were mechanically prepared from moderator full-elements of

matrix A3 (standard) as received by the manufactor NUKEM. We measured for

this material an open porosity of 10,85% and a density of 1.735g/cm3 at
the beginning (Delle, KFA). Our samples were doped with Cs-133 by means

of a solution of Cs NO3 and then dried by infrared lamp-heating and in

flowing helium at a temperature of 350 0C. After that the samples were

closed in an evacuated molybdenum-container and annealed at a temperature

of 1400 0C. Next the samples were reloaded in a SiO2 -capsule and irradiated

in the FRJ1-reactor at a moderate temperature (< 800C). After the given

procedure all our samples had a Cs-concentration of about 3 * 101 8 cm-3

and a Cs-134 activity of about 6 p C. As a critical remark to this para-

graph we do not exclude that the sample could be corroded to a certain

small degree during the preparation and during the release-experiments.

5. Results

We found that all our measured cesium-release curves could be interpreted

well with the proposed model, (see figures 3 and 4). The material constants

we found are summarized in table 1 and they seem to be in reasonable and

sufficient agreement with values from the literature [2-41. We say only

sufficient agreement, because we must leave open the question, whether the

values compared are really related to the same material, see point 4.

Diffusion coefficient Do (cm2 "sec-1] QD [J mole- 1]

DCs =.Do.exp(-QD/RT) 2,01 198000

Henry-constant Ko [erg] QK
Kcs = Ko.exp(-QK/RT) 1,57.10-14 153200

Evaporation coefficient > 0,01

Table 1: Constants for cesium-transport in matrix A3 in the
temperature range 900-1100'C (R = 8,31473/mole K)
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Our method of measuring a release curve is very sensitive to small changes

in the experimental parameters, so we think, there were sometimes indica-

tions that the samples we investigated had some inhomogenity, which causes

effects concerning the release of cesium, but generally speaking these ef-

fects are of secondary importance. They were always small in any case.

Q0o~12

01:

T theor.

0.008o - Fig. 3: Determination of the coeffi-
cients D and a. (Run No. 4). Condition

0._06 for a: straight line through the origin,
determination of D by the slope of the

o-1 curve.
0.004

0-002--0

0 0.01 To Q 005

....... .. ......... .. 0 0

_-- - -....- 0.05

%] .--- 0.10 Oa

s0-o -.. 20

70-- - - - - - 0.35FR-i
Fig. 4: Fractional Release, comparison
between theory and experiment. Measur-
ed values: o run 2, x run 4.
(T = D.t/R2 )

6. References

[I] H.J. Leyers
JUl-1703 (1981) 46 p.

[2] H. Gaus, W. Hensel, E. Hoinkis, D. Stritzke
HMI-B 315 (1979) 364 p.

[31 E.W. Hooper, R.L. Faircloth
AERE-G960 (1977)

14] F. Pummery
DW 4 (1974)



108

INFLUENCE OF METALLIC TRAPS ON THE DIFFUSION OF

SILVER AND CAESIUM IN GRAPHITIC MATRIX

R. Fbrthmann

Kernforschungsanlage JUlich GmbH, P.B. 1913, D-5170 JUlich

1. Introduction

The diffusion of metallic fission products in graphite and matrix has been

described by a trap model [1,2] where diffusion proceeds along defects,

i.e. grain and subgrainboundaries. The model proposes the existence of

traps at certain boundaries of grains. The activation energy is believed

to correspond to the energy necessary to remove the diffusing species from

such traps. If this model is correct the diffusion coefficients of silver

should possibly be reduced by using additional traps consisting of small

droplets of metals which dissolve the silver thus reducing its vapour

pressure.

2. Experimental

The experimental method [3] is based upon the annealing of matrix spheres

containing a silver source in the centre. Matrix powder (A3-3 from HOBEG)

was mixed with small amounts of germanium, tin or gold (table 1). The sil-

ver source consisted of a 3,4 mm sphere made of 30 mg matrix A3-3powder

and 25 pg colloidal silver with some Ag-110m for gamma-spectrometric mea-

surement. The matrix shell was pressed on the silver source.

Metal additive Concentration

None

Germanium 5 mg Ge/g C

Tin 9 mg Sn/g C

Gold 14 mg Au/g C

Table 1: Composition
of matrix A3-3 sphe-
rical samples for dif-
fusion measurements.
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The dimensions of the matrix spheres are given in fig. 1. The spheres were

coked for 2 hours at 780% and then annealed at temperatures ranging from

822-1200 0 C in flowing argon.

The fractional release of silver
0,655 cm

from the spheres was determined
by the gamma-spectrometric mea-

I cm surement of the Ag-110m inventory

silver source •Ibefore and after each annealing

•I I period. The silver diffusion coef-

ficients were obtained either

__ _from the break-through time
1,65 cm

Fig. 1: Matrix sphere with to = r 2/6D
silver source

with to = break-through time, r = thickness of the shell, D = diffusion

coefficient, or by mathematical adjustment of the measured fractional re-

lease curves after the break-through time (t > t ).

3. Results

The first measurements were made using a caesium source with some radio-

active Cs-134 and matrix A3-3 without any metallic additives. From the

break-through times obtained between 275 and 368 hours, an average diffu-

sion coefficient of caesium in matrix A3-3 at 1000+30 0C of D = 6,3 x 10- 8

cm2 s-1 resulted which is in satisfactory agreement with the Cs transport

data given in the literature (fig. 2). The results of the silver diffu-

sion measurements are summarized in the following Arrhenius plot (fig. 3).

Metallic additives reduce the silver diffusion coefficient by more than

one order of magnitude, in the case of gold additives even by two orders

of magnitude. The slope of all curves is nearly equal and gives an average

activation enthalpy of AHA = 270+15 kJ mole- 1 . This means that the mecha-

nism of silver transport remains unchanged by the additional metallic traps.

The effect of heat treatment on the matrix was investigated using a matrix

sphere with uranium dicarbide instead of the silver source in the centre.

This sphere was coked for 2 hours at 780'C and then annealed for 3 hours
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at 1950'C. The silver source was obtained by cold irradiation for one day,

which resulted in the formation of the direct fission product Ag-111. The

irradiated matrix sphere was then annealed at 9251C, and the released Ag-111

activity was collected on a cooling finger. The Ag-111 was measured by

gamma-spectroraetry after chemical separation of the iodine-131 activity.

From this experiment a break-through time of 50 hours was obtained cor-

responding to a silver diffusion coefficient of D = 3,6 x 10-7 cm2s -.

This value is lower than the D = 8,5 x 10-7 cm2 s-1, measured in coked

graphite matrix, but the difference due to annealing is only a factor

of 2,4 and not even one order of magnitude.

Unlike the transport behaviour of silver, the caesium diffusion in matrix

was found to be independent of metallic additives. Table 2 gives the mea-

sured break-through times and diffusion coefficients of Cs-134 in matrix

with and without metallic additives, showing no significant differences.

Additive Break-through time Diffusion coefficient

to [hours) D Cs [cm2s -11

325 6.1 x 10-8

5 mg Ge/g C 272 7.3 x 10-8

9 mg Sn/g C 353 5.6 x 10-8

Table 2: Effective diffusion coefficients of Cs-134 in matrix
A3-3 at 1000+30'C with and without metallic additives

A possible explanation may be found by considering the activation ent-

halpies of various different processes which are summarized in table 3.

The activation enthalpies of silver diffusion in matrix and graphite

and the evaporation enthalpy of silver are equal. Therefore it can be

concluded that silver diffusion is controlled by evaporation and con-

densation processes in the traps.
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Process Activation enthalpy Reference

AHA[kJ mole- ]

Diffusion of silver in
matrix A3 270+15 this work

Diffusion of silver in
matrix A3 261+13 Hoinkis [8]

Diffusion of silver in
graphite 269+11 Wolfe et al. [I]

Evaporation of silver 276 Kubaschewski
et al. [61

Diffusion of caesium 169 Hensel et al. [5]
in matrix A3 Gaus et al. [2]

Evaporation of caesium 77 Kubaschewski
et al. [61

Thermal decomposition
of Cs-graphite com-
pounds 159 Merz and Scharf [71

Table 3: Comparison of activation enthalpies

In the case of caesium the activation enthalpy of diffusion is much higher

than the enthalpy of evaporation, but rather similar to the heat of ther-

mal decomposition of the Cs-graphite compounds (Cx Cs with x > 8) measured

by Merz and Scharf [7]. Caesium is trapped in graphite and matrix by form-

ing CxCs compounds which have much lower vapour pressures than Cs metal.

Consequently these lower Cs pressures of Cx Cs are not influenced by the

metallic additives.
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4. Summary and conclusions

Diffusion measurements of silver and caesium in graphite and matrix

provided the following results:

- The diffusion of silver in graphite and matrix is controlled by

evaporation/condensation processes in the traps.

- Metallic additives have no influence on the silver transport

mechanism, but reduce the diffusion coefficient of silver by reducing

its vapour pressure.

- The diffusion of caesium in graphite and matrix is not controlled

by the evaporation of Cs metal but by the thermal decomposition

of caesium-graphite compounds.

- The caesium partial pressure of the caesium-graphite compounds

is not influenced by the additives, therefore no Anfluence of the

additives on the caesium diffusion coefficients in matrix can be

observed.
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REVIEW OF SORPTION OF METALLIC FISSION

PRODUCTS ON POLYCRYSTALLINE GRAPHITE

L.R. Zumwalt

North Carolina State University, Department of Nuclear Engineering

P.O. Box 5636, Raleigh, N.C. 27650, U.S.A.

1. Introduction

From the earliest observation of the remarkably strong sorption of cesium

and other metallic fission products by carbon materials at high temperatu-

res, it was clear that this phenomenon was quite important in determining

the release of metallic fission products from high temperature reactors

(HTR or HTGR). This paper comprises a review of the studies in this field

best known to the author and covers the period from 1961 to the present.

The review is done with some nostalgia in remembrance of the exciting years

of the development of helium gas-cooled, high temperature reactors. The

sorption studies were carried out both for practical value and for their

scientific interest. This work may be divided into three periods:

a. Early work (1961-67)

b. Intensive project work (1967-75)

c. Recent experiments (1975-present).

For convenience, the review is divided into these periods and although po-

lycrystalline, nuclear grade graphite is the principal sorbent of interest

some mention is made of activated carbon (charcoal) and fuel matrix as

sorbers of metallic fission products.

2. Early Work (1961-67)

In April 1961 the results of a study of the sorption of cesium in activated

charcoal by Anderson et al. [1], at General Atomic, San Diego, was released

for publication. This was the first of a series of experiments carried out

over the years where, at selected vapor pressures, the sorption of volatile,

radioisotope-tagged fission product elements was determined radiometrically.

This experiment, carried out in an L-shaped closed tube with the sorbent

sample near the end of the long horizontal portion being at a much higher
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temperature (typically for graphite studies, 8000 to 11000 C) than the
radioisotope-tagged metal vapor pressure source at the bottom end of the
inverted L-portion of the tube. Fig. 1 is a schematic drawing of a typi-
cal apparatus for this method of study which has been termed pseudo-iso-

piestic [2,3], radiometric isopiestic [4] or simply isopiestic [5]. The
first name was used due to the fact that the temperature gradient in the
apparatus tends to make the vapor pressure not quite equal at the two ends
[3]. Correction is made for this effect to a fair accuracy.

SAMOX

HES ING PYREX TO
JACKET OR METAL A RMIHE ING ETFURNACE INCONEL TUBETAPE \ \ PROTECTIVE SLEEVE

Z.! /---SAMPLE

COOLING O1IN

-~LEAD SHIELDING

- SCINTILLATION DETECTOR
\L-TAGGED METAL AND PREAMPLIFIER

RESERVOIR

•-SOURCE

HEATER

Fig. 1: Radiometric isopiestic apparatus

The first study of cesium, polycrystalline graphite isotherms by the ra-
diometric isopiestic method was published by Milstead, Reidinger and
Zumwalt in 1966 [6]. However, it is to be noted, a somewhat similar but
more complicated apparatus which provided sorption data was used by the

same authors in a 1961 study of the permeation of cesium through a graph-
ite of low helium permeability [7]. In this apparatus, shown in fig. 2,
137Cs-tagged cesium metal in an evacuated tube, as in the radiometric

isopiestic apparatus, was held at selected temperatures to give a desired
cesium vapor pressure. However, differently, the graphite specimen at the
high temperature end served as a septum connecting to second evacuating
region which was water-cooled at the far end and which contained cesium

at a low vapor pressure of about x10-4 Pa (1x10-9 atm ). The graphite
(HC-27) was nickel-brazed into a tantalum tube to form a gas-tight seal.
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Fig. 2: Combined study of Cs permeation, diffusion and sorption

The tantalum tube, as an inner sleeve, was joined to the stainless steel

tube portion of the apparatus at the glass to metal seal where the stain-

less steel tube was connected, as indicated in fig. 2. The making of the

gas-tight graphite to metal (Mo or Ta) seal was a difficult problem to

master.

I

The data taken for a run con-

sisted of the sorption of ce-

sium on the specimen and the

accumulation of cesium in the

condenser with time. Typical

data are shown in fig. 3 and

a summary of results on the

study -of Great Lakes Carbon Co.

graphite HC-27 are shown in

table 1. These are interesting

in that besides being early

sorption data show the cesium

permeability to be much greater

than the helium permeability of

the graphite. This occurs de-

spite the concept that the lar-

ger cesium atoms (or ions)

a 0 0

DAYS

Fig. 3: Cs permeation and sorption
in HC-27 graphite
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would tend to penetrate the graphite pores less readily than helium atoms.

Also the data gave the first indication of the very strong sorption of ce-

sium by polycrystalline graphite at high temperatures.

0
-d4/

Ids I

Id"I

10.0

-5dI

Fig. 4Frudihplot for sorption of

Ida8 caesium on HLM-85 graphite

.1 '0

p MOLES CESIUM/M
2

GRAPHITE

The paper by Milstead, et al. [6] comprised the first fairly extensive

study of the sorption of cesium by polycrystalline graphite carried out

at rather low partial pressures (PcS=10- 3 to 102 Pa) and high temperatur-

es (8000 to 11000C). Equilibrium concentrations, C, were in the 0.01 wt%

range, well below that of cesium-graphite intercalation compounds. Iso-

therms were of the Freundlich type where P=kFCn with n=3 to 6 depending
on temperature. Isosteric heats of sorption were determined to be 40 to

90 kcal per mole or more, depending on concentration. This Freundlich type

sorption appeared to occur at concentrations corresponding to less than a

monolayer of coverage of BET surface area by cesium atoms (taken to occu-
0 2

py about 28A per atom).

TOP BOMBARDING Equilibrium was not attained
FILMENTSw

rapidly in this experiment.
Achievement of an equilibrium

ETRY point took two or more days

after a change was made in the

cesium vapor pressure. Fig. 4

FILAMENT gives a Freundlich plot of the

equilibrium sorption data at

8000 to 1100 0C for cesium on

Great Lakes HLM-85 graphite.

Fig. 5: Tantalum Knudsen cell and furnace
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We note at concentrations higher than about 10pmole Cs/m2 BET area (for

this graphite, 1 m2 BET R 1 gram) the sorption curves turn over with the

heat of sorption tending to decrease. However, the sorption region of in-

terest is at lower concentrations where a departure from Freundlich to

Henrian (P=kHC) behavior is expected.

Freundlich sorption behavior was subsequently observed in experiments

with several metals, Ba, Sr and Rb and well as Cs in a number of nuclear

grade, polycrystalline graphites as reviewed in the following.

The early study by the radiometric isopiestic method [6] indicated that

carbon materials with a larger BET internal surface area (measured by

nitrogen or krypt6n adsorption), in general, had a relatively larger

cesium sorption capacity. The relationship between BET area and sorption

capacity varied monotonically but not proportionally and showed dependence

on the type of carbon material which ranged from porous to more dense im-

pregnated graphites to fuel matrix material and included very sorbent ac-

tivated carbons. The deviation from proportionality, perhaps, should have

been expected since cesium not only adsorbs on graphite internal surfaces

but tends to penetrate into internal regions not accessible to nitrogen or

noble gas molecules. The early work cited above (7], on the comparison of

helium and cesium diffusion through a low permeability graphite gave some

indication of this.

Reference 6 reports preliminary results of Knudsen cell vaporization stu-

dies by Lonsdale and Graves at General Atomic who used <0.075 mm HLM-85

graphite particles and radiometric measurement which agreed with the iso-

piestic data.

It was found difficult and impractical to use the isopiestic technique for

the study of barium or strontium metal sorption by graphite. Norman et al.

[8] reported, in 1966, on first use of the mass spectrometric Knudsen cell

method in a study of the sorption of barium by graphite. Norman, Zumwalt

and Staley [9] reported more fully on the use of this Knudsen cell tech-

nique in studies of the vaporization of strontium and barium from TS-688

and HLM-85 graphite. The thermodynamics of mixed metallic element adsorp-

tion on graphite was considered and Glueckauf's theoretical treatment of

binary element Freundlich adsorption [10] was extended to the case of

multi-element sorption.
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Fig. 6: Vapor pressure of barium adsorbed
on HLM-85 graphite

The mass spectrometric technique provided the first precise data on the

sorption of barium on polycrystalline graphite and made possible an ex-

ploration of the mixed sorption of strontium and barium by a nuclear grade

graphite. Fig. 5 gives a schematic diagram of the Knudsen cell and furnace

used with the mass spectrometer. In this method a graphite sample (ground

to sizes 37 to 74 pm), which has been degassed at about 2000 0 C, is impreg-

nated with the metal nitrate (i.e. Ba(N0 3 )2 , Sr(N0 3 ) 2 , etc.) solution to

the desired concentration and evaporated to dryness. A weighed portion of

the impregnated graphite is placed in a tantalum (or molybdenum) cell

(with an orifice typically 0.33 mm in diameter and 1.6 mm long). In an

inert atmosphere, the cell is closed, except for the orifice, by welding.

The cell is installed in the mass spectrometer and heated to convert the

nitrate to metal sorbed by the graphite. Next, the temperature of the cell

is increased until an appreciable effusing metal beam is observed. The

beam is monitored by ionizing a portion of it and measuring the intensity

of the subsequently mass analyzed metal ion beam. The intensity of the

metal beam is measured as a function of time and temperature.

At the end of the effusion run, the metal content of the remaining graph-

ite is determined by activation (or other) analysis. This value is compar-
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ed with the initial amount of metal present. The difference is then relat-

ed to the time integrated ion signal from the mass spectrometer according

to the Knudsen equation [9]. Thus, the vapor pressure of the sorbate in

the cell at various temperatures and sorbate concentrations is determined

with the aid of the time profile of effusing mass and knowledge of the

initial and final quantities of sorbate.

The Knudsen cell, mass spectrometric method is given in some detail be-

cause it was much used during the intensive project work period (1967-75)

reviewed in the next section. To give some actual data and an idea of the

quality of the work we give fig. 6 "Vapor pressure of barium adsorbed on

HLM-85 graphite"; fig. 7, "Concentration dependence of heat of vaporiza-

tion of barium adsorbed on HLM-85 graphite", where we note quite strong

sorption is indicated by heats of vaporization of up to 100 kcal/mole.

161

Z
2.-

163-
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Fig. 7: Concentration dependence of heat
of vaporization of barium adsorb.
ed on HLM-85 graphite
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Fig. 8: Barium and strontium pressure as a
function of concentration of metals
in TS-688 graphite. (Surface area

5.87 m2/g C, T = 1808°K)

Fig. 8 gives barium and strontium pressure as a function of concentration'

in an experiment at 1800'K in TS-688. The effect of the presence of one

metal sorbed species making the equilibrium vapor pressure of the other

sorbed species larger at a given concentration was observed qualitatively.

Behavior predicted by Glueckauf appeared to occur but the experimental

.data was not fully resolved in terms of theory and more study was indicated.

3. Intensive Project Work (1967-75)

This period (1967-75) was marked by extensive fission product metal, poly-

crystalline graphite sorption studies at the General Atomic Company at

San Diego and the U.K. Atomic Energy Research Establishment at Harwell.

Early concern was for barium, particularly for 12.8 day Ba-140 which

could provide serious gamma emitter contamination in an HTR (HTGR) helium

cooling circuit. However, diffusion studies indicated Ba-140 would diffuse

slowly enough in fuel element graphite so that it would be almost entirely

decayed before it could be released into the coolant.

The elements strontium and cesium with their long-lived isotopes Sr-90,

Cs-134 and Cs-137 were of greatest concern. The silver isotope Ag-110m

also became of concern as a coolant contaminant but, primarily, has been
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the subject of diffusion and release studies rather than of metal-graphite
sorption equilibrium experiments.

3.1 Sorption of Strontium by Polycrystalline Graphite

In the status report, "Strontium Transport Data for HTGR Systems", Myers

and Bell [11] have included a thorough summary of "project" strontium-

graphite sorption studies of the period from 1967 to 1975. Their summary

also includes data on sorption of strontium on fuel matrix material.

The sorption measurments summarized were often made by the Knudsen cell,
mass spectrometric method described above. In some cases in a variation

of the Knudsen cell method, a radioactive tracer of the sorbate effusing
from the cell was collected on a target and measured. In a few experiments
a cell was used which consisted of two interconnected compartments each

having an orifice [11]. This was used to confirm the establishment of an

equilibrium distribution of the strontium vapor in the cell with the

strontium sorbed by the graphite powder contained in the cell.

In a variation of the isopiestic method two different sorbents were equi-

librated at a fixed temperature and a common vapor pressure of the sorbate.

This was accomplished by using a container with two interconnecting com-

partments in each of which the activity of the tagged sorbate is measured.
A sorption ratio results directly from this measurement [11].

Fig. 9 gives sorption isotherms for strontium on a nuclear graphite. The

data was obtained by Faircloth and Crossley at Harwell using the Knudsen

cell target collection method [12] and at General Atomic using molybdenum

Knudsen cells in conjunction with a mass spectrometer [13]. In both expe-

riments the sorbent was ground H-327 graphite having a particle size in

the range 37 to 74 pm.

Fig. 10 gives the heat of vaporization derived from the isotherm measure-

ments at General Atomic. The smallest value for the heat of vaporization

(about 50 kcal/mole) which, presumably, corresponds approximately to mono-
layer coverage of the sorbent, is only slightly less than the value of

about 54 kcal/mole for the vaporization of strontium from SrC2 [14,15].
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Studies were made of the possible suppression of Sr vapor pressure by CO.

As of 1974 no effect of CO was demonstrated at concentrations of strontium

at lower concentrations (<ljmole Sr/g C) appropriate to reactor conditions.

In general, an increase of sorptivity of graphite for metals has been de-

monstrated with an increase of irradiation. Data resulting from measure-
ments of the sorption of Sr by TS-688 graphite are shown in fig. 11. The

isopiestic method was used in this case.

In the "project period, 1967 to 1975" extensive measurement was done on

strontium sorption by pitch coke and matrices bonded with pitch coke. This

data, in general, is beyond the scope of this review. However, fig. 12 is

given to show the difference in sorptive behavior of these materials compared

to a polycrystalline graphite (H-327). It is seen they have a substantially

greater sorption capacity for Sr than does graphite.
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3.2 Sorption of Cesium

by Polycrystalline

Graphite

,A

A

..1
0 3 & S

NEUTRON FLUENCE [10
2 1

NVT]; E > 0.18 HeV

Fig. 11: Sorption of
graphite at
Irradiation

strontium on irradiated6
1000'C, PSr = 1.2 x 10 atm.
temperature: o 1200 0C, A 9500C

Myers and Bell have given

a very thorough review of
"project period" work on

cesium sorption by nuclear

graphite and fuel rod ma-

terials in the report "Ce-

sium Transport Data for

HTGR Systems" [5]. The

various methods of mea-

surement discussed above

were used, but the Knud-

sen single cell, mass

spectrometric and the

sorption ratio isopiestic

methods were the two most

used. A thorough study

was made of the effect of

irradiation on the sorption

of cesium polycrystalline

graphite. Extensive Cs

sorption studies are also

reported by Myers and Bell

[5] for both unirradiated

and irradiated fuel rod

-matrix material. The re-

sults, however though

interesting, and of great

practical importance, are

beyond the scope of this

review. The interested

reader is referred to the

status report of Myers

and Bell [5] for this

work.

C IpMOLE/G]

Fig. 12: Isotherms for strontium on fuel-rod
matrix and graphite at 15000K
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Sorption isotherms for cesium on unirradiated H-451 graphite at four tem-

peratures, 7000, 9000, 11000 and 1300 0C as determined at General Atomic,

are given in fig. 13. Fig. 14 displays a comparison of sorption isotherms

for cesium on unirradiated graphites [5]. This is for isotherms at 900'C

and 1300'C and covers particularly the low concentration region (<Immol

Cs/kgC) where Henrian sorption (P=kHC) occurs. The curves extend to the

concentration range of 1 to 10 mmol Cs/kgC where Freundlich sorption

(P=kFCn) occurs. Data from the Harwell laboratories of the United Kingdom

and the CEA laboratories of France are included [5].

During the "project period" the Applied Chemistry Division of AERE Harwell,

Oxfordshire, U. K. carried out a systematic study of the vapor pressure

of cesium over nuclear graphite as a function of concentration and tem-

perature. As reported by Faircloth and Pummery [16], samples used in these

experiments consisted of

small disks of graphite,

approximately 0.7 cm dia-

meter and 0.2 cm thick.

The required amount of
1 3 7 CsN0 3 solution was

pipetted onto the disks

followed by drying under

a heat lamp. Subsequent

heating in a sealed tan-

talum or molybdenum con-

tainer was then carried

out to insure a uniform

distribution of cesium

throughout the disk. The

doped disk was subsequen-

tly loaded into a tungsten

Knudsen effusion cell and

the vapor pressure at a

number of temperatures

measured using the "total

collection" method.

103

102

IC

i1r1

10-6

10-4
0.2 0.5 I 2 5 10

Cimmol/kg)

Fig. 13: Sorption isotherms for cesium on unirradiated
H-451 graphite
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Fig. 14: Comparison of sorption isotherms for cesium

on unirradiated graphites

The Harwell [16] effusion studies carried out with a large orifice

(0.0357 cm diameter) showed a large decrease in measured vapor pressure,

at constant temperature, over the initial part of the run. The data of

two such runs shown in fig. 15, in which the points are numbered in the

order of measurement, clearly indicates this effect. Subsequent measure-

ments were made in six runs in which small (<0.015 cm diameter) orifices

were employed. In these runs only a fairly small fraction of the cesium

in the graphite was lost during the run and the measured vapor pressure

showed only a small decrease with time at fixed temperatures. It was be-

lieved that satisfactory vapor pressures were obtained in the case of the

small orifice measurements.

Fig. 16 shows data obtained at Harwell ("this work") for a finegrained

moulded gilsocarbon, nuclear graphite (BAR 675) compared with data for

Cs sorption by H-327 graphite powder at 1300'K obtained at General Atomic.

The Harwell data obtained using small orifices is in good agreement with

the General Atomic data in the high loading region (>5OpgCs/g graphite).



127

In the Knudsen cell experi- 'i

ments of General Atomic after o,

removal of >80% of the sorbed

cesium, as shown in fig. 16, ,2, 02

a rapid decrease in pressure 03

is observed with decreasing \? o,04
\ X&

concentration. Faircloth and

Pummery [16] interpreted the ,0° \O
078

rapid decrease in pressure X

as due to cesium coming from

less readily accessible parts XI

of the graphite structure of \ 0
\10

the graphite particles ( 37 to

74Pm in diameter) used in

General Atomic Knudsen cell. ,

They suggest, "an increasing 104/T[OK-I]

degree of diffusion control

is then encountered and the Fig. 15: Vapor pressure of caesium over

measured effusion rate begins BAR 675 graphite, x run 1, o run 2

to decrease rapidly". It appears

from this, that to obtain near equilibrium, non-diffusion-controlled data

at low cesium loadings (<30pgCs/g graphite) one must work with small orifi-

ces in Knudsen cell experiments and not reduce the in-cell metal-graphite

concentration too much (i. e., to less than 70% of the original loading).

Fig. 17 gives a summary of the results of Faircloth's and Pummery's work

on cesium adsorption isotherms for BAR 675 graphite obtained using small

orifices. The figure includes a comparison with General Atomic data at

1300°K which give substantially lower cesium equilibrium pressures in the

Henrian region.

To give a brief summary of the results of the considerable work done at

General Atomic on the effect of irradiation on cesium sorptivity of nu-

clear graphite [5], three figures are presented.

Fig. 18 shows a comparison of the Cs sorptivities for irradiated and un-

irradiated H-451 graphite. The irradiation was at 980 0 C to a fluence of
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Ci

E0

II,

If

0

0•. I i

10100

pg Cs/g GRAPHITE

Fig. 16: Data for Cs adsorption on H-327
graphite powder at 1300'K
0 Mass-spectrometer (G.A.),
a Knudsencell (G.A.)

- Data from this work

3.4x10 2 5 n/m 2 . It is to be noted

the sorption ratio increased

rapidly with decreasing Cs vapor

pressure (or sorbate concentra-

tion). The ratio reaches a con-

stant maximum value when the

Henrian regime (P=kHC) is reached.

At temperatures slightly larger

than 1100 0 C the sorption ratio

has a maximum value of approxi-

mately twelve. Data on sorpti-

vity over a large range in flu-

ence were obtained for TS-688 by

Milstead [17]. Fig. 19 gives this

data along with other data on

H-327 and H-451 graphite [5].

Finally, fig. 20 shows the va-

riation of isotherm for cesium

on irradiated H-451 graphite at

1000 0 C. The isotherms are mean

value curves based on the statis-

tical analysis of experimental

data [5]. It is to be noted that,

in general, the sorptive capacity

of polycrystalline graphite in-

creases with fluence and the

Freundlich exponent, n, also

tends to increase with irradia-

tion.

10

pg Cs/g GRAPHITE

Fig. 17: Caesium adsorption isotherms over BAR 675 graphite

EXPERIMENTAL Adsorption isotherm de-

REGION rived from this work

-x-x-x-x-x-x-x-x-x-x-x-x- Current reference data
at 130 0 'K

.. Fiper data at'1300°K
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3.3 Mixed Element Effect on

Sorption

The effect of the cosorp-

tion of two or more fission

product elements on sorption

isotherms is of obvious prac-

tical interest and early stu-

dies, mentioned above [9],

were made of the cosorption

of strontium and barium on

nuclear graphite.

In the "project period" a

non-project, academic study

was made of the isotherms of

the cesium-rubidium-graphite

system by Haire and Zumwalt

[18]. The sorption behavior

of rubidium on polycrys-

talline graphite had not

been studied because of

its relative unimportance

as a fission product ele-

ment. However, this was of

academic interest and ru-

bidium tagged with 18.7

day 8 6 Rb appeared to be an

ideal element to use with
1 3 7Cs-tagged cesium in

double-tracer, radiometric,

isopiestic sorption ex-

periments.

The determination of simple

rubidium-graphite isotherms

were carried out using a

tagged rubidium metal source

in an isopiestic apparatus

as depicted in fig. 1.

103~

102

10

~g.4 IENRIAN REGION

10". .
0 2 4- 6 8

,110261 j.mz

10.1 t 10

Fig. 20: Isotherms for sorption of cesium on
irradiated H-451 graphite at 10000C
(f = fluence, Ci = sorbate concentra-
tion on irradiated graphite, Cu =
sorbate concentration on unirradiated
graphite)
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RUBIDIUM CONCENTRATION (pmole/g)

Fig. 21: Rubidium sorption by TS-688 graphite
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The isotherms obtained for Rb sorption by TS-688 graphite are shown in

fig. 21. These isotherms when compared with Cs isotherms obtained with

the same graphite indicated weaker sorption (lower isosteric heats of ad-

sorption) for rubidium relative to cesium.

Cs 3.12XlO- 5 t.
Rb 3.18Xl0- atm

10 - 0 ~ Cs 6.32X 1 0 6aim
-6 Rb . 75X10- 10

9 CS 7.38X10" ao Rb 5.75X90 atm
b8 6.81X10 6 8

7 ' 

Rb 2.81X" 
o

7 Rb 2.4oxi0 at. 6

S3 0RUBIDIUM 3

2 CS 1-5I.UAU am 2
1Rb 8.07X10 a-7 1

0 I II I l l l l l l l lIlIl 0
0 40 80 120 160 200 240 280 320 360 400

TIME (h)

Fig. 22: 70% Rb-30% Cs sorption by TS-688
graphite (1000'C)

Fig. 22 shows a typical plot of count rate data of an experiment versus

time and demonstrates the kinetics of the binary sorption process. Each

sharp drop or rise of data represents a change in the mixed metal (Rb-Cs)

source temperature and therefore a change in Rb and Cs partial pressures.
Rubidium was found to sorb and desorb faster than cesium which is perhaps

consistent with the weaker sorptivity of the graphite for Rb compared to Cs.

Figures 23 and 24, respectively, compare predicted (by three models) and

experimental points for cesium and the rubidium component sorption in the

case of a 70% Rb-30% Cs metal vapor pressure source with TS-688 graphite

sorbent at 1000 0 C. The less strongly bound rubidium not only, as was pre-

dicted by the several models, was more sensitive to a vapor pressure in-

crease caused by the presence of the cosorbate cesium, but also showed a

greater deviation than cesium from model-predicted vapor pressures. It was

concluded that there was no completely satisfactory model for predicting

mixed sorption behavior of cesium and rubidium on graphite from single

metal component sorption data but that either the thermodynamic ("ideal

sorption solution") model or the empirical FREVAP model were useful for

approximate calculations.



132

0

w

I--

U

10-5

I0 T7

108

0 EXP 32 70%Rb-30%Cs
8 MODIFIED GLUECKAUF MODEL
0 FREVAP MODEL
OTHERMODYNAMIC MODEL

I I I ,

1091
0.I 1.0 10.0

CESIUM CONCENTRATION (pImole/g)

Fig. 23: Comparison
70% Rb-30%
10000 C for
graphite

of predicted points and
Cs experimental data at

cesium component on TS-688

'0-3I

0

105

~ 0

W

10-

Ao&

0

0
* EXP 32 70%Rb-30%Cs
CIMODIFIED GLUECKAUF MODEL
O FREVAP MODEL -

O THERMODYNAMIC MODEL

10 I.

i.01 0.1 1.0
RUBIDIUM CONCENTRATION (pmole/g)

Fig. 24: Comparison of predicted points and 70% Rb-
30% Cs experimental data at 10000 C for
rubidium component on TS-688 graphite
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4. Recent Experiments (1975-Present)

In the period from 1975 to the present studies of sorption (and desorp-

tion) behavior of metallic fission products on polycrystalline graphite

have largely shifted to the FRG from the UK and USA. However, before ci-

ting this, recent work carried out at NCSU will be briefly reviewed.

4.1 Cs-Graphite Equilibrium and Kinetic Studies of NCSU

This work resulted from a concern that despite the extensive use and con-

venience of the Knudsen cell method for cesium-graphite and other metal-

graphite sorption studies, the time periods taken in this method have, in

at least some instances, been too short to obtain true equilibrium data

points. Accordingly, it seemed desirable to do a radiometric isopiestic

study of particulate graphite (H-451) of the same kind (size range 44-

74pm) used in fairly recent Knudsen cell studies at General Atomic.

The study which followed was by Zumwalt and Kazi [19] and involved both

the kinetics and equilibrium of cesium with particulate H-451 graphite.

Fig. 25 gives data points (num-

bered in order of beeing taken)

from radiometric isopiestic runs

at 1000'C and shows a simple

straight line (Freundlich) fit.

The figure also gives two curves

which fit the data per the theo-

retical modified-exponential

isotherm. Finally, Fig. 25

gives the Knudsen cell, mass

spectrometric isotherm for

cesium-H-451 graphite based

on data from the report of

Myers and Bell [5]. The modi-

fied exponential isotherm which

is derived in the paper [19] is

closely related to early theo-

retical derivations of the ex-

ponential or Freundlich isotherms
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Fig. 25: Cesium-graphite (H-451) isotherms at
1000 0 C (particle size 44-74 pm)
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but has the feature that it gives a good approximation to Freundlich iso-

therm behavior at higher vapor pressures but at lower vapor pressures tends

to become Henrian in behavior.

In carrying out the isopiestic experiment with powdered H-451 graphite,

several sets of kinetics data were obtained in going from one equilibrium

point to the next one. In fig. 26 we have plotted the kinetic data points

and curves for going from point 2 to point 3 of the isotherm shown in fig.

25. Similarly, we have kinetic data points and curves in fig. 27 for going

from point 8 to point 9. We note that in the first case we are in the sorp-

tion mode and in the second in the desorption mode. The solid curve is of

a kinetics equation which is derived in the paper [19]. The equation is

based on the assumption that sorption site activation energy is approxi-

mately equal to the sorbate-sorbent site interaction energy. This latter

energy, in accordance with the theory for the modified-exponential iso-

therm mentioned above, is for sorption sites taken to be non-uniformly

distributed, having a number which decreases exponentially with site inter-

action energy. The number distribution becomes zero above a finite, upper

limit of site interaction energy.

TIME (DAYS)26 28 30 32 34

300

7.056(-2) Pa

280

w

Z

0U240

220

Fig. 26:
ti 200

Kinetic data and model fit-Expt. 41, run
R02-R03 at 1273 + 10K 18o
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9.456(-3) Pa
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REFERENCE TIME (MIN XO00)
The kinetics equation was 0 20 40 60 80 100 120 140

found to fit the kinetic 1.066H-) P

data well as shown in fig. 340 -

26 and 27. The fit, how- d 320 i

ever is a necessary but not •3o0

sufficient condition that D0 280the theory is correct. How-

ever, it is pleasing that U6o

the modified-exponential >240
-J

isotherm theory for equi- W22o

librium and the kinetics
200• .

behavior theory are con-

sistent. The practical con- 180 j .

74 76 78 80 82 84

clusion of the study [19] TIME (DAYS)

is that while the radio- Fig. 27: Kinetic data and model fit-Expt. 41, run

metric isopiestic method R08-R09 at 1273 + 10K

is time consuming, it is,

perhaps, the best method for obtaining equilibrium cesium-graphite sorp-

tion data in the vapor pressure range 10 to 10-4 Pa (10-4 to 10-9 atm.).

4.2 Desorption Studies of Metals at Low Graphite Surface Coverages at HMI

Use of the Temperature Programmed Desorption (TPD) technique for study

of the desorption of cesium from graphite at low surface coverages and

high temperatures characteristic of the HTR was reported in 11979 by Hoinkis

and Stritzke [20]. This method makes possible the study of metal desorp-

tion from graphite at much lower concentrations-than is possible with the

radiometric isopiestic method and at lower concentrations than where lack

of equilibrium is a problem with the Knudsen cell method.

Further studies of the desorption of cesium and silver from graphite fuel
matrix surfaces are reported by Hoinkis and Stritzke in these Proceedings.

4.3 Recent Adsorption Isotherm Studies at KFA

K. Hilpert of the Institute fUr Chemie der Kernforschungsanlage, JUlich,

FRG has made a recent determination of adsorption isotherms of strontium

on fuel matrix and graphite using a high temperature mass spectrometer

with a Knudsen cell equipped with a gas inlet. The chemical activity of
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Ag adsorbed on A3-3 matrix was also studied using the Knudsen cell appa-

ratus as well as was the conditions for desorption of Cs(g) as CsI(g) by

l(g). The effect of corrosion of fuel matrix on Sr sorption and the de-

pendence of Sr sorption on A3-3 matrix BET surface was studied by the

isopiestic method.

This work and recent results are reported in these Proceedings by Hilpert.

5. Summary and Conclusions

- Over the years from 1961 to the present quite extensive work has been

done on Sr and Cs sorption in nuclear graphites and fuel matrix. A

lesser amount of data on the sorption of other fission product metals

such as Ba, Rb and Ag by graphites has become available.

- The isopiestic method, in principle, is good for obtaining equilibrium

in Cs-graphite isotherm studies but measurement becomes much too slow

at less than 10-9 atmospheres. The Knudsen cell, mass spectrometric

method has kinetics problems below about lOpg Cs/g (0.08 mmol Cs/kg)

of graphite and at vapor pressures of about 10-8 atm. The Knudsen

cell, small orifice, total collection method has a pressure limit of

about 10-11 to 10-12 atm of cesium.

In view of these limitations, to go to lower Cs vapor pressures

which would occur in high temperature reactors (<10"12 atm) Fair-

cloth and Pummery (16] recommend an in-pile loop type of experi-

ment. Their approach to the problem of cesium diffusion and evapo-

ration in nuclear graphite is to carry out permeability measurements

in which a known source of cesium is held within a nuclear graphite

container swept by helium under measured flow conditions.

- The TPD approach of Hoinkis and Stritzke [20] which complements

equilibrium measurements by obtaining rates of desorption as

temperature is increased at very low graphite surface coverage a00
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monolayers, appears to be a good approach for approximating in-

reactor sorption conditions (ref. these Proceedings).

- Further work such as carried out by Hilpert (these Proceedings)

on the various condition and impurities which affect fission product

metal sorption by graphite should be continued.

- As an area of academic interest more work on mixed sorption is indi-

cated. However, for HTR conditions of very low concentrations of metal

fission products in graphite this is of little practical interest.

On the other hand, in certain scenarios of acccident conditions,

large fission product metal concentrations in graphite could be en-

countered and then the effects of mixed sorption would be of interest.
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DETERMINATION OF SORPTION ISOTHERMS OF Sr ON MATRIX AND GRAPHITES

- INFLUENCE OF CORROSION, BET SURFACE, IODINE AND H20

K. Hilpert

Kernforschungsanlage JUlich, Postfach 1913, D-5170 JUlich

1. Introduction

The spherical fuel elements of the pebble bed High Temperature Reactor

(HTR) are made of graphitic matrix (e.g. type A3-3 or A3-27 supplied by

HOBEG, Hanau) (11. The fuel elements and the reflector, which is made of

graphite (e.g. type ATR-2E or ASR-1RS supplied by SIGRI, Meitingen), form

the core of the HTR. In order to predict the fission product release from

the core the sorption isotherms of the most important fission products

(e.g. caesium, strontium, silver) in fuel matrix and reflector graphite

must be known. The effect of the sorption of fission products by graphi-

tic materials is important in two aspects. (a) The sorption and subsequent

evaporation from the graphitic matrix represent the last step of fission

product transport from the fuel element into the helium coolant [2].

(b) Gaseous fission products from the coolant can be bound by the fuel

matrix or reflector graphite thereby diminishing the fission product

concentration in the coolant 13]. Besides the determination of sorption

isotherms the influences of corrosion, of BET-surface, and of gaseous

iodine or water on the sorption or the evaporation is additionally of in-

terest with regard to reactor applications.

This paper describes the determination of sorption isotherms for strontium

on matrix A3-3. The influence of corrosion and BET-surface is also studied

for strontium. In addition, general considerations were made regarding the

influence of gaseous iodine or water on the evaporation of caesium, stron-

tium, silver, barium, and rubidium.

2. Experimental

2.1 Apparatus

Two methods were used for the carrying out of the experiments: (a) high

temperature mass spectrometry with a Knudsen cell equipped with a gas
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inlet and (b) isopiestic measurements. Method (a) was applied for the de-

termination of sorption isotherms and to study the influence of gaseous

iodine or water on the evaporation. The influence of BET-surface and cor-

rosion was studied with method (b).

Two Knudsen cell-mass spectrometer systems were applied for method (a).

One system is equipped with a magnetic type mass spectrometer and has been

described in ref. [4]. The cylindrical Knudsen cells of this system are

made of tungsten (inner diameter 12 mm, inner height 15 mm) and have an

effusion orifice with a diameter of 0.3 mm and a length of 2 mm. The se-

cond system used for the application of method (a) is shown in fig. 1.

It consists of a double Knudsen cell heated by high frequency and a quad-

rupole mass spectrometer (type Q 156, RIBER S.A., Rueil Malmaison, France).

The Knudsen cells (inner diameter 25 mm, inner height 45 mm) are contained

in a tantalum block. They are made from molybdenum and have effusion ori-

fices with a diamter of 1 mm and a length of 6 mm.

Faraday Channeltron Cryogenic pump
cup

Multiplier "Diaphragm

Tantalum block Knudsen cell

Window :•H.E-heating

To pumps To pumps

Water coolina -Gas inlet

Fig. 1: Knudsen cell-mass spectrometer system
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Fig. 2 shows the vacuum oven for the isopiestic method. The oven contains

a cylindrical molybdenum cell (inner diameter and height 40 mm) which can

be closed by a ground-in stopper at high temperature and high vacuum.

- _ Oven

eat shields
ell with stopper

_Heating element
,Thermocouple

To pump~s

Fig. 2: Isopiestic experiment

2.2 Samples

Samples had to be prepared for the Sr-vapour pressure measurements used

for the determination of sorption isotherms. The matrix A3-3 was ground

in order to obtain a large sample surface thereby favoring the attainment

of thermodynamic equilibrium in the Knudsen cell. A grain size of 40-80 pm

was selected for the vapour pressure measurements. The strontium was added

to the matrix powder as Sr(N0 3 )2 solution. The Sr(N0 3 )2 contained 85Sr to
permit quantitative analysis. After the powder had been dried at 373 K it

was put into an evacuated molybdenum crucible closed by electron beam weld-

ing. The powder was heated at 1323 K for 168 h in order to decompose the

Sr(N0 3 )2 and in order to distribute the strontium homogeneously in the

sample. By applying this preparation procedure matrix A3-3 with a Sr-con-

centration of 120 mmol Sr/kg carbon was obtained.

3. Results and discussions

3.1 Investigations using high temperature mass spectrometry

The sample with a Sr-concentration of 120 mmol Sr/kg carbon was put into

the Knudsen cell and the Sr-concentration was diminished by vaporising

strontium in order to secure a homogeneous distribution of the strontium

in the graphite. Subsequently the temperature was reduced and Sr-partial

pressures were determined at different temperatures. If the Hertz-Knudsen
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equation is applied (41, it follows, that the decrease in the Sr-concen-

tration in the sample during the vapour pressure measurement is smaller

than 1%. After the vapour pressure measurement the Sr-concentration cor-

responding to this measurement was determined by measuring the 8 5 Sr-acti-

vity in the sample. In addition the mass spectrometer-Knudsen cell system

was calibrated by vaporising silver. The same sample was then put again

into the Knudsen cell. The Sr-concentration of the sample was diminished

by vaporisation and Sr-partial pressures were determined for the new con-

centration, as was described before. Vapour pressure curves were obtained

in this way for different concentrations as shown in fig. 3.

T/K
1800 16002200 1400 1200 1000

r

Udi

NW-210

-4
10

10,
\ 0.024mrMoL Sr/kg x a 35

h80
. 59

.27

13

5 6 I 7K/T 8 9 10

Fig. 3: Sr-vapour pressures over matrix A3-3 with different
Sr-concentrations

The Sr-partial pr essures, PSr' at the temperatures of the Knudsen cell,

T, can be computed [4] from the Sr+-ion intensities corrected for iso-

topic distribution, ISr' with the eq. (1)

PSr = E- Ag YAg T •I
EOSr YSr Sr (1)

where aAg/aSr = 0.33 [5] and YAg/YSr = 0.91 are the ratios of the ioniza-
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tion cross sections and multiplier efficiencies of silver used for the

calibration and of strontium. The ionization cross sections are valid for

the adjusted ionization energy of 21 eV and the ratio of the multiplier

efficiencies was estimated on the assumption that the efficiency is pro-

portional to the velocity of the ions impinging on the first dynode of

the multiplier.

A few of the vapour pressure curves determined are given in fig. 3. They

are valid for concentrations between 0.024 and 80 mmol Sr/kg matrix A3-3.

Evaluation of the sorption isotherms from these data is in progress. Ent-

halpies of evaporation AH were derived [4] from the slopes of the vapour

pressure curves by using

AH = -R.dlnPsr/d(1/T) (2)

Values between 213 (80 mMol Sr/kg matrix A3-3) and 442 kJ mol- 1 (0.024 mmol

Sr/kg matrix A3-3) have been computed. They indicate a strong chemical bond

between the graphitic matrix and strontium.

In addition to the determination of Sr-partial pressures the method of

high temperature mass spectrometry was also used to study the influence

of water and iodine on the evaporation of the fission products strontium,

caesium, silver, rubidium, and barium from matrix A3-3. Water is an impor-

tant coolant impurity and iodine is a volatile fission product also pre-

sent in the coolant. For the investigations mentioned matrix A3-3 with a

concentration of 7.5 mmol per kg matrix each of strontium, caesium, sil-

ver, rubidium, and barium was put into the Knudsen cell and water or iodine

was let into the cell via the gas inlet. With water inlet a strong reaction

of the water with the graphite could be observed indicated by an increase

in the CO-partial pressure in the cell. The Sr-, Cs-, Ag-, Rb-, and Ba-

pressures remained practically constant. No gaseous fission product oxid-

es or fission product hydroxides could be observed. The results are com-

pletely different if water is replaced by iodine. In that case there was

no reaction between iodine and graphitic matrix but stable gaseous fission

product iodides were detected for caesium, silver, and strontium increas-

ing the desorption of these elements from the material.
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The conditions for an increase in the vaporisation of the important fis-

sion product caesium by the formation of CsI can be derived from the dia-

gram given in fig. 4. It was constructed by computing the-equilibrium

constant of the reaction

CsI(g) = Cs(g) + I(g)

from the enthalpy of dissociation of CsI(g) [61 and the Gibbs energy func-

tions of Cs(g) [7], I(g) [7], and CsI(g) [8]. The diagram given in fig. 4

is valid under the assumption of thermodynamic equilibrium and indicates

the ratio of the partial pressures PCsl/PCs versus the I-pressure. It fol-

lows that at 1200 K the CsI-pressure exceeds the pressure of Cs for I-pres-

sures larger than about 10- 5Pa.

1010

800KK Cs (g) Cs(g)+I(

1000K

PICs 1400K
1600K

10-' -1800K

10-10
1O-5 10-10 10-s 10.20 lO-25

__ ______ __p1 Pa

Fig. 4: CsI/Cs-partial pressure ratio versus I-partial
pressure at various temperatures

3.2 Investigations with isopdestic experiments

The Sr-partial pressures were determined by investigating graphitic matrix

of the grain size 40-80 pm. In order to find out if these pressures are

also valid for bulk material isopiestic experiments were carried out by

inserting tungsten crucibles with matrix A3-3 of different grain sizes

into the molybdenum cell, as shown in fig. 2. It could be shown that the

BET-surfaces of the samples decrease if the grain size increases. One

crucible (strontium source) contained graphitic matrix with Sr(N0 3 )2.

After the thermal decomposition of the Sr(N0 3 )2 the stopper was closed

and the molybdenum cell was heated for 36 d at 1673 K. The Sr-concentra-

tions in the various samples were then determined. It could be shown that
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the Sr-concentrations are independent of the grain size and the BET-sur-

face. The Sr-vapour pressures determined for the grain size 40-80 pm are

therefore also valid for bulk material.

A second isopiestic experiment was carried out to determine the influence

of corrosion on the sorption of strontium by matrix A3-3. Square graphitic

matrix sections (lateral length 5 mm, thickness 0.5 mm) were corroded homo-

geneously by heating the sections at 773 K in air. Various samples were

prepared in this way with different degrees of corrosion between 0.5 and

14% weight loss. The matrix fell into pieces if the weight loss caused by
corrosion was larger than 14%. The different samples were put into the

molybdenum cell of the isopiestic device and heated together with a stron-

tium source for 63 days at 1678 K. Strontium concentration measurements

revealed that the sorption of Sr decreases with increasing corrosion. At

a corrosion of 14% weight loss the sorption is diminished by 58%. The de-

crease in sorption if the corrosion increases is explained by the fact

that coked resin binder is lost during the corrosion process [9] and that

the strontium is predominantly bound by the resin binder [10].
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DESORPTION OF CESIUM AND SILVER FROM A GRAPHITIC MATRIX SURFACE

E. Hoinkis, D. Stritzke

Hahn-Meitner-Institut, Glienicker Str. 100, D-1000 Berlin 39

The technique known as Temperature Programmed Desorption (TPD) consists of

measuring the rate of desorption from a surface as its temperature is in-

creased linearly with time. TPD was used in the present investigation,

whereby the heating rate was 42.5 0C min-1 . The specimen was a matrix A3-3

disc (diameter = 2.5 cm) prepared from a fuel-free matrix sphere. The spe-

cimen was polished and then oxidized by an oxygen plasma to an extent

(% 12 pm) just sufficient to remove the graphite platelets which, after

polishing, covered parts of the specimen with their basal planes parallel

to the surface. The initial surface concentration was estimated assuming

a roughness factor of 350 [1]. Cs-137 or Ag-110m was evaporated onto the

surface by thermal decomposition of Cs2 CO3 or AgNO 3 . The surface concen-

tration of Cs or Ag was u 10-3 monolayers.

The desorption rate for first order desorption is given by

-dn/dt = v n exp(-Q/RT)

where n is the number of atoms/cm2 , t is time, v is the rate constant and

Q is the activation energy of desorption.

Fig. 1 shows the Cs-desorption spectra obtained [2]. Desorption spectra

measured in the presence of H20,CO2 ,H2 and N2 at nu I patm and in high vac-

uum agree within experimental error and Cs-desorption commences at nu 400'C.

The temperature of maximum desorption rate TM and the width of this peak

were independent of initial coverage, as would be expected if desorption

was first order. From TM the activation energy of desorption, Q can be es-

timated. Setting v at 1013 sec-1 , TM = 9001C yields Q = 81 kcal/mol. How-

ever, one first order desorption curve is too small to fit the broad peak.

It is therefore concluded that Cs was being released from sites of differ-

ing binding energies. The peak between 500 and 1200'C would correspond to a
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desorption energy spectrum between 39 and 99 kcal/mol, if desorption was

the rate determining step. However, up to 10% of the initially present Cs

was released within 2 hours at 1300%C following the linear temperature

increase. Obviously some of the Cs had diffused into the porous sample.

This causes a broadening of the desorption spectrum towards higher tempe-

ratures. Therefore values of desorption energies higher than ,, 80 kcal/mol

should be viewed with some caution.

A new type of adsorption site has probably been created by the adsorption

of 02. Cesium adsorbed on those sites desorbs at - 320'C.

The order of magnitude of equilibrium pressure of Cs over matrix A3-3 at a

coverage of 10-3 monolayers was estimated from the desorption rate to be

2 10-12 atm at 800'C.

Fig. 2 shows Ag-desorption spectra obtained on heating a polished matrix

A3-3 specimen after 5-10-3 monolayers of Ag were evaporated onto the sur-

face at 20 °C. A roughnessfactor of 90 was assumed to estimate the initial

surface concentration. Setting v at 101 3 sec- 1, TM = 580 0C yields Q a 58 kcal/mol.

One notes that the Ag-desorption spectrum is much smaller than the Cs-de-

sorption spectrum. The relation of the desorption energies estimated by the

TPD-method to data obtained from equilibrium sorption studies and to data

obtained from the study of diffusion kinetics has been discussed in two other

papers [3,4] of these proceedings.
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DETERMINATION OF DIFFUSION DATA FROM ANALYSIS OF CONCENTRATION

PROFILES IN FUEL ELEMENTS
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DIFFUSION DATA FROM FUEL ELEMENT TESTS

D. Stcver

Kernforschungsanlage JUlich GmbH, P.B. 1913, D-5170 JUlich 1

1. Introduction

Between 1977 and 1980 theoretical studies were carried out at the KFA In-

stitut fUr Reaktorentwicklung on in-pile fission product release from sphe-

rical fuel elements. In 1980, due to man power problems, the work was dis-

continued and this type of irradiation test analyses was abandoned. The aim

of this contribution is to give a summary of the results gained in the course

of the evaluation of a series of irradiation experiments between 1977 and

1980.

Firstly, the main purpose was, after having selected the tests suitable

for analysis, to evaluate the cesium and strontium diffusion data of all

the structures of the whole fuel element, especially of the coated particle

release behaviour. In this connection the verification of cesium and stron-

tium diffusion data for matrix A3 material, is only one of many aims con-

cerned with release behaviour of the whole fuel element. Consequently

cesium and strontium migration depends to a large extent on coated particle

behaviour and results for the matrix can only be obtained if the coated

particle release fraction is well defined and pronounced concentration pro-

files in the matrix, especially within the fuel free zone, can be observed.

The analysis of fission product transport in the course of an irradiation

test is made as follows:

A simulation of the irradiation history is performed with the aid of a

computer code. It takes into account all parameters, which appear to

have an influence on the in-pile transport processes. The irradiation period

is divided into appropriate time steps. The duration of these steps is chosen
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in such a way that quantities like fuel power, temperature and fast flux

can assumed to be constant. The physical model used for the description of

the transport of cesium and strontium is based on simple diffusion rate theory

A numerical solution of the diffusion equation is reached using the finite

difference method [1]. The fuel element is divided into different zones of

spherical geometry and fission product transport takes place from the inner

region towards the surface where adjacent boundary conditions are to be found.

2. Input parameters

The main input parameters needed are:

The geometry of the test assembly, irradiation data and material data.

The dimensions of the fuel particle structures, fuel loading, thick-

ness of fuel zone and fuel free zone, as well as the structure of the

surrounding capsule components must of necessity be known so that a

local network can be generated and the finite difference method applied.

The irradiation data determine the fission rate and thereby the pro-

duction of heat within the fuel element, which provides temperature

gradients along the fuel assembly. Moreover the fission rate defines the

fission product source term as the starting point for the release cal-

culations. The amount of coating failure within a time step also make the

source term dependent on fast fluence. Temperatures resulting from in-

pile measurements are taken into account, as they contribute a large extent

to the correct calculation of the temperature distribution across the

fuel element.

The material data needed have a great influence on fission product mi-

gration. The conductivity of heat and its decrease with increasing tem-

perature and fast fluence has a decisive influence on the resulting

temperature distribution. Uncertainties concerning the conductivity of heat

cause large variations in the fuel temperature calculated. As all fis-

sion product transport processes are assumed and proved to be thermally

activated this leads to enormous variations in the resulting diffusion

constants due to their non-linear dependence on temperature. Moreover,
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temperature dependent diffusion constants in the form of Arrhenius equa-

tions, which were measured repeatedly, show a large scatter due to pro-

perty variations in the different technical materials. Therefore the ex-

isting uncertainty due to temperature variations is doubled. Consequent-

ly a careful temperature analysis must accompany all fission product

transport calculations.

The main results of the calculations consist of fission product distri-

butions and fractional release values of coated particles and fuel ele-

ments. At the end of each time step and finally at the end of the whole

test the inventory of cesium and strontium for each geometrical zone

and the number of atoms released from the coated particles and fuel

element are given.

The results of the calculations are compared with post irradiation

examination data and a decision about the usefulness of the input data

can be made. In general, if an irradiation test is to be recalculated

with regard to fission product transport, diffusion data sets gained from

laboratory experiments are used as input parameters. If the comparison

between calculated fission product distributions and fractional releases

with the measured values provides reasonable agreement, then the input

data used are believed to describe the inpile transport behaviour ad-

equately. Otherwise modifications or corrections to the data sets used

are necessary. The underlying assumption here is the validity of the tem-

perature calculations. In a case of disagreement a decision to reject the

diffusion model may be considered, but this is difficult to carry out due

to the large scatter, existing among the post irradiation experiment data.

The fission product transport in matrix A3 is influenced to a large extent

by coated particle behaviour. There are three sources for cesium and

strontium:

- the amount of uranium/thorium contamination of the

fuel element structural materials,

- the diffusional release from coated particles and

- the release from particles with failed coatings.
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The level of fuel contamination of the matrix material is part of the com-

plete set of fuel element characterization data and is given as an inte-

gral number by the fuel manufacturer. In the special case of a certain

fuel element, however, these data are often not sufficient and information

about the uranium/thorium distribution along the radius of the sphere

would be advantageous, especially if the other source terms for fission

product release are of a comparable order of magnitude. It will be seen

inma few examples below that the proper interpretations of measured Cs-

profiles is impossible, probably due to anomalous distributions of fuel

material.

The diffusional release from coated particles represents a further source

term for fission product migration in the matrix graphite. The diffusion

rate from intact particles is very much time dependent and varies con-

siderably with the type of coated particle used. This is due to very

different material properties, especially of the diffusion constants

in the coating. Of course, temperature toolis of decisive importance

in determining the diffusion constants and their variations.

The release from particles with failed coatings contributes considerably

to the overall source term if irradiation induced particle failure takes

place. A proper knowledge of the time behaviour of the failure rate is

necessary if this contribution is to be properly taken into account.

Moreover, the amount of fission products escaping from the particle after

cracking, has to be known exactly. The knowledge of failure rates at

present is very limited and incomplete. Parameters other than fast fluence,

like temperature for example, may have a considerable influence. In some

cases cesium release from failed particles is the main contribution to

the overall release and uncertainties connected with failure rates di-

rectly influence the resulting release rate.

All source term contributions mentioned possess their own uncertainty

range and add up to an overall uncertainty range in the fission pro-

duct calculation results.
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Dealing solely now with matrix material we have to consider the parameters

of influence for the transport in matrix A3. These obviously are: tempera-

ture, time and fast fluence. We here assume too, that fission product trans-

port in matrix A3 is thermally induced and describable with the aid of a

simple diffusion process. Therefore the strongest influence on transport

is the temperature. As the temperature across the sphere drops most rapid-
ly within the fuel free zone, its temperature will be of most importance

for the evaluation of the diffusional breakthrough.

The importance of the time of irradiation can immediately be understood if

one remembers the fact that diffusion constant and time always appear as

the product D • t in the solution of the diffusion equations.

A neutron fast fluence changes, as has been known for a long time, and

has been discussed in parallel papers [2], [3], the structure of matrix A3.

Consequently we would expect the physical properties to change under fast

neutron fluence and, indeed, this was proved to a large extent for example,
for the conductivity of heat. Proof that the diffusion constants for Cs

and Sr also change considerably under neutron irradiation could not be

provided till now. It thus remains a factor of uncertainty in the analy-

sis of fission product migration in irradiation tests.

Eight spheres, irradiated under various conditions, were selected and ana-

lysed with regard to cesium and strontium migration.

TEST/SPHERE BURN-UP FAST FLUENCE FULL POWER DAYS MEAN TEMPERATURE

(E>0,1 rlEV) (FUEL FREE ZONE)

R2-K3/1 15% 6,2 .1021  278 590 - 930 °C

/3 16,8% 7,5 .1021 267 580 - 915 °C
/4 15,3% 6,0 .1021 267 600 - 940 °C

DR-K4/7 13,5% 6,4 .1021 742 600 - 800 °C

R2-K10/1 14,9% 3,2 .1021 106 930 °C
R2-K5/1 11,2% 7,4 .1021 439 470 - 905 °C

/2 5,8% 9,2 .1021  439 645 - 10500C
/3 6,5% 9,0 .1021 439 640 - 10500 C

Table 1: Survey data of the main irradiation conditions of the tests
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Table 1 gives a survey of the main irradiation conditions. The first

column identifies the test notation and sphere. Moreover, figures for

burn-up, fast fluence and irradiation time are listed. The last column

in the table contains the mean temperatures of the fuel free zones of the

spheres. The wide range of temperatures is due to the fact that power
generation changed with time during irradiation. These temperatures were

calculated using the measured surface temperatures, the total power of

the sphere and the corresponding conductivity of heat.

The eight examples turned out to be of a varying degree of usefulness

for the decision about the validity of diffusion data sets of matrix A3.

3. Results

3.1 Test R2-K3
Sphere 1,3 and 4 contained HTI-BISO coated particles (High Temperature

Isotropic, uraniumdioxide with two layers of pyrolitic carbon). The in-

pile diffusional release and the level of contamination turned out to

be of minor importance. The main source term was particle failure with

failure fractions between 1 and 6%.

Figure 1 shows the radial

distribution of cesium in • 1016

sphere 1 as measured and

compared with calculated

profiles with different Z 10,

data sets [4]. Data of DO CALCULATION

and Q for Cs-diffusion in K

matrix A3-3 used in the Uj0

calculation and the num- FUEL

ber of failed particles1- FUEL ZONE I ONE

are given in table 2. oJ

Curves 1,2 and 5 have COVER

been calculated with the 102 '0 10 20 2,32,5 3 7
same matrix A3-data set. RADIUS [CM]

Fig. 1: Measured [8,9] and calculated
concentration profile of Cs-137
as a function of the sphere radius.
R2-K3, sphere 1.
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Figure Curve D0 [cm2 s-I] Q [kcal mol-] Failed Fuel [mm]
Number Particles Free Zone

1 1 2,0 10-1 38 68 5
2 2,0 10-1 38 34 5
3 4,4 10- 26 68 5
4 4,4 10-3 26 34 5
5 2,0 10-1 38 68 7

2 1 20. 10- 1  38 63 5
2 2,0 10-1 38 27 5
3 4,4 10-r 26 27 5

Table 2: Data sets (D =D • exp [-Q/RT]) and number of failed particles used in
the calculations (fig. 1 and 2) for Cs-diffusion in matrix A3-3.

This corresponds to the observation that all three curves show a very si-

milar steepness in the gradient of concentration. The same behaviour with

a different data set is seen in curves 3 and 4. The difference between

curves 1 and 2 and curves 3 and 4 results from the different numbers of

failed particles. Curves 1 and 3 were calculated with 68 defective par-

ticles. Curves 2 and 4 with 34 defective ones. Curve 5 differs from I and

2 only in the thickness of the fuel free zone which was assumed to be

7 mm instead of 5 mm. The measured points within the fuel free zone are

indicated by open symbols. The curves calculated using the data set

with 38 000 cal/mol activation energy are in better agreement with the

measured values.

Fig. 2 gives a similar comparison for sphere 3 of this experiment [4].

Curves 1 and 2 use the same data set with the enhanced activation energy

and show similar concentration gradients. The smoother gradient of curve

3 is due to the lower activation energy of this data set. Taking into

account the three different types of measured data, it is not possible

to make a clear decision as to which data set is more useful.

The Seibersdorf measurements would favour the low activation energy. The

KFA measurements give better agreement with the larger one (see table 2).
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In fig. 3 measured and calculated profiles of cesium in sphere 4 of the
experiment R2-K3 are compared which contained carbide fuel [4]. A failure

fraction of 2,8% was assumed. The matrix A3-data set was the one from the

preceeding examples with the higher activation energy. The measured data

in the fuel free zone show a large scatter in the range of more than one

order of magnitude and a decision about the validity of data sets is
difficult. One reason for the enormous scatter could be, anisotropic tem-

perature distributions in relation to the equator or pole of the sphere,

due to the different sampling positions.
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Fig. 2: Measured [9,10] and calculated
concentration profile of Cs-137
as a function of the sphere radius.
R2-K3, sphere 3.

The results for strontium in sphere 3 of
cause of the low retention capability of

sional release contributes together with

overall release.

0 05 1,0 15 20 2,5 30 3ý
RADIUS [CI

Fig. 3: Measured [9,11] and calculated
concentration profile of Cs-137
as a funtion of the sphere radius.
R2-K3, sphere 4.

R2-K3 are shown in fig. 4. Be-

pyrocarbon for strontium diffu-

particle failure to the measured

The profile is flat within the fuel zone and shows a steep decrease in

concentration at the boundary to the fuel free zone. The concentration

in the fuel free zone can be explained by the level of uranium contami-
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nation in this zone causing Sr-

concentrations between 1012 and

10 13 cm- 3 approximately.

Nearly the same result is gained

for sphere 4 of this experiment

which is shown in fig. 5. The

data set used was that with an

activation energy of 64 000 cal/

mole leading to low mobility be-

low 1000 0C (see fig. 10). In

these examples the scatter of

the measured points observed is

considerable, as it was before

in the case of cesium.

3.2 Test DR-K4

The analysis of the results of

sphere 7 of the experiment DR-

K4 gave somewhat contradictory

results.

Calculated and measured data

within the fuel free zone are

shown in fig. 6. There is very

good agreement except for the

last 0.5 mm near the surface of

the sphere, where the concen-

tration increased towards the

outer surface. This observation

is contradictory to normal dif-

fusion behaviour. It could be

explained either by an anomalous

distribution of the uranium con-

tamination or by Cs- diffusion

from the outside of the sphere.

As the level of the measured Cs-

concentration can be explained

approximately, using the level

Q~)

Q1)

0)

2,0 2,32,5 3,0 3,7

RADIUS [CM]

4: Measured [9,10] and calculated
concentration profile of Sr-90-
as a function of the sphere radius.
R2-K3, sphere 3.

Fig. 5: Measured [9,12] and calculated
concentration profile of Sr-90
as a function of the sphere radius.
R2-K3, sphere 4.
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of uranium contamina-

tion the first possi-

bility is believed to

be the more probable

one.

Fig. 6: Measured [13] and
calculated concen-
tration profiles of
Cs-137 as a function
of the sphere radius
(fuel free zone). DR-
K4, sphere 7.
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Fig. 7 shows the same calculated results but compared with measured data

across the whole sphere. The Seibersdorf data [14] are higher by appro-

ximately one order of magnitude but confirm the general trend of the mea-

sured points. An increased level of contamination or an increased failure

rate would be necessary if the calculation were to fit these results. A

decision is not possible.

The results obtained for strontium are not shown here but are in better

agreement with the measured data and can be calculated with the same data

set as mentioned in the preceeding examples in R2-K3.

Qr)
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15
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0 0,5 ~0 15 20 25 3,0
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Fig. 7: Measured [13,14] and calculated concentration profiles
of Cs-137 as a function of the sphere radius. DR-K4, sphere 7.
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3.3 Test R2-K1O

The results of sphere 1 of experiment R2-K10 were unsatisfactory. Here

again a concentration profile which increased towards the outer surface

was measured, which is contrary to normal diffusion behaviour. The cesium

concentrations, measured and calculated, were low, approximately between
... 12 .. .. 13 . . ...
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3.4 Test R2-K5

The results of the three spheres of

the experiment R2-K5 were useful in

different ways because sphere 1 had

been irradiated at lower tempera-

tures than spheres 2 and 3 and all

three spheres contained different

types of particles [5]. Sphere 1,

as shown in fig. 9, contained LTI-

BISO (Low Temperature Isotropic-

Biso) particles, allowing the in-

pile diffusional release of ce-

sium.

The temperature of the fuel free

zone, however, was not high enough

to force this cesium to be trans-

ported into this zone. The broken

line represents a mean value of the

various measured data, while the

unbroken line has been calculated.

The cesium concentration

was in the order of 1013

atoms per cm3 and can be io4 Or

explained by contamina-

tion. The cesium data 10 -7

set used here was some-

what different from the

other two applied in

the preceeding examples. 9
10-9

All data sets used are

compared in fig. 10. In

fig. 10 the different 6

data sets are plotted,

in the form of Arrhe-
Fig. 10:

nius lines. In the up-

per part of the

C,,
FUE1

16_
~10

10 -MEA.'

-CAL(
Q.)

101

0 O 6~.8 1,6 2,4 32 4,0
RADIUS [CM]I-

Fig. 9: Measured (dashed line [16,171)
and calculated (unbroken line)
concentration profiles of Cs-137
in sphere I of R2-K5.
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Comparison of the various data sets used for
the calculation of cesium and strontium profiles
in matrix-A3.
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graph is indicated the region of the mean temperatures of the fuel free

zones as the latter were calculated for the different irradiation tests.

Three data sets for cesium are shown, which differ, for example, at 1000 0C

(7.85 - 10- 4 
OK-1) by nearly two orders of magnitude from 10-7 down to

10-9 cm2 /sec. The data set with the lowest activation energy exhibits the

highest numbers for the diffusion constant within the whole temperature

range of the fuel free zone. This is quoted in the figure. The Arrhenius

line with an activation energy of 38 000 cal lies in the middle between

the two extremes and, as was discussed, could be used to best represent
most of the cesium profiles measured. This data set also agrees reasonably

well with that of Hoinkis [6].

Deviations within the temperature range of interest are less than a factor

of two.

The third data set with an activation energy of 42 000 cal/mole was taken

for the modeling of the R2-K5 profiles and predicts considerably lower ce-

sium mobility in approximately the same temperature region.

In addition the strontium data set used is shown with a much greater acti-

vation energy.

4. Conclusions

The reason for the discrepancy in the applicability of various cesium data

sets is not yet known. Enhanced fast fluence may slow down the cesium mobi-

lity. Fast fluence is at least 50% higher in the case of R2-K5 compared

with other experiments. An other reason might be the different degrees of

fuel element corrosion though we have no essential reason to assume this.

It should be noted here that the Arrhenius line derived by Leyers [7] for

matrix-A3 material is closer to the lower line in the preceeding fig. 10

than to the other ones and therefore perhaps implies different properties

in the different matrix materials. Moreover the influence of the boundary

conditions, which were not varied in the calculations presented here, is

also of importance.

The main reasons, which to some extent prevent a proper theoretical analy-

sis should be pointed out: uncertainties in fuel temperature and possibly

unsymmetrical temperature distribution as well as the large scatter of

concentration data as measured by different laboratories.
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The real data sets, which describe fission product release from a matrix

with high precision, may have been defined in the course of extensive la-

boratory work. It is not, however, possible to verify them with the same

degree of precision under in-pile conditions. The order of magnitude of

the diffusion constants could be verified and is in fairly good agreement

with the laboratory data.

Some uncertainty still remains, but if relative importance is attached to

graphitic fuel matrix with regard to the overall cesium retention of the

fuel element this uncertainty is sufficiently low.
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THE DIFFUSION OF CESIUM AND STRONTIUM IN H-327 GRAPHITE

DURING THE PEACH BOTTOM FUEL TEST ELEMENT EXPERIMENTS

B.F. Myers and D.D. Jensen

General Atomic Company

and

L.R. Zumwalt

North Carolina State University

1. Introduction

During the operation of Core 2 of the Peach Bottom high-temperature gas-

cooled reactor [11, more than 30 fuel test elements (FTE) were installed

and irradiated as part of a testing program. Several of these contained

samples designed for measuring the diffusion of cesium, strontium, barium,

and europium in H-327 graphite [2,3,4].

2. Experimental

The diffusion sample configuration is shown in fig. 1. The annular well,

Fig. 1: Design of diffusion spine samples; all dimensions in mm.

which is interior to the crucible wall and exterior to the center post

graphite regions, initially contained the diffusants in matrix material.

The sample and source material were prepared under vacuum at high tempera-
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ture, assembled and protected from exposure to the atmosphere prior to

insertion in the reactor by the application of a polystyrene coating. In

the reactor, the samples were located in the center of a graphite fuel

body. The irradiation times were between 133 and 897 effective full power

days; the fast neutron fluences, between 0.34 and 2.2.1025 n/mi2 ; the tem-

peratures between 690 and 1033 0C; and the helium pressure was about 24 atm.

The source material contained isotopes of cesium, strontium, samarium, and

barium. By nuclear reactions of the first three metal, Cs-134, Sr-85, and

Eu-154 were generated; Ba-133 was initially added to the source material.

Following irradiation, radial profiles of these isotopes were determined

in the center post and crucible wall regions of the diffusion samples.

3. Methods of Analyses

The experiments were analyzed by one of three methods depending on the

diffusant and the condition of the diffusion sample. Some concentration

profiles could be best fit using the fundamental equation of diffusion

while others required the additional assumption that a portion of the

diffusant was retained in traps [2]. In the latter case, a steady-state

approximation for the mobile (non-trapped) diffusant was used. This was

reasonable for the long times of the experiments. In a third case, cesium

from nearby fuel rods in the fuel body entered the diffusion samples; in

these cases diffusion coefficients were derived from the apparent time-

integrated flux of cesium through the crucible wall into the matrix ma-

terial which acted as a sink for the diffusant [4]. The concentration

profiles were fit by a nonlinear, least squares technique [5]. The dif-

fusion sample temperatures were calculated and compared with measured

temperatures [6,71. The variation of temperature with time was taken into

account by using an effective temperature determined by averaging the

quantity6 t exp(-Q/RTi) over time; 6ti is the time interval over which

Ti was the computed temperature. The effective temperature was insensi-

tive to variations in Q/R [8,9] by a factor of 2.

4. Results

Representative profiles for cesium and strontium are shown in figs. 2a

and 2b. The fitted curve for cesium is based on the diffusion-trapping

model, that for strontium on the classical diffusion model. The short

initial decline at the boundary is attributed to cesium sorbed on the
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directly accessible surface of the machined graphite face.
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0 1.0 2.0 3.0 4.0 5.0

PENETRATION DEPTH, a-r (mm)

d)
4-.

0.
'U
5-
0)

0)

L.
C.,,

0)
'U

0

I-

I-

C)

0
C-,

Fig. 2b: Sr-85 profile in

FTE-4 MDS-18B crucible wall

PENETRATION DEPTH (IM)

The effective diffusion coefficients derived from the concentration pro-

files for each FTE experiment depend on the temperature and on the initial

diffusant concentration in the source material. The dependencies on each

of these two variables were evaluated by applying a least squares, iterat-

ive procedure until the activation energy, used to normalize the effect-
ive diffusion coefficients to a standard temperature was the same as that

found from the temperature dependence of the effective diffusion coeffi-

cients normalized to a standard source loading. The derived dependence
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of the effective diffusion coefficients for cesium on source loading at

the standard temperature 1233 K is shown in fig. 3 for experiments FTE-3,

-4, and -6; included in fig. 3 is a similar curve derived from laboratory

experiments [10].

D0-II

4-
4-
Ii• 1-12 /

3 DO EXPERIMENT

LABORATORY

10-13 FTE-3

FTE-4 LEAST SQUARES CURVES

-- EXTRAPOLATION OF CURVES

FTE- 95 CONFIDENCE BOUNDS

10-141

10 10- 4 10-3 10-2 10-1 100

MATRIX SOURCE LOADING OF Cs (mg Cs/g matrix)

Fig. 3: Dependence of effective diffusion coefficient, Deff, for Cs
on matrix source loading in laboratory and peach bottom
FTE-3, -4, and -6 experiments: T = 1233 K.

A dependence of the effective diffusion coefficient on fast neutron fluence

is indicated by comparing FTE and laboratory data at 1233 K and at a source

loading of 0.55 pg Cs/g source material, below which the dependence on

source loading is expected to become negligible. This is demonstrated in

fig. 4 where also, similar data from experiments on H-451 graphite are

shown [11]. As the dotted curves indicate, the effective diffusion coef-

ficient is inversely proportional to the fast neutron fluence both for

H-327 and H-451 graphite. On the basis of experiments with H-451 graphite,

this effect is expected to be independent of pressure, at least in the

range 0 to 24 atm [12]. The deduced dependence needs to be confirmed in

view of the uncertainties shown in fig. 4. The effective diffusion coef-

ficients of strontium are also found to decline with increasing fast

neutron fluence.

The activation energies for cesium diffusion in H-327 graphite increase

with increasing fast neutron fluence and range from 17.6 to 52.3 kcal/mol

for fast neutron fluences from 0.34 to 2.2-1025 n/m2 , respectively. The

activation energies for strontium diffusion in H-327 graphite range from
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63.8 to 87.8 kcal/mol but cannot be correlated with fast neutron fluence

possibly as a result of a paucity of data from the FTE-3 experiment.

The concentration profiles of barium and europium could be fit with the

classical diffusion model.

Deff - a81/( + a2 )

GRAPHITE SYMBOL P(atm) 81 a'2

10-o1 K-4sI • 1 4.5(-13) o.045

c1 2(-13) 0.04

H-327 0 24

C=1 95% CONFIDENCE BOUNDS

10-12

10 _ 1 3" '- - -• ..

10-14
0 2 3 .4 5 6

FAST FLUENCE,-F (1025 n/m2)

Fig. 4: Dependence of the effective diffusion coefficient for Cs
on fast neutron fluence, F, at 1233 K.
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DIFFUSION DATA FROM PEACH BOTTOM FUEL ELEMENTS

B.F. Myers

General Atomic Company, P.O. Box 81608, San Diego, Calif. 92138

1. Introduction

The Peach Bottom high-temperature, gas cooled reactor, a 115-MW(t) power

station was in operation from June 1967 through October 1974. The first

core experienced 452 effective full power days and the second core, 897.

The Peach Bottom Surveillance Program was active at ORNL from 1971 through

1977. It involved the postirradiation examination of six fuel elements

[1-6], primary circuit measurements [7], C-14 concentration determinations

[81, investigations of tritium transport and distribution [9], and analy-

ses of strontium [10] and cesium [11] transport in graphite.

2. Examination of Driver Fuel Elements

The Peach Bottom reactor contained 804 driver fuel elements each having

as major components, a topand bottom reflector assembly and a fuel-bearing

middle section composed of three spine pieces, a sleeve, all of graphite,

and 30 fuel compacts. A cross-sectional view of a fuel element is shown in

fig. 1; purge gas flowed downward through the annular gaps. The spine was

made of 711-T or 711 GSXY Speer graphite; the sleeve of HLM-85 graphite.

PURGE FLOW CHANNEL 1 PURGE FLOW CHANNEL 2

SPINE SLEEVE

Fig. 1: Cross section view of Peach Bottom fuel element
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From axial gamma scans of the fuel compacts, spines and sleeves, the

radionuclides Ru-103, Ru-106, Ce-141, Ce-144, Pa-233, and Zr-95 were

found to be distributed roughly in accordance with the neutron fluence.

By contrast, Cs-134, Cs-137, and Eu-154 underwent significant redistri-

bution at temperatures above 1300 0 C due probably to vaporization in the

higher temperature regions and transport in the purge gas flow to the

cooler regions; silver appeared to be the most mobile species but was

difficult to detect.

From radial gamma scans of the spine and sleeve, Mn-54, Co-60, Cs-134,

Cs-137, Ag-110m, Ru-106, Ce-144, and Eu-154 profiles were determined.

An example of these results is shown in fig. 2a. Noteworthy in this case

are the parallel distributions of Cs-134 and Cs-137 profiles, indicating

C-3 100 Cs-134

. . . . . . . . .20

II C-137
Q Mn-54

10. Ru- 106
FNRCo-60

F- 2
10 A20 IO

LU 1

0C) I ~------- ------

LLI

C1 02 FUEL -

:0 0 .2 .4 .6.821.0 1.2 1.4 1.6 1.8 2.0 2.2 0 .2 .4 .6 .8 1.0

FROM CENTER LINE OF SPINE FROM INSIDE OF SLEEVE

RADIAL DISTANCE [cm]

Fig. 2a: Radial distribution of gamma emitters at compact 12 of E11-07
(corrected to September 14, 1973)

transport of these species and not their xenon precursors and the consis-

tent increase in concentrations near the outside boundary of the sleeve.

The increased concentration could result from (1) exposure of the outer

sleeve surface to coolant gas impurities, (2) a greater exposed graphite

surface area at a machined face, and (3) nonuniform distribution of gra-

phite impregnant.

From radial beta measurements, the distributions of H-3, C-14, and Sr-90

were determined; an example is shown in fig. 2b.
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Fig. 2b: Radial distribution of beta-emitting radionuclides found at
compact 28 in fuel element Ell-07 (corrected to September 14,

1973)

The axial and radial distribution profiles provide data for analyzing an

actual operating reactor system. These analyses are involved and require

supporting data and models from more restricted reactor and laboratory

experiments. A first analysis has been made at General Atomic.

3. Analyses of Peach Bottom Data

Some further analyses of Peach Bottom data have been made.

The 14 C distributions (see fig. 2b) are attributed [8] to neutron reac-

tions with C-13 and N-14 uniformly present in the graphite; the surface

peaks are unexplained.

Calculated and observed radial profiles of St-90 in the graphite sleeve

and spine of fuel elements were matched [10] by adjusting source strengths

and code parameters. The fits were adequate in the spine but not in the
sleeve (see fig. 3a) where the Sr-90 profile rose near the outer sleeve

surface. The derived diffusion coefficients were compared with laboratory

experiments, as in fig. 3b. The diffusion coefficients derived from the

in-pile data lie below those from the laboratory experiments [2l indicat-

ing an effect of irradiation on strontium transport.
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Fig. 3b: Strontium effective diffusion
coefficients determined from Peach Bottom
Core 2 concentration profiles. (Compact
numbers indicated on data points.)

Cesium profiles from the sleeve and spine of fuel elements removed during
Core I operation were analyzed [11,13]. Where gaseous precursors were
clearly important, the two analyses [11,13] agreed. In other cases, the
data were analyzed [11] with a diffusion-trapping model or with a combi-

nation of gaseous precursor and cesium diffusion using the classical dif-

fusion model [13]. Examples of these analyses are presented in fig. 4a and
4b. Where Cs-134 and Cs-137 had parallel profiles, the former analysis [11]
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Fig. 4a: Spine concentration profiles that
reflect the nature of metallic cesium diffu-
sion in the adsorbed state (data from
300-EFPD fuel element)

Fig. 4b: Fiper code fit to cesium concentra-
tion profile data of Peach Bottom Core 1,
D13-05 fuel element, spine position 22
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is justified. In treating the data with a diffusion-trapping model, only

capture by, but not release from, traps was important. Thus, after 452 ef-

fective full power days of reactor operation, capture and release from

traps were apparently not in balance.
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CALCULATION OF CORE RELEASE RATES
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THE SENSITIVITY OF CORE RELEASE

CALCULATIONS TO TRANSPORT PARAMETERS

A. Christ, K. Rbllig

Hochtemperaturreaktorbau (HRB), Gottlieb-Daimler-Str. 8, D-6800 Mannheim

1. Introduction

The release rates of fission products from HTR cores are determined by

operational conditions such as temperatures and coolant mass flow as well

as by material properties, e.g. diffusion constants and adsorption iso-

therms. The effect of the latter data on the calculated core release ra-

tes for the metallic fission products Cs-137 and Ag-110 m will be dis-

cussed in this paper.

These nuclides are the most important isotopes from the point of view

of the contamination of the primary circuit under normal operating con-

ditions.

2. Calculation methods and data

The study is based on spherical fuel elements containing LEU-TRISO par-

ticles (i.e. Low Enriched Uraniumdioxide with three layers: 2 of pyroly-

tic carbon and one of silicon carbide).

The pertinent data for the fuel element layout are given in table 1:

Fuel Element Coated Particle

Loading per F.E.

Radius

Radius of fuel zone

10

30

25

gU

mm

mm

10-
5

10-5

Radius Kernel

Thickness

250 pm

Buffer 90 P1

Inner PyC 40 pI

sic 35 11

Outer PyC 35 pi

U-contamination [U/Ut o t]

in outer PyC 1 • 10-

m

m

m

m

U-contamination [U/Utot]
Fuel zone 2,7

Shell 0,3

Table 1: Fuel reference design (LEU-TRISO)
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LEU-TRISO is the reference fuel to be used in future HTR plants in Germa-

ny (steam cycle or process heat application). The release calculation is

performed by solving the time-dependent one dimensional diffusion equa-

tion in spherical geometry. Though the graphitic matrix of the fuel ele-

ments is a heterogeneous material, irradiation experiments demonstrated

that the release mechanisms can be described with sufficient accuracy by

effective diffusion coefficients and by adsorption isotherms for the con-

vective mass transfer to the coolant.

3. General remarks

The main sources for fission products in the fuel elements are as follows:

- intact coated particles (CP)

- failed coated particles

- contamination of coating and matrix material

The contributions of these sources to the whole core release vary signi-

ficantly with gas outlet temperature. At high temperatures around 9500C

(process heat application) the release is predominantly determined by

failed coated particles, fig. 1.

a, 100 0/.-

- failed coated particles

S- - -U-contamination
0
U

0
4-

o
.0 50%
4-.

0
ci

a)% 0 _ _ _ _ _ _ _
70fl 9;A R•Nl R•fl q~ QS

-Gas outlet temperature

Fig. 1: Temperature dependence of Cs-137-release contribution
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The matrix plays a minor role as retention barrier. At low gas outlet

temperatures (700IC; steam cycle plant), however, about 70% of the Cs-137

release stems from contamination and is relatively sensitive to the matrix

transport parameters.

For Ag-110 m, the core release rate at high temperatures is wholly deter-

mined by diffusion through intact particles with negligible influence of

the matrix diffusion data (fig. 2).

a)

(U

5.-

0
U

0

0

0
U

4-,

CD
a):

800 850 900

Gas outlet temperature
950

Fig. 2: Temperature dependence of Ag-110m-release contributions

At steam cycle plant temperatures, about 90% of the Ag-110 m atoms releas-

ed were produced from contamination, in particular by activation of the

natural Ag-contamination.

4. Sensitivity Analysis

The above results have been calculated using the material property data

reference. For the purpose of a sensitivity study the experimental uncer-

tainties of these data have to be assessed. Fig. 3 shows the Arrhenius

plot of the Cs-diffusion coefficient in matrix and graphite as measured by
several authors, partly for different material grades.
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Fig. 3: Cs-diffusion coefficients in matrix and graphite.
Reference data line ( - ) and least squares fit
(- - -) to 36 data in the range 800-16001C and
95% confidence bounds corresponding to the deviation
of a single estimated value of Deff according to [1,2].

Fig. 4 shows the measured diffusion constant data for silver in matrix

material and the reference line. At temperatures above 800 0 C the refer-

ence equation underestimates the experimental points.

As a straightforward procedure for assessing the sensitivity of the cal-

culated release results the input transport parameters have been increas-

ed separately by the same factor. In order to cover typical uncertainties

of the measured data a factor of two has been established for this analy-

sis. The effect of this variation on the calculated release rates for

Cs-137 is given in table 2:
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Gas outlet temperature 700 0C 8500C

R/Rref. R/Rref.

Matrix contamination 1.63 1.39

Failed CP fraction 1.37 1.43

Kernel diffusion coefficient 1.11 1.15

SiC-diffusion coefficient 1.0 1.0

Matrix diffusion coefficient 1.17 1.13

Adsorption isotherm 1.73 1.49

Table 2: Sensitivity of the calculated Cs-137 core release rates R
(R: release rate for reference input parameter x 2
Rref.: release rate for reference input parameters)

The adsorption isotherm has the greatest influence at lower and elevated

temperatures and matrix diffusion plays a minor role. The diffusion con-

stant in the silicon carbide does not effect the results at all, because

the release from intact particles is negligible for these temperatures.

The situation for Ag-110 m is different (table 3).

Gas outlet temperature 700 0 C 850°C

R/Rref. R/Rref.

Matrix contamination 1.32 1.28

Failed CP fraction 1.13 1.3

Kernel diffusion coefficient 1.05 1.18

SiC-diffusion coefficient 1.03 3.45

Matrix diffusion coefficient 1.22 1.15

Adsorption isotherm 1.16 1.18

Table 3: Sensitivity of the calculated Ag-110 m core release rates
(R: release rate for reference input parameter x 2
Rref.: release rate for reference input parameters)

The matrix diffusion exerts the highest sensitivity at low temperatures

(7000C). At elevated temperatures (8500C) diffusion through intact SiC-

layers yield the most important effect on the calculated release rate.
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Fig. 4: Ag-diffusion coefficients in matrix A3. Reference data
line (- ) and least squares fit (- - ) to 11
data in the range 900-130 0 'C according to [6].

Fig. 5 demonstrates the dependence of the release rate on the matrix dif-

fusion constant not only for increased but also for reduced values.

Q)
S.-

cli

cli

cli

cli
5-
0
5-)

cli

.4~)

ccl

cli

1.0"•

D/D(reference)

0.1 1.0 10

Fig. 5: Effect of matrix diffusion coefficient on Cs-137-Core
release for a gas outlet temperature of 700 0 C.
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When the diffusion coefficient is increased the core release becomes in-

sensitive to this parameter because the adsorption isotherm controls the

rate.

Only at values below the reference point the matrix diffusion can be re-

garded as an effective retention barrier. The new data from HMI [1,2]

(fig. 3) indicate a reduction by a factor of 4 in the case of the steam

cycle plant.

For the activated fission product Ag-110 m similar results are shown in

fig. 6. When the diffusion constant is increased by more than a factor

of 10 the release is reduced. In this case the precursor Ag-109 is re-

leased so fast that the activation rate of Ag-110 m decreases.

0 1.0
(A

S_-

U

4J)

'ci

0. 5 0,5

D/D (reference)

ft 0.1

0.1 1.0 10 100

Fig. 6: Effect of matrix diffusion coefficient on Ag-110 m-Core
release for a gas outlet temperature of 700 0 C. In compa-
rison to the reference isotherm the partial pressure of
silver over the matrix has been multiplied by a factor
of 100 independent of temperature and Ag-concentration
in the matrix.

Ag-110 m exhibits a special release mode: atoms released in the upper part

of the core are partly readsorbed from the coolant on the fuel elements in

the lower region. Thus, a zone of the core acts as an Ag-110 m sink. This

behaviour is shown in fig. 7, where the ratio of the release rate for one

fuel element to the time average value (solid line) is plotted versus the

residence time. It attains negative values after about 600 days.



185

This curve is compared with corresponding results (broken line) for the

case where there is no redeposition from the coolant. If readsorption

from the coolant is taken into account the total release is reduced by

a factor of 2.

t 2.0

W R )-l.04.105 atoms/s
(X 1.0

0-

R(tR) = 5,5.104 atoms/s
-1.0

0 100 200 300 L.00 so0 600 700 t [days]

0 -1.0 -2.0 -3.0 -4.0 -s.o Core height [m]

Fig. 7: Effect of partial pressure on the relative Ag-release rate
for one fuel element.

Broken line: Release without redeposition from the
coolant. The partial pressure of silver in the coolant
is assumed to be zero.

Solid line: Release with redeposition from the coolant.

5. Conclusions for further work

Under normal operating conditions the release rates of cesium and sil-

ver can be calculated with sufficient confidence using existing diffu-

sion and adsorption data. The transport parameter for the matrix mate-

rial of spherical elements influence the core release at relatively

low temperatures (steam cycle plant) only. For applications at higher

temperatures (process heat) further experimental work should concentrate

on the release mechanisms from broken and intact TRISO-particles.

For hypothetical accidents at temperatures between 1600 - 2000 0C know-

ledge of sorption data of matrix and graphite is essential. In this re-

gion also other fission products such as iodine, strontium and tellu-

rium will have to be considered. The interaction between fission pro-

ducts at high partial pressures and core surfaces should be the subject

of further accident analysis.
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COMPARISON OF FISSION PRODUCT RELEASE CALCULATIONS FOR PEBBLE-BED

HIGH TEMPERATURE REACTORS OF DIFFERENT FUELING

M. Helmbold+, H.J. Allelein°

+Kernforschungsanlage JUlich GmbH, P.B. 1913, D-5170 JUlich 1

°Interatom, Friedrich-Ebert-Strale, D-5060 Bergisch-Gladbach

1. Introduction

The first and till now the only High Temperature Reactor (HTR) operating

in the Federal Republic of Germany is the well known AVR*-reactor in JU-

lich. The reactor has a small pebble-bed core and an integrated steamge-

nerator. The thermal power of the AVR-reactor is 46 MW and the mean gas

outlet temperature can be varied between 8101C and 9501C. The fission pro-

duct release from the fuel elements of the AVR-reactor is low since the

start of operation in 1967 [1].

The successor of the AVR-reactor will be the THTR* with an electrical pow-

er of 300 MW. To get the THTR-fuel elements licensed a lot of research and

development-work was done, which produced the well developed (Th, high en-

riched U) fuel element with BISO*-coated particles. At that time it was

planed that after THTR-300 the next HTR-plants should have a core with a

thermal power of 3000 MW. These reactors would be fueled also with High

Enriched Uranium (HEU) fuel in the Once Through Then Out (OTTO)-cycle.

This OTTO-fueling together with the direction of the flow of coolant through

the core causes the special, very favorable power and temperature OTTO- pro-

file.

For the 3000 MW HTR-units the question of fission product release becomes

very important, specially for the HHT-type HTR* with a directly coupled

helium turbine. The contamination of this turbine must not exceed certain

limits because of inspection requirements. So the release of metallic fis-

sion products and the plate out on the blades must be known very precisely.

As a result of the specific r+d-work under HHT-requirements a new particle

type, the TRISO-coated particle, was demanded. The SiC-layer of that coa-

ting is very effective as a barrier for silver diffusion. This is shown

*See appendix for the explanation of the abbreviations used.
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in [2), where cesium, silver and strontium releases from 3000 MW HTRs for

HTI-BISO- and LTI-TRISO-particle fuel are compared. To calculate the fis-

sion product release the Slipper-code [3] was applied, using diffusion data
sets obtained by experiments [4] and temperature and neutron flux distribu-

tions in the core generated by other programs [5].

To simulate the OTTO-fueling a fuel element rests in the SLIPPER-model for

45 days at a fixed point in the core and moves then downwards to the next

point. At each point there is a fission product built up in the fuel ele-

ment and a fission product release. A fuel element in the proximity of the
core axis is exposed to temperature and flux somewhat different from a fuel
element nearby the side wall reflector. Therefore the release of up to 16

representative fuel elements is calculated. The release of the fuel ele-

ments in all zones of the core are added up, providing the total core re-
lease. The change from BISO to TRISO coating was specially important, when

it was decided, some years ago, to use only Low Enriched Uranium (LEU) fuel

in future HTRs for non proliferation reasons.

The prototype plant for an HHT-reactor with LEU-fuel was HHT-1640 (MWth).*

A detailed analysis of fission product release for this reactor has been

carried out [2] showing the influences of diffusion barriers, heavy metal

contamination, particle failure and deviations in mean temperature and mean

resident time of the fuel elements in the core. One of the important results

of fission product release calculations for HHT-1640 was that the release is

very low if the burn up of the fuel is restricted to 40 000 MW days per ton
of heavy metal. It is also possible to run the HHT-1640 in fuel cycles with

a very high burn up but then the temperature limits must be observed very
carefully, otherwise the contamination limits of the turbine will be ex-

ceeded. Now the HHT-project is finished.

For both of the other 3000 MWth HTR-projects HTR-K and PNP (Project Nu-

clear Process heat) the problem of fission product release is not so acute,

specially if TRISO-coated particle fuel is used. This result is valid for

all the metallic fission products investigated till now.

In the meantime the attitude towards the follow-up projects after THTR has
changed. There is a project called HTR-V with a core of 900 MW electrical

power fueled with LEU-fuel in the OTTO-cycle. From the technical point of
view this project can be realized. But it will not be economical and so

the final decision on HTR-V has still not been made. Compared with all the

*A list of HTR variants with pebble-bed core is given in the appendix.
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older projects HTR-V shows a reduced power. The same is true for the PNP-

reactor. The thermal power of the reference design is 500 MW. But very great

r+d-efforts are still needed to construct such a reactor with mean gas out-

let temperature of 950'C for process heat applications.

At the moment smaller units seem to be more likely. And such small HTR-

units (called MODUL as planned by INTERATOM or HTR-100 as planned by Hoch-

temperatur-Reaktor-Bau GmbH) will operate in the MEDUL-cycle with LEU-fuel.

MEDUL means that each fuel element will go more than once through the core

being analysed for burn up each time it leaves the core. Fresh fuel will be

put in the outer core, fuel with high burn up will be put in the inner zone.

If the target burn up is reached that fuel will be stored away.

The procedure for the fission product release calculations under the MEDUL-

cycle is somewhat different than under OTTO-cycle, because this time each

fuel element will pass up to 15 times through the core depending on the

burn up. At the beginning it will move for some cycles in the outer core

region and will be later shifted to the inner region. During these cycles

it will be exposed the highest neutron flux and temperatures if it just

moves along the core axis from top to bottom. To give an estimation of the

maximum possible fission product release, calculations are carried out, where

the fuel element only cycles in the inner core region near the axis. The re-

duction of thermal power to 250 MW or less makes it necessary to combine 2,

4 or more such small units. Each of these units can be designed to be in-

herently safe. This is an enormous advantage compared with big HTR- or water-

cooled-power-reactor -units. A small inherently safe unit of this type can

be placed, for example, near to cities for local district heating if public

acceptance is reached.

Inherent safety means that even with an unrestricted core heat up accident

the fuel and the core structure will remain intact and so fission product

release will be restricted to a non critical level. Under normal operating

conditions fission product release from a MODUL-reactor is low and it is

shown that this still holds even under very unlikely accident conditions.

2. Calculation of fission product core release for OTTO-fueling

As an example for an HTR-core with OTTO-fueling, the HHT-1640 reference de-

sign has been chosen. In table 1 selected data of this core are given. The

power curve of the fuel elements, as given in the figure, shows the typical

OTTO-profile. This profile and the direction of coolant flow from top to
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COOLANT: Gas inlet temperature
Max. gas outlet temp.
Pressure
Helium flow rate

FUEL: Number of fuel elements
Heavy metal
Content

Heavy metal composition
Th - 232
U - 235
U - 238

Burn up
Fast neutron dose

7
7

1.6 • 106

11.24

RDO-HEU RDO-LEU
92.46
7.02 4.70
0.52 95.30

1 105 4 104
4.23 1021 1.82 1021

Table 1: Selected data of the HHT-1640-RDO-Core.

See appendix for the explaination of the abbreviations used.

Reactor type Release of Ag-110m [Ci/a]

HTI-BISO LTI-TRISO

HHT-1640 (RDO-HEU) 340.0 0.1
(RDO-LEU40) 820.0 0.5

HTR-K 3000 2.0 0.1
HHT 3000 430.0 1.0
PNP 3000 1400.0 8.9

kW

2-

1-

0-

kW

-/ LEU-40
2\1

1 21

Table 2: Comparison of Ag-110m release for
TRISO particle fuel. See appendix
explaination of the abbreviations

BISO and
for the
used.

Figure: Power of the fuel elements in the
central region of the HHT-1640 RDC

Particle type Isotope Release Diffusion Particle failure Heavy metal cont.
[Ci/al [%] [%] 1%]

RDO-HEU Ag-110m 0.10 3.0 55.0 42.0
Cs-137 68.00 0.3 53.5 46.2

RDO-LEU40 Ag-110m 0.53 0.2 47.6 52.2
Cs-137 26.00 0.1 20.8 79.1

Table 3: Fission product release from LTI-Triso particle fuel for HHT-1640:
Portion of release due to diffusion through the particle coating,
due to particle failure and due to heavy metal contamination.



191

bottom leads to mean gas outlet temperatures below 900 0C and maximum fuel

element central temperatures above 9001C. Some important results of the

fission product release calculations using the input data as given in tables

4-5c are shown in tables 2 and 3: First, the siliconcarbon layer of the LTI-

TRISO-coating is very effective as diffusion barrier for silver. This is also

true for the big HTR's.

Secondly, under normal operating conditions sources of fission product re-

lease are heavy metal contamination and broken particles whereas the intact

particles show for cesium and silver isotopes good retention.

3. Calculations of fission product releases for MEDUL-fueling

As explained in the introduction the MEDUL-fueling is to be used in smaller

HTR units. Therefore, the calculation procedures for fission product re-

lease investigations must be altered. Although this fueling is not new (the

AVR-reactor operates in the MEDUL-cycle) the importance which the small

HTR units might acquire in the near future makes it necessary to consider

the fission product release calculation for a core under MEDUL-fueling in

detail. Here, as an example, the MODUL-HTR of 200 MWth has been chosen for

all the following considerations.

In the following, some data of MODUL are listed: the thermal reactor power

is in the range of 175 MW to 200 MW, core diameter 3 m and core height 9,4 m,

the mean power density is 3 MW/m3 , the heavy metal charge of one fuel ele-

ment is 7 g. The MODUL operation is envisaged with multiple fuel flow cycles

(MEDUL) which limits in the case of an accident, the temperature of the

fuel elements to 16000C. The limitation of the maximal fuel element tempe-

rature leads together with other demands to the given values for power

density, height, diameter, and reactor power.

If an input for the "SLIPPER"-code is made, it is necessary to have infor-

mation about temperature, burn up, flux, etc. Just as in "OTTO" calcula-

tions, it is possible to divide the fuel elements of the core into groups.

The fission product release rate is than calculated for one fuel element

which is assumed to be representative of the group. It has been assumed

that in the case of normal reactor operation one fuel element is subjected

to maximum severe duty in each of up to 15-cycles.
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This results in saving computertime and is conservative in view of the li-

censing procedure in the FRG. In order to get information about the amount

of fission product release in a core-heat-up-situation, the fuel element is

submitted to a temperature increase from 12000C to 1600 0C for 4 days, just

after reaching total burn-up. Safety analyses have been carried out on a

great number of postulated reactivity accidents, failures of the main heat

transfer system, primary and secondary pipe ruptures and on the radiological

consequences of severe accidents. In none of the accident combinations ana-

lysed a fuel temperature of 16000C has been exceeded. Above this temperature

a higher fission product release due to particle failure cannot be excluded

[8]. From core calculations the information is obtained about the number of

fuel elements which would be spread over the maximum temperature which they

would be subjected to in case of various accidents. The results obtained from

release calculations with reference to this temperature distribution of the

fuel elements make it possible to calculate the total release of the core.

In table 4 some important input data for fission product calculations are

presented.

HHT - 1640 MODUL

Particle failure 6 10-5 2 10-4
as fabricated

during irradiation 2 10-4 3 10-4

contamination in 6 10-5 3 10-5

OLTI - Pyc+
and in graphitic matrix

Transition condition adsorption partial pressure
"fuel element - gas" isothermes of the fission

product in the
coolant gas = 0

Table 4: Selected input data for fission product release calculations.
+ OLTI-Pyc: Outer Low Temperature Isotropic - Pyrocarbon

As far as particle failure and the transition condition fuel element gas

are concerned the assumed values for the MODUL calculations are extremly

conservative compared with the values which were taken as basis for HTT-
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1640 [2]. Merely for the contamination of LTI and graphitic matrix the MO-

DUL-input is lowered by a factor 2, because the values of the U-contamina-

tion can now be controlled to even such very low U-concentrations.

In tables 5a-5c the diffusion coefficients used for MODUL calculations [4,9]

are shown and compared with the values from the calculations for HHT-1640 [2].

HHT- 1640 MODUL

Material DO Q Deff,1000C D Q DeffltO00OC

(cm2/s) (cal/K'mol) (cm2/s) (cm2/s) (cal/K-mol) (cm2/s)

Kernel 4.0-10-10 18640 - 4.0.10-10 18640 -

LTI-Pyc 4.9.10-4 52630 - 4.9-10-4 52630 -

SiC 1.0.10-15 0 1 .0.10-15 1 .8.10-7 42100 1 .2.10-14

Graphitic Matrix 2.0.10-1 38050 6.5.10-8 1.0 40670 1.2-10-7

Table 5a: Diffusion coefficients D = DO exp(-Q/RT) for Cs-137

Essentially the diffusion coefficients which were accepted by all partners

of the project Hochtemperatur-Reaktor-Brennstoffkreislauf (High Temperature

Reactor Fuel Cycle) were applied to the MODUL calculations. The core re-

lease rates of HHT-1640 [2] and MODUL-type HTR's were calculated using ex-

tremely different data for the diffusion of Cs-137 and Sr-90 in SiC. In case

of [2] nearly unrestricted cesium and strontium retention by the SiC-inter-

layer was assumed. For MODUL calculations a temperature dependent diffusion

coefficient is used, which does not confirm in any way the optimistic assump-

tions of earlier years [10]. With the exception of one particle type, which

seems to be better, the cesium-diffusion coefficient in SiC has proved to

be representative of all the types tested later. The diffusion coefficient

for strontium was obtained from a fit where all - unfortunately very few -

data have been put together without any regard for the quality of the SiC

and for out-of-pile investigations. The low activation energy indicates,

that in some cases it could not be distinguished between those phenomena

being described by effective diffusion coefficients or other effects e.g.

corrosion and cracks. It can be assumed, that the strontium-retention of

the SiC-interlayer is better than described by its diffusion coefficient
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HHT - 1640 and MODUL

Material DO Q

[cm2 /s] (cal/K.mol]

Kernel 1.2.10-3 52150

LTI-Pyc 1.0,10-4 39235

SiC 2.9"10-4 57180

Graphitic matrix 1.0.10 3 54000

Table 5b: Diffusion coefficients D = D exp(-Q/RT) for Ag-llOm

in table 5c, but there is no reliable information about quality statements

up to now. In particular, the diffusion coefficient used in [2] for stron-

tium in LTI is lower by more than a factor 4 at 10000C than the diffusion

coefficient for strontium in SiC used for MODUL calculations, where no re-

tention of the LTI for strontium is assumed. In this connection the con-

servatism of the MODUL calculations is shown. Similar to the SiC for the ce-

sium and strontium diffusion coefficients in matrix we used different data

sets. However, the differences are not so great as for SiC: that is a factor

of 2 and 3 for 100000 for cesium and strontium, respectively. For the other

diffusion coefficients, that are all values for diffusion in the particle

kernel, silver diffusion in all layers and for cesium diffusion in the LTI-

PYC, the same values are used for both calculations. However the value for
the cesium kernel diffusion needs to be analysed again, because the measured

values used for the fit extend over a wide range [11].

HHT-1640 MODUL

Material D0  Q Def ,10000C D0 Q Deff, 10000C

[cm2 /s] [cal/K-moll [cm1Is] [cm2/s] [cal/K-mol] [cm2 /s]

Kernel 3.5.10-10 97850 - 3.5.10-10 97850

LTI-Pyc 2.0.10-4 57190 3.5-10- 14  1.0"10- 8  0 1.0"10-8

SiC 1.0-10- 15  0 1.0.10-15 9.8.10-12 10500 1.6-10- 1 3

Graphitic matrix 1.7-10 2 64370 1.8-10-9 2.4"103 68420 5.1-10-9

Table 5c: Diffusion coefficients D = DO exp(-Q/RT) for Sr-90
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Tables 6a and b provide the most important information characterizing the

various types withregard to fission product release calculations. The ther-

mal conductivities in table 6b were measured in the KFA [12]. In [21 values

similar to type "a" have been used, which seem more trustworthy for conserva-

tive calculations. The thermal conductivity type "a" leads to higher central

temperatures of the fuel elements.

The results of the calculations are shown in tables 7a and 7b. Under normal

operating conditions the cesium-release does not differ very much for the

variants B,C and D, but it is evidently lower for variant A (table 7a),

even though the maximum temperature of the centre in A is only 200C lower

than in the case of variant B and the mean temperature of the centre is near-

ly equal in A and D. The discrepancy between B, C and D on the one hand and

A on the other, is much more evident for the fission products silver and

strontium. There are two reasons for explaining these results: first the

200 full power days less of variant A compared with B, C and D, and second-

ly the significantly lower temperature in the outer region of the fuel ele-

ment. As it is shown the maximum of strontium-release occurs in the case of

variant C, variants D and B have nearly the same values, and variant A the

lowest one. The analysis of the results can be given as follows: strontium

release is mainly controlled by the temperature in the outer region of the

fuel element. In contrary silver release is essentially determined by the

mean temperature of the centre.

Variant A B C 0

Number of cycles 10 15 15 15

Full power days 1000 1200 1200 1200

Fuel element temperatures
surface, maximum 850 950 1000 950

center, maximum 1114 1134 1065 1060

center, mean 963 1058 1030 978

fuel free zone, max. 900 1006 1021 986

fuel free zone, mean 831 951 976 926

Thermal conductivity of Type Type Type Type
graphitic matrix a a+10% b b

Table 6a: Fuel element temperatures calculated for variants A - D using different data sets
for the thermal conductivity of graphitic matrix. Data sets type a and type b are
given in table 6b.
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Type a Type b

Time Therm. cond. Time Therm. cond.
[days] of graphitic [days] of graphitic

matrix matrix

(W/K.cm) (W/K.cm)

1 0.30 1 0.300

56 0.21 60 0.288

117 0.17 120 0.278

174 0.13 180 0.264

241 0.11 240 0.258

310 0.11 -

372 0.10 360 0.245

420 0.09 -

- 480 0.228

750 0.09 720 0.210

960 0.195

1200 0.186

Table 6b: Thermal conductivity of graphitic matrix as function of the
resi dense time of the fuel elements in the core. The data
sets were used in MODUL-calculations.

Variant Cs-137 Ag-l10m Sr-90

C 1 1 1

B 0.87 1.37 0.22

A 0.28 0.07 0.02

D 1.12 0.55 0.29

C

The diffusion coefficients of the fission products in the graphitic
matrix A3-3 were multiplied by a factor of:

10 1.75 1.92 57.88

10-1 0.31 0.97 0.14

Table 7a: Normalized release R of one MODUL-fuel element for normal
reactor operating conditions.
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Table 7b: Relative release R(16000C)/R of one MODUL-fuel element in
case of a core heat up to a temperature of 1600 0C for 100
hours. The amount released under normal operating conditions,
R, is given in table 7a.

Lowering or increasing the diffusion coefficient of the fission product me-

tals in graphitic matrix by a factor 10 does not effect the release of ce-

sium and silver, but the strontium release is very sensitive to changes of

the diffusion coefficient . If DSr in graphitic matrix is increased by a

factor of 10 strontium release becomes higher by more than a factor of 50,

lowering DSr by a factor of 10 decreases the strontium release by a factor 7.

Cesium- and silver-release increase in the case of heating up the core to

16000C for 100 hours (table 7b) by a factor of nu 4 (Cs) and 40-50 (Ag), which

does not depend very much on the variants. Strontium release increases by

115-170 times. Maximum release of all the three isotopes is calculated in

case of variant B with its highest mean temperature in the fuel centre. In-

creasing DCs, DAg and DSr in graphitic matrix by a factor of 10 effects the

release of the three nuclides only moderate. Lowering the diffusion coeffi-

cients by a factor of 10 decreases only the release of Cs and Sr by 2-5 and

2.3 times, respectively.

Summarizing the results, the values of the diffusion coefficients of Cs, Sr

and Ag in graphitic matrix do not have a great influence on the release of

those fission products in case of heating up the core to 1600 0C. However,

the graphitic fuel matrix is a very effective barrier under normal operating

conditions, especially for strontium.
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APPENDIX

1. HTR VARIANTS WITH PEBBLE BED CORE.

Type Power Type of coated Fueling Application Status
(MW) fuel particles

AVR 50 (th) All kinds of sphe- MEDUL Electrical power In operation
rical fuel developed generation since 1967
til now

THTR-300 300 (el) BISO coated (Th,U)0 2  OTTO Electrical power Will become
HEU generation critical in 1983

PNP-500 500 (th) TRISO coated U02. OTTO Process heat Reference concept
LEU generation for R+D-work

MODUL 200 (th) TRISO coated U02
LEU MEDUL Cogeneration of Under

steam and elec- evaluation
tricity

MODUL 170 (th) TRISO coated U02  MEDUL Process heat Under
LEU generation evaluation

HTR-100 100 (el) TRISO coated U02  MEDUL Cogeneration of Conceptual
LEU steam and elec- work is done

tricity

HTR-500 500 (el) TRISO coated U02  OTTO Cogeneration of Under
LEU steam and elec- evaluation

tricity

HTR-K 3000 (th) BISO coated (Th,U)0 2  OTTO Electrical power Skipped
HEU generation

HHT 3000 (th) BISO coated (Th,U)0 2  OTTO Electrical power The project has
HEU generation has finished

RDO 1640 (th) TRISO coated U02 OTTO Electrical power The project
LEU generation has finished

PNP 3000 (th) BISO coated (Th,U)02 OTTO Process heat Skipped
HEU generation

RDO: Reference design number zero of a medium size HHT.

PNP: Project Nuclear Process heat

HHT: High temperature reactor with Helium Turbine

HEU: High Enriched Uranium (fuel particles)

LEU: Low Enriched Uranium (fuel particles)

LEU-40: LEU with 40 000 MWd/t

ATIONS

BISO: Two layers pyrocarbon on fuel particles

TRISO: Two layers pyrocarbon and one layer SiC on fuel

HTI: High Temperature Isotropic (pyrocarbon)

LTI: Low Temperature Isotropic (pyrocarbon)

PYC: Pyrocarbon
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