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INTRODUCTION

The Specialists' Meeting on "Fission Product Release and Transport
in Gas-Cooled Reactors" was organized in the framework of the
International Working Group on Gas-Cooled Reactors. The meeting was
hosted by the Central Electricity Generation Board (CEGB) and took place
at the CEGB Berkeley Nuclear Laboratories from the 22-25 October 1985.
The meeting was attended by 40 participants from Austria, France, Federal
Republic of Germany, Japan, USSR, UK, USA and from the Commission of
European Communities (CEC).

The purpose of the meeting was to compare and discuss experimental
and theoretical results of fission product behaviour in gas-cooled
reactors under normal and accidental conditions and to give directions for
future developments.

The technical part of the meeting was subdivided into 3 sessions:

- Operational Experience and Laboratory Research
- Activitity Release
- Behaviour of Released Activity

During the meeting papers were presented by the participants on
behalf of their countries or organizations. Each presentation was
followed by an open discussion in the general area covered by the paper.

At the end of the meeting a round table discussion was held. The
present volume contains all papers presented at the Specialists' Meeting
and summaries of all sessions as provided by the session chairmen.

- 1 -



COMPARISON OF PREDICTED AND MEASURED FISSION PRODUCT BEHAVIOUR IN THE
FORT ST. VRAIN HTGR DURING THE FIRST THREE CYCLES OF OPERATION

D.L. Hanson, V. Jovanovic, R.D. Burnette
GA Technologies Inc.
San Diego

USA

Abstract

The 330 MW(e) Fort St. Vrain (FSV) High Temperature Gas-Cooled Reactor
(HTGR) is fueled with (Th,U)C2/ThC2 TRISO-coated fuel particles contained
in prismatic graphite fuel elements. Fission product release from the
reactor core has been monitored during the Mr»et three cycles of operation.
In order to assess the validity of the design methods used to predict
fission product source terms for HTGRs, fission product release from the
reactor core has been predicted by the reference design methods and
compared with reactor surveillance measurements and with the results of
postirradiation examination (PIE) of spent FSV fuel elements.

Overall, the predictive methods have been 3hown to be conservative:
the predicted fission gas release at the end of Cycle 3 is about five times
higher than observed. The dominant source of fission gas release is as-
manufactured, heavy-metal contamination; in-service failure of the coated
fuel particles appears to be negligible which is consistent with the PIE of
spent fuel elements removed during the first two refuelings. The predicted
releases of fission metals are insignificant compared to the release and
subsequent decay of their gaseous precursors which is consistent with
plateout probe measurements.

1. INTRODUCTION

The design methods and computer codes used to predict fission product
source terms for High-Temperature Gas-Cooled Reactors need to be validated
in order to facilitate the design and licensing of the next generation of
HTGRs currently being developed in the USA. Fission product transport in
the 330 MW(e) Fort St. Vrain HTGR has been monitored during the first three
cycles of operation. These operating data afford a unique opportunity to
assess the validity of the design methods used to predict fission product
source terms. To that end, fission product release from the reactor core
has been predicted by the reference design methods and compared with
reactor surveillance measurements and with the results of postirradiation
examination (PIE) of spent FSV fuel elements. The results of these
comparisons and their implications for the design of future HTGRs are
discussed below.

The design of the FSV HTGR and its operating history to date have been
described in numerous papers and articles (e.g., Ref. 1); consequently,
only the fuel and core design will be reviewed here briefly. As shown in
Fig. 1, FSV is fueled with (Th,U)C2 fissile and ThC2 fertile fuel par-
ticles; both types of particles have TRISO coatings.* The fuel particles

XA0056008

*TRISO is a composite coating of four layers: a "buffer" layer of low
density pyrocarbon on the kernel to serve as a reservoir for fission gases
and to attenuate recoils, a SiC structural layer to retain fission metals
and inner and outer high-density pyrocarbon layers (IPyC and OPyC layers,
respectively) on either side of the SiC to protect it and to retain gases.
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are blended and bonded into fuel rods with a carbonaceous binder. The fuel
rods are then stacked in blind fuel holes in a hexagonal, multihole
graphite block which also contains channels for the helium coolant.

The FSV core is an assembly of these prismatic fuel elements wherein
the elements are stacked six high and grouped into 37 regions to allow for
easy refueling. About one-sixth of the core is refueled at the beginning
of each refueling cycle which is nominally one year; thus, the design fuel
lifetime is 6 yr. The reactor core along with the steam generators and
helium circulators are contained with a 33 m high, prestressed concrete
reactor vessel (PCRV). At 100$ power, helium at 49 bar and 406°C enters
the top of the core and exits the bottom at 785°C and transfers 842 MW of
thermal power to the steam generators.

The FSV reactor, which is owned and operated by Public Service Company
of Colorado, began initial power generation in 1976 and has completed 657
effective full-power days (EFPD) of operation to date. During that time
the reactor core has been successfully refueled twice. The reactor power
history during the first three cycles of operation has been complex. The
reactor operated at 100? for part of Cycle 3i but most of the fuel burnup
was realized at power levels between 40$ and 70$. However, since the
designed power-to-flow ratio changes modestly between 70$ and 100$ power,
the fuel temperatures experienced at 70$ are not significantly lower than
at 100$ power.

Several events occurred during the first three cycles of operation
which resulted in water ingress into the primary circuit, and these events
may be significant in assessing FSV fuel performance. Moisture has been
introduced as a result of two minor steam generator tube leaks and there
have been several instances of the injection of major quantities of circu-
lator bearing water due to system malfunctions. Routine depressurization
of the primary system for refueling and maintenance also results in small
quantities of air and ambient moisture entering the primary circuit.

2. OBSERVED FSV FUEL PERFORMANCE

The release of fission products from the reactor core is monitored
routinely as a part of the reactor surveillance program. Considerable
analytical instrumentation has been installed in FSV to measure directly
the circulating and plateout activity in the primary circuit (Ref. 2). The
instrumentation includes a continuous activity monitor, grab-sample systems
to measure fission gases, including selected iodine isotopes, and plateout
probes to measure the coolant concentrations of condensible species,
especially iodines and fission metals. Additional information has been
obtained by radiochemical examination of components removed from the
primary circuit, including spent fuel elements and helium circulators in
need of repair.

The FSV primary circuit remains remarkably clean after 657 EFPD of
operation. The peak circulating activity of 439 Ci, measured at 100$ power
during Cycle 3 operation, was almost two orders-of-magnitude below the FSAR
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design activity of 30,900 Ci. Examination of the first plateout probe,
which was removed in November 1981, and gamma scanning of two circulators
removed for repair revealed that the margins between the measured and
design plateout activities were even larger. The benefits of such low
levels of primary circuit contamination have been realized in the form of
environmental releases more than an order-of-magnitude lower than the
average of the US nuclear power industry and collective occupational
exposures typically more than two orders lower than those experienced by
U.S. LWRs (Ref. 2).

As an indication of the excellent fuel performance experienced to
date, the release rate-to-birth rate ratio (R/B) for Kr-85m has remained
approximately constant at about 7 x 10~6 since the initial rise-to-power.
In fact, the Kr-85m R/B actually decreased slightly after the first two
refuelings when spent fuel from the initial core was replaced with new fuel
with lower levels of as-manufactured, heavy metal contamination.

As mentioned in Section 1, FSV has experienced water ingress into the
primary circuit occasionally followed by lengthy drying-out periods, and an
adverse effect on fuel performance might have been expected. Laboratory
tests have demonstrated that water can react with the exposed kernels of
failed, carbide-based fuel particles, and the result of this fuel hydroly-
sis in an out-of-pile environment is an order-of-magnitude increase in the
fission gas release rate from failed carbide particles. The significance
of fuel hydrolysis in-pile has only recently been systematically investi-
gated, and in fact the periodic water ingresses in FSV have resulted in no
discernible increases in fission gas release upon return to power.

Two spent FSV fuel elements, one discharged after one cycle of
operation and the other after two cycles, have undergone postirradiation
examination in the GA hot cell. The emphasis during these PIEs has been on
gamma scanning and on assessing the mechanical integrity of the fuel
elements, and the PIEs confirmed the satisfactory structural performance of
these elements. Selected fuel rods and fuel particles from these elements
were examined by standard PIE techniques, including sectioning and metal-
lography. A typical photomicrograph from fuel element 1-2415, removed
after two cycles of operation, is shown in Fig. 2.

There was evidence of limited inpile failure of the IPyC and OPyC
coatings of the TRISO particles, but these types of failures do not result
in fission product release. A small number of fuel particles were observed
to have completely failed coatings, but these appear to be asmanufactured
failures rather than in-service failures because the kernels of these par-
ticles had been at least partially leached (FSV fuel rods are HC1 leached
during manufacture to reduce heavy-metal contamination). Moreover, the SiC
defect fraction, as determined by metallography, in the irradiated fuel
rods was unchanged from that measured by a burn-leach technique in
unirradiated rods from the same manufacturing lot.

Fission gas release rates for 17 fuel rods irradiated in fuel element
1-0743, discharged after one cycle of reactor operation, were measured by
neutron activation of the rods in the GA TRIGA reactor and compared to R/B
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measurements for several of these same fuel rods that had been made prior
to irradiation; the results are summarized in Table 1. The R/B of Kr-85m
for the irradiated rods was nominally lower than for the unirradiated rods
but within one standard deviation for R/B measurements. The implication is
that inservice particle failure was negligible which is consistent with the
metallographic examinations.

3. FUEL PERFORMANCE ANALYSIS METHODS

Under the conditions prevailing in the FSV core during normal power
operation, there are only two significant sources of fission product
release: (1) as-manufactured, heavy-metal contamination (leachable uranium
and thorium- in the fuel rods) and (2) particles which experience complete
coating failure during irradiation (as-manufactured particles with exposed
kernels are considered a form of heavy-metal contamination).

The mechanisms that can cause in-service particle failure and the ref-
erence GA models to describe them are presented in Ref. 3. The models
account for the following failure mechanisms: (1) failure of particles
with manufacturing defects, including one or more missing or damaged
coatings and fuel dispersion in the buffer layer, (2) pressure vessel
failure of standard (or defect-free) particles, (3) corrosion of the SiC by
fission products, especially palladium and lanthanides, and (M) kernel
migration through the coatings.

The models for predicting fission gas release from heavy-metal contam-
ination and failed particles are described in Ref. 3. These models give
the R/B from contamination and failed particles as a function of chemical
element, isotope half-life, temperature, and burnup. In addition, the
effect of fuel hydrolysis, or reaction of exposed fuel kernels with water,
on gas release is included; for carbide fuel such as that used in FSV,
hydrolysis is predicted to increase the R/B from a failed particle by an
order of magnitude.

The models for predicting fission metal release from fuel particles
and fuel elements are described in Ref. 4. The transport of fission metals
through the kernel, coatings, fuel rod matrix, and fuel element graphite is
modelled as a transient diffusion process. The sorption isotherms which
are used in the calculation of the rate of evaporation of volatile metals
from graphite surfaces account for an increase in graphite sorptivity with
increasing neutron fluence.

The models described above are embodied in full-core survey computer
codes which are capable of tracking on the actual reactor operating history
experienced by FSV to date. The fuel failure and fission gas release as
well as the core temperature distribution is calculated with the SURVEY
code which requires as input 3-D power and flux distributions as a function
of time; the SURVEY code output in turn serves as input to the TRAFIC code
which calculates fission metal release.
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4. COMPARISON OF PREDICTIONS AND MEASUREMENTS

The methods and codes described above were used to predict fuel fail-
ure and fission product release from the FSV core during the first three
cycles of operation. The actual operating history was approximated by
91 constant-power time intervals. In addition to thermal power, the inlet
coolant temperature, coolant flow rate, and core-region, outlet temperature
mismatch were varied for each time interval. Three-dimensional, power and
flux distributions as a function of operating time were obtained from the
TSORT code. The actual as-manufactured attributes of the fuel, including
heavy-metal contamination levels and coating defect fractions were obtained
from QC records. In keeping with standard design practice, all failed
particles were assumed to be fully hydrolyzed, a reasonable assumption con-
sidering the periodic water ingress events at FSV during the first three
cycles.

Fission Gas Release

The most reliable indicator of inpile fuel performance is probably the
time history of fission gas release. The predicted and measured R/Bs of
Kr-85m for the FSV core during the first three cycles of operation are com-
pared in Fig. 3. Clearly, the fission gas release is grossly overpredicted
from early in the first Cycle of operation; the cause is an overprediction
of inservice failure.

With the reference fuel failure models, the exclusive source of this
early predicted failure is the pressure-vessel failure of particles with
missing buffer layers. The model postulates that the probability of fail-
ure for particles with missing buffers increases linearly from zero at zero
burnup to 100% at a relative burnup (FIMA/FIMA ) of 0.2. Phenomenologi-
cally, at a relative burnup of 0.2, the internal gas pressure in the parti-
cle due to the release of stable fission gases from the kernel has stressed
the SiC coating beyond its ulitmate tensile strength, resulting in complete
pressure-vessel failure of the particle. Evidently, this model is exces-
sively conservative; consequently, its physical bases were reevaluated.

Examination of QC records indicated that the FSV fuel kernels had an
as-manufactured void volume of about 755. It is reasonable to assume that
this kernel porosity could serve as a limited reservoir for the storage of
fission gases. Consequently, the failure model for particles with missing
buffer layers was revised to account for the effects of kernel porosity.
The revised failure model is temperature dependent, but under FSV core
conditions the net effect is negligible failure of particles with missing
buffers for relative burnups <0.3 and 100$ failure for relative burnups
>0.4. The FSV performance analysis was repeated with the revised model,
and the results are shown in Fig. 3 with the label "Calculated Revised."

Inspection of Fig. 3 indicates that the agreement between the pre-
dicted and measured Kr-85m R/B is much improved with the revised model.
Considering the complexity of the calculation, the agreement is excellent
up to about the middle of Cycle 2 when the calculated R/B begins to exceed
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the measurements as those particles with missing buffers are predicted to
begin to fail rapidly. By the end of Cycle 3, most of the fissile par-
ticles with missing buffers are predicted to have failed, and the calcu-
lated R/B exceeds the data by a factor of about five.

This overprediction can be the result of either or both of the fol-
lowing two effects: (1) in spite of the revision in the failure model, the
failure fraction is still overpredicted at moderate and large burnups, and
(2) the in-pile effect of fuel hydrolysis is less than observed in the
tests performed to date. Although hydrolysis has been shown to dramati-
cally increase the R/B from failed carbide fuel in laboratory tests and in
short-term TRIGA tests, it is conceivable that irradiation and thermally
induced sintering mitigates substantially the long-term inreactor conse-
quences of fuel hydrolysis.

In order to assess these two effects, the performance analysis was
repeated for (1) the case with no particle failure wherein the only source
of fission gas release is as-manufactured heavy metal contamination, and
(2) the case of nominal failure but no fuel hydrolysis. The results are
shown in Fig. 4, and they indicate that excellent agreement with the data,
was obtained throughout the first three cycles for both cases. Conse-
quently, the cause of the overprediction remains ambiguous.

The limited PIE results described earlier appear to support the expla-
nation that in-service particle failure is still being overpredicted. The
observation that periodic water ingress at FSV did not result in increased
circulating activity also supports the negligible failure hypothesis. On
the other hand, the in-pile effects of fuel hydrolysis are highly uncer-
tain. Long-term, in-pile hydrolysis tests with carbide fuel would be
required to resolve this issue. In fact, such tests are currently in
progress at Oak Ridge National Laboratory in capsules HRB-17/18, but these
tests contain UCO fuel; nevertheless, they should help to determine the
relationships between hydrolysis effects in laboratory tests, short-term
TRIGA tests, and long-term in-reactor behavior.

Fission Metal Release

The amount of fission metals released from the core can be estimated
from the data obtained from the plateout probe removed from the FSV primary
circuit early in Cycle 3 after 408 EFPD of plant operation. The metals of
primary interest are Sr-90, Cs-137, and Cs-134 (since FSV contains highly-
enriched uranium, the production and absolute Curie release of Ag-110m has
been minimal). The predicted cumulative releases of Cs and Sr after
408 EFPD, based upon the revised failure model for missing buffers, are
compared with primary circuit inventories inferred from the plateout probe
data in the following table:
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0.4
5.0
3-4

0.7
1.3
0.5

0.6
3.8
6,8

Cumulative Release (Ci)
Nuclide TRAFIC Probe Calc . /Meas ,

Sr-90
Cs-137
Cs-134

Considering the uncertainty in the probe data and the complexity of
the ca lcu la t ion , the agreement i s reasonably good. The predicted d i r ec t
re lease of Sr-90 from the core was completely negl ig ib le because of the
exceedingly low vapor pressure of strontium over graphite calcula ted with
the reference sorpt ion isotherms. Therefore, the calcula ted Sr-90 re lease
shown in the table i s exclusively from the re lease and subsequent decay of
i t s Kr-90 precursor. For the two Cs isotopes , the agreement i s not as
good. From the Cs-134 r e s u l t s i t i s evident that the d i rec t Cs re lease i s
overpredicted by about a factor of seven; for Cs-137 th i s overprediction of
the d i rec t Cs re lease is p a r t i a l l y masked by the contr ibut ion to the Cs-137
pla teout from the re lease and subsequent decay of i t s Xe-137 precursor .

In t h i s pa r t i cu l a r ins tance , the cause of the overpredict ion of d i r ec t
Cs re lease has been iden t i f i ed prec i se ly . A s ingle ca lcu la t iona l point in
the core, where the peak fuel and graphite temperatures are predicted to
occur, contr ibutes -90$ of the predicted d i r ec t Cs r e l ea se . This point i s
located in a fuel element on the periphery of the act ive core, and i t con-
t a in s two di f ferent blends of fuel with d i f ferent heavy-metal loadings to
minimize r ad ia l power peaking at the core / re f l ec to r in t e r face . Previous
deta i led analyses have shown that the reference physics codes s ign i f i can t ly
overpredict the amount of loca l power peaking that occurs at such loca-
t i o n s . When more r e a l i s t i c est imates of the local powers are used, the
calcula ted temperatures are s ign i f i can t ly lower, and the calcula ted d i rec t
Cs re lease from the core i s reduced by almost an order of magnitude,
resu l t ing in be t t e r agreement with the probe data . .

5 . CONCLUSIONS

When used to predict FSV fuel performance, the reference design
methods have been shown to be conservat ive: the predicted f i s s ion gas
release at the end of Cycle 3 i s about five times higher than observed.
The dominant source of f i s s ion gas re lease i s as-manufactured, heavy-metal
contamination. In-service f a i lu re of the TRISO p a r t i c l e s appears neg-
l i g i b l e . Pa r t i c l e s with manufacturing defects c lear ly perform be t t e r than
the models predic t , and the in -p i l e effects of fuel hydrolysis on gas
re lease may be l e s s important than predicted. The calcula ted d i r ec t
re leases of f i s s ion metals are ins ign i f i can t compared to the re lease and
subsequent decay of the i r gaseous precursors which i s at l e a s t consis tent
with the plateout probe data.

This evaluation of FSV operating experience gives credence to the
expectation that future HTGRs, with l e s s demanding core operating condi-
t ions , wi l l have even cleaner primary c i r c u i t s than FSV which remains
remarkably clean a f t e r 657 effect ive full-power days of operat ion.
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TABLE 1
FISSION GAS RELEASE MEASUREMENTS FOR FUEL RODS IRRADIATED IN FSV FUEL ELEMENT 1-0743

Fuel Rod
ID

Time-
Averaged

Maximum Fuel
Temp.

( E

Fluence
( 1 0 " n/m*)

Fission Gas Release (b)
Burnup^
(J FIMA)

Preirrad. Postirrad. Fissile Fertile

12-2

12-7

12-13

47-2

47-7

47-14

189-7

285-2

285-7

285-14

47-8

278-8

285-8

189-2

189-14

278-12

278-13

Average

690

660

625

685

660

625

695

750

720

680

655

745

710

720

655

745

670

690

1.1 x 10-"

1.3 x 1 0 " 4 ( o ) | 9.3 x 10"5

9.2 x 10"5

5.5 x 10~5

8.2 x 10"5

8.8 x 10"5

1.3 x 10"4 1.0 x 10"4

6.1
6.2
6.2
6.1
6.2
6.2
6.2
6.1
6.2
6.2
6.2
6.2
6.2
6.1
6.2
6.2
6.2
6.2

0.3

0 3

From SURVEY analysis based on detailed (335 time intervals) GAUGE analysis of cycle 1
and axial power and flux profiles from FEVER.

(a)
of Kr-85m at 1000°C.

)Measured on group of five rods including rods 47-8, 278-8, and 285-8. Rod 157-8, one
of the five rods, was broken during disassembly and could not be measured for fission gas
release.
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Figure 1. HTGR fuel components



*>*? J- "v

i

V«J- It

Figure 2. Photomicrographs of fissile (a,b) and fertile (c) particles,
(c) are bright field illuminated and (b) is polarized light.
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OPERATIONAL MONITORING OF THE RELEASE BEHAVIOUR OF THE AVR CORE

U. Wawrzik and G. Ivens
Arbeitsgemeinschaft Versuchsreaktor AVR

JUlich XA0056009

Federal Republic of Germany

Abstract

The AVR reactor has been used for the mass testing of
spherical HTR fuel elements for more than 17 years.
To date 14 fuel element types have been used, some of
which differ considerably with reference to the heavy
metal content, fuel coating and chemical fuel composi-
tion. The aim of the measurements at the reactor and
of a comprehensive post-irradiation examination pro-
gramme for fuel elements is to check and evaluate the
behaviour of these fuel elements under real reactor
conditions. This paper only considers those measure-
ments which are of interest for reactor operation.

The integral release behaviour of the fuel elements
is continuously monitored by measuring the noble fiss-
ion gas activity in the primary system. This value is
directly determined by the heavy metal contamination.
If any significant particle defects occur during opera-
tion, these are immediately indicated by a considerable
increase in the noble gas activity.

The integral release of the solid fission products is
monitored by means of filter samples both in the hot
and in the cold gas area; this examination, however,
is performed intermittently and with a time delay.

As these integral measurements only allow one to draw
limited conclusions about the behaviour of single fuel
element charges or types, they are supplemented by the
systematic extraction of fuel elements. These elements
are then subjected to standardized annealing tests (KFA)
to determine the individual noble gas release, and to
examinations of the fuel-free shell to establish the
distribution of the solid fission products in it (AVR).
The latter method, in particular, has proved to be
practicable, as particle defects are detected at an
early stadium.

During operation to date, only one fuel element charge
exhibited incipient particle defects shortly before
reaching its final burnup. It was possible to limit
the activity release by altering the charging strategy,
which resulted in lower fuel element temperatures, and
by systematically discharging the fuel element charge
in question.
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The integral release behaviour of the fuel elements is conti-

nuously monitored by measuring the noble fission gas activity in

the primary system. For intact fuel elements the value is deter-

mined by the heavy metal contamination. If any significant par-

ticle defects occur during operation, these are immediately in-

dicated by a considerable increase in the noble gas activity.

The integral release of the solid fission products is also moni-

tored by means of filter samples both in the hot and in the cold

gas area. This, however, is carried out intermittently and with a

time delay. The results can also be used to determine in numeri-

cal terms the release behaviour of the fission and activation

products in the primary system.

These integral measurements only allow limited conclusions about

the behaviour of single fuel element charges or types. Therefore,

they are supplemented by the systematic extraction of fuel ele-

ments. These elements are then subjected to standardized anneal-

ing tests to determine the individual noble gas release, and to

examinations of the fuel-free shell to establish the distribution

of the solid fission products in it. The latter method, in parti-

cular, has proved to be practicable, as particle defects are de-

tected at an early stadium.

During operation to date, only one fuel element charge has exhi-

bited incipient particle defects shortly before reaching its

final burnup. The acitivity release could be reduced by altering

the fuel distribution in the core, which resulted in lower fuel

element temperatures. Moreover, the relevant fuel element type

was systematically discharged.

Integral measuring of the noble gas acitivty

The release behaviour of all fuel elements in the core is moni-

tored continuously by measuring the fission noble gas activity.

To achieve this, primary gas is conducted through a measuring

chamber positioned outside the containment on top of a semicon-

ductor detector. By using a Ge-Li-detector, the jf -spectrometric
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The AVR reactor has been used for the mass testing of spherical

HTR fuel elements for more than 17 years. The following are some

relevant figures: Up to now approx. 250.000 fresh fuel elements

have been fed into the

core

fuel

cold gas
inner reactor vessel

— outer reactor vessel

biological shield

carbon bricks

thermal shield

fuel element
discharge pipe

and 150.000 spent

elements have been

withdrawn. 2.2 million

fuel elements have been

recirculated. To date 14

fuel element types have

been used, most of them

differing considerably

with regard to their de-

sign (heavy metal con-

tent, fuel coating, grap-

hite matrix etc.). At the

present time the core

contains approx. 100.000

fuel elements of 9 diffe-

rent types.

The operational monitor-

ing of the release be-

haviour of the core is of

primary interest for the

operator of such a plant. Continuous measuring and surveillance

of the released activity make steps possible to minimize radia-

tion exposure and hindrance of the personnel during maintenance

and repair work.

valves

coolant blowers

AVR AVR Primary System Fig. 1
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analysis of the single

noble gas isotopes is pos-

sible. The delay time from

the core to the ^-spectro-

metric device, is approx.

5 sec. By this means

short-lived noble gas iso-

topes like Kr 90 or Xe 139

can also be detected

exactly enough /I/. Up to

50 measurements per day

can be carried out with

the installed multi-chan-

nel analyzing system. So,

this monitoring of the

noble gas activity can be

called quasi-continuous.

The circuit inventories

are the measurement re-

sults of the single noble

gas isotopes. The develop-

ment of their sum-total is

shown in fig. 3 in relation to time and is used for assessing the

r

i

Containment

A

•
I

Steam -
generator

Core

hot

cold

Ge-U-detector

AVR Measurement of the Noble Gas Activi ty Fig 2

73 74 75 70 77 78 70 80 81 82 83 84 88

AVR Sum T o t a l o f t h e N o b l e Gas A c t i v i t y F i g 3
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release behaviour. The interpretation of the curve shape is, how-

ever, hindered by the influence of the differing hot-gas tempera-

tures and the thermal outputs. These distorting influences can be

eliminated by standardizing them to a reference state.

Fig. 4 shows the sum activity in the circuit standardized in tem-

perature and power. In the years from 1983 to 1985 the measured

release accords well with calculations taking into consideration

the free amount of fissile material which results from production

and is to be found in the fuel element. The falling tendency of

the activity over several years reflects the advances in fuel

element fabrication. Due to the change from BISO to TRISO-partic-

les in particular, the free heavy metal contamination has been

decreased considerably. At the present time the noble gas sum ac-

tivity is approx. 18 Ci.

'hot

n

1980 1081 1882 1083 1984 1085

AVR Standardized Sum Tofal ( Thot = 950°C,Pfh =46MW) Fig 4

In 1982 the measured release can only be correlated to the calcu-

lation values with difficultys. No correlation can be found in

1981 and 1980. Here are effects of importance, which are conse-

quence of the steam generator damage in 1978 and will not be fur-

ther discussed in this context. It is important to note, that

this increase has not been caused by defect particles.
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The 'early warning system1 which is presented here and gives core

integral information, allows only limited conclusions about the

behaviour of single fuel element charges or types. In order to

obtain detailed information, complementary monitoring systems

have to be installed.

Integral measurement of the solid fission products

As shown in table 1 , the cooling gas acitivity of the solid fis-

sion products compared with noble gases, is several orders of

magnitude lower, due to the delay-

ing effect of coating and graphite

and mass transfer between fuel

element surface and cooling gas.

Furthermore, deposits occur in the

cooler parts of the primary sy-

stem, which can be clearly seen in

table 1 where different activity

concentrations of hot and cold gas

are shown.

Nuchd

Sr 90

Ag 110 m

J 131

Cs 134

CS 137

JT nooie gas

* hot gas K U

3 • 10"6

15 • lCf6

It -10'6

15 • I0"S

2M • 10"6

A cold gas {zy

2 • 10"6

2 • 10"6

2 -10'6

2 • 10"6

t -10"&

20

calculated

taDle 1: Activity Inventory of trie Cooling Gas in trie
AVR Primary System

A continuous monitoring of such low concentrations is not possib-

le for measurement reasons. Therefore, the solid fission products

which are transported in the cooling gas have to be collected up

to a measurable amount. Normally, an accumulating period of 2-4

weeks is necessary.

The concentration in the hot gas is determined with the VAMPYR I-

loop. On top of the core a cooling gas flow of 15 m3/h* is with-

drawn and conducted through a deposition tube and two filters.

The filters, consisting of metal sieves, quartz paper, molecular

sieve and activated carbon, retain completely the dust bound and

the free activities. After the accumulating period the deposition

tube and the filters are removed and *--spectrometrically analyzed

at the Institut fiir Reaktorbauelemente, Kernforschungsanlage Jti-

lich 11/.

m3 (T = 0 °C, p = 1 bar)
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/AMPYR1

In order to determine so-

lid fission product acti-

vity in the cold gas,
3 *8 m /h are withdrawn

from the primary circuit

and are conducted through

the so-called 'cold gas

filter'. This filter con-

sists of metal sieve,

quartz papers and acti-

vated carbon is also

suitable for retaining

completely dust bound and

free activities. Decompo-

sition and y-- spectrome-

trical analysis is car-

ried out at the AVR /3/.

This short description of

the measuring methods de-

monstrates that measuring

the activity of the solid

fission products involves

a great deal of time. When, in addition, constant operation con-

ditions are taken into account, as well as the fact that the

reactor has to be shut down when changing the tests, the relati-

vely small number of tests in fig. 6 becomes understandable.

Here, the hot and cold gas activities are plotted for Cs 137. The

core release or rather the deposition in the steam generator can

be calculated approximately from the difference between hot and

cold gas activity. Fig. 7 shows the deposits referring to the hot

gas activity.

AVR VAMPYRIand Cold Gas Fi l ter Fig 5

m (T = 0 °C, p = 1 b a r )
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The interpretation of the measurement results is, however, diffi-

cult because the fission products occur in atomic or in molecular

state as well as dust bound. Their contributions to the measured

activity depend on the dust concentration in the cooling gas and

the temperature. Both influencing factors are subject to great

fluctuations.

Knowing the accumulated deposited amount of activity facilitates

the assessment of expected radiological problems during the main-

tenance of primary circuit components. The development up to the

end of 1984 is shown in fig. 8 in relation to time. The necessary

assessment for operation times without tests leads to the uncer-

tainty range shown here.

M

200

73 74 75 76 77 78 79 80 81 82 83 84 85

AVR C137-Activity Depositions Accumulated on Steam Generator Fig 8

The testing facilities presented only give core integral informa-

tion. However, differentiated statements can be given, to a limi-

ted extent, using the integral release behaviour of the noble

gases and solid fission products in connection with the knowledge

of the temperature, capacity and fuel element distribution.

A detailed statement on the release behaviour of a particular

fuel element type will, however, be subject to the analysis of

single fuel elements.
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Measurements of single fuel elements

The aim is to determine the release of the single fuel element

types. In order to achieve this, fuel elements are discharged in

regular intervals or when necessary.

The determination of the noble gas release of single fuel ele-

ments is carried out in the hot cells of the Kernforschungsanlage

Jiilich. The fuel element is heated in two steps up to 1,250 °C in

a special annealing facility /4/. The release of Kr 85 and Xe 133

in relation to time, which is measured during this experiment,

makes it possible to determine the number of defect particles.

The fuel-free zone is

examined in order to

asses the release beha-

viour of the solid fis-

sion products. For this,

the 5 mm zone is tur-

ned off from the outside

to the inside in 9

steps. Fractional amounts

of the graphite dust re-

sulting from this pro-

cess are analyzed y -

spectrometrically. The

validity of this method

can best be demonstrated

with the aid of fig. 9.

The upper Cs 134- and Cs

137-profiles were measu-

red at a fuel element

with a significant

amount of defect partic-

les. In the lower part

of the figure the referring profiles of a fuel element, which has

no particle defects are shown. The increased concentration at the

surface indicates a fission product absorption from the gas phase

in the cooler part of the core.
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To analyze one type systematically, fuel elements with different

burnup conditions are extracted. The results can be summarized as

in fig. 10. It is to be analyzed, whether the release behaviour

changes with to the burnup. The relation of measured and calcula-

ted activity inventory in the fuel-free zone is plottet. A value

of F > 1 means that the measured activity inventory lies above

the inventory to be expected because of fuel element contamina-

tions and burnup.

25-

20-

15-

10-

5-

0 -

0

+

' ' i

+

© +

ia ^

H

+

+
+

+

v ?
.•. s*

15 20

fima

AVR p _ A measured/ «
calculated Fig 10

The noble gas annealing tests and the determination of the fis-

sion product profiles show particle defects at an early stage,

long before the integral measuring methods give the according in-

formation .

The experiences of the operation time as up to present have shown

that using these differentiated monitoring methods the release

behaviour of the complex AVR-core can be examined exactly enough

in order to guarantee safe reactor operation. This statement

should be even more valid for pebble bed reactors with only one

fuel element type.
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Abstract

Knowledge of the iodine inventory of the primary coolant and

the release mechanisms from the fuel element during normal

operation and transients is essential in HTR safety analysis.

Under normal operating conditions the steady state release of

the noble gases obeys a Booth type diffusion model. It has been

shown that iodine release also follows this model. The experi-

mental verification has been carried out by measurement of the

iodine release of irradiation tests in MTR's and by comparison

of the plate out experiments with the gas inventory in the AVR.

Over a wide range an identical behaviour has been found except

at low fractional releases. Here the iodine release is reduced

significantly, presumably by adsorption.

Measurements of gas release during temperature excursions in

irradiation experiments indicated burst-like contributions

not explicable by simple diffusion alone. It was supposed that

similar bursts may dominate the transient release of iodine.

First experimental results were obtained recently by on line

detection of the iodine release from irradiation fuel in a

special KFA hot cell facility. The released species were con-

densed on a cold plate which can be replaced during operation

allowing monitoring of differential release.
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Several experiments used defective fuel in the range from normal

operating temperatures to 1700 °C. Below 1300 °C the fractional

release remained in the region of the recoil fraction from the

kernel surface. Above this temperature there was steep increase

of the release up to 100 % at about 1600 °C within 20 hours.

The results show clearly non diffusional behaviour and were

analysed with a phenomenological model including traps in the

kernel material.

A testing program has been carried out on iodine release from
failed HTR-fuel. Release rates under both steady state and
transient release were determined. The results of these investi-
gations were evaluated with previously developed models. The
quality of the fit is satisfactory.

Introduction

In the assessment of consequences of HTR-design incidents iodine

is considered to be the most important radionuclide because of

its ingestion hazard potential. This arose from calculations

carried out in the HTR-safety analysis with existing data on

fission product release and plate out.

The potential iodine sources are:

the circulating inventory of the primary coolant

the desorption rate of iodine plated out on the surfaces

of the primary circuit and

the additional release from the core during thermal excursions
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In order to reduce the uncertainty range a better and more detailed

knowledge of release mechanisms and the sorption behaviour in the

primary circuit is required.

This paper provides information only about the release of iodine

from fuel under normal operating conditions and during transients.

The sorption behaviour will not be discussed in this work.

Normal operation

The release of short lived fission gas from HTR-fuel has two

sources:

- the heavy metal contamination of the matrix graphite

("free uranium") and

- particles with defective coatings

Intact particles retain noble gases and iodine completely up to

high temperatures.

The steady state release R/B = (Release rate of fission product/

Generation rate of fission product) of both sources obeys a

diffusion model of the Booth type /I, 2/.

This has been shown by a considerable number of irradiation ex-

periments. Fig. 1 shows the rare gas release in the AVR-reactor.

The experimental data were taken out at a gas outlet temperature

of 850 °C. The plotted curves represent the formula:

A = decay constant TV

D1 = D'Q exp (~
E
act/

RT) = reduced effective diffusion
coefficient

(data taken from /I/)

It is assumed that the release of iodine follows a similar pattern.
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In capsule experiments at Studsvik the fractional release of iodine

after irradiation has been measured by leaching the inner surfaces

of the steel capsules and the graphite cylinder surrounding the test

element. This release is compared with the R/B-values of Xe-133

measured at the end of the irradiation period.

The results are shown in Fig. 2 (open points). An identical

behaviour is observed over a wide range of release. Only at low frac-

tional releases a deviation from the ideal line occurs indicating

that iodine at low concentrations could be better retained by

matrix graphite.

The full points are experimental data from the AVR. Here the R/B-

values of iodine have been measured as follows:

The iodine release from the core was deposited in a hot

gas loop called "Vampyr I". The primary coolant gas was

sampled immediately above the pebble bed thus allowing the

direct measurement of the iodine concentration in the

coolant.

These values measured in the AVR agree well with the irradiation

data.

The dominant contribution to all experimental points is the heavy

metal contamination.

The release behaviour of defective UO2-fuel has been studied in a

separate irradiation experiment FRJ2-P28. The coating failure of

1 % of the particles has been simulated using uncoated kernels with

however a porous buffer layer. Fuel quality and irradiation/annealing

conditions are summarized in Tab. 1.

The R/B-values of Xe-133 for the failed fuel are shown in an

Arrhenius-Plot (Fig. 3).

The temperature dependence is weak at low burn-up. The activation

energy of the release increases with increasing burnup which gives

rise to a better retention at low temperatures.
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This behaviour can be explained as follows:

The recoil fraction from the surface of a 500 pm-UO -kernel

for Xenon can be calculated to be 2,3 10 . Fig. 3 shows

clearly that the release originates exclusively by recoil

indicating a negligible direct kernel release up to 1200 °C,

even at high burnup. The better retention is thought to be

due to a buffer layer densifying under irradiation. These

densified layers of irradiated particles are well known

and have been identified by ceramography.

Thus the release from failed fuel can also be described

with the same Booth model taking into account a slight burn-

up dependence of the diffusion constant.

Transients

During irradiation of FRJ2-P28 each capsule was subjected to a

temperature cycle of several days i.e. the temperature was in-

creased from the nominal value by 100 K and afterwards decreased

by the same amount.

The surprising effect was a much steeper dependence of the release

against inverse temperature than expected from Fig. 3, leading to

the supposition that transient behaviour may deviate strongly from

normal diffusion mechanism.

To confirm such a transient release for iodine directly a special

hot cell facility in the KFA has been used.

This apparatus called "KtiFA" (cold finger apparatus, Fig. 4) has

been constructed to provide data for metallic fission product re-

lease at accident temperatures up to 1800 °C. The sample, normally

a sphere, is heated by a tantalum furnace. The temperature is

measured by a pyrometer calibrated by thermocouples at intervals.

A low helium flow takes the released activity upwards against a

cooled plate ( 100 °C) fixed electromagnetically on a holder. The

plate can be exchanged. The efficiency of this system has been

determined to be 70 - 8 0 %. This arrangement allows monitoring

of the differential release for a given temperature history.
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Two coupons from the irradiation experiment FRJ2-P28, containing

5 particles (all defect) were re-irradiated at low temperatures for

one cycle together with two reserve coupons (unirradiated) to

generate a new iodine inventory. These four samples were inserted

into the "KUFA" and heated following different temperature pro-

grammes chosen to model realistic transients in HTR-cores (Tab. 1)„

The experimental results and the individual temperature histories

are shown in Fig. 5-8.

Clearly,

at temperatures up to 1000 °C a rapid release is observed.

The fractional release however remains below the recoil

fraction. A significant contribution from the kernel is

visible only when temperatures exceed n- 1300 °C. The release

increases steeply up to 100 %, if temperatures reach about

1700 °C.

- In the recoil fraction region increasing burnup reduces the

fractional release as observed during irradiation (Fig. 3).

The kernel release shows the expected poorer retention at

higher burnup

First experimental results were analysed with an expanded Booth

type diffusion model to include transients. The data for the re-

coil region were taken from the irradiation results under iso-

thermal conditions. The activation energy for the kernel release

is given in /3/. The generated curves (dashed curves in Fig. 5

and 6) failed to fit the measured data.

Therefore another approach has been chosen. The solution of the

diffusion equation involving emission and adsorption from traps

i.e. sites at which iodine may be confined in the material, can be

approximated in a general way for the trapped species under iso-

thermal heating conditions /4/ (Fig. 9):

F(t) = (1
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F (t) = fractional release

fh t(T) = temperature dependent fraction of occupied traps

released at a fixed temperature

i (T) = time dependent parameter for the emission rate

In these short experiments the diffusion term can be assumed to

be of little importance and is therefore neglected in this

analysis.

The expansion of this burst-function to transients leads to a time

integration i.e. a summation at each time step over a selected

number of subgroups of f, contributing to the fractional re-
ou rs *U

lease.

The experimental points of all four heating experiments agree

well with this phenomenological approach (full line in Fig. 5-8),

if the slooe of the two parameter functions f, , (T) and T" (T)
burst

is fixed as given in Fig. 10.

The functions reflect the two sources seen in iodine release

from failed fuel.

X(T) is of importance only in kernel release whereas the recoil

fraction contribution is released over a short period. The latter

may arise because of the reirradiation at low temperatures. A

considerable fraction of this source may have been possible re-

leased from the core at fuel temperatures given during normal

operation.

Conclusions and suggestions for further work

Iodine is released as a fission gas during normal operation. For

both sources, uranium contamination and failed fuel the process

can be described in terms of a diffusion model.

The transient release of defective fuel is dominated by rapid

emission from traps.

The work, which remains to be done in the future, is to examine

the iodine release of the uranium contamination when undergoing

a transient.
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Fig. 4: Schematic diagram of new KFA cold finger apparatus allowing

on-line measurement of metallic fission product release
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Tabel 1= Fuel Quality and Irradiation/Annealing Conditions

of Experiment FRJ2-P28

a. Fuel and Particle

Parameter

Fuel Material

Density (g/cmJ)

Kernel Diameter (yum)

Enrichment (%)

Thickness of

Buffer Layer (ŷ m)

Density of

Buffer Layer (g/cm3)

Value

U02

10.81

497

9.82

95

b. Irradiation and Annealing

Capsule
No.

1

2

3

2 Coupons

Cuni rradi

Burnup
(.X f i ma )

8.4

10.

8.4

.4

ated)

Nomi nal
Irradiati on
Temperature

800

1200

1000

-

800

800

Anneali ng
Temperature
Hi story

— > 140 0 — >

-

1000 — > 1600

— > 1400 — >

900 — > 1700

800

800
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ABSTRACT

Coated particle fuels fabricated in accordance with VHTR(Very High
Temperature gas-cooled Reactor) fuel design have been irradiated by both
capsules and an in-pile gas loop(OGL-l), and data on the fission products
release under irradiation were obtained for loose coated particles, fuel
compacts and fuel rods in the temperature range between 800°C and 1600°C.
For the fission gases, temperature- and time dependences of the fractional
release(R/B) were measured. Relation between release and failure fraction
of the coated particles was elucidated on the VHTR reference fuels. Also,
measured was tritium concentration in the helium coolant of OGL-1.
In-pile release behavior of the metallic fission products was studied by
measuring the activities of the fission products adsorbed in the graphite
sleeves of the OGL-1 fuel rods and the graphite fuel container of the
sweep gas capsules in the PIE. Investigation on palladium interaction
with SiC coating layer was included.

INTRODUCTION

In the VHTR development program at JAERI, we have developed the coated
particle fuels for use in this reactor. The fuels fabricated in accordance
with VHTR design have been tested in the in-pile and out-of-pile works.
In the study relating to the fission product migration, the fuels have been
irradiated by the sweep gas capsules and and an in-pile gas loop(OGL-1),
aiming principally to evaluate the fission product release under normal and
transient conditions of VHTR operation. In OGL-1 irradiation experiments,
tritium concentration in the helium coolant was also measured during OGL-1
operation to elucidate origin and chemical form of tritium.

Interaction of palladium,Pd, with SiC layer is the most noteworthy
phenomena in the HTR TRISO fuel.behavior nowadays, because the interaction
deteriorates the SiC coating layer, resulting remakable fission product
release. At JAERI the interaction was studied on the irradiated coated
particles by EPMA (Electron Probe Micro Analyser) .
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IRRADIATION EXPERIMENT

Specifications of the coated particle fuels concerning the irrad-
iation experiments are listed in Table 1. Two different sizes of LEU-TRISO
coated particles consolidated into two different sizes of the annular compacts
were tested. Irradiation experiments by OGL-1 and the sweep gas capsules
are summarized in Tables 2 and 3, respectively. Three types of the fuels
were tested in the irradiation experiments; the loose coated particles and
the compacts were irradiated by the sweep gas capsules,and the fuel rods,
by OGL-1.

Eight OGL-1 experiments have been finished already and 9th experiment
is going on. Two types of the fuel elements were employed in these experi-
ments as illustrated in Fig. 1, one of which was composed of three fuel rods
in a graphite block and the other, of single rod[l]. In a series of OGL-1
experiments the fractional releases of fission gases from the fuel element
have been obtained by measuring the fission gas concentration in the coolant.
In both the 8th and 9th experiments tritium concentration was measured at
several gas-sampling nozzles in the gas purge system of the loop.
Measurements of the metallic fission product distributions were also made on
the graphite sleeves of the fuel rods and the block after disassembly of the
elements in the PIE(Post Irradiation Examination).

Irradiation experiments by the sweep gas capsules have been performed
7 times(Table 3). While the OGL-1 experiments were characterized by low
fast neutron fluencedess than 0.5x10^1 n/cm^, E^29 fJ) , the fluence in
these experiments was relatively high, attaining up to 4xl02l n/cm (E>29fJ).
In addition to the fission gas measurements during irradiation, metallic
fission product releases were measured from the fission product concentrations
in the graphite holder for the fuels.

For EPMA observation on Pd interaction , the coated particles irradiated
by the sweep gas capsules, OGL-1 and the other capsules were prepared in
the PIE. EPMA observation was made on more than 30 particles but the Pd
interaction was detected in only 8 particles. This observation is going
on.

FISSION GAS RELEASE

Time dependence

Time dependence of Kr release, R/B(Release rate/Birth rate), from
the fuel compacts and the fuel rods measured by the sweep gas capsules and
OGL-1, respectively are depicted in Fig. 2. The releases from the fuel
compacts increased with irradiation time, where increasing rate was rather
influenced by BOL R/B, connecting deeply with initial failure of the coated
particles,than by irradiation temperature. R/B from the fuel rods, on the
other hand, decreased gradually with time up to about 50 days, followed by
levelling off to a certain value depending on initial failure of the coated
particles in the fuel rods. The fission gas releases in SSL-1[2], GAIL
loop[3,4] and Peach Bottom reactor[5] exhibited initial rapid increase
caused by premature failure of the coated particles. The present initial
decrease, being inconsistent with these results, might be considered to be
caused by the trapping of the fission gases in the graphite matrix or the
property change of the graphite matrix. However, these hypotheses could not
explain the results by the sweep gas capsules, where the compacts fabricated
in the same batch with OGL-1 experiment were irradiated. Presence of the
graphite sleeves is suspected to relate with this decrease, but details are
not known.
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Temperature dependence

Temperature dependence of the typical releases from the three forms
of the fuels are displayed in Figs. 3(a) and (b). In Fig. 3(a) it is
seen that the releases from all of the fuels increase monotonously with
temperature where the release levels depend on the degree of the exposed
uranium. Gradient of the release to the temperature is the greatest
for the loose coated particles among the fuels. R/B controlled by
diffusion is expressed as

,1/2
R/B = 3/ -^A (1)

and by substituting D=Dn exp(- — — ) in this equation,

X (R/B) 2 = A exp (- 4|j) (2)
is obtained f where

D= diffusion coefficient, cm /s
D = pre-exponential factor, cm /s
\ = decay constant, s
a = equivalent sphere radius, cm

A E = activation energy for diffusion,kJ/mol
R = gas constant, 8.314 kJ/mol
T = temperature, K
A = constant / s

The releases in Fig, 3(a) are plotted according to Eq. 2 in Fig. 3(b),
where the activation energies are included. From the energies for the fuel
compacts and the fuel rods, both of which are around 100 kJ/mol, it is
evident that the releases are controlled by bulk diffusion probably in
the graphite grains of the compact matrix. The energies agreed roughly
with the activation energy for Kr release(AQ=69.6 kJ/mol) from Fort
St. Vrain fuel rods [6], where AQ= 4E/2 should be considered. The
energy for the release from the loose coated particles, 252 kJ/mol above
1150°C was fairly the same as that of Xe diffusion in PyC[7], implying
that the release was controlled by bulk diffusion in OLTI-PyC of the
particles, where fission recoil release from the contaminated uranium
in the OLTI-PyC was involved. The low energy less than 60 kJ/mol was
owing to the gas phase diffusion[6].

Release and coating failure

Various attempts have been made for prediction of the failure fraction
of the coated particles[2,8,9] under irradiation. For this object,
a relation between R/B at EOL and mean failure fraction of the coated
particles was studied and the results are depicted in Fig. 4. It is seen
that the release expresses a gentle slope in the region of the failure
fraction less than 10"-^, which originated from the contaminated uranium,
and a relatively steep increase at the higher failure fraction by coating
failure. This relation agreed with the computed results in the VHTR
design, indicating that the computation for the release was verified
experimentally.

Tritium measurement

The results of measurements on tritium concentration in the coolant
of OGL-1 are shown in Fig. 5. In spite of remakable difference of the
fission gas releases in the 8th and the 9th experiments(Fig. 2), the tritium
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concentraions in the both experiments were the same together, implying
that the source of tritium was not the fuels. Preliminary calculation
suggested that the major sources were ^Li impurity in the graphite and ^He
in the helium coolant. From the tritium concentration measurements at the
several points in the gas purge system, it was found that chemical form
of tritium was hydrogen gas, H-T, since the tritium concentration decreased
after passing through only the titanium trap as shown in Fig. 5, which
could remove hydrogen.

METALLIC FISSION PRODUCT RELEASES

Profiles of the release in the graphite sleeves of the fuel rods

As for the metallic fission product behavior in the fuel rod, profiles
of ^37Cs fractional releases into the graphite sleeves of the fuel rods
are depicted in Fig. 6. Indicated in this figure is that levels of the
fractional releases depended roughly on the average failure fractions(EOL)
of the coated particles, where the irradiation temperatures were nearly the
same together except the 6th experiment(Table 2). The high releases at the
top end of the sleeves were supposedly due to adsorption from the coolant.
The fractional releases of various fission products are compared in Fig. 7,
where the 5th experiment is presented as a typical example. Ag-llOm
release was remakably large, of which level was about two orders of magnitude
higher than these of Cs. Eu-155 release was exceptionally high at the
center of the sleeve, suggesting strong temperature dependence of this
release.

Release in the sweep gas capsules

In-pile releases of metallic fission products measured by the sweep
gas capsules are shown in Fig. 8- The horizontal axis of this figure is
expressed as non-rdimensignal diffusion parameter,D't, where D" is a reduced
diffusion coefficient of Cs in U02[10] and t, irradiation time. For plotting
Ag release, D1 of Ag was assumed to be the same as that of Cs. Cs release
remained in the region of order of 10~2, whereas Ag release was about one
order of magnitude higher than that of Cs. In Table 4, failure fractions
of total coatings and Sic layer of the fuels designated as 75F5A-1 and
75F5A-2 are listed with the releases and the irradiation conditions.
The failure fractions of the total coatings for both the fuels were not so
different, whereas the SiC layer failure fraction of 75F5A-2 was about 3
times as large as that of 75F5A-1. Despite of such difference in the SiC
layer failure fraction, the Cs and Ag releases from 75F5A-2 were about 20
times and 10 times higher than those from 75F5A-1, respectively. This
might imply that retention ability for these fission products reduced rather
by increasing irradiation temperature from 1200°C to 1400°C than by increasing
the SiC layer failure fraction. As for the Ag release from TRISO coated
particles, Nabielek et al.[11] concluded that irradiation temperature should
be kept at less than 1250°C for Ag retention. Our results suggested
generally their conclusion, despite that Ag release at present showed a
high fraction. Present case might be affected by fractuation of irradiation
temperature.
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Palladium interaction with the SiC coating layer

EPMA observations on coated particles suffered severely by Pd in our
experiemnts are presented in Fig. 9. These particles consolidated in the
compacts were irradiated in 78F3A capsule(Table 3). Two conspicuous
features are noted in the observations; firstly, Pd accumulation occurred
along boundaries of SiC/ILTI-PyC, buffer PyC/ILTI-PyC and the other place
where probably the density of ILTI-PyC changed. Secondly, small carbon
precipitations were found in the Pd interaction zone of the SiC layer.
These features might be foundation for elucidation of Pd interaction
mechanism. Pd penetration rates into the SiC layer obtained at JAERI
are plotted in Fig. 10, where the reported values of the particles having
oxide kernels[12-16] are included. Our results agreed fairly with those
oxide values. This experiment is going on.

SUMMARY

Irradiation experiments on in-pile release of the fission products from
VHTR reference fuels have been performed by the sweep gas capsule and the
in-pile gas loop, OGL-1.

In the fission gas release behavior, time dependence of the releases
from the compacts and the fuel rods exhibited different manners.
Temperature dependence, on the other hand, revealed that the releases from
the comapcts and the fuel rods above 1150°C were controlled by bulk diffusion
probably in the graphite grains of the compact matrix. Furthermore,
relation between the release and failure fraction of the coated particles
was studied. By tritium measurement in the coolant of OGL-1, it was found
that tritium source was not the fuel, and its chemical form was hydrogen
gas,H-T.

Concerning the metallic fission product release, the profiles of the
fractional releases of the fission products were obtained in OGL-1
experiments, and the fractional releases were also measured by the sweep
gas capsules. As for Pd interaction with SiC layer, the data on temperature
dependence of Pd penetration into the SiC layer were obtained.
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Table 1 Specifications of the fuels used for irradiation.

Coated Particles

Coated Particle Sort

VHTR Design referred

Kernel Material

Diameter (am)

Coating Thickness(yum)

Buffer

ILTI- PyC

SiC

OLTI-PyC

Particle Diameter (um)

Fuel

Compact Sort

Coated particles
included

Outer Diameter(mm)

Inner Diameter(mm)

Length (mm)

A

Preliminary Design

LEU-Oxide

500

40

30

25

45

780

Compact

Small Size

A or B

24

8
36 or 40

B

Mk-III Design

LEU-Oxide

600

60

30

25

45

920

Large Size

{Mk-III Design)

B

36

18

36
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OGL-1 Irradiation
Experiment

1st

2nd

3rd

4th

5 th

6 th

7 th

8th
**

9th

Table 2 Irradiation experiments by

Object of Irrdiation

Test for loop
Preliminary irradiation
of Mk-III fuel
Fuel rod bowing
Burnup to medium level
in VHTR design
Burnup to VHTR design
level
Irradiation for reactor
transient condition
Comparison of compact
matrix material
Fission product
migration in element
Irradiation for fuel 3
fabricated on scale-up

Type of fuel
element*

H

H

S

M

M

S

H

S

s

O G L - 1

Irradiation Conditions
Max. Temperature

<°C)
1360

1425

1360

1400

1370

1480

1390

1340

(1320)

Max. Burnup
(% FIMA)

0 . 6

1.0

0 .5

1 .5

2 .6

0 .3

1 .1

0 .7

( 2 . 5 )

I r r a d . Time
(EFPD)

39.0

59.4

40.7

78.0

142.1

21.9

60.0

53.8

(150)

* M-type fuel element contains 3 fuel rods in a graphite block, which load
60 compacts in to ta l .
S-type fuel element contains single fuel rod in a graphite block,
which loads 20 compacts in to ta l .

** 9th experiment i s going on.

T»bl« 3 Irradiation experiments ..by »w««p gas capsules

Sweap Gas Capaula
Irradiation

74F9J
75F4A
75FSA
76F4A
76F5A
78F3A
80F4A

Objact of Irradiation

Ta»t for f a c i l i t y
Temperature variation
Temperature variation
High flux irrad.
High flux irrad.
High teaparatura
Fual rod irrad.

Type of
Fual Sample

Particlaa
Particles
Compacta
Particlea
Compact*
Compacts
Compacts

Max. Tamp.
CO

1600
1500
1600
1180
1380
1550
1300

Irradiation
Max. Burnup

(tFIHA)

2.3
3.S
1.3

0.8
3 .2
2.7
2.9

Conditions
Irrad. Time

(EFPD)

SO.S
83.1
78.0
36.5

101.0
81.9
80.0

Fast Neutron
(cm"2, B>19tJ)

0.7xl021
1.1
1.1

0.9
4 .0
2 .9
2.4

Table 4 Relation between coating fai lure and release

Fuel Sample
Burnup (%FIMA)
Irradiation
Temperature CO
Averaged Temperature CO
Fast Neutron Fluence
(ca-Z, E?-29fJ)
Total Coating
Failure Fraction(EOL)
SiC layer
Failure Fraction(EOL)

Fractional Release of
1 3 7Cs
1 3 4Cs

11OmAg

75FSA-1
0.3

800 - 1500

1200

0.7xl02 X

5.9xl0"4

1.6xlO"3

4.5xlO"S

S.lxlO"5

7.0xl0"3

75F5A-2
1.3

900 - 1600

1400

l . l x l O 2 1

7.8xlO"4

5.6xl0"3

1.3xlO~3

1.2xlO"3

7.7xlO~2
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Table 1 Specifications of the fuels used for irradiation.

Coated Particles

Coated Particle Sort

VHTR Design referred

Kernel Material

Diameter ( nm)

Coating Thickness (Aim)

Buffer

ILTI- PyC

SiC

OLTI-PyC

Particle Diameter(urn)

Fuel

Compact Sort

Coated particles
included

Outer Diameter(mm)

Inner Diameter(mm)

Length (mm)

A

Preliminary Design

LEU-Oxide

500

40

30

25

45

780

Compact

Small Size

A or B

24

8

36 or 40

B

Mk-III Design

LEU-Oxide

600

60

30

25

45

920

Large Size

(Mk-III Design)

B

36

18

36

- 53 -



OGL-1 Irradiation
Experiment

1st

2nd

3rd

4 th

5th

6th

7th

8 th

**
9th

Table 2 Irradiation experiments by

Object of Irrdiation

Test for loop

Preliminary irradiation
of Mk-III fuel

Fuel rod bowing

Burnup to medium level
in VHTR design

Burnup to VHTR design
level

Irradiation for reactor
transient condition

Comparison of compact
matrix material

Fission product
migration in element

Irradiation for fuels
fabricated on scale-up

Type of fuel
element*

M

M

S

M

M

S

M

S

S

OGL-1
Irradiation Conditions

Max. Temperature

1360

1425

1360

1400

1370

1480

1390

1340

(1320)

Max. Burnup
(% FIMA)

0.6

1.0

0.5

1.5

2.6

0.3

1.1

0.7

(2.5)

Irrad. Time
(EFPD)

39.0

59.4

40.7

78.0

142.1

21.9

60.0

53.8

(150)

* M-type fuel element contains 3 fuel rods in a graphite block, which load

60 compacts in total.

S-type fuel element contains single fuel rod in a graphite block,

which loads 20 compacts in total.

** 9th experiment is going on.



Table 3 Irradiation experiments -by sweep gas capsules

Ln

Sweep Gas Capsule
Irradiation

74F9J

75F4A

75F5A

76F4A

76F5A

78F3A

80F4A

Object of Irradiation

Test for facility

Temperature variation

Temperature variation

High flux irrad.

High flux irrad.

High temperature

Fuel rod irrad.

Type of
Fuel Sample

Particles

Particles

Compacts

Particles

Compacts

Compacts

Compacts

Max. Temp.
(°C)

1600

1500

1600

1180

1380

1550

1300

Irradiation
Max. Burnup

(%FIMA)

2.3

3.5

1.3

0.8

3.2

2.7

2.9

Conditions
Irrad. Time

(EFPD)

50.5

83.1

78.0

36.5

101.0

81.9

80.0

Fast Neutron
(cm"2, E>29fJ)

vi n21
0.7 L

1.1
1.1

0.9

4.0

2.9

2.4



Table 4 Relation between coating failure and release

Fuel Sample

Burnup (%FIMA)

Irradiation
Temperature(°C)

Averaged Temperature(°C)

Fast Neutron Fluence
(cm-2, E>29fJ)

Total Coating
Failure Fraction(EOL)

SiC layer
Failure Fraction(EOL)

Fractional Release of
1 3 7Cs
1 3 4Cs

1 1 O mAg

75F5A-1

0.8

800 - 1500

1200

0.7xl021

5.9xlO"4

1.6xlO"3

4.5xlO~5

5.1xlO"5

7.0xl0~3

75F5A-2

1.3

900 - 1600

1400

l.lxlO21

7.8xlO"4

5.6xlO"3

1.3xlO~3

1.2xlO"3

7.7xlO~2
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IN PILE HELIUM LOOP "COMEDIE" XA0056012

R.J. Blanchard
CEN/Grenoble

France

1. INTRODUCTION.

The loop is located in the SILOE reactor at CENTRE 0'ETUDES NUCLEAIRES DE

GRENOBLE.

The purpose and objectives are divided in two groups, principal and secondary.

1.1 PRIMARY, OBJECTIVE.

1.1.1 To provide basic data on the deposition behavior of important condensible fission

products on a variety of steel surfaces, i.e. temperature (sorption isotherms] and mass transfer

(physical adsoption) dependencies.

Fission product plateout will be effected under conditions of :

- high temperature

- low coolant moisture

- little or no circulating dust particulates

- partial pressures simulating the values expected during normal HTR operation.

1.1.2 To provide information concerning the degree of penetration of important fission

products into the metals comprising the heat exchanger-recuperator tubes as a function of alloy

type and/or metal temperature.

1.1.3 To provide complementary information on the reentrainment (liftoff) of important

fission and activation products by performing out-of-pile blowdown experiments on tube samples

representative of the alloy types used in the heat exchanger-recuperator and of the surface

temperatures experienced during plateout.

1.2 SECONDARY OBJECTIVE.

1.2.1 To provide information concerning the migration of important fission products through

graphite. To this end, concentration profiles in the web between the fuel rods containing the

fission product source and the coolant channels and in the graphite diffusion sample will be

measured.

1.2.2 To study the corrosion of metallic specimens placed in the conditions of high

temperature gas cooled reactor.
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A first experiment SRO (1) (2) , enables us to determine the loop characteristics and

possibilities related to thermal, thermodynamic, chemical and neutronic properties.

A second experiment SR1 (3) (4) has been carried out in high temperature gas

cooled reactor operating conditions. It enables us to determine particularly.

- the deposition axial profile of activation and fission products in the plateout section

constituting the heat exchanger.

- the fission products balance trapped in the different filter components.

- the cumulated released fraction of solid fission products.

2 . DESCRIPTION OF THE EXPERIMENTAL FACILITIES.

The loop general assembly is shown on figure 1 .

The principal parts of the loop are :

2 .1 AN IN-PILE SECTION which includes Csee figure 2 ) .

- The irradiation section with the fuel loading, source of fission products and heat

production. Above the fuel is placed a graphite diffusion block designed to study the

cesium diffusion.

- The plateout section where the fission products are deposited. It works as a gas

counterflow heat exchanger.

- The filter which traps iodine, solid fission products and the neutron-activited products.

- The electrical heater (power 50 KW) which provides and controls the gas temperature

before the irradiation inlet.

2.2 AN OUT OF PILE SECTION which includes (figure 1) :

- The filters - the cooler - the blower - the out of pile test section - the electrical heater

(38 KW) .

- The facilities for analysis, gas purification and injection of different impurities.

- The measurement and control of the loop parameters, mainly : temperature, f low-rate,

pressure, permanent gases, rare-fission gases.

The main loop characteristics are as follows :

. operating pressure : 20 to 70 bars
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. useful diameter for fuel loading : 70 mm

. helium flow rate : 16 to 45 g.s-1

. fuel surface temperature . '• Q00 to 1100 * C

. plate out section inlet gas temperature : 600 to 835'C

. out of pile test section temperature : 600 to 850'C

3. LOOP OPERATION.

A first run operation is performed to obtain the good conditions for the gas

composition . For exemple :

H2O 1 ± 0 , 5 vpm

CH4 0 , 2 5 i 0 , 1 vpm

CO 2 , 5 ± 0 , 1 vpm

H2/H2O 10 - 5

After a three runs experiment is carried out in the good temperature and neutronic

conditions.

4. FUEL LOADING.

In the SR1 experiment the graphite block, housing the fuel is manufactured in

PECHINEY, P3JHAN graphite. It has 3 cooling channels of 21 .03mm diameter and 4 fuel channels

of 16.20 mm diameter, (f ig.3)

The fuel loading is composed of 32 fuel rods made oi BISO fissiles particies Th O2,

u<32, enrichment 92.2% and fertiles particles TH 02.

The source of fission products necessary for the plateout is obtained from 2282 bare

kernels Th O2, UO2 arranged in 4 particle holders and placed at the core mid-plane in the fuel

channels ( f ig .4) . The total heavy metal loading (fissile and fertile) is 4.683 g of 235(j and

187.705 g of 232jh.

But is it also possible to use spherical fuel balls.

5. HEAT EXCHANGER RECUPERATOR ANO FULL FLOW FILTER.

The heat exchanger-recuperator or deposition section, is composed of three separate

tube bundles containing seven tubes each, one central and six peripheral. The tubes will be
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nominally 8 mm ID, 10 mm OD and 27S9 mm long. The diameter of each bundle sheell will be

36mm. The exchanger is a counter-current, parallel flow type. The tubes comprising the

exchanger will be fabricated from a variety .of steel alloys so as to alloy the study of fission

product plateout on a number of HTR candidate materials.

A full flow fi l ter, constructed in part of sinterred metal and a molecular sieve, will be

located downstream of the tube side heat exchanger-recuperator outlet. The intended purpose of

this filter is to remove coolant-borne particulates which could interfere with the plateout process

and to trap all or most of the fission products which do not deposit on the tube side surfaces of

the heat exchanger-recuperator.

S. FISSION GAS ANALYSIS.

The loop is designed to sample gas in 4 sampling points along the gas circuit. It

enables to analyse the fission gases and to determine the R/B by means of NATHALIE and

JEROME computer codes / 5 / .

7 . POST IRRADIATION EXAMINATION.

After the in-pile section dismantling, the examinations have been carried out on :

- the plateout section - the filter

The spectrometry Y measurements are performed by means of 2 counting facilities :

- one for. counting the solutions, graphite and molecular sieve - the other placed under an

automatic conveyor enabling to carry out the test tubes f scanning. In the 2 cases, the

counting facility is composed of a Ge(Li) detector connected to a data processing system

using a MITRA 15 computer and treated by the NATHALIE code 151.

7 .1 FILTER.

The fitter schematic diagram is shown on figure 5 . At: the plateout section outlet the

gas crosses the filtering cartridge which includes the wire gauze in stainless steel, the DEXTER

paper x 2080 and the sintered stainless steel cartridge (PORAL). After that , the gas flows

through 3 baskets filled with silvered molecular sieve type 5A, followed by 2 baskets normal

molecular sieve type Mi 0 4A.

After dismantling, each element is recovered and the aliquot portions of the

components are analysed :

- the wire gauze is complety dissolved by chloronitric acid.
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- the DEXTER paper is complety dissolved by fluorhydric acid.

- the sintered cartridge is washed during 1 hour with chloronitric acid.

- the metallic baskets housing the molecular sieve are washed with chloronitric acid.

- the molecular sieves are counted in their state.

The f measurement results of the different filter components are given in the table 1

and, the activity distribution are represented :

- figure S for 51cr, 54Mn, 59Fe, 58co, SOCo.

- figure 7 for 12B|, 1311, 129Te, 132Te.

- figure a for 134cs, 136Cs, 137cs, 140Ba.

It. stems from this results that : the filtering cartridge has an efficiency maximum for

the activation products (100% of efficiency considering the trapped quant i ty) . Moreover the 5iCr

has an activity 100 times greater than the other activatiion products.

Concerning the fission products 110Ag, 124Sb, 132Te, 126|, 134Cs, 136cs,

137cs, 14iCe, the filtering cartridge efficiency is near 100% of the trapped quantity. On the

other hand, the molecular sieve mainly traps 131 | , 129mTe, 140Ba.

In conclusion, the filter efficiency is near 100% for activation and fission products

except for iodine and baryum.

7 .2 PLATEOUT SECTION.

The choosen materials for the SR1 bundles are Incoloy 800, Hastelloy X and Stainless

Steel AISI 347 (see figure 9) . After the bundle dismantling each test tube is cut into 3 parts of

880 mm length and placed into a stainless steel container with thin cladding 0.1 mm thickness).

The f scanning is performed by displacing the container closely to the Ge(Li) detector shielding.

The test tube length seen by the detector is 40 mm which corresponds to 22 countings per third

of tube (see figure 10) .

The activity axial profile for activation and fission products is carried out completely

on 3 tests tubes of each materials and partly on the others, the whole representing 702 spectra

determinations. The activation products which are measured on the tubes are : 51cr, 54Mn,

59Fe, 58Co, SOCo. It has been possible to determine the quantity of the following fission

products 89Sr, 110mAg, 124Sb, 125st>, 129mTe, 132Te, 126|, 1311, 137Cs, 140Ba.

The total balance for the whole plateout section is given in table 1 .

The figures 1 1 , 12, 13, 14, 15, 16 represent an example of the plateout profiles
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obtained on the total (ength of the three materials studied, after smoothing of the values.

8. LIFTOFF EXPERIMENTS.

The experiments are carried out in a loop (figure 17) which is composed of :

- a gas bearing blower

- a heater

- a by pass with a laminar valve

- a measuring equipment for : flow rate - pressure and temperature

- a purification unit.

The main loop characteristics are as follows :

- pressure : 10 to 60 bars

- flow rate : 140 g.s-1 (at 40*C) to 25 g.s-1 (at 600*C)

- temperature : from room temperature to SOO'C

- Useful diameter : 23 mm.

The specimens issued from the PEACH BOTTOM reactor have the following

characteristics : length 100 mm, variable inner diameter and outer diameter with a maximum of 19

mm, materials : Incoloy 800 or carbon steel. The plateout is located at the external surface of

the tubes. The specimen is centered by means of two centering cylinders enabling to define also

the hydraulic diameter with a L /DH of 40.

The dust particles and fission products re-entrained are trapped by two filters

located downstrean of the experimental zone. The first filter composition is :

ELEMENTS

Fiberglass
Sintered bronze
Silvered molecular sieve
Sintered bronze

Cut Size

0.3 urn
75 \xm
5A

75 |im

Thickness

0.1 mm
3 mm
24 mm
3 mm

The second filter has the same composition but the molecular sieve is replaced by

actived charcoal.

These filter have been calculated for a gas velocity lower than 1 m. s-1 -.
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9. RESULTS.

Only three nuclides f emitters are detected on the specimens : two fission products,

134cs, 137cs and an activation product 6OC0. Besides, the 90Sr 6 emitter, is also detected.

According to some preliminary tests, it has been established that after one minute of

the test, the fission products quantity extracted was not varying at the some kinetic as during

the test beginning. Consequently the tests lasted two minutes.

The figure 18 give, the evolution of the re-entrained quantity of Cs in fonction of

shear ratio.

10 CONCLUSION

The SR1 test has permitted to demontraste particularly :

- the Comedie loop operation reliability, either for thermal j r chemical pruposes

- the possibility to determine in the plateout. section the deposition profiles for the different

nuclides.

- the satisfying filter efficiency for the activation and fission products.

These results should permit to determine the adsorption isotherms and the fission

products penetration parameters for the project of high temperature cooled reactors.

Technics and methods are developed for liftooff studies, dust counting recuperation

and characterization.
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P.F.

51 Cr
54 Mn
59 Fe
58 Co
60 Co
89 Sr

110inAg
124 Sb
125 Sb
129mTe
132 Te
126 I
131 I
134 Cs
137 Cs
140 Ba

INCOLOY 800

3466
36,6
12,8

. 81
17,5

4143
32,6
15,1
32

153
2659

279
63,3

2 , 8
20,9
31,8

M Ci

+ 595
t 6,9
+ 1,5
+ 3,1
+ 1.2
+ 1285
+ 1,8
+ 3,8
+ 27
+ 34,3
7 828
+ 126
+ 15,4
1 I - 4

+ 14,4
+ 3,9

AISI SS
^ Ci

1574,7 +
20,2 +
6,9 7

24,4 7
10,8 +

6033 +
34,7 +
16,6 7

7,3 +
28,8 +

1085 7
100,3 7
49.9 7

2 +
9,3 +

32,8 +

347

73.4
0 .7
0 ,7
0 , 6
0 , 7

519
1.7
0 . 1
1 .8
3 , 1

131
62

7.4
0 , 1
1.8
3 , 3

HASTELLOY

1906
21,4

1,1
74,9
23,2

5643
33,5

15,8 t
17,7
94,1

2465,4
203,4
37.8

1.7
26.7
35,1

+
+
+
+
+
+
+
+
+

+
+
+
+
+
+

X .

147
0
0
3
0

1265
0
1
5

16
304
110

1
0

11
2

,6
,1

.8

.5
,2
,3
,3

,1
.2
.3
.3

TOTAL

6946,7 +
78,2 +
20,8 +_

180,3 7
51,5 7

15819 +
100,8 +
65,2 +
57 +

275,9 +
6209,4 +

582,7 +
151 +

6,5 7
56 ,9 +
99 ,7 +

M Ci

617
6 .
1 .
4 ,
1 ,

1876
2 ,

15 ,
27
38

891
178

17
1

18
5

9
7
4
6

53
9
6

1
4
4
6

8 ,
1
4
5
4
3
1
1
2
4
9
3
5
2
2
5

88
13
31
96
56
68
05
81
62

.24

.28

.44
,60
.25
,89
.88

E
E
E
E
E
E
E
E
E
E
E
E
E
E
E
E

ATOMS NOMBER

+ 14
+ 14
+ 12
+ 13
+ 14
+ 15
+ 14
+ 13
* 14
+ 13
+ 13
+ 13
+ 12
+ 13
+ 15
+ 12

+ 0.79
+ 0 ,10
7 0,91
7 0,05
+ 0,14
+ 0,43
i 0,03
+ 0,44
+ 1,26
7 0,58
+ 1,33
+ 1,05
+ 0,64
7 0,48
+ 0,93
+ 0,33

E
E
E
E
E
E
E
E
E
E
E
E
E
E
E
E

*
t

t

+
t

+
+
+
+
+
+
+
+
+
+
+

14
14
12
13
14
15
14
13

14 '
13
13
13
12
13
15
12

TABLE I TOTAL BALANCE OF THE WHOLE PLATE OUT SECTION.
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XA0056013
IN-PILE TESTS OF HTGR FUEL PARTICLES AND FUEL ELEMENTS

A.S. Chernikov, V.S. Kolesov, A.I. Deryugin
I.V. Kurchatov Institute of Atomic Energy
42 Ulitsa Kurchatova
Moscow

USSR

Abstract

Main types of in-pile tests for specimen tightness control at the initial step, research of fuel

parcicte radiation stability and also study of fission product release from fuel elements during

irradiation are described in this paper. Schemes and main characteristics of devices used for these

tests are also givea Prinsipal nsute of fission gas product release measurements satisfying HTGR

demands are illustrated on the example of fuel elements, manufactured by powder metallurgy methods

and having TRISO fuel particies on high temperature pyrocarbon and si licon carbide base.

Introduction

Development of VGR-5O and VG-400 reactor projects in the USSR / I , 2/ has demanded

research of core material behaviour in these reactors under irradiation. The most important element

responsible for irradiation situation in the HTGR primary circuit is a fuel element . In the given

designs it is a graphite sphere of 60 mm diameter with fuel as fuel particies (FP) /3/. The ability

to retain fission products release to gaseous cootent during the whole operation time is one of

imp£Hant requirements to such fuel elements (FE). So, designing structure and technology of FP

and FE it's necessary to perform in-pile tests, the main directions of which are:

- control of FP and FE tightness for fission products to detect the initial level of retention

capabi lity,

- studies on radiation stabi lity of FP having various structural and technological modifications,

- workability control of FE with FP having sufficient radiation stability under irradiation

conditions near operation ones.

Conclusion on FE capability to retain fission products according to the demands can be done,

-is a rule, from in—pi le and out—of—pi ie experimental results.

Some types of irradiation devices used for HTGR FE in—pile tests, and also some results of

experiments are considered in this paper.

Tightness control

One of FP and FE tightness control methods is weak irradiation of specimens to thermal

neutron fluence of ~ 1013 cm"*2 followed by annealing t i l l 1100 C in a special furnace and Xe135

release analysis /4/. This method advantages are a weak activation of controlled specimens and

possibility to work further with them without special shielding. This method is used for controlling

initial tightness of FP and FE for long—time reactor tests.
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More detailed research of the value of fission gas product (FGP) leakage from FP is performed

with the help of the device, schematically shown in Fig. 1a /5/. FP are in the graphite unit in the

pebble—bed state, test isothermity being provided with a tungsten radiation heater. Temperature

is changed by moving the capsule with specimens along the reactor core height, and FGP release

is controlled by bbw—through of specimens with inert gas.

A device supplied with additional heater (100G-1100 C) in the upper part topped by a f i rter

is used for in—pile measurements of some solid fission product release. The filter provides trapping

of some solid fission products (Cs, Ba, Ag) and periodically is delivered by pneumatic post to the

measuring block for analysis.

FP Lonq-Time Tests.

There are two types of devices used for FP radiation stabi lity research: simple ampouls, in which

irradiation is performed without in—pile measurement of FGP release, and channels to control FGP

release during irradiation.

Ampouls "MT" and "Karat" /6/ are the f irst type, their characteristics and schemes are presented

in Table 1 and Fig. 1. A large number of different FP modifications (pebble—bed state, coupons,

compacts) are irradiated in these devices.

Specimen irradiation temperature is realized in a wide range up to accident level in combination

with different burn-ups of the fuei gives the possibility to estimate various type FP irradiation

behaviour in a wide parameter range. Information about irradiated FP state is mainly got in post-

irradiation examinations. The advantage of this type devices is their simplicity, accelaration of the

tests, and also the possibi lity to irradiatea large number of FP varients.

The second type of devices is more complicated as every capsule with specimens has a gas system

for its bbw—through with inert gas. Such channels as "Mikrat", "ASU" and "BKS" are of this type

(Tabie 1 and Fig. 1) /5, 7/. Every capsule contains, as a rule, one FP modification, specimens are

made in the form of graphite units with FP (Mikrat), sets of 7—10 coupons (ASU) or FE simu-

lators of 45 mm diameter (BKS). In these channels FGP release under FP irradiation under different

conditions similar to HTGR operation ones is studied.

In the process of FE tests a number of questions on operate reliability are considered. They are:

FGP release study under various irradiation conditions, FGP transport into the coolant and primary

circuit equipment, corrosion interaction of the coolant and FE and others. Simultaneous realization

of all HTGR FE project operation condition peculiarities is practically impossible, that's why

various FE workabi lity aspects are studied separately in experimental reactors.

FGP release study in FE irradiation process near operation was performed in special channels

of "Kashtan", "Vostok" and "RBT" type (Table 1, Fig. 2) /5, 6/. FE are mostly piaced in individual

c: >sules each of them has a pumping system for FGP sampling. Capsules are provided with double

thin—wailed stainless steel shells, the gap between them can be used for FE temperature adjustment

by changing gases with different thermal conductivity (helium or neon). Some channels have a

sample moving mechanism for additional adjustment of irradiation conditions to move these samples
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Table 1. DEVICE CHARACf tRiSI iCS FOR f t AND I;P LONG T'ME TbSTS

Sample Device
Quantity

Capsiiiu' Specimen FP in the specimen

Irr.idiaiion Corulit ions

Temperature, C Thermal Neutron Flux Density
c m " 2 s " '

I

FP

Model FE <;>45 mm

Spherical FE

MT

Karat

Mikrat

ASU

BKS

3*

5*

5

3

-50

5

5

3

~5xl02

~103

-3X101

~5xlO2

1000-2000

1000-1600

700-1000

1200

1250; 1400

RBT

Vostok

Kashtan

Udar

PG-1OO

2

4

6<

1

1

3

4

6

10

19

{5-10) 103

(3-10) 103

(3-5)103

( 1 3 ) 103

(3-5) 103

1250,1400

1000-1400

800-1600

300-1000

800-1200

( 3 - 6 ) 10 1 3

t i l l l x I O 1 4

t i l t3x10*3

t i i l 7 x l O 1 3

till 3 x 1 0 ' 4

t i l l3xlO13

t i l l lx lO1 4

t i i i 3xlO13

t i l l lxlO13

t i l l3x!01 3

* capsules are without control of fission product release under irradiation.



along the core height. FE temperature is controlled by W/Re thermocouples,and neutron flux density

is controlled by direct charge detectors (based on emission of electrons by rhodium) or thermo—

neutron detectors. FGP release measurement is carried out by gas sampling from capsules with

subsequent gamma-spectrometry. According to activity value methods with continuous gas-carrier

fbw, probe accumulation in the capsule or special sampling vesseis are empbyed.Usage of one of

these methods depends upon probe activity and provides R/B value controlof 1CT7 level FGP release

study in transient irradiation conditions is performed in the channel "Udar" (Tabie 1).This channel

has one common capsule, with 10 FE. The capsule entrance and its removal from the reactor core

provides FE necessary thermocycling in the temperature range of 300-1000 C with about one hour

periodicity. FGP release is analysed for all FE in the channel.

FE irradiation under conditions near operation ones by heat characteristics is carried out in

helium bop PG—100 /6/. Nineteen FE or their simulators with total FGP release control and solid

fission product analysis are simultaneously irradiated in the loop to perfect the techno bgy of work

with helium coolant and its cleaning.

Mentioned devices for HTGR FE and FP tests provide wide study of their behaviour in irradia— .

tion conditions, the number of examined FP modifications consistently decreasing, and their statistic

representativity increasing with complexity of experiments. Irradiated specimens are further

subjected to post—irradiation examinations.

Some Test .Results

Initial tightness control by weak irradiation performed on a large number of samples shows,

that Xe leakage value at annealing t i l l 1100 C for FP is mainly tower 1x1(T6, for FEdepending

upon fuel concentration is ( l -3 )x l (T 6 . Major contribution in FGP release is caused by uranium

contamination of FP outer coating and FE matrix graphite.

FP long—time tests, carried out in a wide range of irradiation parameters (Table 1) on speci-

mens of various construction and technology, showed, that FGP leakage value at the beginning of

irradiation is also determined by the volume contamination of the outer coating and doesn't practic-

ally depend upon separate layer thickness for TRISO FP with high—temperature PyC/8/.

With growth of burn—up and fast neutron fluence some FP coating failure accompanied by

FGP leakage ..icrease from Iff*7 - 1CT6 (at 1000-1200C) ti l l 1CT4 - 1CT3 can occur. Thestartof

failure depends upon irradiation conditions, FP construction and manufacture technotogy. Carried

out research showed, in particular, that TRISO FP with UO^ kernels and high—temperature PyC

have rather high radiation stability, if buffer and carbide layer thickness is not tower 80 and

40 mkm, respectively /8/.

For example, FE manufactured by powder metallurgy methods from artificial graphite and tar

pitch satisfying the mentioned demands for FP coating thickness garantee FGP retention at

R/B < 1CT5 t i l l fuel burn—up ~ 10% and fast neutron fiuence ~ 2xlO21 cm"2 at all temperature

operation conditions t i l l 1400 C At most characteristic HTGR FE operation temperatures (800 —

1100 C) leakage rate is in the range of 1CT7 — 10"6 t i l l burn—up 15% and more, this completely

satisfies these reactor requirements.
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DEVICE SCHEMES FOR FP AND SIMULATOR IRRADIATION

MT"

(a) (b) (c)

BKS"

1 - wall
2 — capsule
3 — specimen

4 — sampte moving mechanism
5— gas system
6 — thermocouples and detectors

• ( f >

- 79 -



DEVICE SCHEMES FOR SPHERICAL FE IRRADIATION

"KASHTAN" "RBT"

If
n

"VOSTOK'

i|
JUU

\_r

1 - wall
2 - capsule
3 — specimen

. 4 — sampl movi ng mechani sm
5 — gas system
6 - thermocouples and detectors

Fig. 2.
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BACKGROUND IODINE IN A COMMERCIAL ADVANCED GAS-COOLED REACTOR

J.A. Garland, R.D. Wiffen
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Abstract

Measurements have been made of the l 3 1 I present in the coolant gas of

Hinkley Point R3, using two sampling methods. One uses charcoal traps which can

be connected to many access points on the reactor circuit. The second uses

copper gauzes or charcoal loaded filters followed by a charcoal trap, to obtain

some information on speciation. This method has been used at a specially

installed sampling point on the duct to the gas by-pass plant. The measurements

discussed here were made in normal operation and following a planned reactor

trip.

All measurements using the second method indicated the presence of two

iodine species. One (the reactive species) was absorbed efficiently by copper

gauzes and charcoal loaded filter papers. The other form (the penetrating

species) was retained only weakly by charcoal loaded filter papers but was

absorbed quantitatively by the charcoal trap. It is not possible to identify

these forms unambiguously. I2, I and HI are possible candidates for the

reactive form. The penetrating form does not appear to be pure CH3I but may be

(at least in part) higher aDcyl iodides.

In normal operation 10.4 ± 3.1% of the iodine reaching the sampler is in

the penetrating form. Losses of the reactive form in the sampling pipe could be

substantial, despite its short length (« 2 m, 9.5 mm bore) and the high flow

rate (« 80 g s" 1). At other locations used for iodine sampling, much longer

sampling pipes could absorb essentially all the reactive iodine. This would

account for the order of magnitude greater total concentration (284 ± 83 pci/kg)

at the special sampling point.

Following the reactor trip, large fluctuations were observed in 1 3 1 i and
1 3 3 I concentrations were observed in charcoal pack samples collected at two of

the circulators. Peaks in I concentration were observed at about 30 min and

between 2 and 3 h following the trip. Corresponding changes in the penetrating

iodine form were seen at the special sampling point. The concentration of the

reactive form decreased three-fold following the trip but regained some of the

loss subsequently. - 81 -



1. Introduction

Routine sampling for iodine at AGR's has been carried out using charcoal

packs and other absorbers at the ends of small bore sampling pipes that

penetrate the pressure vessel wall, and are consequently well in excess of 6 m

long. These samples have shown the presence of iodine in a non-reactive form,

that behaves in many respects like methyl iodide. A shorter sampling pipe (2m

long 9.4 mm bore) has been provided in the duct leading to the gas by-pass plant

of Hinkley Point Reactor 3. This duct itself is some 20 m long from the

circulator outlet duct to the sampling point, but is of 300 mm bore and carries

a flow of 10 kg s"1 of coolant gas. This by pass duct sampling point allows

high sampling flow rates (of order 0.1 kg s"1 > and this provides an opportunity

to reduce the influence of interactions with the walls of the sampling pipes on

the results of iodine sampling.

Samples collected at the by pass duct sampling point using cellulose

filters showed some retention of 1 3 1 I . This would be unexpected if only methyl

iodide were present, and the finding indicated a need for further investigation.

Subsequently, several sampling techniques have been applied to provide some

information on the behaviour of the iodine present in the gas at this sampling

point, and this paper presents the results obtained.

2. Methods

Exchangeable high pressure filter holders, fitted with quick-fit couplings

and having an effective filter diameter of 35 mm, can be fitted directly to the

sampling pipe. The filter holder was followed by a critical orifice and

pressure gauge to control and measure the flow. Each filter holder can be

loaded with several filter papers in series, and in addition two filter holders

can be fitted in series.

In initial work, filter holders were loaded with various combinations of

cellulose and glass fibre filters, charcoal loaded filter papers (Whatman type

ACG/B) and copper gauzes (previously cleaned by immersion in hydriodic acid).

Sampling rates of 80 to 100 g s"1 were used. The high flow rate of C02 at

pressure would erode some of the filter materials, and this was prevented by

sandwiching each set of filters between stainless steel gauzes.
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Subsequently, the sampling system was modified to accommodate a small

charcoal pack behind the filter holder. This arrangement is illustrated in Fig

1. The charcoal bed would not provide efficient absorption of methyl iodide and

similar species if exposed to the full flow rate passing the filter holder, so a

by-pass arrangement was used to allow the charcoal bed to receive about 2 g s"1

of the gas penetrating the filters. A second critical orifice controlled this

flow. The charcoal bed was loaded with 18.8 g of potassium iodide impregnated,

activated charcoal (Sutcliffe Speakman Type 207 B, Mesh 8-12 BSS) divided into

halves by a stainless steel gauze.

3. Results and interpretation

3.1 Evidence for two iodine species

The presence of methyl iodide (or a chemically similar compound) carrying
13 XI in AGR circuits was established in tests carried out in the Windscale

reactor (the WAGR) by Hillary (1970). However, in the initial work at Hinkley

Point, 1 3 1i was found absorbed onto cellulose, copper and stainless steel as

well as charcoal. Methyl iodide does not react in this manner, and the presence

of a more reactive iodine species is implied.

In some measurements several copper gauzes and charcoal-loaded filter

papers were loaded in series. The results of such a test are listed in Table 1.

They can be explained by a single iodine species which is retained with about 8

per cent efficiency by each copper gauze and about 58 per cent efficiency by

each charcoal-loaded filter.

In other measurements, when the charcoal trap was in use, the co-existence

of two iodine forms was confirmed. Fig 2 shows the results of a typical sample

in which charcoal-loaded papers were used in series, and followed by a charcoal

trap. The first few filters each absorbed about 60 per cent of the incident

iodine. Subsequent filters retained a much reduced fraction. The results

require the presence of two species: a reactive form with a retention of about

60 per cent per charcoal-loaded filter and a penetrating form, of which only 3

to 4 per cent is retained by each filter, and the bulk of which has passed on to

the charcoal trap.
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3.2 Comments regarding the identity of the iodine species

An opportunity to observe the behaviour of methyl iodide in the sampling

system used at Hinkley Point was provided by an experiment in which methyl

iodide labelled with 1 3 1i was injected into the reactor coolant (Garland et al,

1984). During injection, a sample was collected at a sampling point in the

duct, 4 m downstream of the injection point. At such short range, corresponding

to only - 1.5 s exposure to the reactor coolant gas, it is assumed that the

injected methyl iodide was unchanged. Each charcoal filter retained 3.3 per

cent of the 1 3 1 I , similar to the retention for the penetrating iodine species

of the reactor background. However, during the methyl iodide injection 23 per

cent of the activity reaching the charcoal trap penetrated to the second half of

the trap, while the corresponding fraction for the penetrating species of the

background 1 3 1 I , normally present in the reactor gas, was generally below the

limit of detection, and could not have exceeded about 10 per cent. This

discrepancy suggests that the penetrating fraction of the background 13 XI is

not pure methyl iodide.

The reactive iodine species shows some similarity in behaviour to I2. It

has long been known that I2 is reactive toward many surfaces including copper

and this behaviour has been used to separate I2 from methyl iodide and other

forms (Chamberlain, 1963), but some other iodine species, particularly HI and

atomic I may behave similarly. Barry (1968) studied the variation of retention

of I2 with sampling parameters for metal gauzes. Extrapolating the correlation

he derived beyond the range of his experiments, the expected retention in the

sampling conditions used at Hinkley Point was 13 per cent for each gauze. The

measurements (eg Table 1) indicated only 8 per cent retention, sufficiently

different to suggest that the reactive species may not be 12. I and HI would be

expected to have an even higher retention.

Glass fibre filters, offering a high efficiency for particles of all sizes,

were incorporated in some sampling combinations. The small fraction (about 5

per cent) of the total activity that was collected on these filters was probably

largely due to sorption of the active iodine species and indicates that particle

borne iodine is a small fraction of the total in normal operation.
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Whatever its form, the reactive iodine is absorbed efficiently by the

charcoal-loaded filter papers. At the high face velocities used, these filters

retain only a small fraction of the penetrating species, although this form is

captured efficiently by the KI loaded activated charcoal used in the charcoal

trap. This combination is therefore convenient for measuring the concentrations

of the two forms present in the coolant gas.

3.3 Iodine concentration in normal operation

The results of a series of occasional samples taken over 18 months at the

by-pass plant sampling point are presented in Table 2. The total collected on a

series of charcoal loaded filters, and the activity penetrating to the charcoal

trap, are shown. Corrections have been applied for the retention of 3 per cent

of the penetrating iodine by each charcoal loaded filter, and for the penet-

ration of these filters by a small fraction of the reactive iodine, and the

resulting estimates of the concentrations of the reactive and penetrating

species are listed.

The results show that only 7 to 13 per cent of the l31i is present in the

penetrating form. The total concentration varies from about 160 to

414 p Ci kg"1. A comparison of the concentrations found by the methods

described above at the by pass duct sampling point, with those measured at one

of the routine sampling points is shown in Table 3. It shows that the

concentrations revealed in the routine sampling procedure correspond approxi-

mately to the penetrating iodine found at the shorter sampling pipe.

Stainless steel gauzes, included in some of the samples, collected iodine

equivalent to 2 to 4 per cent of the reactive species, and the loss of the

reactive iodine at the end of the long, narrow steel sampling pipe in routine

sampling is probably explained by irreversible sorption on the walls of the

pipe. Even in the 2 m length of larger bore pipe at the by pass duct sampling

point, loss of a fraction of the reactive iodine is likely to have occurred. If

the steel walls were a perfect sink, this loss (limited by gas phase transfer

processes) would amount to about two thirds of the total. Possibly the measured

concentrations of the reactive species represent only one third of that

circulating in the reactor coolant.
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3.4 Concentration changes following shutdown

A few samples were collected using charcoal loaded filter papers and

charcoal packs at the by pass duct sampling point shortly before, and for a few

hours following, a planned shutdown. In addition, sequences of charcoal pack

samples were collected at sampling points connected to two of the circulators.

Some of the results are presented in Fig 3. Large fluctuations in the

concentration occurred on two occasions, both at the circulators and at the by

pass duct sampling point. The behaviour of the iodine sampled at the gas

circulators was similar to that of the penetrating species sampled at the by

pass plant. The reactive species of iodine sampled at the by pass plant did not

behave in a way similar to the penetrating species. The concentration of

reactive iodine decreased by a factor of three following shutdown, but recoveed

to approximately 50 per cent of its initial value in subsequent samples. The

concentration of the penetrating species increased following the shutdown,

decreasing approximately one hour later. A second increase, coincident with a

large increase in core mass gas flow, was seen later, with the iodine

concentration rising by a factor of two to four, the larger increase being

observed at the by pass plant sampling point. During each decrease, the

concentration was observed to fall with a halving time of approximately 60

minutes.

4. Conclusions

Sampling has shown that two forms (at least) of 1 3 1 i are present in the

reactor gas of an AGR in normal operation. Identification has not yet been

possible, but one form shows some similarity in behaviour to I 2 and the other to

methyl iodide. Normally the more reactive form contains 90% of the activity.

Large changes in the concentration of both forms occurred following a shutdown.
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Table 1 Results of sampling with copper gauzes
and filter papers, 21.12.82

131I retained % of total
Elements incident reactive

nCi 131I retained

Cu gauze

glass fibre filter

charcoal loaded filter

Cu gauze

Cu gauze

charcoal loaded filter

charcoal loaded filter

Cu gauze

1.56

0.97

9.44

0.59

0.56

3 . 4

1.42

< 0.1

8 . 2

5 . 6

57.5

8 . 4

8 . 8

58.2

58.3

< 10
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Table 2 Concentrations (pCi/kg of 131I in the coolant in
the gas by-pass plant duct at Hinkley Point R3

Number of Total *31i 131I Corrected concentrations Percent in
Date charcoal- collected collected of iodine species penetrating

loaded on filters on charcoal form
filters pack Reactive Penetrating

25.

5.

24.

21.

25.

22.

4.

12.

8.83

10.83

11.83

12.83

1.84

2.84

9.84

2.85

8

8

6

9

6

6

12

12

6

6

9

9

6

6

3

210

182

109

137

223

Not counted

201

362

381

375

208

246

259

252

228

-

-

-

21.2

19.0

14.8

10.8

33.0

28.7

24.5

21.0

26.6

20.3

21.8

24.0

205

177

107

130

222

-

196

348

380

375

201

238

259

251

256

28.0

22.8

17.8

15.6

47.5

34.4

29.4

27.6

35.0

24.4

26.2

26.3

17.7

9.3

7.4

12.0

8.3

7.3

12.1

12.8

8.6

9.5

9.3

Table 3 Reactive and penetrating 131I concentrations and the iodine
measured at the Health physics sampling point (all in pCi/kg)

Date Reactive 131T

4.

12.

9.

2.

84

85

348

380

375

201

238

259

251

ating 131I

47.5

34.4

29.4

27.6

35.0

24.4

26.2

131I at Health
Physics measuring

point

21.8

33.3

30.6

9.9

7.2

7.4

8.4
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Exhaust

5-15mm critical
orifice

Thermocouple

Flexible hose

One or two
filter holders
each with 3 to 6
charcoal-loaded
filters

-2 m long, 9-5mm I.D._
stainless steel pipe

0-8mm critical orifice

Thermocouple

Charcoal pack

Swage I ok
quickfit
couplings

Isolation
valves

Gas by-pass plant duct

FIG 1. DIAGRAM OF SAMPLING SYSTEM FOR IODINE SPECIATION
The system permits sampling flow rates of ~80g s"1 through six
or more charcoal-loaded f i l ter papers in series. About 2 g s"1 of
the gas leaving the charcoal-loaded f i l ters is sampled by the
charcoal pack. Critical orif ices limit the sampling f lows, which
are deduced from pressure and temperature measurements.

- 89 -



FIG. 2. RESULTS OF A SAMPLE COLLECTED DURING
NORMAL OPERATION OF THE REACTOR
Nine charcoal-loaded filters were followed by a
charcoal trap.
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FIG. 3.CHANGES IN IODINE-131 CONCENTRATIONS IN THE
REACTOR COOLANT GAS FOLLOWING THE SHUTDOWN.
a) The penetrating and reactive species measured at

/ the by pass duct sampling point.
b) The concentrations measured at circulators 13B

and U A .
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Abstract

In the event of a fuel failure in an Advanced Gas Cooled Reactor

(AGR), the quantity of fission products available for release to the

environment is determined by the transport of fission products in the UO,

fuel, by the possible retention of fission products in the fuel can

interspace and by the deposition of fission products on gas circuit surfaces

("plate-out").

The fission products of principal radiological concern are

radioactive caesium (Cs-137 and Cs-134) and iodine (principally 1-131).

Results are summarised of a number of experiments which were designed to

study the release of these fission products from individual fuel failures in

the prototype AGR at Windscale. Results are also presented of fission

product release from failures in commercial AGRs. Comparisons of measured

releases of caesium and iodine relative to the release of the noble gas

fission products show that, for some fuel failures, there is a significant

retention of caesium and iodine within the fuel can interspace.

Under normal conditions circuit deposition reduces caesium and iodine

gas concentrations by several orders of magnitude. Differing release

behaviour of caesium and iodine from the failures is examined together with

subsequent deposition within the sampling equipment. These observations are

important factors which must be considered in developing an understanding of

the mechanisms involved in circuit deposition.
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1. INTRODUCTION

In the event of a fuel failure in an Advanced Gas Cooled Reactor

(AGR), the quantity of fission products available for release to the

environment is determined by the transport of fission products in the UO,

fuel, by the possible retention of fission products in the fuel can

interspace and by the deposition of fission products on gas circuit

surfaces, the phenomenon known as "plate-out". This "plate-out" of

radioactive nuclides on reactor surfaces, although of benefit in reducing

the quantity available for release to the environment through coolant

leakage, can lead to high radiation fields in areas of the circuit where

maintenance is required.

The fission products of principal radiological concern are

radioactive caesium (caesium-137 half-life 30 years, caesium-134 half-life

two years) and iodine (principally iodine-131 half-life 8 days).

Although commercial AGRs of the CEGB and the SSEB have now been

operating for more reactor years than achieved by the prototype AGR at

Windscale (WAGR), it is from the latter that most experience of fission

product release from failures has been accumulated.

During the operation of WAGR there were a total of 180 fuel failures

which were detected and located using the installed Burst Can Detection

(BCD) system which essentially measures the concentration of certain short

lived noble gas fission product nuclides in reactor coolant samples. These

coolant samples were obtained using small bore steel sample pipes about 10 m

in length. Coolant samples were also passed through "Maypack" filter units

which collect the radioactive iodine contained in the gas and which are

designed such that different physical and chemical forms of the iodine are

collected on different components of the filter unit, thereby providing an

indication of the chemical composition of the iodine as well as the total

concentration in the gas entering the Maypack. Hillary (Ref. 1) has

reported that in general these measurements showed that:

(i) there was a release of fission product iodine into the gas

circuit from fuel failures,

(ii) the majority of the iodine collected on the Maypacks appeared

to be in the form of organic iodine compounds (methyl iodide),

and (iii) a comparison of the concentrations of iodine-131 measured in

coolant samples from the fuel channel containing failed fuel with samples

from other channels showed that there was considerable "plate-out" of

iodine-131 in the circuit.
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As Hillary noted, much of any elemental iodine or iodine attached to

particles would have been expected to have been deposited on the long sample

pipes before the Maypacks, thereby leading to an underestimate of the

quantity of iodine-131 in the reactor coolant.

Measurements inside the reactor gas circuit during reactor

inspections showed that caesium was released from fuel failures and was

rapidly deposited on heat exchanger surfaces, where it contributed

significantly to the radiation field when the reactor was shutdown.

Deposition of caesium on the sample pipe walls prevented the detection of

caesium in coolant samples so that no measurements of caesium release could

be made at the time of the failure. From measurements inside the reactor

during successive reactor inspections it was possible to estimate the total

caesium release from the failures occurring in the intervening period. A

retrospective estimate of the release from an individual failure could be

made after the failure was discharged by the removal of the sample pipe from

the plug unit of the discharged stringer so that a y-spectrometric

determination of the caesium deposited on the sample pipe could be made.

Little was known of the timescale of the caesium release, in

particular whether the release was continuous or confined to a relatively

short period of time following the failure of the can. This was of

practical importance since, if the release of caesium was continuous, the

contamination of circuit surfaces could be reduced by rapid detection,

location and removal of failed fuel from the core. The suggestion was made,

by Collins at Windscale, that the releases of caesium and iodine could be

closely related so that the instantaneous release rate of caesium might be

calculable from the iodine release rate determined from Maypack

measurements.

Two major experiments were therefore devised and carried out by UKAEA

and CEGB staff, the first with a failure induced in the reactor, the second

re-irradiating existing failures. The objectives were:

(i) to investigate the timescale of caesium release from one

particular fuel failure and so assess the usefulness of rapid removal of

failures from the core to reduce caesium contamination of the boilers,

(ii) to investigate whether there is a relationship between caesium,

iodine and noble gas release rates by measuring the magnitudes and

timescales of caesium and iodine releases from the fuel and continuously

recording the BCD signal from noble gas release,
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(iii) to determine whether there was any deposition of iodine-131 on

sample pipes which would lead to Maypack measurements giving an

underestimate of the release of iodine-131 from failed fuel, and, by

studying the deposition of iodine on the sample pipes and on filter

components at the outlet of the pipes, to investigate the physical and

chemical forms of iodine and its deposition behaviour.

2. WINDSCALE AGR IRRADIATION EXPERIMENT IE1495

In this experiment a fuel stringer with a high burn-up and a

calculated high fission gas pressure was removed from the reactor and its

plug unit was removed and replaced with a specially modified plug unit which

incorporated 5 sample pipes, normal plug units having only one. All of the

sample pipes sampled gas from the same position as would a standard sample

pipe, from behind the adjustable gag. The stringer was then reloaded into

the reactor and irradiated at a slightly higher rating than before with a

low peak can surface temperature (T ) of about 550°C to allow the levels of

short-lived nuclides, particularly iodine-131, to build up again.

After 33 days the gag was adjusted to reduce the channel gas flow and

increase the peak can surface temperature to 900°C with the aim of

deliberately inducing a gas pressure fuel failure in this stringer. The

fuel failed after 20 days and the stringer then remained in the reactor for

a further 6 1 /
2 days until the reactor was shutdown for its discharge.

By arranging to sample coolant through each of the 5 sample pipes for

a prescribed sample period, it was possible by subsequent y~spectrometric

analysis to determine the quantity of radioactive caesium and iodine

nuclides deposited on each sample pipe and hence estimate the total caesium

and iodine releases during each of the five sample periods.

Table 1 shows the periods for which each pipe sampled. Since it was

not possible to predict with certainty when the failure would occur coolant

sampling through Pipe 1 began as soon as the can temperature had been

increased to induce the failure. Coolant from this pipe was passed through

a Maypack filter unit, the components of which were changed occasionally

during the 20 days period before the failure occurred. Sampling through

this pipe was stopped 35 minutes after the failure occurred. Coolant was

then sampled successively through sample pipes 2, 3 and 4 for periods of 3

hours, 10 hours and 34 hours respectively, in each case the coolant going to

a Maypack filter unit. Coolant was sampled through pipe 5 continuously

during the whole experiment while the other pipes were in use and for a

further period of 4^2 days until the reactor was shutdown for the failure
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to be discharged. Release during this final 4 1/, day period has been

calculated by subtracting the earlier release determined by the other sample

pipes. Of the coolant sampled through pipe 5, 0.5 g s"1 went to BCD

equipment and 0.8 g s"1 went to an apparatus consisting of Maypacks and

other filter components designed to distinguish between different forms of

iodine-131 in coolant leaving the pipe.

Because of the structure of the plug unit some sections of the sample

pipes could not be removed and Y~ sP e c t r o m e t ry could not be carried out on

these sections. Figure 1 shows the caesium-137 and caeslum-134 deposition

profiles measured on sample pipe 3. The profiles are consistent with

deposition having been limited only by the rate of transport through the gas

to a perfectly adsorbing surface. The quantities of caesium deposited on

the missing sections were estimated by interpolation in order to calculate

the total quantity collected on the pipes. The uncertainty introduced by

this interpolation was not significant in the case of caesium. Table 1

shows the quantity of caesium-137 estimated to have been released during

each sample period. It is clear from the table that the quantity of

caesium-137 in the coolant before the failure occurred must have been

extremely small. The measurements are consistent with the release having

been continuous, at a rate rising from about 3 mCi hour"1 to about

8 mCi hour"1, with a total release of 1.1 ± 0.2 Ci.

Unfortunately, Post Irradiation Examination of the failure showed

that 5 fuel pins had failed. It was therefore not immediately possible to

exclude the possibility that one failure had occurred during each sample

period, in which case a short term release from each failure could give the

appearance of continuous release. Axial y-scanning of the 5 failed pins,

allowed an estimate to be made of the caesium release from each one. The

total caesium-137 release from the 5 pins was estimated to be 4.0 ± 0.7 Ci.

Deposition of caesium on steel and graphite surfaces between the failure

sites and the sample pipe inlet positions could account for part of the

discrepancy between the two estimates of the total caesium-137 release.

Table 2 shows the proportions of the caesium-137 release which can be

attributed to each of the 5 failed pins on the basis of the PIE

measurements. A comparison with Table 1 shows that the quantities of

caesium-137 collected on the 5 sample pipes are not consistent with the

releases from these 5 failures being confined to the time of failure no

matter at what times or in what order the 5 failures occurred. It is

concluded that the release of caesium-137 was continuous. The fractional
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release of caesium-134 from each pin was very similar to that of caesium-137

and the two nuclides were found deposited in the same proportions on all

sections of all 5 sample pipes. The release of caesium-134 was therefore

also continuous.

Although the possibility had been recognised that there could be

forms of iodine-131 which deposited on sample pipes and so were not normally

detected using Maypack samplers, no attempt had been made previously to

measure such iodine. Table 3 shows the quantities of iodine-131 found

deposited on each sample pipe, as determined by Y~sPectrometry, and the

quantities of iodine-131 remaining in coolant leaving the sample pipes

collected on Maypacks and other filter components. Figure 2 shows the

iodine-131 deposition profile measured on pipe 5. It is clear from the

figure that there were probably significant quantities of iodine-131

deposited on the sections of pipe which could not be retrieved. Also

included in Table 3 are estimates of the total quantities of iodine-131

deposited on each pipe, obtained by interpolation. Since the interpolated

sections represent a significant fraction of the total, these estimates are

subject to considerable uncertainty. Nevertheless it is clear that only a

small and varying fraction of the iodine-131 entering the sample pipe

reached the Maypacks. Estimates of the release of iodine-131 based on

conventional Maypack measurements alone would have underestimated the true

release from this failure by more than a factor of 10.

During the 20 day period before the failure occurred, the filter

components in the Maypack taking gas from sample pipe 1 were changed

occasionally. Y~ sP e c t r o m e t ri c analysis of these filter components suggests

that if the proportion of iodine-131 depositing on the pipe remained

unchanged throughout the entire period of sampling, 60% of the iodine-131

found on pipe 1 would have been deposited there before the failure occurred.

Table 3 shows the mean iodine-131 release rate calculated for each sample

period and the ratio of caesium-137 and iodine-131 released from the failure

deposited on each sample pipe. In both cases it has been assumed that only

40% of the iodine-131 on pipe 1 came from the failure. The results show

that, as for caesium, the release was continuous, but that in addition there

was probably a short term release of iodine-131 at a much higher rate when

the failure occurred, but no evidence of a similar release of caesium.

Fission product iodine nuclides with half-lives shorter than that of

iodine-131 could not be detected on the sample pipes by the time they were

available for y~spectrometry. Other fission product iodine nuclides are
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iodine-127 (which is the naturally occurring stable iodine nuclide) and

iodine-129 which has an extremely long half-life (16 million years) and was

therefore not deposited in quantities which were detectable by

y-spectrometry. The levels of iodine-129 were determined by neutron

activation, the results giving a ratio of iodine-129 atoms to iodine-131

atoms deposited of (85 ± 7) I 2.

Thermodynamic analysis suggests that in an intact fuel pin the most

likely equilibrium form of fission product iodine would be as the volatile

compound caesium iodide, with excess caesium present as caesium uranate or

molybdate. Calculations show that, for the stringer used in this

experiment, long lived or stable caesium nuclides account for over 98% of

the total caesium atoms in the fuel, caesium-137 accounting for 40.7%. For

iodine the nuclides iodine-127 and iodine-129 account for 98% of the iodine

in the fuel, iodine-129 accounting for 83.3%. It would therefore be

expected that in any caesium iodide released from that stringer, the ratio

of iodine-129 atoms to caesium-137 atoms should be 2.05:1. If the iodine

deposited on the sample pipes during this experiment were in the form of

caesium iodide the ratio iodine-131:caesium-137 expressed in terms of

activity would be (33 ± 3) * 2, using the results of the neutron activation

measurements described above. The deposition profiles found on the sample

pipes were not consistent with the iodine having been deposited where it was

found as caesium iodide. Whereas caesium was deposited predominantly at the

pipe inlet, the iodine was deposited further down the pipe where the

iodine-131:caesium-137 ratio often exceeded 1000, and downstream of which

very little caesium had reached.

The distribution of iodine collected by filter components at the end

of the sample pipes showed that the iodine reaching those filters was in a

molecular form rather than attached to particles. The distribution on the

Maypacks was consistent with the iodine being in the form of organic

compounds.

Shortly before the reactor was shutdown for the failure to be

discharged, a sample of coolant was collected in a sample cylinder for

y-spectrometric analysis, the results of which are shown in Figure 3. The

concentration of iodine-131 in the coolant was a factor of 100 smaller than

for a noble gas nuclide of similar half-life. The greater part of this

factor is no doubt due to the depletion of iodine-131 in the sample due to

deposition on the sample pipe, but it would still appear that the actual

release rate of iodine-131 at that time was probably somewhat smaller than

would have been found for a noble gas nuclide of similar half-life.
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3. WINDSCALE AGR IRRADIATION EXPERIMENTS IE1510/1 AND IE1510/2

In each of these experiments, a fuel stringer previously discharged

as a failure, was fitted with a specially modified plug unit carrying

additional sample pipes, and returned to the reactor to be re-irradiated at

full power for a period of several weeks, during which time the rates of

release of caesium, iodine and noble gases were measured. Re-irradiating an

existing failure rather than inducing a failure as had been done in the

previous experiment allowed the study of a pin which had failed under

conditions closer to those of CAGR in normal operation. There would be

reasonable confidence that there was only one failed pin in the stringer,

making interpretation of the results easier. However, no information would

be obtained about the early stages of a failure and changes may have taken

place in the failed pin during storage.

Compared with the previous experiment, several improvements were

made:

(i) In addition to the normal sample pipe, the modified plug unit

had 6 additional fine bore sample pipes held within a stainless steel sheath

which passed through the central guide tube to below the position of the

gag. After stringer discharge the sheath and sample pipes could be

withdrawn as a unit, avoiding the problem of gaps in the deposition profiles

where pipe sections were irretrievable, and the consequent uncertainties in

the total quantities of caesium and iodine deposited.

(ii) One of the six pipes was fitted with six thermocouples in order

to determine the temperature variation along the sample pipe.

(iii) On-line Y~ sP e c t r o m e t ry w a s used to provide a continuous

measurement of the concentrations of noble gas isotopes in coolant sampled

from the failure channel through the normal sample pipe.

(1) Re-Irradiation of the First Stringer

The stringer was re-irradiated for 16 days with maximum channel

coolant flow and hence relatively low can temperatures. During this period

there was continuous sampling through the normal sample pipe to the BCD unit

and the on-line y~sPectrometer, but no sample was taken through any of the

special sample pipes.

The next 24 days were divided into six 4-day periods (Table 4). At

the beginning of each period the channel gas flow was altered to change the

temperature conditions which remained constant throughout the period.

During each period coolant was sampled almost continuously through one of

the special sample pipes. Sampling began as soon as temperatures were
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steady and finished just before the next channel gas flow rate change. For

each of the six periods a new sample pipe was used. Coolant from the pipe

passed through a new convoluted steel hose to a Maypack. The Maypack filter

components were changed several times during each period.

(2) Re-Irradiation of the Second Stringer

The second stringer was re-irradiated for a total of 34 days, during

which time sampling through the normal sample pipe to the BCD unit and on-

line Y~ sP e c t r o m et e r w a s continuous. For the first six days the stringer

experienced maximum channel coolant flow and hence relatively cool can

temperatures, and during this period coolant was sampled through the first

of the special pipes to a Maypack.

After this initial period, the channel flow rate was reduced. It was

intended to make no further changes in the operating conditions of the

stringer, but to investigate the changes in release rate during a prolonged

isothermal period, and to determine the time variation in iodine and caesium

deposition profiles on the special sample pipes by sampling through each of

the five remaining pipes consecutively for periods of 1 day, 2 days, 4 days,

8 days and 16 days respectively. During the penultimate sample period, the

noble gas concentrations began to increase. The sample was terminated,

channel coolant flow increased in order to limit the increase, and the last

sample period begun. Coolant from the special sample pipes went by a

convoluted steel hose to a Maypack. The Maypack filter components were

changed several times during each period. Table 5 shows the channel

conditions during each period.

Figure 4 shows how the concentration of xenon-138 changed during

IE1510/1. Since this isotope is relatively short-lived (half-life 850 s),

changes in the concentration follow closely changes in the instantaneous

release rate. The release rates of the other noble gases appear to have

behaved similarly. Qualitatively, several features are obvious:

(i) Noble gas release was continuous throughout the entire period.

(ii) The concentration was continuously higher during periods of

operation at higher can temperature.

(iii) In addition there were pulse releases when the channel coolant

flow was reduced to increase the can temperature, but the pulses were

progressively smaller.

(iv) Towards the end of the fifth sample period the concentration

began to rise while conditions were steady.
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Part of the change in concentration from one period to the next is

due simply to the change in coolant flow rate, since in the absence of

recirculation in the gas circuit, the concentration should be inversely

proportional to the coolant flow rate for a constant release rate. In fact

the observed changes are greater than would be expected on this basis

suggesting that the release rate increased when can temperature increased.

However, the magnitude of these increases was very much less than would be

expected from changes in the magnitude of the coefficients of noble gas

diffusion in U0 2.

Figure 5 shows the concentrations of xenon-138 and xenon-133 measured

during IE1510/2. Again the reduction in channel gas flow rate, and the

consequent increase in can temperature led to a pulse release of short lived

noble gases followed by a continuous release which was at a rate only

slightly higher than before. However, subsequently there was a prolonged

rapid rise in these release rates. Decreasing the can temperature by

opening the gag had the desired effect of reducing them.

The principal results of the iodine-131 measurements using the

special sample pipes are shown in Tables 4 and 5. Iodine-131 was found to

have been deposited on each sample pipe and on the charcoal granules of each

Maypack sample pack. There is no reason to doubt that the release of

iodine-131 was continuous. In contrast to the noble gases, reductions in

can temperature did not reduce the rate of release of iodine-131.

Towards the end of IE1510/1 the coolant burden of xenon-133 was being

maintained at about 16 Ci while the iodine-131 release rate was 34 nCi s"1.

Towards the end of IE1510/2 the coolant burden of xenon-133 was about 11 Ci

while the iodine-131 release rate was 130 nCi s~l. Assuming that in each

case all of the xenon-133 came from the IE1510 failure and not from some

other unknown failure (an assumption which, at least in the case of the

second experiment, is supported by the response to the opening of the gag)

and allowing for the high coolant leakage rate during the experiments, this

implies that the rate of release of iodine-131 was in both cases over a

factor of 100 less than would be expected for a noble gas of that fission

yield and half-life.

The iodine-131 deposition profiles on the special sample pipes were

qualitatively similar to the profiles measured in the earlier experiment,

but the proportion deposited on the pipe surfaces varied greatly from 0.7%

to 81%. Tables 4 and 5 show that there was an unmistakable correlation

between channel conditions (which also determined the sample pipe
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temperature profile) and the proportion of iodine-131 deposited. There was

no obvious correlation between the proportion deposited and the length of

the sample period which ranged from one day to 17 days.

Figure 7 shows the proportions of iodine-131 estimated to have been

deposited on the sample pipes from IE1495 and IE1510 and from a Windscale

AGR failure (F149) discharged in 1977, plotted against can temperature

(T ). The curve shows that there is little deposition on the pipe for
sm

samples when T is less than about 700°C and a high level of deposition
when T is above about 800°C. CAGR conditions correspond to the transition

sm

region. Similar curves would have been obtained if the results had been

plotted against channel gas outlet temperatures or sample pipe inlet

temperatures.

Figure 6 shows the concentration of iodine-131 reaching the Maypack

at the end of the special sample pipes during IE1510/1. Although there was

a general rise in iodine-131 concentration over the course of the

experiment, the most noticeable feature is the depletion in the iodine-131

concentration which occurred during the early part of each sample period and

which is most marked for those periods in which there was greatest

deposition on the sample pipe. The depletion occurred both following an

increase in channel temperatures (at the start of periods 1, 3 and 5) and

following a decrease in channel temperatures (at the start of period 4). It

is unlikely that a short term reduction in the rate of release of iodine-131

from the fuel failure would follow both an increase and a decrease in

channel temperatures, and it is therefore probable that the reduction is

associated with the deposition of iodine on the fresh sample pipe preceding

the Maypack. This implies that the fractional penetration of the sample

pipe by iodine was not constant during each sample period, but was smaller

at the beginning of each period. Nevertheless, most importantly, it is

clear that even during the first hour of sampling the proportion of

iodine-131 which reached the Maypacks was not small.

These observations place important constraints on any model which

attempts to explain the deposition of iodine on steel sample pipes. If

deposition were limited only by the rate of transport through the gas to a

perfectly adsorbing surface, the proportion of iodine reaching the Maypack

would be negligible (less than one part in lO^-5). It is clear from the

tables and from Figure 6 that, even during the first hour of sampling

through a sample pipe, a significant fraction (10% to 50%) of the iodine

sampled reached the Maypack. It is clear that, if only one chemical form
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of iodine was involved, deposition could only have been gas transport

limited for a very short period (less than one hour), and must have ceased

to be gas transport limited long before significant deposition on the pipe

had occurred and hence long before desorption could be significant.

During the 'high temperature' periods of IE1510/1 about one third of

the iodine-131 entering the special sample pipes was deposited on the pipes,

consequently deposition must have taken place over a period of several days.

It would therefore be expected that the isotopic composition of the iodine

on the pipe surface would change greatly during the sample period, since

short lived isotopes such as iodine-134 (53 minutes) would rapidly reach

radioactive equilibrium while the quantity of iodine-131 deposited continued

to increase. It would be expected that the ratio of the quantities of

iodine-134 and iodine-131 on the pipe surface would change by a factor

greater than 30. If most of the iodine reaching the Maypack were from

desorption of deposited iodine from the pipe surface, it would be expected

that the isotopic composition of the iodine at the Maypack would be the same

as that of the deposited iodine, and that large changes in the isotopic

composition would be observed during the period. There were no such

changes. The iodine reaching the Maypacks did not come predominantly from

desorption of iodine on the pipe surface.

Thus, if only one chemical form of iodine was involved, deposition on

steel sample pipes was not gas transfer limited before there had been

significant deposition and hence significant desorption, and most of the

iodine reaching the Maypack at the end of the pipe had not been deposited on

the pipe previously.

An attempt was made to explain the iodine-131 deposition profiles

from IE1495 and IE1510 in terms of the chemical adsorption of a single

iodine compound on the steel surface, the adsorption rate having a strong

temperature dependence. Although the model had some success in accounting

for the deposition profiles, it was unable to account for the relatively

high proportion of iodine-131 reaching the Maypacks at the start of the

sampling period.

The most obvious alternative approach to an explanation of these

results is to suppose that the iodine in the coolant can be present in

varying proportions of two chemical components, one of which readily

deposits on the steel pipe surfaces, and the iodine on the Maypacks

representing the other component which deposits much less readily. It would

appear that the relative proportions of the two forms would depend on
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channel conditions, the proportion of the depositing form being greater at

higher temperatures. However, the observed depletion in iodine-131

concentration at the Maypack at the beginning of each sample period

(Figure 6) and a more detailed study of the deposition profiles suggest that

if the iodine-131 results are to be explained in terms of a 'two-component'

model, that model will need to be more complex than the simplest possible in

which each component deposits differently and independently.

From Tables 4 and 5 it can be seen that very little caesium-137 was

deposited on any of the 12 special sample pipes in IE1510. None was

detected in coolant leaving those pipes. In terms of activity the ratio of

the quantities of iodine-131 and caesium-137 in coolant sampled through

these pipes was in the range 1600 to 33000. If the caesium and iodine had

been in the form of caesium iodide it would be expected that the ratios

would have been roughly 50. The results show that the iodine entering these

sample pipes was not combined with caesium.

Although very little caesium deposited on the special sample pipes,

relatively large quantities were found deposited in the normal sample pipe,

on the plug unit and on the lower part of the sheaths surrounding the

special sample pipes where there was considerable deposition to within a few

millimetres of the entrances to the special sample pipes. It is therefore

clear that caesium was released from both of the stringers during re-

irradiation and that caesium was present in gas very close to the entrance

to the special sample pipes. It is also clear from the iodine results that

gas was actually drawn through those pipes. It must be concluded that

release of caesium was not continuous but was confined to periods when the

special pipes were not in use, that is at the beginning of the first re-

irradiation experiment, short periods during gagging operations, or at the

end of the experiments. The presence of the short lived nuclide caesium-136

(half-life 13 days) with the other caesium nuclides suggests that the most

likely period for caesium release was at shutdown.

From y-spectrometric determination of the quantities of caesium

deposited on the normal sample pipe it is estimated that the release of

caesium-137 during the re-irradiation of the first failure was about 4 mCi,

with only 8 |j.Ci released during the 24 days the special pipes were in use.

In the case of the second stringer the total release was about 150 mCi, with

only 13 ji.Ci released during the 34 days of sampling through the special

pipes. A comparison of the quantities of caesium-137 and iodine-131 sampled

shows that very little of the caesium can have been released as caesium
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iodide. If the caesium was released at shutdown the proportion released as

caesium iodide at the end of the second re-irradiation must have been much

less than 0.5%.

From measurements of radiation levels observed on the plug units used

in these re-irradiations and on the plug units which were attached to these

stringers when they were originally irradiated in the reactor and failed,

McCarten (unpublished work) estimated that the quantities of caesium-137

released during the re-irradiations were much less than the quantities

released before the stringer was originally discharged. For the first

stringer re-irradiation release was less than 3% of the total, for the

second stringer, 29%.

Although the results of the measurements of caesium release during

the two re-irradiations appear to be markedly different from the results of

the earlier experiment using an induced failure, it must be remembered that

in that earlier experiment the period of irradiation lasted only 6^^ days

after the first of the five pin failures occurred. It is possible that had

the stringer been irradiated for a much longer period the continuous release

of caesium might have diminished.

No comparable experiments have been possible in CAGRs. In addition,

although well over one thousand fuel stringers have been loaded into Hinkley

Point fB' reactors, only one failure has emitted a significant quantity of

iodine-131. Measurements at that time showed that the release of iodine was

continuous and that the behaviour of iodine in the gas circuit was very

similar to that observed at WAGR (Hillary, Ref. 1), the effective deposition

rate corresponding to about 10% deposition per coolant circulation and

giving an overall reduction of the coolant concentration of about a factor

of 103. The release appeared to be smaller than for a noble gas, although

deposition on sample pipes could have caused underestimation. Some caesium

was released from this failure, and from five other failures from which

there was no evidence of any continuous release of iodine. In contrast to

the observed behaviour of iodine, over 90% of the caesium was deposited

during first pass through the heat exchangers. In addition to these six

failures several hundred fuel pins developed small defects in end caps and

released noble gases, but not caesium or iodine.

From the results of the Windscale AGR experiments and from the

measurements made during operation with failed fuel at WAGR and at CAGRs, it

is concluded that:

(i) There is no simple relationship between the release rates of

caesium, iodine and noble gases, and their dependence on temperature.

- 105 -



(ii) Although iodine release, like that of noble gases, was

continuous, there is evidence of significant retention of iodine in the fuel

pin relative to noble gases in these experiments.

(iii) Caesium release may be continuous or confined to periods of

changing channel conditions. It is possible that continuous release is

confined to a relatively short period following failure.

(iv) The relationship between the iodine concentration in the

reactor gas and that at the end of long sample pipes is strongly dependent

on channel conditions, probably due to changes in the chemical composition

of the iodine.

(v) The deposition behaviour of caesium and iodine are different.

Most of the caesium is deposited during the first transit through the heat

exchangers. Effective deposition of iodine corresponds to about 10%

deposition per coolant circulation.

(iv) There is no evidence that a significant fraction of the caesium

or the iodine is released as caesium iodide.
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TABLE 1

IE1495 : Caesium-137 Release

Sample Period

Before Failure

After Failure

Period 1

Period 2

Period 3

Period 4

Period 5

TOTAL

Duration

20 days

35 min

198 min

595 min

2035 min

6560 min

Pipes Used

1

2

3

4

• 5

Cs-137 Release
During Sample
Period (mCi)

1.9

9.5 (1%)

35 (3%)

174 (16%)

856 (80%)

1080

Mean Release
Rate

(mCi hour"1)

-

3.3*

2.9

3.5

5.1

7.8

6.9*

*Calculated assuming no caesium collected before failure
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TABLE 2

IE1495 : PIE Caesium-137 Release Estimates

Pin Number

3/1

3/2

3/3

3/4

3/5

Proportional Contribution to Total Cs-137 Release

^ 2.5%

23%

28%

44%

2.5%

TABLE 3

IE1495 ; Iodine-131 on Sample Pipes

Pipe

1

2

3

4

5

Iodine-131
on Pipe

Actually
Measured

23

11

40

270

6400

Deposited
» (tiCi)

Estimated
Total

39

19

58

410

12000

Iodine-131 Reaching
Pipe Outlet

Quantity
(uCi)

2.9

1.7

0.8

25

860

Proportion
of Estimated

Total

7%

9%

1.3%

6%

7%

Mean 1-131
Release Rate
(mCi hour"1)

61*

14

14

31

88

Ratio 1-131 (nCi):
Cs-137 (nCi)

Deposited on Pipe
from Failure

18*

4.4

3.6

5.2

7.6

•Calculated assuming only 40% of iodine-131 deposited on pipe 1 came from failed fuel.
All activities are corrected for decay to the end of the sample period.
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TABLE 4

IE1510/1 Channel Conditions, Caeslum-137 and Iodlne-131 Release

1

2

3

4

5

6

Temperature (°C)

Gas Outlet

608

525

608

567

612

522

C a n Tsm

730

625

745

685

740

625

Duration
(hours

95.3

96.7

94.6

94.3

95.5

94.6

Cs-137 on
Pipe (pCl)

763

292

1530

192

466

279

Release of
Cs-137 (uCi)

1.4

0.7

3.3

0.5

1.1

1.2

1-131 ln
Sample (nCl)

2900

2330

2480

2300

2850

2380

Mean 1-131

(nCl kg"1)

10

9

10

10

13

13

Release of
1-131 (mCl)

5.4

6.9

5.4

6.0

7.0

9.9

1-131
Cs-137

3800

8000

1600

12000

6100

8530

% 1-131 on
Pipe + Hose

35%

2%

30%

9%

31%

0.7%

% 1-131 on
Maypacks

65%

98%

70%

91%

69%

99%

o

TABLE 5

IE151O/2 Channel Conditions, Caeslum-137 and Iodlne-131 Release

1

2

3

4

5

6

Temperature (°C)

Gas Outlet

498

617

615

615

615

553

590

753

749

749

749

664

Duration
(hours

153.05

24.0

48.0

96.7

93.8

405.2

Cs-137 on
Pipe (pCl)

799

553

735

320

483

854

Release of
Cs-137 (uCl)

3.8

1.4

2.0

0.9

1.4

3.2

1-131 ln
Sample (nCi)

3300

850

1600

4400

9100

28000

Mean 1-131

(nCl kg"1)

13

16

15

24

50

61

Release of
1-131 (mCl)

16

2.2

4.2

12

26

103

1-131
Cs-137

4100

1500

2200

14000

19000

33000

% 1-131 on
Pipe + Hose

4%

81%

66%

74%

54%

5%

% 1-131 on
Maypacks

96%

19%

34%

26%

46%

95%
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BUBBLE DEVELOPMENT AND FISSION GAS RELEASE DURING RAPID
HEATING OF 18 GWd/TeU UO2

G.J. Small
Materials Development Division
AERE Harwell

UK

Abstract

Small samples (approximately.50 mg) of UO irradiated to 18 GWd/TeU

have been heated rapidly in an out-of-pile furnace. Ramp rates were in

the range 10-80°C.s , peak temperatures varied from 1400°C to 2500°C

and dwell times from one to fifteen mins. The specimens were sealed in

small capsules which were subseauently pierced to determine the total
85

amount of fission gas ( Kr) released during each test. Changes in the

size and number of gas bubbles on grain boundaries were examined using

SEM, TEM, replication and fractography techniques will be employed

later.

In this paper are reported the first series of gas release results

and some metallography. The results are compared with related

experiments and some aualitative conclusions are drawn regarding the

mechanisms and kinetics of transient fission gas behaviour.

- 114 -



1. INTRODUCTION

Experiments are being conducted at Harwell to investigate the

behaviour of irradiated uranium dioxide under postulated reactor fault

conditions. The work reported here is restricted to out-of-pile

annealing studies. Of primary interest are the release of gaseous

fission products and macroscopic swelling of the fuel. Both phenomena

give an increased risk of clad failure during transients, by over-

pressurisation of the fuel pin and pellet-clad mechanical interaction

respectively.

Small samples of irradiated UO are heated rapidly to < 2500°C.

Hold-times at temperature are in the range 1-15 mins. The integrated

release of fission gases during the transient is measured by j3 counting
85

of Kr and the extent of swelling is determined from bulk density

measurements and metallography. Changes in the gas bubble population

resulting from the transients are examined bv scanning (SEM) and

transmission electron microscopv (TEM). This provides information

relating to the mechanisms for gas release and swelling.

The initial series of tests have been designed' to cover the range

of thermal conditions encountered during a hypothetical CAGR Reactivity

Insertion Accident.

Twelve experiments have been conducted to date using fuel samples

taken from a CAGR pin. Annealing temperatures have been in the range

1400-1700°C with dwell times of 300, 600 and 900 s. The integrated gas

release has been determined for each sample and che development of grain

boundary porosity has been investigated using optical and scanning

electron microscopy.

2. SOURCE OF IRRADIATED SPECIMENS

Specimens were taken from an element 4 pin irradiated in a civil

AGR. The UO. pellets contained ~ 3% porosity as-fabricated and had an

initial grain diameter of ~ 8 u-m. The stringer achieved a mean burn-up

of 15,930 MWd/tU. The pin of Interest reached 17,858 MWd/tU at a mean
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rating of 14.5 W/gU. Further details of the pin characteristics and

irradiation conditions are given in Table 1.

3. EXPERIMENTAL METHODS AND EQUIPMENT

The transient furnace and the post-test examination programme are

described in this section. The seauence of operations performed on each

specimen is shown in Fig. 1.

3.1 Preparation of Specimens

Transverse slices ~ 1.5 mm thick were cut from a 250 mm length of

the fuel pin. Several discs of 3 mm diameter were then ultrasonically

trepanned from each slice, the exact locations and numbers of discs

being determined by the crack-patterns within the slices. Both faces

of the discs were ground on 600 grit SiC paper to produce flat surfaces

and to reduce the specimen thickness to ~ 0.75 nnn. Each disc was then

weighed (~ 50 tng) and sealed in a tubular, tantalum capsule 25 mm long

and with an inside diameter of 3.5 imn. The disc was held flat against

the capsule base by a molybdenum spring. The specimens were loaded into

their capsules in a nitrogen atmosphere and the capsule end-caps were

arc-welded into position under argon.

3.2 Transient Annealing Furnace

The encapsulated specimens were heated in a small, electrical

resistance furnace. This is illustrated schematically in Fig. 2. A

cylindrical element of tantalum foil, 50 mm long x 12 mm diameter, is

clamped between two water-cooled bus-bars. These deliver a current of

< 250 Amp at 7 volt. The presence of graphite insulation and the low

thermal mass of the hot zone allow very rapid heating (~ 500°C.s )

although to maintain control over the heating rate it must be limited to

< lOO-C.s"1. Rapid cooling, also at ~ lOO'C.s"1, is facilitated by the

efficient cooling system.

The temperature of the capsule base is measured by a radiation

pyrometer sighting through a auartz window in the furnace chamber. The
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signal from the pyrometer is fed both to a chart-recorder and into a

three-term (PID) controller. The furnace is described in more detail in

ref. 1.

3.3 Specimen Conditions During the Anneals

Calculations using a two-dimensional heat-transfer model have

shown that during the heat-up phase the temperature of the U0_ specimen

lags behind the capsule-base temperature by up to 50°C but that the

temperature drop across the specimen is < 10°C. On reaching the

annealing temperature isothermal conditions are achieved within a few

seconds and maintained throughout the anneal.

It is well known that UO oxidises readily at elevated temperatures

and that the presence of excess oxygen increases the diffusion

coefficient of fission gases in the fuel. This potential source of

enhanced gas release has been eliminated in the current experiments by

encapsulating the specimens in an inert atmosphere. Any oxygen impurity

in the fill-gas is removed by the tantalum and molybdenum capsule

components which have a greater affinity for oxygen than does U0_.

3.4 Thermal Test Programme

Specimens have been annealed at 1400°C, 1500c\l 1600°C and 1700°C

and for 300 s, 600 s and 900 s at each temperature. In each case the

peak temperature (as measured at the capsule base) was reached in < 60 s

following a brief hold at 1050°C. There was generaly an overshoot of

< 20°C lasting for ~ 20 s but for the majority of the anneal the

reauired temperature was held to within + 2°C. Each test was terminated

with a auench to < 1000°C in < 20 s. A typical temperature history

(1500°C for 600 s) is plotted in Fig. 3.

3.5 Post-Test Examination

A comprehensive examination programme (Fig. 1) has been devised to

extract as much information as possible from each fuel specimen.
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Firstly the capsule is punctured and any gas released from the U0?

into the capsule voidage during the anneal is diluted in He and passed
85

over a Kr detector. The capsule components are retained for analysis

of any volatile fission products plated on the inner surfaces. The

count rate from the released gas is compared with that from a standard
85

sample of Kr to calculate the absolute r<

counting apparatus is described in ref. 2.

85
sample of Kr to calculate the absolute release during the test. The

The U0- specimen is removed from the capsule, mounted in Araldite

resin and polished for metallography. Grain size, grain boundary

bubbles and large (> 200 nm) intra-granular bubbles are examined using

optical microscopy and SEM. Replicas are then prepared from the

polished surface to resolve smaller bubbles > 10 nm. Finally the

specimens are electro-chemically thinned for TEM examination of the

smallest gas bubbles and dislocations.

SEM imaging of fracture surfaces allows the extent of interlinkage

of the grain boundary bubbles to be studied in more detail. The
85

specimens are then returned to the Kr analysis loop, crushed several

times to release the gas residing on grain boundaries and in large (> 10

nm) grain boundary bubbles and finally dissolved to drive out the

remaining gas held within the matrix and in small (< 100 nm) bubbles.

4. RESULTS

Gas release measurements have been made from twelve specimens and

eight have been examined by optical microscopy and SEM.

4.1 Gas Release

85
The pre-test inventory ( Kr) of the fuel pellets was calculated to

be 4081 nCi/gUO., assuming zero release during irradiation. The amount

released from each specimen during the anneals was measured as described

above and both auantities were corrected for radioactive decay (t, =

10.76 yr) by normalising back to the activity on discharge from the

reactor. The % release results are shown in Table 2. Specimen

identifications represent the annealing treatment i.e. specimen 14/3 was

annealed at 1400°C for 300 s etc. Apparent inconsistencies in some of
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the release fractions are attributed to erratic behaviour of the

counting equipment (specimens 14/3, 14/6, 17/6, 17/9). these results

may be in error by up to a factor two and will be re-assessed by

comparison with retained gas measurements to be made by crushing and

dissolving the UO..

4.2 Metallography

The specimens were examined in the unetched state using both

optical microscopy and SEM. Several representative micrographs are

shown in Fig. 4. Where possible measurements were made of the grain

size and of the size and density of grain boundary bubbles. These

results are summarised in Table 3. The approximate bubble densities

auoted are the number per unit length of grain boundary and some

comments are made on the general appearance of the grain boundary

porosity. No intra-granular bubbles were visible on any of the

micrographs.

5. DISCUSSION

5.1 Features of These Experiments

Fission gas release from samples annealed at < 1500°C for < 900 s

was insiginificant (Table 2). Up to 5% was released at 1600°C in the

same time-scale and approaching 50% release was detected at 1700°C. The

method used for measuring released gas activity did not allow the

release rate to be followed. Possible contributions identified in
(4 5)previous work ' include bursts of gas on heating and cooling an

gradual (diffusive) release during the isothermal period.

In view of the rapid cooling rates achieved it can reasonably be

assumed that the microstructures observed in the various specimens (Fig.

4) are representative of the structures at the end of the annealing

period. The appearance and development of grain boundary porosity (Fig.

4b onwards) coincides with the onset of significant fission gas release

(> 1600°C). Fig. 4a is representative of all specimens annealed at <

1500°C - very little porosity was seen and no grain structure was

visible on the unetched surfaces. In most of the specimens from which a
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significant amount of gas was released a number of grains had fallen

from the surface during metallographic preparation. This revealed large

numbers of discrete bubbles on the grain faces (e.g. Figs. 4b and h) but

the snake-like structures of inter-linked bubbles often associated with

high release fuel were not seen. At 1700°C the grain boundary bubble

population tended to coarsen with increasing annealing time. There is

some evidence in specimen 17/9 (Figs. 4g and h) of grain boundary

separation. Examination of fracture surfaces will allow a more detailed

analysis to be made of the development of grain boundary bubble

structures.

5.2 Experiments by Other Workers

Several other authors have reported anneals at similar temperatures

both during irradiation and out-of-pile. Generally these have been of

longer duration and the ramp rates have been much slower than those

reported here.

(4)
Killeen and Baker annealed fragments of CAGR fuel irradiated to

1500, 5000 and 11,000 MWd/tU at < 1750°C for 0.25-64 hr. Ramp rates

were < l°C.s and some problems were encountered in controlling the

oxygen potential of the furnace sweep gas. In most experiments a burst

of release was detected at ~ 1000°C during the rise to the annealing

temperature. This was eouivalent to total release from the surface of

the sample to a depth of < 5 m̂ and represented - 1% release from a 50

mg sample. There was no further release during prolonged heating in

non-oxidising atmospheres below 1450°C. However above this temperature

gas release continued steadily during the anneaLs. A second burst of

release from some samples on cooling was attributed to micro-cracking

along gas-laden grain boundaries. Fracture surfaces were examined by

SEM and showed extensive grain face bubble inter-Linkage In a specimen

annealed at 1750°C for 2.0 min (but for — 2 hr at various temperatures

> 1400°C due to the slow ramp rate). The development of a bi-modal

distribution of intra-granular bubbles at > 1540°C was studied using

TEM. In the 1500 MWd/tU fuel there was evidence of bubble depletion

near to dislocations and grain boundaries.

Killeen subseauentlv annealed similar fragments of rather higher
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burn-up (18,000 MWd/tU) CAGR fuel at 1380-1720°C under more closely

controlled, non-oxidising conditions. Hold-times at temperature ranged

from 20 min to 68 hr and the ramp rates were lower (< 0.1"C.s ) than
2

before. Plots of (release) vs time were approxmately linear,

indicating a diffusion mechanism, but there was a tendency for the slope

to increase at low temperatures (< 1400°C) and to decrease gradually

above ~ 1450°C. These long-term, slow ramp rate experiments showed a

less pronounced burst of release on heating and no burst was detected

during the return to room temperature.

Hastings et al irradiated UO- pellets in a swept pin to ~ 3,300

MWd/tU at a rating of ~ 24 W/gU and with fuel centre temperatures

~ 1700°C. Low level diffusive release was recorded during this base

irradiation. Two coolant dryout transients were then performed with the

fissile rating remaining at — 24 W/gU for 40 min. Fuel peripheral and

centre temperatures rose to ~ 1400°C and ~ 23008C (measured)

respectively and remained at these levels for ~ 20 min. The transients

were terminated by a planned reactor trip and a return to water cooling.

Release during the transients occurred in three stages. As fuel

temperatures increased so did the release rate although the measured

count rate was rather jerky. Diffusive release proceeded during the

period at constant high temperature but when the reactor was tripped and

efficient cooling was re-established a large burst of release was

detected. Integrated releases for the two transients were only 0.8% and

1.8% respectively. Releases of at least 10% would be expected based on

out-of-pile experience (e.g. this work, refs. 4, 5 and 7) as the

majority of the fuel was well above 1500°C for at least ten minutes.

Zimmerraann has heated samples of LWR fuel irradiated previously

to 23,000 and 35,000 MWd/tU at 28-64 W/gU. Very little gas was released

from the lower burn-up fuel during irradiation but the U0_ irradiated to

35,000 MWd/tU had released ~ 8% of its inventory. Substantial release

was noted during out-of-pile anneals of whole fuel pellets at

1300-1600°C for < 3 hr. Release from the 35,000 MWd/tU fuel was

noticeably higher than that from the 23,000 MWd/tU specimens for the

same annealing conditions. Crushing and dissolving techniques (as

described above) showed a marked transfer of gas from the "matrix" to
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(mainly grain boundary) bubbles during post-irradiation annealing.

Data from refs. 4, 5 and 7 are compared with the current results in Fig,

5. Different symbols are used for the four burn-up levels and

Zimmermann's results are represented by smooth curves drawn through

the data points. The time axis is on a square root scale. Killeen's
(4 5)

results ' include the burst releases on heating and cooling where

appropriate.

5.3 Mechanisms for Transient Gas Release

The experiments reviewed above allow some deductions to be made

regarding the mechanisms for transient gas release. Firstly the

behaviour of gas during steady state irradiation is described as the

release during a transient is determined to some extent by the

disposition of the gas prior to the event.

5.3.1 Steady state irradiation: Gas atoms are introduced individually

into the U02 lattice during the fission process. They quickly combine

with readily available vacancies to form small bubbles within the fuel

grains. The size of these bubbles is limited to ~ 1-2 nm under thermal

reactor conditions by thermal and/or fission spike resolution

processes. Thus as irradiation continues the number of intra-granular

bubbles increases, their mean size remains constant and a super-satuated

concentration of single gas atoms is maintained in the lattice. These

atoms migrate gradually to grain boundaries where bubbles nucleate and

grow, eventually joining together to form inter-connected networks along

the grain edges. Gas can now migrate rapidly through the tunnels and

escape from the fuel. The time to reach inter-linkage depends on the

grain size, temperature, fissile rating, hydrostatic stress and other

factors.

The situation can change dramatically when fuel temperatures rise

due to some change in reactor conditions. Depending on the origin of

the transient the fissile rating may increase, remain constant or fall

to zero. In any event the increase in temperature means that gas atoms

become more mobile and gas bubbles may grow and possibly move. Thermal
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stresses build up within the fuel pellets and external stresses may

alter. The response of the fuel to these changing conditions depends

on the temperature, ramp rate, fission rate and elapsed time during the

transient.

5.3.2 Burst release on heating: The burst release observed in refs. 4

and 5 was more pronounced at intermediate ramp rates (l°C.s ) than

during slow ramps (0.1°C.s ). However, no release was recorded in the

present experiments from samples ramped rapidly to 1050°C, held for a
(4)

few seconds and subsequently ramped to 1400°C. Killeen attributes

the burst either to the destruction of traps (bubbles) near to free

surfaces or to a brief period of gaseous diffusion terminated by

precipitation of all the gas into bubbles. The diffusion/precipitation

mechanism provides a more plausible explanation of the observed

behaviour.. It is proposed that the thermal gradient generated between

the surface and the interior of the specimen during heating provides a

driving force for the migration of gas atoms, and possibly small

bubbles, to the hotter surface region. The low but finite thermal

conductivity of U0_ restricts the thermal gradient during slow

(0.18C.s ) heating but the gradient becomes more significant at

intermediate heating rates (l°C.s ). During rapid heating (~ 10°C.s )

it is suggested that the rapid growth of intra-granular bubbles removes

all gas from solution before a significant amount can reach free

surfaces. On this basis one might expect a higher burst release during

reactivity transients when fission-induced resolution would retard the

precipitation of gas into bubbles.

5.3.3 Release by diffusion: It is convenient to express fission gas
(9)

release rates in terms of an effective diffusion coefficient D

For irradiation under steady state conditions D is determined by

combining the intrinsic diffusion coefficient of the gases (Xe and Kr)

in U0_ with some description of the retardation due to bubble

nucleation, growth and resolution . However under transient

conditions the changing population of intra-granular bubbles means that

the number of gas atoms available for diffusive release is also

constantly changing. Turnbull and Tucker allowed for bubble
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trapping in their early analysis but they did not include the return of
(12) (13)

gas to the matrix by either thermal or irradiation induced

resolution. Hence they predicted < 1% release for all transients. More

recent models (e.g. 14, 15) include resolution effects but the

mechanisms are still not fully understood. The r61e of bubble motion

during transient release is also uncertain. Further complications are

introduced by the continuous opening and closing of grain boundary
(16)

tunnels , giving rise to a varying surface area. However several
attempts have been made to derive values for D from transient release

(9)data using the Booth model for spherical diffusion in which the

release is proportional to D '~

F-S-

where a is the radius of an eauivalent sphere and is often set eaual to

the grain size.

(4 5)
Killeen's results ' suggest a higher activation energy (644

kJ.mol ) for diffusion than the generally recognised value of 293

kJ.mol although it should be recognised that the latter value was
(18)

derived from experiments performed below 1500°C. Manzel et al

calculate an activation energy of 330 kJ.mol from some in-pile

transients with calculated fuel "temperatures < 2000°C. However it is

likely that the temperatures were in fact some 200-300°C higher than

those Quoted.

If the Booth model applies the slopes of curves drawn in Fig. 5

should represent diffusion coefficients for the various temperatures.

At 1600°C both curves due to Zimmermann and that derived from the

present work have similar slopes. However at 1500°C the two Zimmermann

curves are of rather different gradient and the 14OO°C data indicate a

"diffusion coefficient" similar to that at 1600°C. This implies that

the Booth model should only be applied to transient data with extreme

caution.
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(4)

5.3.4 Development of lntra-granular bubbles; Killeen confirmed

earlier observations (e.g. 19) made using TEM that whereas only ~ 10% of

retained gas atoms are stored in bubbles during irradiation almost all

the gas is precipitated during post-irradiation annealing. The bubble

population had coarsened on annealing and after 20 min at 175O°C some

large (~ 75 nm) bubbles had appeared on dislocations. Zones denuded of

bubbles in the region of grain boundaries were observed in fuel heated

to > 2100°C in the FGR experiments performed at HEDL . This was

attributed to the stress-driven migration of bubbles to grain boundaries

but this mechanism does not explain the depletion near dislocations
(4)

observed by Killeen . An alternative explanation could be that the

bubbles remain stationary but that they shrink and eventually disappear

by emitting vacancies and single gas atoms. The stress fields around

edge dislocations attract vacancies which either cause the dislocation

to climb or, if it is pinned, voids are nucleated. These in turji grow

at the expense of nearby gas bubbles and attract gas atoms form them.

In this way large bubbles appear on dislocations and neighbouring

regions become bubble-free.

(18)
5.3.5 Effects of resolution: Manzel et al measured ~ 80% release
from U0, irradiated to 25,000 MWd/tU and subsequently held at 1450°C at

(5)a rating of — 50 W//gU for 52 hr. Killeen measured only 5.5% release

from similar fuel annealed at 1430°C for 53 hr out-of-pile. if the

temperatures quoted by Manzel are reliable this is dramatic evidence of

the enhancement of release provided by fission-induced resolution.

Resolution also retards the development of grain boundary porosity.

This is a possible explanation for the very low release levels detected

by Hastings during in-pile annealing. The release rate rose

substantially when the reactor was tripped.

5.3.6 Grain boundary bubbles: The very limited amount of metallography

performed so far shows no evidence of bubble inter-linkage. Samples

that had released significant amounts of gas contained discrete bubbles

on the grain faces (e.g. Figs. 4b and h). This could suggest that a

"zoom lens" mechanism was operating in which the grain face bubbles

coalesce, the gas is vented and the faces re-join. Some separated faces

were seen. The snake-like networks of bubbles photographed by
(4)

Killeen could have been stabilised during slow cooling.
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5.3.7 Effect of burn-up; Selected results showing the effect of

burn-up on gas release during post-irradiation annealing are shown in

Table 4. It is clear from this Table, and from Fig. 5, that for

equivalent annealing conditions the fractional release increases with

increasing burn-up at least for short-term anneals (~ 3 hr). However
(21) (22)

for longer heat treatments (> 4 hr) Parker and Bridge et al

obtained similar results to those of Killeen but at burn-ups of only

4,000 and 5,500 MWd/tU respectively. The low release observed by

Hastings (3,300 MWd/tU) has already been discussed.

It is likely that this dependence of release on burn-up is

associated with the need to build up a stable population.of grain

boundary bubbles. This requires a certain number of gas atoms which

could be a substantial fraction of the total inventory in low burn-up

fuel. When considering fuel pin performance the absolute release is

more important than the fractional release.

5.3.8 Burst release on cooling: This was detected in ref. (4) but not

in the present work. Hastings also saw a burst release on cooling

but this could have been associated with the reactor shut-down.
(4)

Killeen attributes' this effect to cracking along grain boundaries.

No metallographic evidence is presented for this but it is feasible that

the cracks might have healed up again during slow cooling. No mechanism

can reliably be suggested for this burst release, it is merely noted

that the phenomenon exists.

6. FUTURE PROGRAMME

Further transients are to be performed at higher temperatures

(< 2500°C) and possibly for shorter times down to - 1 min. These

experiments will be performed in a swept capsule, allowing the rate of

release to be followed during each run. Studies will then be carried

out using LWR fuel of higher burn-up (40-50,000 MWd/tU) and with CAGR

fuel of large grain size (> 20 ^m). Further extensions to the out-of-

pile programme, which have yet to be agreed, include the use of

oxidising atmospheres (CO., H«0) and possibly the ramping of specimens

in a steep temperature gradient.
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A programme of in-pile transients is planned, also using 50 mg

samples in a swept capsule, at temperatures of 1400-1800°C.

7. SUMMARY

7.1 Small samples of CAGR fuel have been sealed in capsules and

annealed at 1400-1700°C for 300, 600 and 900 s. Integrated gas

release has been measured and the samples have been examined using

optical and Scanning Electron Microscopy.

7.2 Little or no gas was released on annealing at 1400°C and 1500°C, up

to 5% was released at 1600°C and approaching 50% at. 1700°C.

Specimens from which there was significant release contained well

developed grain boundary porosity but this did not appear to be

inter-linked and no intra-granular bubbles were seen using SEM.

Examination of fracture surfaces and the use of TEM will enable the

microstructures to be characterised in more detail.

7.3 Similar experiments carried out by other workers have been reviewed

and the results compared with those reported here. The most

significant work was due to Killeen ' and Zimmermann

7.4 Explanations have been offered for several features of the

experiments reviewed. These are mainly speculative and no

quantitative verification has been attempted.

(4)
7.5 The burst of fission gas release observed by Killeen on heating

is thought to arise during a brief period of gaseous diffision

driven by the thermal gradient. This is terminated by the

precipitation of intra-granular bubbles.

7.6 The use of the Booth model with an effective diffusion coefficient

is"thought to be inappropriate for post-irradiation annealing.

7.7 A mechanism is proposed to explain the appearance of gas bubbles on

dislocations and the depletion of zones near to dislocations.
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7.8 Fractional gas release increases with increasing burn-up. This is

thought to be associated with the storage of a finite number of gas

atoms on grain boundaries.

7.9 No explanation is offered for the burst of release observed on

cooling in some experiments although this is likely to be due to

grain boundary cracking.

7.10 Future work will extend the temperature range to < 2500°C using a

swept-capsule arrangement. Equivalent transients are to be carried

out under irradiation and the programme may be extended to consider

higher burn-up and large grain-size U0_.
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Table 1: Pin description and irradiation conditions

Fuel Pin Description

Fuel Pellet Diameter 14.5 mm

Fuel Pellet Bore 5.1 mm
-3

Fuel Pellet Density ~ 10.6 t.m

Fuel Pellet Grain Size ~ 8 ^m

Fuel Pin Stack Length ~ 1 m

Irradiation Conditions

Irradiation Time 2190 days

Time at Equivalent Full Power 1231 days

Mean Rating 14.5 W/gU

Average Pin Burn-up 17,858 MWd/tU

Estimated Fuel Surface Temperature 600°c

Estimated Max. Centre Temperature < 1150°c

Fission Gas Release < 0.5%
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Table 2: Gas release results

Specimen
ID

14/3
14/6
14/9

15/3
15/6
15/9

16/3
16/6
16/9

17/3
17/6
17/9

Annealing
Temp. (°C)

1400
1400
1400

1500
1500
1500

1600
1600
1600

1700
1700
1700

Annealing
Time (s)

300
600
900

300
600
900

300
600
900

300
600
900

Mass
(nig)

51.9
47.6
30.0

72.7
52.8
28.7

80.3
58.3
68.0

77.2
111.8
65.2

85Kr Released
(lid)

0.02
0.02
0.42

1.72
0.11
0.09

9.01
4.59
14.71

34.15
203.05
100.8

%
Released

0.01
0.01
0.34

0.58
0.05
0.09

2.75
1.93
5.30

10.84
44.50
37.90

Table 3: Metallographic Features

Specimen

15/3
15/6
15/9

16/3

16/6

16/9

17/3

17/6

17/9

Grain
Diameter
(lim)

—
-
Specimen

_

~ 8

~ 8

~ 8

~ 8

~ 8 .

Bubble
Diameter

—
-

not available

—

< 0.5

0.5-0.7

0.5-0.8

0.5-1.0

0.5-2.5

Bubble
density
(m"1 of gb)

—
-

—

1 x 106

1.3 x 10b

1.25 x 106

0.8 x 10

0.6 x 106

Comments

No bubbles visible
No bubbles visible

Some grain boundaries
faintly delineated
Discrete bubbles on some
grain faces
Bubbles on all grain
boundaries

Inter-linked bubbles on some
grain edges?
Elongated bubbles, some on
triple ponts
Some grain faces separated
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Table 4; Selected data showing the effect of burn-up

on transient gas release

Reference

7
7
5
This work
4

7
7
This work
4
4

Burn-up
(MWd/tU)

35,000
23,000
18,000
18,000
11,000

35,000
23,000
18,000
11,000
1,500

Annealing
Temperature (°C)

1600
1600
1600
1600
1600

1500
1500
1500
1540
1500

Annealing
Time

8 rain
8 min

108 min
15 min

1020 min

8 min
8 min
15 min

1080 min
90 min

% Gas
Release

28
15
4.9
5.3
15.5

18
12
0.1
4.5
6.5
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Cut 3mm discs

Measure Bulk Density

Metallographic Polish

SEM Examination

I Electro-polish |

TEM Examination

Fractography
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&

Matrix Gas Inventories

Thermal Ramp Test |

Puncture Capsule |

easure Released Gas

Replicate

SEM/TEM Examination

FIG. 1. EXPERIMENTAL SEQUENCE
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Fig 3 Recorded Temperature History for a run at 1500°C for 5 mins.
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4c: Specimen 16/6 x 1250 4d: Specimen 16/9 x 2500

Fig. 4: Representative Micrographs of Annealed Samples.
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4g: Specimen 17/9 x 2500 4h: Specimen 17/9 x 5000

Fig. 4 cont.
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Abstract

Should defected U0 2 fuel pins come into contact with air then

oxidation of the fuel may occur, the rate and consequences of which are

dependent upon temperature and oxygen partial pressure. At CEGB-BNL an

experimental programme is underway investigating the kinetics, and extent,

of release of fission products during and after oxidation of

trace-irradiated U 0 2 to U3O3, and reduction of U3O3 to UO 2« This paper

presents preliminary results and analysis of experiments performed at

300-900°C.

Dense sintered U 0 2 has been oxidised at 300-500°C using a

thermobalance with simultaneous counting of released 85Kr. The kinetics of

the 35Kr release are shown to correlate with the kinetics of oxidation, and

the extent of release has been determined as 3-8% of that in the UO 2

converted to U3O3. The release of 106Ru and 137Cs during this oxidation

has been estimated by Y~c°unting of the fuel sample, before and after

oxidation, and of glassware in the vicinity of the sample. This indicates

slight release of ruthenium and caesium.

Greater fission product release is caused by oxidation at higher

temperatures or by heating of the oxidation product. U 30 8 produced at

400°C has been heated at 800 and 900°C in air for 20 hours. This results

in near total release of 85Kr and 106Ru, but still only slight release of

1 3 7Cs. The kinetics of the 85Kr release have been analysed and found to

follow the Booth diffusion equation at 900°C, but not at 800°C. The fuel

burn-up level may also have an effect.

Some results of fission product release during reduction of the

oxidation product U^Og are presented, and the influence of chemical effects

upon the release of individual fission products is discussed. The future

programme is outlined.
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1. INTRODUCTION

The product of oxidation of uranium dioxide in oxygen containing

atmospheres depends upon oxygen pressure and temperature. In air the

observed final oxidation products are

i) T > ~ 1550°C - UO ; formed by incorporation of interstitial

oxygen atoms into the cubic fluorite lattice of U02»

ii) ~ 1550 > T > ~ 1150°C - U 3 0 8 via intermediate UO 2 + x; the crystal

structure of U 30 g is orthorhombic, and it is of lower density

than U0 2 (8.36 vs. 10.96 g cm"3, room temperature values),

iii) ~ 1150 > T > ~ 600°C - U 30 8 via intermediate u\09; the crystal

structure of U^Og is similar to UO 2, containing additional

ordered interstitial oxygen atoms.

iv) ~ 600°C > T - U 3 0 8 via intermediate U 30 7; the crystal structure

of U3O7 is again similar to UO 2, containing additional ordered

interstitial oxygen atoms; this results in distortion of the

cubic lattice to a tetragonal form. UO 3 is thermodynamically

most stable but is rarely observed.

These temperatures are in broad agreement with those indicated on the

phase diagram presented by Naito and Kamegashira (1976); their diagram also

indicates the effect of reduced oxygen pressures.

When irradiated uranium dioxide is oxidised then it is expected that

fission product release may occur during the conversion and, further, that

the transport properties of the new oxide phase will differ from those of

unoxidised UO-* The release by diffusion of Kr and Xe has been studied by

Miekely and Felix (1972) using U0_ , and by Lindner and Matzke (1959)

using UO and U 30 8, both studies being in the temperature range

600-1200°C. Shiba (1975) has studied release of I and Xe from oxides in

the composition range UO 2 - U 30 g with emphasis on the annealing of fission

damage during temperature ramping (5 K min~1) to 1000°C. Parker et al

(1967) have reported fission product release percentages from irradiated

U0 2 after heating for 90 minutes in air at temperatures in the range

500-1200°C.

This paper considers fission product release (85Kr, 106Ru, 137Cs)

during formation of U 3O 8 by oxidation of small trace irradiated UO 2 discs

at low temperatures (300 - 500°C) in air. The progress of the oxidation

was followed using a thermobalance. Some measurements of fission product

release from U3O8 on annealing at 800 and 900°C in air are also reported,

together with the results of some reduction/reoxidation experiments.
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2. MATERIALS AND METHODS

The uranium dioxide samples were small discs ~ 3 mm diameter, 0.5 mm

thick, ~ 45 mg mass, density 10.8 g cm"3. They were cold-irradiated in

PLUTO in a flux of 6 x 10 1 2 n cm"2s~1 to 29 MWd te~1 and allowed to cool

for 100 - 1000 days before being used. The air used for the oxidations was

from cylinders with a typical moisture content of 2 vpm. High purity argon

was used during preheating of samples, and argon/2% hydrogen was used for

the reductions.

The oxidations, anneals and reductions were performed in a

thermobalance which was constructed using a CI Electronics Ltd. MK II

Microforce 1 g capacity weighing head. Glassware was designed to enable

rapid changeover of atmosphere and rapid transport of all reacted gas

through a Millipore filter to a flow through (3-counter (Nuclear

Enterprises Ltd. NE 802/DM 1-2/5289).

All UO2 samples were counted by y-;spectroscopy before oxidation to

determine 85Kr, 106Ru and 137Cs content. Samples were brought to

temperature in high purity argon before switching to air (50 seem). During

oxidation to completion continuous measurements were made of weight gain

and amount of 85Kr released. This latter quantity was obtained after

calibration of the counting equipment by injection of known amounts of a

85Kr standard. In two experiments the product of oxidation at 400°C was

heated to 800°C (ITB 11) and 900°C (ITB 12) in flowing air and left at this

temperature overnight during continuous 85Kr counting. All oxidation

products were recounted by y-spectroscopy and have been retained for

possible particle size analysis. The thermobalance glassware and crucible

were dismantled and counted after experiments ITB 2 and ITB 12.

Some samples were reloaded into the thermobalance, reduced to UO 2 and

recounted by y-spectroscopy. One of them (ITB 5) was then reoxidised with

continuous counting of 85Kr release and final recounting by

y-spectroscopy.

3. RESULTS AND DISCUSSION

3.1 Oxidation of Trace-irradiated U0 0 Pellet Fragments to U 3O R

In experiments ITB 1-9 UO2 samples were completely oxidised in air at

300 - 500°C. In all experiments the observed weight gain (4% of sample

weight) corresponded to formation of U3Og.

Figure 1 is a plot of the weight gain measurements made during ITB 1

at 500°C. Rate curves of this general form have been recorded with

trace-irradiated samples at 300 - 500°C in air, and with unirradiated
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pellet fragments at 200 - 550°C in air (Simpson and Wood, 1983). U 3O 8 is

produced during the rapid weight gain phase (after ~ 200s in Figure 1).

This is preceded by an initial period of low weight gain. The formation of

a thin layer of U 3O 7 during this initial period at low temperatures

(225 - 275°C) has been detected by surface X-ray studies

(Taylor et al, 1980) and indicated by more sensitive weight gain

measurements (Simpson and Wood, 1983). With irradiated U 0 2 (spent fuel) at

low temperatures (200 - 250°C) the kinetics differ in that there is a much

reduced or no initial period of low weight gain (Gilbert et al, 1984,

Wood, 1985). This has been interpreted (Gilbert et al, 1984) as due to an

enhanced rate of U3O7 formation.

The kinetics of release of ^^Kr during formation of UgOg are also

illustrated in Figure 1. The total amount released corresponds to 8% of

that present in the sample; in other experiments the amount was 3 - 8 %

(Tables 1,2). The shift between the two curves in Figure 1 is due to the

time taken for 85Kr, after being released from the sample, to be

transported to the counting cell. The similarity of the two curves

(evident in all experiments) indicates that the release occurs on

transformation of the lattice; no further release was observed at

300 - 500°C after completion of oxidation. The incomplete release

indicates that the lattice transformation occurs by local readjustment of

the parent U0 2 lattice.

Estimation of the extent of release of 106Ru and 137Cs during

oxidation was attempted by counting of the samples before and after

oxidation (Table 1). Interpretation of these figures is difficult but it

is evident that there is only slight release of 106Ru and 137Cs during

oxidation. A more meaningful estimate of ^06Ru and ^37Cs release was

attempted by counting of the thermobalance glassware after experiment

ITB 2. Assuming all the Ru and Cs released during experiments ITB 1 and 2

were deposited on the glassware, then the counting indicates a total Cs

release of (2.6 ± 1) x 10"3% and a total 106Ru release of 0.5 ± 0.02% from

the two experiments. The glassware was reassembled without

decontamination.

3.2 Fission Product Release during High Temperature Annealing of U ,0 g

Oxidation Product

The oxidation product, I^Og, is thermodynamically stable in air at

temperatures from ~600°C to ~ 1550°C, and in atmospheres containing

10~6 atm 0 2 at temperatures up to ~ 900°C (Naito and Kamegashira, 1976).
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In experiments ITB 11 and 12 UO 2 samples were completely oxidised in

air at 400°C and then heated overnight in air at 800 and 900°C

respectively.

Figure 2 is a plot of the 8^Kr release measurements made during

experiment ITB 12. From Table 2 it can be seen that 84% 85Kr release at

800°C and 88% release at 900°C were achieved by overnight heating. The

error on the activity of the 85Kr sample (± 10%) used to calibrate the

counting equipment is such that complete release may be assumed to have

occurred during ITB 12.

The diffusive nature of the release of 85Kr during experiment ITB 12

has been investigated by analysing the data in Figure 2 using

Booth's (1957) solution to the equations for diffusion from a sphere of

stable (or long-lived) isotopes after irradiation. The expression for

fractional release, f, is

<*> 2 2
, ,6 V 1 -n n Dt
f - 1 - x expx, j exp 2

% n=l n a

where D = diffusion coefficient

t = time of anneal

a = radius of the sphere

Only a part of the release data in Figure 2 can be analysed by this

equation. This is because a substantial amount (almost 50%) of 8 % r

release occurred during the time taken to raise the sample temperature to

900°C. The remaining data have been analysed in the following manner:

i) a series of values of it^Dt/a2 was chosen, and corresponding

values of f were calculated;

ii) for each value of f the corresponding experimental time, t ,
cXp

at which that value of fractional release was attained, was

determined;
iii) that experimental time t was plotted against the corresponding

exp

value of it2Dt/a2.

This enabled the plotting of a curve (Figure 3) of slope it2D/a 2.

It can be seen from Figure 3 that there is a good straight line fit

from n2Dt/a2 = 0.3 to 0.8 (corresponding to f = 0.50 to 0.72). A possible

explanation for the deviations observed at higher values of t is that

particle coarsening (observed when the sample was unloaded after 65,000s at
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900°C) results in a decrease, with time, in the value of D/a2. Some

deviation might also be expected due to the particulate under study having

a range of particle sizes. Assuming a typical particle diameter of 10 m̂

(Wood, 1985) the value of D/a2 of 9.0 x 10" 5 s ~ 1 indicates that the 8 % r

diffusion coefficient in U 3O 3 at 900°C is ~ 2 x 1 0 "
n cm2 s~ 1. A high

mobility of uranium atoms in U 3O 8 at this temperature is indicated by the

observation of particle coarsening during ITB 12 and by the plasticity of

U 3 0 8 evident during air oxidation of U 0 2 at 500 - 900°C (Peakall and

Antill, 1960). This mobility of U atoms might be associated with the high

diffusivity of 85Kr in U 3O 8 at 900°C.

The value of the 85Kr diffusion coefficient above may be compared

with that in U0 2 at 900°C of 8.0 x 10"
1 9 cm2 s"l (Davies and Long, 1963)

and that in UO at 900°C of 1.0 x 10" 15 cm2 s~ 1 (Lindner and
2. * \2.

Matzke, 1959). The studies of Lindner and Matzke also indicate a 85Kr

diffusion coefficient in U3<)8 at 900°C of 6.3 x 10"
 lk cm 2 s~ 1. However,

their sample was irradiated as U 3 0 8 and might be expected to show a

different release behaviour from the present sample which was irradiated as

UO2 and subsequently oxidised to V £ $•

The kinetics of release of 85Kr during ITB 11 at 800°C have also

been analysed. A large amount of 8 % r (30% of the sample content) was

released during the rapid heating to 800°C. Substantial release during

rapid heating at lower temperatures has also been observed (see

below, Table 3, ~ 13% release of 85Kr from ITB 5 during rapid heating in

argon from 25 - 600°C). This release is by an unidentified mechanism,

which is unlikely to be diffusion given the rapidity of the release at

these low temperatures. A possible mechanism is cracking associated with

thermal shock or thermal expansion of porosity.

The isothermal rate of release at 800°C was less than at 900°C, as

illustrated in Figure 4. However, the 800°C data are not are amenable to

analysis in terms of simple diffusion by the Booth equation as the 900°C

data. The gradient of the curve (i.e. the value of D/a2) decreases

continuously in the range of Ti2Dt/a2 for which a constant value was

observed at 900°C. The distribution of 8^Kr in these samples is unknown,

and the gas atoms may not be simply dissolved in the U 3 0 8 matrix. The

difference in rate of release at 800 and 900°C may be compared,

semi-quantitatively, using the time interval between fractional releases of

0.50 and 0.69. The times are 6720s at 800°C and 460s at 900°C; this
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corresponds (using a Booth equation analysis) to average values of D/a2 of

6 x 10"6 s"1 and 9 x 10" 5 s~1 respectively.

y-counting of the samples, before and after the experiments, revealed

(Table 2) that the release of 85Kr was accompanied, in ITB 11 and 12, by

only slight release of 1 3 7Cs, and by near total release of 106Ru. Appended

to Table 2 are the results of counting the thermobalance glassware and

crucible after experiment ITB 12. The 137Cs deposits, if ascribed to

releases from ITB 11 and 12 alone, indicates an average release of 1.4%

overnight. Such a low amount suggests that the caesium is present as a

compound of low volatility, possibly chemically bound to the fuel. At

900°C the vapour pressure of CsOH is 0.4 atm (Go'tzman, 1979) and of Cs 20 is

0.5 atm (Touzain, 1976), both of which would allow the evaporation of the

total inventory of ^37Cs (only 2 x 10 ̂** atoms) in a volume much less than

1 cm3. Much reduced release of caesium, relative to krypton, during

oxidation of U0 2 in air at high temperatures (500 - 1200°C) as been

reported by Parker et al (1967). The near total releases of 106Ru suggest

participation of the volatile species Ru(K. The amount of ruthenium found

deposited on the glassware (within 15 cm of the sample position at surface

temperatures of 200 - 300°C) agrees very well (given the limitations of the

counting performed) with the amount lost from samples ITB 10-12.

3.3 Fission Product Release during Reduction of Oxidation Product

The oxidation products from experiments ITB 5 and 6 (oxidation at

400°C and from ITB 12 (oxidation at 400°C plus annealing at 900°C) were,

at a later date, reloaded into the thermobalance. They were then reduced

in argon/2% hydrogen at 600°C. The progress of the reduction was monitored

by following the loss of sample weight, and simultaneous counting of any

8^Kr release was performed. Sample ITB 5 was then reoxidised in air at

275°C. After unloading the samples were counted by yspectroscopy. The

results of all counting are presented in Table 3, and weight change and

8^Kr release measurements made during ITB5 are illustrated in Figure 5.

The reduction of U3O3 to U 0 2 proceeded at a constant rate. ITB 12

took much longer to reduce than ITB 5 and 6, because of the larger

particles present in this sample (particle coarsening occurred during the

anneal at 900°C). The reoxidation at 275°C of ITB 5, uranium dioxide

powder, proceeded in two stages (Figure 5). The first stage commenced

immediately on changing to an air atmosphere. It consisted of rapid uptake

of oxygen, to form U3O7, by incorporation of interstitial oxygen atoms.

The weight gained was equal to half of that lost during reduction. After a
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short delay (~ 10 mins) the second stage commenced, consisting of a slower

uptake of oxygen during transformation of U3Oy to U^0g, and ending with

restoration of the sample to its original weight. Accurate determination

of the amount of 85Kr released during ITB 5 was not possible due to

gas-flow uncertainties, but the changes in release rate are shown in

Fig. 5. It is, however, suspected, from the counts observed, that all of

the 8^Kr had been released from the sample by the end of the experiment;

the release percentages given in Table 3 assume total release. The

combined measurements of weight gain and a^Kr release show that there was

no release during formation of U 30 ?. This reaction (UO ~ "• U 3O 7) is

distinct from the others investigated (UO 2 •*"U3O8, U ^ y -• U 30 8, U 30 8 ->-U02)

in that it can proceed without rearrangement of the uranium sub-lattice.

Further investigation of this point with irradiated CAGR fuel is of

interest, since during the low temperature (200 - 250°C) oxidation of

irradiated U0 2 in air the initial rapid rate of weight gain has been

ascribed to an enchanced rate of U3Oy formation (Gilbert et al, 1984).

Table 3 presents the counting data from the reduction and reoxidation

experiments. Whilst there are some omissions and inconsistencies in the

data, they do give some general pointers to the direction of further

investigations. The data show that in a reducing atmosphere of argon/2% H 2

caesium releases can be substantial (ITB 6 - 18%, and ITB 12 - 26%), and

comparable with the krypton release of ~ 20%. This similarity in the

release behaviour of krypton gas and caesium at 600°C is understandable

since a hydrogen atmosphere will reduce, for example, caesium oxide (Cs20)

to the volatile elemental caesium (b.pt. 687°C) at temperatures above

~ 275°C (Glassner, 1959). The slight difference in caesium release between

ITB 6 and ITB 12 did not unambiguously reveal a different caesium

distribution within the samples, the latter having had a 900°C air anneal.

In this anneal substantial krypton release but not caesium release

occurred. The release of ruthenium during reduction of ITB 6 did not occur

with ITB 5 and would not be expected as ruthenium is only considered to be

volatile in oxidising atmospheres (Penman and Hammer, 1962).

3.4 Influence of Atmosphere on Fission Product Release

These studies indicate the role of lattice transformations in fission

product release; very low releases are indicated for transformations

within the fluorite phase. Oxidation of trace irradiated U0 to U £8 at

low temperatures (300 - 500°C) in air allows only slight (3 - 8%) release
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of 85Kr and this is accompanied by even smaller releases of 106Ru and

1 3 7Cs.

However the low density U3Og oxidation product has been shown capable

of further and greater fission product release depending on its subsequent

treatment. Heating of U3O3 can cause substantial release of fission

products at temperatures (800 and 900°C) that would promote little or no

fission product release from U0 2« Reduction of U ^ g (perhaps occasioned by

a change from an oxidising to an inerting atmosphere) may also allow

considerable release of fission products.

The extent of release of individual fission products has been shown

to be influenced by the atmosphere in which the release occurs. Krypton is

insensitive to atmospheric effects as would be expected from its chemistry.

Ruthenium release is generally considered to be promoted in oxidising

atmospheres, in particular in air. Caesium release is inhibited in

oxidising atmospheres, where reaction with the fuel is suspected, but has

been shown in these experiments to be substantial in the highly reducing

atmosphere of hydrogen under which elemental caesium would be expected to

be stable.

Further studies of fission product release from trace-irradiated

samples will dispense with the thermobalance (using 85Kr release to

characterise oxidation) and use a geometrically simpler apparatus to

facilitate more accurate counting of released fission product deposits, the

release being occasioned by heat treatment in atmospheres of varying oxygen

potential.

This work described on trace irradiated U0 2 is useful in giving

insights into the factors determining fission product release in different

chemical environments. However, care should be exercised over

extrapolation of results obtained on trace irradiated material to highly

irradiated reactor fuel because the former will not be truly representative

of the latter, i.e. there will be no accumulation of fission products on

grain boundaries and no fuel restructuring. Selected experiments using

CAGR irradiated U0 2 fuel are planned.

4. CONCLUSIONS

The following conclusions may be drawn from these preliminary studies

of the release of fission products during and after oxidation of

trace-irradiated uranium dioxide at 300 - 900°C.

4.1 \r release during complete oxidation of trace-irradiated UO2

pellet fragments, at 300 - 500°C in air, is restricted to 3 - 8%. The
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release is associated with transformation of the fluorite phase to the

orthorhombic U3O3 and follows similar kinetics to that of U3O8 oxidation.

Preliminary indications are that little gas release is associated with the

oxidation of UO 2 to produce U3O7.

4.2 Heating the oxidation product, U3O3, in air at 800 and 900°C

overnight resulted in complete 85Kr release. At 900°C the kinetics could &

be interpreted by Booth's equation for diffusional release, with

D/a2 = ~ 9 x 10" 5 s"1.

4.3 Reduction of U3O8, produced at 400°C, to UO2 in argon/2% H 2 at

600°C, was accompanied by further but still incomplete 35Kr release.

4.4 106Ru release is small (probably < ~ 5%) during complete oxidation

of trace-irradiated U0 2 pellet fragments at 300 - 500°C in air. Heating

of the oxidation product, U3O8, in air overnight at 800 and 900°C results

in almost complete release.

4.5 137Cs release is small (probably < ~ 1%) during complete oxidation

of trace-irradiated U0 2 pellet fragments at 300 - 500°C in air, and even

during overnight heating of the oxidation product, U,0g, in air at 800 and

900°C, suggesting formation of an involatile caesium compound.

4.6 Caesium release from U3O0 can be substantial in reducing

atmospheres such as argon/2% hydrogen.

4.7 These preliminary studies of fission product release on oxidation,

annealing and reduction of U0 2 and its oxidation products using trace

irradiated U0 2 have shown the importance of lattice structure and chemical

nature of the atmosphere on the release behaviour. More definitive

experiments to include highly irradiated reactor fuel are planned.
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TABLE 1

Release of Kr, Ru and Cs during Complete Oxidation of UP 0 in Air

o

Experiment

ITB 1

2

3

4

5

6

7

8

9

T

°C

500

500

500

450

400

400

400

350

300

t

hr

0

0

0

1

3

5

5

11

110

.8

.8

.8

.3

85Kr

|i Ci

0.034

0.031

0.025

0.020

0.018

0.017

0.025

—

Release

%

8

7

6

5

4

leaks

4

5

-

1 0 % u Content ( |i Ci)

Before

-

(7.27)

7.36

7.84

7.40

8.31

7.45

8.33

8.20

After

8.21

7.91

6.49

7.34

7.64

8.95

7.77

8.57

8.40

137Cs Content

Before

-

3.69

3.72

3.81

3.83

4.31

3.82

4.23

4.24

(liCi)

After

4.22

4.06

3.31

3.77

3.94

4.51

3.96

4.37

4.31

Deposits on glassware after ITB 1 - 2 Ru = 0.07 u Ci

Cs = 0.2 n Ci



TABLE 2

Release of Kr, Ru and Cs during Complete Oxidation of UP 0 and Heating of in Air

I

I

Experiment

10

11

12

T

°C

300

800

400

800

400

900

t

hr

72

?

4

19

3

18

85Kr Release

|i Ci

-

heated

0.016

0.408

0.012

0.373

%

-

in argon

3

84

3

88

10 % u Content ( \i Ci)

Before

6.94

8.09

7.46

After

3.24

0.52

0.23

137Cs Content

Before

3.61

4.28

3.74

(nci)

After

3.80

4.27

3.78

106Ru release (before - after) ITB 10 = 3.7

ITB 11 = 7.6

ITB 12 = 7.2

Total =18.5

Deposits on glassware after ITB 1 - 12 Ru = 19.6 u Ci

Cs = 0.06 u Ci

Deposits on crucible after ITB 1 - 12 Ru = 0.18 u Ci

Cs = 0.05 u Ci



TABLE 3

Release of Kr, Ru and Cs during Reduction of U j ) s and Reoxidation

I
I - 1

I

Experiment

ITB 5

ITB 6

ITB 12

T

°C

400

25-600

600

300

400

25-600

600

400

900

25-600

600

t

hr

3

1

2.5

4

5

1

4

3

18

1

22

Atmosphere

Air

Argon

Ar/2% H 2

Air

Air

Argon

Ar/2% H 2

Air

Air

Argon

Ar/2% H 2

85Kr Release

pCi

.018

*

*

*

leaks

*

*

.012

.373

-

—

%

4

13

21

62

*

*

3

88

-

-

1 0%u Content ( pCl)

Before

7.40

-

-

-

8.31

-

-

7.46

-

-

-

After

7.64

-

-

7.27

8.95

-

6.67

—

0.23

-

0.21

137Cs Content (nCi)

Before

3.83

-

-

-

4.31

-

-

3.74

-

-

-

After

3.94

-

-

3.79

4.51

-

3.69

—

3.78

-

2.81

Accurate determination of 85Kr release amounts (uCi) not possible due to gas flow controller
malfunction.
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FIG. 1. Weight Gain and 85Kr Release during Oxidation of Trace-
Irradiated Uranium Dioxide at 500*0 in Air ITB 1.

Temperature

CO
900-

400

s5Kr
released

10
(ks)

IS 20 40 SO

FIG. 2. a5Kr Release during Oxidation at 400*0 and Heating at
900*C in Air. ITB 12.
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FIG. 3. Analysis, using Booth's Equation.of
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FIG. A. Comparison of the Rate of Release of
8sKr from U,Q^ Heated at 800°C (o.ITB 11)
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FIG. 5. Weight Changes and Release of 65Kr

during Reduction at 600°C of UiOg in

Ar/2"/.H2 and Re-Oxidation at 300°C

of U02 in Air. ITB 5.
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Abstract

The basic fuel unit of the HTR is the coated particle of about 1 mm diam-

eter. An oxidic fuel kernel is surrounded by a low density buffer layer

and a silicon carbide coating sandwiched between high density pyrocarbon

coatings. The total release of fission products during accidents is

determined not only by the transient-induced and the irradiation-induced

failure of the coatings, but also by the levels of manufacturing defects

and the level of heavy metal contamination in the fuel matrix material.

Modern coated fuel particles are designed so that the fission gas pres-

sure-induced stress in the SiC coating remains small relative to the

strength of the SiC even under full design burnup conditions. Therefore

the pressure vessel failure of the particles is insignificant both in nor-

mal operations and in accidents. Silicon carbide thermal decomposition

becomes the dominant failure mode as temperatures exceed 2000 C. Inter-

action of fission products with silicon carbide leading to SiC corrosion

is the dominant failure mechanism below 2000 C.

Laboratory simulations of HTR transients have usually measured the

release of Cs 137 and Kr 85 as indicators of the coating failure. Once

the silicon carbide fails by corrosion or decomposition, Cs 137 is

released and is taken as the direct indicator of SiC failure in fuel per-

formance modeling studies. In the case of Kr, an additional delay beyond

the Cs release is found due to the time required for Kr to diffuse through

the remaining outer pyrocarbon coating. The delay between the Si.C failure

and gas release is analyzed to yield data on the diffusion coefficient of

Kr in pyrocarbon.

The present data suggest that, in terms of expected values, the fission

product release during a modular reactor system transient to 1600 C is

dominated by the manufacturing defects and heavy metal contamination

rather than irradiation-induced or transient-induced coating failure.

- 155 -



1. Introduction

Annealing tests at KFA and GA with modern particles have shown that the

pressure vessel model calculating stresses in coating layers is not suc-

cessful in predicting fission product release. The revised model for SiC

failure, presented in this paper, is based on a joint review of HTR fuel

heating data arising from German and from American experimental programs.

The evaluation covered the SiC degradation in the temperature range 1600 -

2000 °C by "corrosion", i.e. interaction of fission products with silicon

carbide, and the SiC degradation in the temperature range 2000 - 2600 C

by silicon carbide thermal decomposition.

2. Accident Simulating Heating Tests at KFA and GA with Modern TRISO

Particles

In small modular HTRs, the maximum fuel temperature under accident condi-

tions is restricted to 1600 C due to the low power density and the pas-

sive afterheat removal. The design basis accident (DBA) for the MRS is

given simultaneously by the hypothetical accident of a core heatup and

depressurization. For a conservative treatment during simulation of acci-

dent conditions in a MRS, fuel has been examined in isothermal heating

tests at temperatures of 1600 C and more, shown in Fig. 1, in comparison

to the predicted maximum temperature of fuel (dotted line).
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Accident simulation tests

800-
Calculation forHTR-Modul
200MW(th)(KWU)

O T
0 200 400 600 800 1000

Time Ih]

Fig. 1: Predicted Max. Temperature (THERMIX Code) in Accident Scenario

and in KFA Heating Experiments for Small Modular HTR

Accident simulation tests

Calculation for HTR-500
1250MW(th) (HR8)

50 100
Time Ih)

150 200 250

Fig. 2: Predicted Max. Temperature (THERMIX Code) in Accident Scenario

and in KFA Heating Experiments for Medium Sized HTR
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rization. For a conservative treatment during simulation of accident con-

ditions in a MRS, fuel has been examined in isothermal heating tests at

temperatures of 1600 C and more, shown in Fig. 1, in comparison to the

predicted maximum temperature of fuel (dotted line).

In the HTR-500 designed by HRB as an example for a medium sized HTR, the

design basis accident is defined by a loss of cooling gas, where the

forced convection is maintained by at least 1 loop removing the afterheat.

The maximum fuel temperature is kept below 1250 C. The hypothetical acci-

dent sequence is given by a core heatup in the depressurized reactor com-

bined with a failure of all active cooling systems. This sequence leads to

maximum temperatures in the pebble-bed of about 2350 C. Accident simu-

lation tests for this temperature range have been carried out mostly as

heating ramps. In Fig. 2 are shown a fast, intermediate, and slow linear

temperature ramp and a special ramp performed with an AVR fuel sphere.

3. HTR Fuel

Modern particles consists of an oxidic fuel kernel, buffer layer and a

TRISO coating. While a single particle concept is planned in Germany for

any type of future HTR, in the U.S. the two particle system is reference

for the presently planned modular HTR. Particle design data are given in

Table 1. Particles used in accident simulation tests have been irradiated

in Peach Bottom, AVR, and various material test reactors (MTR) (Tables 2,

3, 4).

Table 1: Reference Particle Designs

Kernel
Composition

Enrichment
Diameter (um)
Coating Thickness (]un)

Buffer
Inner PyC

SiC
Outer PyC

FRG Ref.

uo2
10 %

500

95
40
35
35

U.S.

Fissile

UCO

20 X
350

115
35
35
40

Ref.

Fertile

ThO2

- -

500

80
35
35
40

- 158 -



Table 2: Tests at Temperatures 1500 - 1600 C with Oxidic TRISO Fuel

(SiC Corrosion)

Ident if icat ion

R2-K13/1

AVR 70/26

AVR 70/7

AVR 70/15

AVR 69/13

HRB-15B

HFR-K3/1

Kernel

Type

(Th,U)02

(Th,U)O2

(Th,U)O2

(Th,U)02

(Th,U)O2

uo2

uo2

Dia.

ym

496

500

496

500

500

300

497

Temp.

°C

1170

700

700

700

700

915

1175

Irradiation Conditions

Time

efpd

517

590

520

505

610

169

359

Fluence
25 -2

10 m

8.3

1.2

1.0

1.0

1.2

4.5

3.9

Burnup

% FIMA

10.3

8.2

7.3

7.1

8.6

22.0

7.9

F.Density

iri27 -310 m

0.68

0.52

0.46

0.45

0.54

0.80

0.52

Table 3: Tests at Temperatures 1600 - 2000 C with Carbide TRISO Fuel

(SiC Corrosion)

Identification Kernel

Type Dia. Temp,

um °C

Irradiation Conditions

Time Fluence Burnup F.Density

efpd 1025m"2 % FIMA i n 2 7 " 3

10 m

1600

4161-

4161-

4161-

1800

4161-

4161-

2000

4161-

4161-

C Anneal

-01-032-02

-01-034-2

-01-030

C Anneal

-01-034-2

•01-030

C Anneal

•01-034-2

•01-030

UC,

UC,

uc.

UC,

UC,

233

176

203

233

203

176

203

1350

1420

1000

1350

1000

1420

1000

201

201

377

201

377

201

377

6.1

6.0

1.2

6.1

1.2

6.0

1.2

61.

60.

23.

61.

23.

60.

23.

1.9

1.2

0.6

1.9

0.6

1.2

0.6
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Table 4: Tests at Temperatures > 2000 C (SiC Decomposition)

Identification Irradiation Conditions

Temperature ( C) Burnup (% FIMA) Fluence (1025m"2)

79 B-4-1
78 B-4-1
78 B-5-1
78 B-2-1
80 B-l-1
80 B-5-1
80 B-7-1
82 B-2-1/010
82 B-2-1/020
78 A-4-1
79 A-l-1
78 A-2-1
77 A-6-1
78 A-l-1
78 C-4-1
78 C-3-1
78 C-l-1
78 C-2-1
79 B-3-1
79 B-5-1
80 B-2-1
DR-S6/LOC 1
DR-S6/LOC 2
DR-S6/LOC 3
82 R/H-B-l-1/010
82 R/H-B-l-1/020
82 R/H-A-l-1/010
82 R/H-A-1-1/020
AVR 70/19
AVR 70/18
AVR 69/28

1135
1050
700
860
815
860
915
1150
1068
1095
1050
700
700
860
1095
700
700
860
990
700
815
1200
1200
1200
1150
1068
860
860
700
700
700

6.
59.
63.
4.1
3.5
23.6
23.0
24.7
25.5
23.
59.
7.1
7.1
4.1

23.
7.1
7.1
4.1
70.
8.0
3.5
5.5
5.5
5.5
24.7
25.5
20.3
22.3
2.2
7.1
6.8

3.6
5.5
5.0
11.5
4.6
5.3
4.2
5.7
5.3
1.3
5.5
5.
5.
11.5
13.
5.
5.
11.5
6.3
5.0
4.6
3.4
3.4
3.4
5.5
5.3
4.0
4.7
0.3
1.0
1.0

4. Laboratory Studies

Qualification programs for U.S. and FRG fuel covered a wide range of test

conditions (geometrical, chemical, and irradiation parameters). For fuel

performance modeling, median values are treated first to be followed by a

statistical treatment consistent with physical mechanisms.

A defect or failed SiC layer in particle coating is obviously responsible

for the release of metallic fission products. An intact outer pyrocarbon

(oPyC) layer was observed to delay the release of gaseous fission products
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due to a diffusive transport mechanism and to influence high temperature

SiC failure rates.

Sources of defective silicon carbide are given by the manufacturing proc-

ess and by its degradation under temperature exposure. SiC defects in man-

ufacture have been be reduced steadily by improvements in process technol-

ogy, particularly the optimization of coating conditions and the selection

of round kernels and round particles.

SiC Corrosion

At temperatures less than 2000 C, the interaction of fission products

with the SiC layer ("corrosion"), is the dominant SiC failure mechanism.

In extensive studies, Montgomery found a corrosion of SiC linear in time,

proceeding with an activation energy of 252 kJ/mol. Corrosion data were

acquired under condition of a strong thermal gradient providing a worst

case situation concerning HTR accident conditions. Evaluation of KFA

(Schenk) and GA (Bullock, Smith) isothermal annealing tests (Tables 2 and

3) give the SiC corrosion rate as function of irradiation parameters and

fuel type:

k = k exp { -30300 / T }
O Si

where
log k^s"1) = a + 3.0*log T i r r + log f

g i c

a = -36.53 (-36.70) for oxidic (carbidic) fuel
_3

T (K): anneal temp., T. (K): irrad. temp., fc.p(m ): fission density
S X3T3T blU

This equation is plotted in Fig. 3 for different irradiation temperature

ranges; the dotted curve shows the Montgomery experimental analysis.

SiC Thermal Decomposition

Thermal decomposition of SiC was confirmed to be the dominant failure

mechanism at temperatures of more than 2000 °C. SiC weight loss measure-

ments on coated particles without oPyC layer after heating, performed at

KFA by Benz, were converted into a thinning rate determined by an acti-

vation energy of 545 kJ/mol. Regarding the measured cesium release as in-

dicator for defect SiC, already 7 % SiC loss would be sufficient for a

failure. Extreme decomposition rates were given by missing oPyC; an intact
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oPyC leads to a retardation, which is dependent on irradiation conditions.

Evaluation of test data given in Table 4, leads to the following preexpo-

nential factor k for the SiC decomposition rate (see Fig. 4):
o

log k (s"1) = - 1.58 + 2.67*log T. + 0.61*log T

T. (K): irrad. temp., r(1025m"2, E > 0.18 MeV): fast fluence

5. Formulation of Predictive Models

For a predictive model, apart from the formulation of fuel failure mech-

anisms, the statistical distributions have to be considered.

Modeling SiC Failure

If the degradation of SiC by fission product attack or thermal decompos-

ition exceeds the SiC thickness (for instance 50 %) a failure of SiC layer

is assumed to occur. Particles which have undergone identical heating con-

ditions would then fail simultaneously (Fig. 5, top). This situation has

not been observed in experiments. Considering a variability in SiC thick-

ness, results in a failure curve with a rather steep slope which shows no

predicted SiC failure for low heating exposures (Fig. 5, middle), a fact

that is also not consistent with GA and KFA annealing data. The next step

in modeling is now to take the SiC degradation rate itself also as a dis-

tribution, leading to a lower slope for a failure curve (Fig. 5, bottom)

The composite of both statistical distributions - SiC thickness and SiC

corrosion / decomposition - leads to a rather complicate double integral.

For numerical evaluation, this compound distribution can be well approxi-

mated by a Weibull function:

0 = 1 - exp {-In 2 * £m}

where £ = / k dt

k: degradation rate, t: annealing time, m: Weibull parameter
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Fig. 5: Statistical Considerations to SiC Failure Modeling

The Weibull parameter m determines the shape of the degradation distrib-

ution and therefore the slope of the SiC failure curve. From evaluation of

annealing test data, this parameter is found to be:

m = 3.3 for SiC corrosion

m = 2.2 for SiC decomposition

A combination of both effects accounting for two simultaneously operating

failure mechanisms is given by

- a •
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where <t>r is the predicted SiC failure due to corrosion and <p^ the pre-

dicted SiC failure due to decomposition.

Modeling Gas Release

As mentioned before, gas (krypton) release from a coated fuel particle

with an intact oPyC is observed to be delayed compared to cesium release.

This is shown in Fig. 6 for ramp and isothermal heating tests. The re-

tention of gas in the outer pyrocarbon layer is modeled by a release for-

mula which is a function of the diffusion coefficient of the gas in

pyrocarbon, the geometry of oPyC, annealing time, and the moment when dif-

fusion starts (= occurence of SiC failure).

If the time dependent SiC failure 0(t) is known, obtained from a measured

or predicted cesium release curve according to our definition, then the

total gas release can be calculated from a convolution integral:

t d0(t')

F t o t a l ^ = S FPyC <*-**> d t'
0 dt

t: annealing time, t': onset of diffusion through PyC

The diffusion coefficient, being used in the release formula Fp _, can be

derived directly from heating tests performed with BISO particles, or in-

directly from the delay of krypton release compared to cesium release.

6. Accident Simulation Tests

Table 5 gives an overview about the 53 core heatup simulation tests in the

temperature range 1500 - 2600 °C, which have been evaluated so far, sepa-

rated between high temperature (SiC decomposition) and low temperature

(SiC corrosion) heating tests and between the samples unirradiated fuel

elements (done at HOBEG), irradiated particles (done at GA and KFA) and

irradiated fuel elements (done at KFA).
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Table 5: Evaluated Core Heatup Simulation Tests

Mechanism Unirr. F.E. Irr. Part. Irr. F.E. Sum

SiC Decomposition 8 28 3 39

SiC Corrosion - 8 6 14

Total 8 36 9 53

The sequence of fission product release was always observed to be:

1. silver { Ds.c }

2. cesium { 0 }

3. strontium { 0, D^, D_, }

4. krypton { 0, DpyC }

5. cerium, ruthenium { 0, D^ }

The symbols in braces give information about mechanisms and modeling pa-

rameters that are relevant for the release of fission product species.

Cesium release is by definition equal to the SiC failure fraction 0.

Krypton release is, in additon, retained by the outer pyrocarbon layer.

The first observed fission product is silver, resulting from a quick dif-

fusion through the SiC layer. Strontium, cerium, and ruthenium show a re-

markable retention effect in the particle kernel, strontium additionally

in fuel graphite. Fig. 7 shows some examples of annealing test data for

TRISO particles in spherical fuel elements with different irradiation

conditions at isothermal temperature of 1600 °C.

7. Future Work

Planned further work will concentrate on the validation of the proposed

modeling approach, particularly with respect to the equivalence of SiC

failure and cesium release. To date, only cesium and krypton release have
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been treated in full detail. More work is required to understand the re-

lease behaviour of strontium and silver.

The process of making model data more precise for the reference fuels will

continue, i.e. for UCL in Germany and for UCO/ThO in the USA. Final eval-

uation will be possible when fuels irradiated in proof tests will have

gone through the heating tests.
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Abstract

Diffusion characteristics of radioactive noble gases and of some solid fission products in fuel

element materials of HTGR were researched.

Values of diffusion coefficients of fission gas products in UO2 kernel at 1450—2000 K in

pyrocarbon with density of 1.6-1.8 g/cm3 (1300-1900 K) and in matrix graphite with density

of 1.82-1.84 g/cnr* (1200-1700 K) and also diffusion coefficients of silver, barium, cerium in

pyrocarbon, silicon jarbide, zirconium carbide and promethium in zirconium carbide and uranium

dioxide in a wide temperature range were obtained.

It was shown, that before loss of fuel particle sealing radioactive noble gas release from a fuel

element is determined by technological contamination of matrix graphite with fission material.

It's noted that whiie estimating total fission product release from fuel particles, it is necessary

to take into consideration their transport along short—circuit diffusion paths.

1. Introduction

In HTGR projects under development (VGR—50, VG—400) it's supposed to use spherical uranium-

graphite fuel elements on the fuel particle (FP) base with a high outlet temperature of the coolant

(helium) from reactor core (< 1220 K) at low fission product release for the primary circuit and

sufficient burn—up of nuclear fuel To satisfy these requirements it's necessary to have complex

experimental information on manufacture of separate components (kernel, coati..gs, matrix graphite)

and a fuel element in whole as weli as confirmation of their workability. Chosen constructions

and methods of FP and spherical fuel elements (FE) manufacturing for these reactors, and aba the

results of their property studies werediscussed in/1,2/.

The aim of this work is to define fission product diffusion parameters in FP materials and

matrix graphite.

2. Material and experimental methods.

Research of radiactive noble gases (RNG) migration rate was carried out on UÔ — kernels, FP,

the construction of which was described in / I / , and on FP simulators having a zirconium carbide

kernel

Solid fission product (SFP) diffusion in coating materials (PyC, SiC and ZrC) was investi-

gated on the same FP and simulators (flat graphitedisks with a pyrocarbon coating and pellets from

SiC, ZrC and UO2).

Coatings on all FP were made in the same conditions with decomposition of methane, silicon

tetrachloride or zirconium chloride in furnaces of a f tuidtzed bed. Metalbgraphic and x—ray struc-

ture research showed that structures of coatings on investigated FP and disks were practically

identical

ZrC and UO2 samples with the different grain size (from 25 t i l l 300 mkm) were prepared by

powder metallurgy methods.

• Estimation of FE matrix barrier properties for RNG was performed from the results of their

in—pile tests.
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Main characteristics of all the investigated specimens are given in Table 1.

RNG diffusion parameters were determined from the rate of their relative release from kerneis

and FP at in—pile irradiation with continuous pumping of gas—carrier (heiium) and periodical

probe selection for gamma— spectrometry. Experimental conditions allowed to distinguish the

contribution of recoil into total output of RNG. Test conditions are given in Table 2. Analysis

of the results was performed in the frame of a conventional diffusion modeL Entrance of RNG from

the preceding layer owing to recoil was taken into account in calculations. Distribution of U

contamination in coatings is considered to be uniform.

While estimating matrix graphite barrier properties only RNG birth—rate directly in it was

taken into consideration.

Pm , Ce , Ba , A g 1 ^ m nuclides were deposited on sampie surface from the solution

or implanted in the surface layer white irradiating tested samples in contact with a fission material

(U ). After diffusion annealing in Knudsen chamber the profile of diffusant distribution was

determined by removing layer technique (til l 10 mkm thickness) followed by measuring every

removed layer activity and integral activity of the sample The methods of sample preparation and

test procedures were described in detai I earlier /3,4/.

Nuclide distribution profile treatment abng the diffusion zone depth was carried out by the

method d • xribed in/S/. In this case diffusion equation is

dJ_ x2

In/ «J_ + I I / = + Const
J n dx n 4Dt

where

D — diffusion coefficient (cm /s);

t —diffusion annealing time (s);

JL — linear absorption coefficient in sample material (cm"1);

J ^ measured activity of the4—th layer;

xn — coordinate of n—th layer.

Polycrystai samples with different grrin size (from 3—10 mkm in FP coatings t i l l 300 mkm

in ZrC pellets) and SiC monocrystab were investigated for estimation of short-circuit diffusion

paths contribution in the total mass transport.

The total mistake is 20% in diffusion coefficient definition, and 10% in activation energy

definition.

3» Experimental results and discussion

Values of RNG diffusion parameters in oxide kernels (Fig. 1) and PyC (Fig. 2) were deter-

mined on the base of dependences of their relative reiease rate upon temperature under burn—up

t i l l 3% F1MA. For evaluation of kernel and intermidiate layer influence, FP with various numtoerxjf

coatings were investigated while defining diffusion parameters in PyC. Test conditions and d i f fu -

sion parameters are give/i in Table 2.

Values of RNG diffusion parameters in pyrocarbon of 1.6—1.8 g/cm density practically coincide

in three experiments. .

Application of received diffusion parameter values for analysis of possible release of RNG

shows that only RNG, born due to uranium fission in the outer layer of the coating, can release

from intact FP into thecoolant at < 1700 K.
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Time of diffusion to the FP surface, RNG being born in the inner layers and the kernel, is

considerably more than their lifetime.

Fig. 3 gives i results of FE tests with the level of matrix contamination of

rtnc

10** •?: I d * 7 • •• &— . . The test temperature range is marked wi th
g matrix graphite

th« continuons Una The dotted iines represent result of FE tests w i th equal level of contamination.

From given R/8 — temperature dependence in matrix graphite of 1,82 — 1.84 g/cm"* density Kr

diffusion coefficient can be represented as:

D K r =• 3.08.1CT4 exp [ - •
36150' , cm2

RT s

This temperature dependence is graphically shown in Fig. 2.

Diffusion coefficient values of RNG in matrix are substantially higher than in PyC of the same

density, nevertheless FE matrix is an additional barrier for fission products. At 1700 K diffusion

length \ j - ? ~ - f ° r Kr is only 1O*2 cm at fueltess zone thickness of 0.5 cm. lr> t n ' s case FE

matrix provides RNG retention on the level of R/B * 10"2 in the terms of nuclide birth—rate in

its volume because of technological contamination. Contribution of FP w i th intact coatings into the

total release of RNG f rom FE is smalt in comparision w i th matrix contamination contribution.

Unlike RNG many SFP have large periods of half—life, and their release f rom Ft can be s i gn i f i -

cant. As mobility of SFP in FP depends upon the type of compounds, that a nuclide can form wi th

an oxide kernel, other nuclides and pyrocarbon, diffusion mobility of such elements as representa-

tives of noble metals-silver, alkali—earth metals—barium, rare—earth metals—cerium and promethium

were researched in this work. The instantaneous source method permitting t o define nuclide atomic

mobility, independent upon concentration, was used for estimation of chemical state influence of

a nuclide on its diffusion mobility.

A typical character of nuclide distribution in diffusion zone is given in Fig. 4 (Ag 22™ SiC)
133and Fig. 5 (Ba . » PyC). A typical feature of these dependences is the presence of two linear

regions wi th different slope angles to the absciss axis. Diffusion parameters (DQ ,Q),character i-

zing both iinear regions (Fig. 6) of concentration dependences of nuclide distr ibution were deter-

mined for all the given nuclides.

' Comparison of the results shows, that the value of nuclide mobility its temperature dependence

considerably differs for two regions of the consentration curve and for different materials of

coatings. Diffusion activation energy for the f i rs t part of the diffusion curve is always higher,

than for the second part Values of diffusant migration rate, that were calculated in the equation
133

for the f i rs t parts, are near the values of element mobility in monocrystats (Ba> J J
f c SiC, mono-

crystal, dependence 2 Fig. 6) , and for the second part are near the element migration rate in coa-

tings on FP after irradiation ( A g 1 1 O m , ^ , SiC, FP, dependence 7 Fig. 6; Ba14—» ZrC, dependence

2 and point 3 Fig. 7).

This allows to think, that 8a, Ag, Pm mobility determined from the second parts of the

concentration curves (Figs. 4, 5) is caused by atom migration along short—circuit diffusion paths

and from the f i rs t parts the mobility is caused by element migration in the grain volume.
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Comparison of "volume" diffusion coefficients of barium (dependence 2 Fig. 6; deoendence 1

Fig. 7), silver (dependenca 4 Fig. 6; dependence 5 Fig. 7) and promethium (dependence 1 Fig. 8)

in SiC and ZrC shows, that ZrC is a more effective barrier for researched SFP. The value of d i f fu-

sion mobility of Pm (a representative of rare—earth metals, which form more strong carbides, than

Ba PI) in ZrC is lower than that of barium and silver (see Fig. 6 dependences 2, 4). It's in a good

agreement with found earlier /9/ regularity of element diffusion mobility decreasing in ZrC NbC,

when the bond energy of thediffusant with carbon increases.

Change of migration rate of Ag, Ba, Ce nuclides in PyC of different densities (Fig. 6) in the

range of 1.27—2.24 g/cnv* is of the same character. The value of nuclide diffusion mobi lity decreases

by 3-4 orders in the direction from silver to cerium, correlating Increase of element bond energy

(heat of compound formation) with carbon /8/. Diffusion parameters DQ and Q of the studied

SFP in PyC of the samedensity also increase approaching, in the case of Ce , the value 121.5 kkaV'g

form for Q characterizing selfdiffusion C—-•»C m o n a c r v s t a j (Fig. 6 dependence 1 /10/). Absolute

values of diffusion parameters (Ig DQ, Q) for studied nuclides are4inearly reduced with PyC density

decrease. Simultaneously the difference of temperature dependences Ig D = f (1/T) for Ag, Ba, Ce in

the pyrocarbon of the densities under consideration in the row beginning with cerium to silver

reduces. In the case of silver diffusion (silver doesn't form compounds wfth carbon) activation

energies of migration process are equal in PyC of 1.27—2.24- g/cm density and the preexponential

factor DQ differs only 1.4 time In'this case the level of diffusion mobility A j * pyC is near that

for the selfdiffusion of si Iver atoms in silver / l l / .

Comparison of the received results for Ag, Ba, Pm, Ce nuciide diffusion (see Fig. 6—8) with

given in /6/ shows, that SFP of uranium can be put in the line according to their migration rate in

the materials of HTGR FP coatings:

D P m < D C a < D B a < D C s < D A g
•j

Diffusion mobility of promethium in uranium dioxide with atomic ratio O/U = 2.001 /4/ and

in the oxide, alloyed by imitators of fission products (rare—earth metals, Y, Zr) is practicaliy the

same and near the value of uranium atomic mobility in UOo /12/, that is, probably, connected with

alloyed admixture diffusion due to uranium dioxide lattice defects diffusion playing the main role

in atom migration.

Analysis of the received results on diffusion mobility of fission products, that are inside FP

in the form of metals or chemical compounds of different types shows, that the highest values of

relative release from FE have si Iver, alkaline and alkali-earth metals. Usage of si licon carbide as an

additional diffusion barrier ailows to reduce release of these elements from FE Another effective

barrier for these elements especially at > 1870 K is zirconium carbide.

In the conclusion it should be noted that while estimating summerized release of nuclides from

FP it is necessary to take into consideration their transport a long the short-circuit diffusion paths,

contribution of which increases under irradiation.
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Table 1. CHARACTERISTICS OF INVESTIGATED SAMPLES

SampleBatch
N

Diameter
(mkm)

Outer coating characteristics

Thickness
(mkm)

Density
(g'cm3)

Free uranium content Grain
size
(mkm)

I

1
2
3
4
5

6
7
8
9

10
11
12
13
14
15
16

Kernel U0 2

Kernel (UO2)+P)C1+PyC2

Kernel (UO2)+P>C1+PyC2+PyC3

Kernel (ZrC)+PyC
Spherical fuel element matrix
graphite
Kernel (UO2) + 3 PyC coating + SiC
Kernel (UO2) + 3 PyC coatings + ZrC
Disk + PyC
Disk + PyC
Disk + PyC
Peilet UO2

•Pellet UO2 (alloyed)
Peilet
Peiiet ZrC,

U97
'0.7

Monocrystas SiC

530
730
780
1020

1050
1850
5000
5000
5000
8000
8000
10000
10000 >
5000

5000-8000

• UO2 alloyed by solid fission product simulators:

Y- l .58%;
Ce-4.27%;
Sr-1.69%;

40
25
180

160
180

100-150
100-150
100-150

2000-3000
2000-3000
2500-3000
2500-3000

150-200
400-500

La - 0.26%
Nd - 6.86%
Zr-5 .18%

10.3
1.6
1.8
1.8

1.8
3.2
6.6
1.80
2.24
1.27

10.65
10.6
6.73
6.65
6.6
3.2

5-8
1.47xlOT3

2.78xl(T4

2.34x10" *

3-10
3-10

30
25-30

100-200
200-300

3-10



Table 2. TEST CONDI! IONS AND DIFFUSION PARAMETERS OF Kr 8 8 IN UO2 AND PyC SAMPLES

Batch
N

Sample Test

Temperature
range

1450-1700

1370-1550

1270-1550

1470-1900

conditions

Fission density
(fission/cm .s)

4.45x1 l 3

5.93x10"

1.26x10"

1.3xl010

DiHllS

M.6xlOTJ.a2

1.12x10"l

1.12X10T1

1.12x10"'

ion parnmtK-i s

Q
(Keal/mo|)

8B122

68113

68H3

69113

1 Kernel UO2
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Fig. 1. Temperature dependence of Kr reduced

diffusion coefficients in FP kernels. Fig. 2. Temperature dependences of RNG diffusion

coefficients in PyC and in matrix graphite.
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Fig. 3. Temperature dependences of Kr88 relative release

rates from matrix graphite of 1.82-1.84 g/cm3

density with l r 0 0 content in range 10~6 - 10"7
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Fig. 4. Ag1 m — distribution in FP coating (SiC) after isothermal annealing at 1570 K during 3 hours

I — initial part of thediffusion zone,

II — final part of the diffusion zone.

1 ̂ TFig. 5. Ba J J — distribution in PyC after isothermal annealing at 1423 K during 1 hour

I — initial part of thediffusion zone,

II — final part of thediffusion zone.
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Fig. 6. Temperature dependence of diffusion coefficients of silver, barium and cerium in PyC and SiC:
14

1. Selfdiffusion of carbon (C ) in monocrystal carbon.
2. (•,+) - diffusion of barium (Ba133) in SiC (FP, part I)

D = 1.85xlCTs exp/ $2120. / cm2/s.
RT

3. (iji) -diffusion of barium (Ba133) in SiC (FP, part II)

D = 1.10x10-' exp/ i?-°-2Q / cm2/s.
RT

4. (O) -diffusion of silver (Ag11Om) in SiC (FP, part I)

D =3.46x10"' exp/---558PQ__/cm2/s
RT

5. (<» -diffusion of silver (Ag11Om) in SiC (FP, part II)

D = 1.19x10'' exp/-—2g^L_/cm2/s.

6. Diffusion of cesium in SiC (FP) /6/.

7. Diffusion of silver in SiC (FP) /6/.

8'. Diffusion of silver in SiC (FP) /13/.

8. (d $) -diffusion of cerium in PyC (parti)

7 = 1.27. D = 8.20x!(r4 exp/ 4S00Q--/ cm2/s.
RT

108000 ,
y = 2.24, D = 8.50x10J exp/ / cm^/s.

RT

9. («i ©) - diffusion of barium (Ba133) in PyC (part I)

7 = 1.27,0 = 5.10X10"2 exp/- - i?- (^Q_/cm2 /s .
RT

2 2 4 D e x p / _ ^ T M O J L , / c m2 / s
RT

10. (x,®) -diffusion of silver (Ag11Om) in PyC (part I)

7 - 1.84, D = 5.30 exp/- ^ ^ - / cm2/s
RT

7 = 2.25, D - 3.80 exp / £6000 j cm2ys
RT
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Fig. 7. Temperature dependences of diffusion coefficients of silver, barium and cerium in ZrC

1. (s,©) -dif fusion of barium (Ba133) (FP, part I)

D =2.25x10"s e x p / - J2Q.^.-/ c r n 2 / s
RT

2. (O) -diffusion of barium (Ba133) (FP, part II)

D = 1.85x1(Ts e x p / - -6-552P-/ c m 2 / s
RT

3. (•) -dif fusion of barium (Ba133) (FP irradiated)

4. ( A ) —diffusion of cerium (FP, i/radiated)

5. ( X ) -diffusion of silver (Ag11OrTl) (FP, part I)

53750 ,
D =2.57x10-' exp/ / cm7s

RT

6. (<£>) -dif fusion of silver (Ag11Om) (FP, part II)

D = 2.27x10"5 e x p / - JSlQfL j c m
2 / s .

RT
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i/T-10 K

Fig. 8. Temperature dependence of diffusion coefficients of promethium (Pm ) in ZrCand UCU

1. ( A ) — diffusion in ZrC (part I),

166000 o
D = 1.26x102 exp/ / cm^/s

RT

2. (*) -diffusion in ZrC (part II),

D = 8.9x 10"s exp / - -i?-5-0-^— / cm2/s
RT

3. (•,+ ) -diffusion in UO2 (part I),

D = 2.00x10"3 exp/- —82000 / cm2 /s_
R T
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THE SPHERICAL FUEL ELEMENT AS EXTREMELY EFFECTIVE BARRIER N , A ™ C ™ O O

FOR FISSION PRODUCTS IN THE HTR MODULE XAOObbOZU

H.J. Allelein, U. Quade
Interatom GmbH, 5060 Bergisch Gladbach
Federal Republic of Germany

(Interatom GmbH is a subsidiary of Kraftwerk Union AG,
8520 Erlangen)

Abstract

The HTR Module concept is the approach followed by the KWU

group to design a nuclear energy source that offers maximum

flexibility regarding plant power rating and the type of direct

or indirect heat application. The limitation of the thermal

power to approximately 200 MW and of the mean power density

to 3 MW/m3 guarantees an inherent limitation of the fuel tem-

peratures to a maximum of about 1600 °C even for the worst

beyond-design incidents. Adherence to this 1600 °C limit en-

sures that the fuel remains intact and that fission product

release is not influenced by material decomposition. The ex-

tremely effective barrier function of the fuel itself leads

to such low dose rates outside the reactor that plants with

Module reactors are suitable for industrial sites and locations

with a high population density.
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Main features and possible application

The HTR Module concept / 1 / is the approach followed by the

KWU group to design a nuclear energy source that offers maxi-

mum flexibility regarding plant power rating and the type of

application, using only well-proven systems and components.

This is achieved by combining standardized, modular reactor

units to form plants in a wide power range. The reactor unit

is a gas-cooled high-temperature reactor with a "pebble bed"

core / Figure 1 /, based on the 15-MWe AVR experimental power

plant that has been operating in Germany since December 1967.

The diameter of the reactor core is 3 m, the mean core height

9.4 m. The helium inlet and helium outlet temperatures are

250 °C and 700 °C respectively; the system pressure amounts

to 60 bars / Figure 2 /.

Some of the main features are summarized in a few sentences

/ 2 /:

The reactor itself is contained in a steel pressure vessel,

By selecting a relatively small core diameter, one can

omit control rods in the core.

Due to the small core diameter it is possible to remove

the decay heat from the reactor core by multiple redundant

surface coolers located outside the reactor pressure

vessel via heat conduction and radiation alone in the

event of failure of the operational decay heat removal

system.

In the side-by-side arrangement, the lower position of the

steam generator in comparison to the core constitutes

inherent protection of the plant, e. g; in the case of

water ingress, and the thermal decoupling (transients) of

the two components.

Standardized modular units can be interconnected to form

power plants with different power ratings and to achieve

high overall plant availability.
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Last but not least, the 1600 °C limit is an essential

feature of the HTR Module; this 1600 °C limit for the

fuel element temperatures in all core heat up incidents

is discussed in detail in one section of this presenta-

tion.

The HTR Module can be coupled with different heat-exchanging

components in accordance with the application case. At present

there are four promising fields of application for the HTR

Module / Figure 3 /, which indicate the versatility of this

system, namely production of

electricity and process steam

electricity and district heat

synthesis gas from coal or natural gas

methane from coal.

Coupling the Module with conventional industrial plants, as for

example in the chemical industry, will not result in any more

stringent requirements for the industrial plants. For urban

utilities, the HTR Module is suitable for the production of

electricity and district heat because of its flexible plant

size and the high degree of passive safety. It is possible to

produce both synthesis gas and methane with the Module combined

with the hydrogasification of coal and/or the steam gasifica-

tion of coal. Synthesis gas is the basis for methanol, hydrogen

and reductive gas used widely in industry. If the natural gas

resources diminish in the medium - or long-term, the existing

gas network can still be used for methane produced using the

HTR Module / 2 /.
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In the pebble bed of one Module, 360.000 fuel elements pass

from the top to the bottom of the core. More than 10.000

coated particles are embedded in these fuel elements / Figure

4 / which have a diameter of 60 mm. These coated particles

with UO2 fuel kernels and the so-called TRISO coating with

pyrocarbon (PyC) layers and a Siliconcarbide-(SiC)-interlayer

have a total diameter of about 0.9 mm. The fuel elements are

standardized in the Federal Republic of Germany and have been

well proven within the scope of the HBK (Hochtemperaturreaktor-

Brennstoffkreislauf) Project. The enrichment amounts to 7 - 8 '

After a total time of approximately 1000 days, a burn-up of

about 80 000 MWd/tHM is achieved. A multiple pass (15 times)

scheme of the fuel elements is used to achieve a power distri-

bution flattened in the axial direction of the core.

Temperature distribution during normal operation and incidents

The fission product release from fuel elements is governed by

different temperature-dependent mechanisms / Figure 5 / :

under normal operating conditions up to approximately 1100 °C,

fission product retention is almost complete, that means

fission products remain inside intact coated particles. Up

to 1100 °C only extremely low release according to the "defec-

tive SiC'-value has been detected. Above 1100 °C the low

release from intact particles begins by way of diffusion

through coatings. At more than 1600 °C, the onset of SiC-deter-

ioration due to fission product attack leads to additional par-

ticle failure. The thermal decomposition of SiC begins at tem-

peratures of more than approximately 2200 °C and the SiC-

layer loses wholly its retention capability / 3 /. To avoid

SiC damage an inherent limitation of the fuel element tempera-

tures to a maximum of about 1600 °C is ensured by the limita-

tion of the thermal reactor power to approximately 200 MW and

of the mean power density to 3 MW/m3 / Figure 2 /.
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For normal operation the course of power density, fuel tempe-

rature and temperature of the fuel element surface are shown

in relation to the height of the Module core in / Figure 6 /.

The maximum fuel temperature does not even reach 900 °C; the

maximum surface temperature is about 800 °C. The fuel elements

exhibit a maximum temperature at the bottom of the core before

leaving it. The ratio of maximum to mean power density is less

than two, which leads to a rather compensatory burden of the

fuel.

In / Figures 7a and b / the maximum temperatures of three

radial positions are plotted versus time / 4 /. As shown in

/ Figure 7b / the maximum temperature during core heat-up

after a depressurization incident and with failure of the main

heat sink is reached 32 h after the event. The resulting maxi-

mum fuel element temperature is 1530 °C. Even in the hypothe-

tical case of additional failure of all six controll rods, the

maximum fuel element temperature would only rise to 1620 °C.

There are no conceivable combinations of component failures

that would lead to higher core temperatures. For example, the

more probable event, failure of the main heat sink with no

depressurization, does not lead to temperatures up to 1200 °C

/ Figure 7a /. The maximum temperature in the center of the

core during a core heat-up incident initiated by depressuri-

zation is almost independent of the function of the surface

cooler system. It removes enough heat, however, to maintain

the reactor pressure vessel and the concrete of the reactor

cell at moderate temperatures. The temperature in the region

of the core axis as shown in / Figure 7b / leads to a maxiumum

fuel temperature of 1530 °C as already mentioned. This maximum

is found 380 cm below the top of the pebble bed. The fuel

elements of all other core regions are exposed to temperatures

which are lower than this maximum of 1530 °C / Figure 8 /.
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Less than two per cent of the 360.000 fuel elements have to

endure temperatures of more than 1500 °C, but only for about

30 hours; five per cent of them become hotter than 1400 °C

and about fifteen per cent exhibit temperatures of more than

1300 °C.

Uncertainties have been taken into consideration in the tempera-

ture calculations. The course of the temperatures with time

demonstrates the slow behaviour of the system.

Methods and input data for the calculations of fission product

release

The fission product release calculations were carried out

with the codes SLIPPER / 5 /, STADIF-II / 6 / and FRESCO-I

111 all developed at the Nuclear Research Center (KFA) Jiilich

/ Figure 9 /. During normal operation the release of the

metallic fission and activation products Cesium, Silver and

Strontium can be described by effective diffusion in an 1-

phase-model (SLIPPER). The release of the fission gases

Krypton and Xenon as well as the release of iodine were cal-

culated using a 2-phase-diffusion model (STADIF-II), because

the release from recoil is delayed by re-diffusion from gra-

phite kernels (slow phase) into pores, wherein the fission

gases can diffuse very fast.

In the case of core heat-up with a temperature increase of up

to 1600 °C a further retention of fission gases in the gra-

phite can be neglected. The release calculations for this type

of incident were performed with the FRESCO-I code, which treats

the release in an 1-phase diffusion model. The temperature dis-

tribution all over the core was taken over from calculations

with the THERMIX code.
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The important input data for the fission product release cal-

culations are the particle failure rate, the level of free

uranium in the matrix-graphite and the diffusion coefficients.

Three kinds of fuel failure lead to contributions to the release

of fission products: the so-called "free uranium from manufac-

turing" , the irradiation-induced particle failure and the inci-

dent-induced particle failure / Figure 10 /. The design values

of these three sources are deduced from measurements carried

out within the HBK-Project. The value of free uranium is

6 * 1 0 . This includes the fraction resulting from U235 conta-

mination of the matrix-graphite, which is about one order of

magnitude less than the contribution originating from defective

particles from fabrication. As design value for the irradiation-

induced particle failure, an end-of-life failure rate of
4

2 . 10 is assumed, which increases in a linear manner over

the burn-up. A dependence of the failure rate on fast neutron

dose need not to be considered, because the dose rate of the
+21 1

fuel is rather low with a maximum value of 2.2 . 10 cm .

In a core-heat-up incident an additional particle failure,

which increases exponentially, is assumed over the fuel tem-

perature up to 5 . 10 at 1600 °C, although in the high tem-

perature annealing tests, performed in the scope of the HBK-

project until now, no defect particle with TRISO-coating has

been found up to 1600 °C over 200 h.

Diffusion coefficients for the main metallic elements Cesium,

Silver and Strontium / Figure 1 1 / are in conformance with the

HBK-standard-values 1984 / 8 /. These diffusion coefficients

are more or less representative for kernel and coatings of the

particles; for example the value for Strontium diffusion in

the kernel is rather doubtful.
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For fission gas release in normal operation reduced diffusion

coefficients for the UO2-kernel and graphite / 6 / are used

/ Figure 12 /. The additionally considered pore diffusion co-

efficients have a T * dependence. The parameters for reduced

diffusion coefficients in the ITO^-kernel, only used in the core

heat-up calculations are derived from experimental results.

Results of the calculations

The results of the calculations performed for normal operation

are the activity release values of each isotope into the pri-

mary coolant (Helium). The gas borne activity is reduced by

radioactive decay, retention in the helium purification system

and plate-out on primary circuit surfaces.

The bypass flow of the purification system is 5 % h~ . A con-

servative plate-out rate of 10 % per circulation was consi-

dered .

/ Figure 13 / shows the ready^state primary coolant activity

of the radiologically relevant volatile and metallic isotopes

and the surface activity after an operation time of 32 full

power years. This low activity results only from the free

uranium and the irradiation-induced particle failure, because

the intact coating layers of PyC and SiC are an efficient

barrier. The dose rate originating from surface contamination

in the primary circuit does not restrict maintainability and

service requirements.

In the case of depressurization an unfiltered puff activity

is released via pressure relief outlet of the reactor build-

ing. The sources of the released activity are the steady

state coolant activity, dust entrainment into the gas and

desorption of surface activity. The release from fuel elements

due to core heat-up begins some hours later, because the fuel

temperature increases rather slowly / Figure 8 /.
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/ Figure 14 / shows the typical core release in the heat-up-

phase for Iodine 131, the most radiologically relevant isotope

in this event. The activity release rate reaches a maximum of

3.6 Ci/h after 20 h. The activity outside the fuel has a

maximum value of about 100 Ci after 90 h.

The cummulative release (without radioactive decay) for the

other key nuclides Cs 137, Ag 110m, Sr 90 and Xe 133 are listed

with I 131 in / Figure 15 /. Transport mechanism for acti-

vity release from the primary system via leak is the gas

expansion during the core-heat-up phase. To find out the real

activity release of the primary system the core release rate

has to be superimposed on the gas expansion rate taking into

account retention effects inside the primary system.

The activity release into the environment during the core-

heat-up phase via the stack is effectively reduced by fil-

ters in the exhaust air system.

For the depressurization incident followed by core-heat-up the

calculated doses for the environment are well below the Ger-

man limits for design basis incidents. Even in the hypothe-

tical case of totaly unfiltered ground release these licensing

limits will not be exceeded. Therefore, plants with Module

reactors are suitable for industrial sites and locations with

high population density.
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1 Pebble bed
2 Pressure vessel (core)
3 Fuel discharge
4 Boronated spheres
5 Reflector rod
6 Fuel loading
7 Thermal shield
8 Ceramic core structure
9 Core vessel

10 Cold gas duct
11 Hot gas duct
12 Surface cooler
13 Insulation

Figure 1

Core of a HTR-Module

Reactor [as per 7/84]
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Thermal power
Core diameter
Core height
Mean power density
Helium temperatures (inlet/outlet)
System pressure
Number of control rods
Number of absorber ball systems
Loading scheme
Fuel cycle
Heavy metal loading of fuel element
Enrichment
Burnup
Fuel incore time

MW
m
m
MW/m3

°C
bar
—
—
—
—

g
%
MWd/t
days

200
3.0
9.6
3.0
250/700
60
6
18
Reshuffling ~ 15 times
U.Pu
7
7.8
80000

~ 1000

Figure 2

Main data for the KWU modular HTR core - for
cogeneration of steam and electricity [as per 1/85]
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District heating

Electricity
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HTR-o
Module

HTR-o
Module

Figure 3

Possible applications of the Modular High - Temperature Reactor
[ indirect and direct process heat ] do/84)
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outer PyC- layer
SIC- inter layer
inner PyC- layer
bufferlayer
fuel kernel

graphite layer

graphite matrix

coated particle

0 0.9 mm

microscope photograph of a coated particle

Figure 4

Fuel element of high temperature pebble
bed reactor [as per 1/85]
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Up to approx. 1100 °C (normal operation conditions):
Extremely low release according to "Defective SiC"-
value only

Above approx. 1100 °C: Beginning, but still low release
by diffusion from intact particles (AG 110 M)

Above 1600 °C: Onset of SiC - deterioration due to
fission product attack

Above approx. 2200 °C: Thermal decomposition of
SiC

Figure 5

Temperature-dependent mechanisms
governing fission product release from
fuel elements [as per 10/85]
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Figure 6

Temperature and power density in relation to the height
of the modular HTR core [as per 10/85]



Temperature
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Core axis (Z = 70 cm below the pebble bed surface)

10 30 Time [h]

Figure 7a

HTR-Module 200 MW
Time dependence of the maximum temperatures after
failure of the main heat sink, reactor pressurized [as per 1/85]

WdKWU

Temperature Core axis (Z =380 cm below the pebble bed surface)

1200-

800

400

400 600 800 Time [h]

HTR - Module 200 MW F i g u r e 7 b

Time dependence of the maximum temperatures after
failure of the main heat sink and pressure relief incident
[as per 1/85]
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Figure 8

HTR-Module: Partition of the fuel elements in temperature areas after
failure of the main heat sink and pressure relief incident [as per 10/85]
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Normal-operation

Core-heat-up

\ ncident

Metallic elements (Cs, Sr, Ag)

Model

Code

Model

Code

1-phase-diffusion

SLIPPER

1-phase-diffusion
temperature transients
from THERMIX

FRESCO-I

Volatile elements (Xe, Kr, I)

2-phase-diffusion

STADIF-II

1-phase-diffusion
temperature transients
from THERMIX

FRESCO-I

Figure 9

Methods for fission and activation product release calculations
[as per 10/85]



"Free Uranium"
from manufac-
turing

U235
contamination
Defective
particles

Irradiation-induced particle
failure

i ncident-induced particle
failure

Design value '85

6-10-05

2-10-04 (EOL)

Max. 5-10-04
(Temperature
dependent)

Figure 10

Design values for the sources of fuel
failure used for HTR-Module fission
product release calculations
[as per 10/85]
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I

*uo 2

LTI PyC

SIC

A-3 Matrix

Cs137 Sr90 Ag110m

D=Do exp(-Q/RT) with D and Do (m2s1), Q(kJ mol1), T(K)

Do Q

5.2E-04 362

6.3 E-08 222

1.8 E-11 176

2.0 E-04 181

Do Q

1.1 E-04 488

2.3E-06 197

1.2E-09 205

9.1E-03 301

Do Q

6.7 E-10 165

5.3E-09 154

3.6 E-09 215

1.6E+00 258

* frequency factor for slipper and getter:
Do x ( kernel diameter/500 pm)2

R=8.314 JmofK'1

Figure 11

From HBK-Project recommended data set for the
diffusion-coefficients for the main solid isotopes (extract from
HBK-Standarddatensatz 1984) [as per 10/85]
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Krypton Xenon

Reduced diffusion-coefficient
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Figure 12

Reduced diffusion-coefficients for Krypton, Xenon and Iodine
[as per 10/85]
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SUM Krypton

Kr88

SUM Xenon

Xe133

SUM Iodine
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Sr90

Cs134

Cs137

Ag 110 m

Steady state activity [Ci]
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6,0-10-02

9,2-10-04

1,2-10-08

6,9-10-06

1,5-10-05

5,1-10-07

Surface activity after 32 FPY* (Ci)
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4,0
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0,1

* full power year

Helium-volume: 15.000 m3 (20°C, 1 bar)

Figure 13

Fission and activation product inventory in the Modular HTR
cooling system [as per 10/85]
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Figure 14
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1-131 Core Release in the core heat-up-phase of the
HTR-Module [as per 10/85]
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Figure 15

Cumulative core release of the
Modular HTR case of core heat-up
after 200 h [as per 10/85]
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NUMERICAL ANALYSIS OF THE RELEASE OF METALLIC FISSION PRODUCT
IN HIGH TEMPERATURE GAS-COOLED REACTOR

S. Fujii, A. Tsubosaka, Y. Niguma
Kawasaki Heavy Industries, Ltd.

M. Hirano, K. Suzuki

Japan Atomic Energy Research Institute

Japan

Abstract

HTGR core should be designed under the limit of circulating coolant

activity and plateout activity in the primary circuit. Release of

metallic fission product which is important in plateout activity

strongly depends on a geometry of coated particle fuel and on a space

distribution and time history of temperature, etc. Therefore, many

iterations of a series of nuclear, thermal and fission product release

analyses are required for selection of suitable fuel and core dimensions.

At the stage of conceptual core design, however, it seems to be impossible

to execute these enormous iterative analyses.

In this paper, for the purpose of alleviating the troublesome routines

a simplified calculating procedure of C s 1 3 ' release, most important metallic

fission product, is presented as the results of the parametric survey

analoguos to sensitivity analysis.

At first, several parameters considered to play a fair role in C s 1 3 7

release are selected and are varied independently in sensitivity analysis.

Secondly, on the bases of analytic results we pick out the main parameters

that have significant effects on C s 1 3 7 , release.

The results show :

C i ) the characteristics of C s 1 3 7 release can be explained by the time-

averaged core maximum temperature :Jfmax.

(ii) the dominant release is that from "intact particles" rather than

tailed particles in the range ofT f r aa*>1300°C under the assumption

of failure fraction 0.1%.

- 208 .»-—•



Ciii) f a i l u r e f r a c t i o n u p t o 2 % h a s n o s i g n i f i c a n t e f f e c t o n C s 1 3 7 r e l e a s e

at'Tf..x=14008C_l__ ... •

Civ) Cs13'' release decreases to 1/5 when the thickness of SiC layer

increases from 25 u to 50 u .

( v ; in comparison with pin-in-block fuel type, raultihole fuel type is

lower in C s 1 3 7 release.

1. Introduction

A High Temperature Gas-Cooled Reactor (HTGR) core should be designed

under the limitation from the radioactivity of circulating coolant and

plateout in the primary circuit. The former can be obtained from evaluat-

ing the ratio of steady-state release rate to birth rate (R/B) for noble

gas fission products (Kr°°, Xe-^38) f a s this procedure being almost

established.

On the other hand, with regard to plateout activity, the release

process of metallic fission products is governed by complicating phenomena,

such as diffusion of radioactive species and non-linear sorption processes,

and also has strong dependency on the geometry of coated fuel particle and

on spatial distribution and time history of the temperature, etc. There-

fore, many iterations of nuclear, thermal and fission product release

analyses are required to select suitable fuel and core dimensions. At the

stage of conceptual core design, however, it is nearly impossible to exe-

cute such enormous amount of iterative analyses.

Moreover, only the release of fission products from failed particles

including uranium contamination has been considered in HTGR core analyses

so far. However, in the case of a core of high temperature, it is inade-

quate to ignore the release from intact particles.

In this paper, for the purpose of alleviating the troublesome analyzing
1 27

work a simplified calculating procedure of the release of Cs , most

important metallic fission product, is presented as the results of our

parametric survey similar to sensitivity analysis. The additional purposes

are to know the relationship between the metallic fission product release

and core design parameters and to predict the release of metallic fission

product from intact particles by means of numerical calculations, which

will be very useful for HTGR core design.

- 209 -



2. Analytical conditions

(1) Basic core model

The calculation was performed for the basic core model, as shown in

Tab. 1 and Fig. 1. The HTGR core in this analysis has 50 MW of thermal

power and consists of stacked graphite fuel blocks. Coolant Helium gas

flows downward through the annular passage between fuel pin and graphite

block, removing heat from the core. The average outlet gas temperature

is 950°C and the fuel residence time is 440 days.

Fuel block consists of a hexagonal pin-in-block graphite, 334 mm

across the side flats and 700 mm high with fifteen 56-mm-diameter holes in

a block. The fuel pin consists of a 46-mm-diameter graphite sleeve and

36-mm-diameter compacts. The fuel compacts contain coated fuel particles

of low-enriched uranium dioxide in graphite matrix. The details of fuel

are given in Tab. 1.

The reactor core contains 54 columns of standard fuel blocks and seven

columns of control blocks.

Failure fraction of fuel initial state and uranium contamination are
-4

0.1% and 10 , respectively.

(2) Computer codes in this analysis

The sequence of the codes used in this analysis is shown in Fig. 2.

Metallic fission product was calculated with the TRAFIC code which uses

as input the results of the core nuclear calculations performed with the

CITATION code and the core thermal hydraulics with the TEMDIM code.

(3) Numerical conditions of the TRAFIC code

1 37
The analysis was performed for Cs , most important metallic nuclide

for plateout study. The numerical conditions of the TRAFIC code are given

in Tab. 2 and the release model based on the diffusion of the radioactive

nuclide is shown in Fig. 3. In this analysis, nine burnup steps were taken

but burnup dependency of the diffusion coefficient was not considered.

For the simulation of the release from failed particles, the diffusion

coefficients of failed particles were assumed ten times larger than those

of the intact particles.
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3. Selection of parameters

The parameters were selected from those which played a fair role in
137Cs release. Selected parameters are as follows.

1) core temperature distribution

6 core parameters:

core
KS-0945
KS-1000
KS-1055
KS-1110
KS-1165
KS-1220

Tfmax
1265°C
1313°C
1360°C
1408°C
1455°C
1503°C

Tfmax
1300°C
1350°C
1400°C
145O°C
1500°C
1550°C

reference core

, where Tf m a x is time-averaged maximum fuel temperature and Tfmax

maximum fuel temperature.

The core nuclear and thermal hydraulic calculations were performed for

only reference core. Other core temperatures were obtained by changing the

peaking factors, leaving the core basic configuration unchanged.

2) SiC coating failure fraction of initial state

3 parameters: 0.1%, 1.0%, 5.0%

These values are assumed constant during operation. This type of

failure is the failure of those particles which have SiC coating defects

at the beginning of burnup.

3) the thickness of silicon carbide (SiC) layer

3 parameters: 25 ym, 30 ym, 50 ym

1 "37

4) diffusion coefficient of Cs in the SiC layer
3 parameters:

logD = -11.38-9200/T + 4.0 2) basic data as shown in Fig. 4

1/5 of basic data

5 times of basic data

5) fuel type

2 types:

pin-in-block type — basic data

multihole type (Fort St. Vrain type)

, where slightly different values are taken to failure fraction and

uranium contamination, as shown in Fig. 13.

All these parameters change independently each other.
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4. Results and discussion

Integral volume spectra of time-averaged temperature at the inner

surface of fuel compact are shown in Fig. 5.

The profile of each spectrum shows very fair resemblance to each other

even in the high temperature region, only depending on Tfmax. Since fuel

temperature and its lasting time have close relationship to the fission

product release, it seems that the release of fission product can be

expressed only by a single variable; Tfmax. We consider this can be

applied even to similar but different core designs as well.

The releases from both the intact particles and the non-intact parti-

cles make the total release, as shown in Fig. 6. The non-intact particles

mean (failed particles + uranium contamination). Fractional release from

non-intact particles has very little dependency on the fuel temperature.

In contrast, Fractional release from the intact particles increases remark-

ably with the increase of temperature. In the range of time-averaged

temperature in fuel compacts Tfm > 1300°C, the dominant release is the

diffusive release from intact particles rather than non-intact particles,
-4

under failure fraction 0.1% and uranium contamination 10
137Fractional release of Cs after 440 days operation is given in Fig. 7.

Similar results to the above-mentioned are obtained. As the time-averaged
_ 137

maximum fuel temperature Tfmax increases from 1400°C to 1450°C, Cs
release increases by about 3 times. The figure also shows that fuel com-

137
pacts and sleeves have some retention capabilities to Cs fission product.

In KS-1110 core, according to other calculations, fractional release

from intact particles is about 20 times larger than that from non-intact

particles when failure fraction is 0.1%. In addition, uranium contamination

137

-410 is almost equivalent to 0.2% failure fraction of initial state.

Consequently, failure fraction up to 2% has no significant effect on Cs

release in case of KS-1110, as shown in Fig. 8.
137Fractional releases of Cs at 440 days are shown in Fig. 9 with

137regard to SiC layer thickness. Cs release decreases to about 1/5 with

the thickness of SiC layer increasing from 25 Um to 50 ym in both KS-1110

and KS-1220.
137Figure 10 shows the dependency on the diffusion coefficient of Cs

137in the SiC layer. The fact that Cs release increases by about five times

when the diffusion coefficient increases by four times is similar to the
137effect of SiC layer thickness. The diffusion coefficient of Cs , however,
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is determined by material and in this sense is different from other design

parameters.

Comparison between fuel types is shown in Fig. 11. Multihole fuel
137

type may have some advantages than pin-in-block in Cs release because

of geometrical feature.

5. Comparison of our parametric analysis to other core analysis

Fig. 12 and Fig. 13 show analysis of the integral volume fraction
137

spectrum and Cs release of a core model, which is dimensionally same

as our basic model but with different powers and temperature distributions.

This model nearly seems to correspond to KS-1055 core, judging from the

time-averaged maximum fuel temperature (Tfmax = 1369°C), as shown in Fig. 12.

However, it possesses somewhat lower integral volume fraction in high

temperature region than KS-1055 core.

Total fractional release of Cs reaches about 1.3 x 10 for 440 days,

as shown in Fig. 13. On the other hand, it can be estimated about 1.5 x
-4

10 , according to Fig. 7. The two results almost agree with each other.

This fact shows that the characteristics of Cs release can be explained

by the time-averaged maximum fuel temperature; Tfmax*

6. Conclusions

137
We made parametric survey on Cs release and knew the relationship

between metallic fission product release and core design parameters.

The main results are as follows.

137

(i) the characteristics of Cs release can be explained by the time-

averaged maximum fuel temperature; Tfmax«
(ii) the dominant release is that from "intact particles" rather than

non-intact particles in the range of Tfm > 1300°C under failure
-4

fraction 0.1% and uranium contamination 10 .

137
(iii) failure fraction up to 2% has no significant effect on Cs release

in the core with ff m a x ^ 1400°C.
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137(iv) Cs release decreases to about 1/5 with the thickness of SiC layer

increasing from 25 Um to 50 ym in the range of Tfmax > 1400°C.

(v) in comparison with pin-in-block fuel type, multihole fuel type is

lower in Cs release.
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Tab. 1 Basic core design data

Reactor thermal power

In le t coolant temperature

Out le t coolant temperature

Core height

Number of columns f standard block

[ control block

Number of axial blocks

Fuel type p i n - i n - b l o c k

Fuel block

Fuel pin

Coated fuel pa r t i c l e

hexagona1
pi ten

height
number of holes

coolant hole d ia .

compact inner d ia .

compact outer d ia .
sleeve inner d ia.
sleeve outer d ia .

Kernel diameter

buffer thickness
IPyC thickness
SiC thickness

OPyC thickness
Part ic le diameter

50

395

950

5.6

54

T

8

334

700

15

56

18

36

3G.3

46

600

60

30

25

45

920

MW

C

C

m

M

nip

i i £2

u s

01,0

U 0

M rr

yu rr

fi n*

ft m

/•"

ii m

Tab. 2 Numerical conditions of the TRAFIC code

I tern

nuct ide

fa i lure fract ion

U contamination

diffusion coeff icients*

U O 2

S i C

PyC
< LT I )

graph i te

recoi led distance

sorot ivi ty

compact

graphi te

I adopted data

i Cs 1 3 7

; 0.1 %

| IO-1

'. logD'=-2.42-1.4X104/T D'i W

logO- - 11.36-9200/T O :»i/5

logD = -4.30 -16600/T D i n / s

D=1.r2x1(Tz exo (-35620/RT)

7 /im

G A - A 1 3 6 t r '

o
G A - A ) 3 9 9 0 '

*) intact particles

pin- in-block type

fuel pin
(15)

Fig. 1 One-sixth core layout for 50 MWt HTGR
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THE APPLICATION OF RELEASE MODELS TO THE INTERPRETATION OF
RARE GAS COOLANT ACTIVITIES

C. Wise
Central Electricity Generating Board
Berkeley Nuclear Laboratories

UK

Abstract

Much research is carried out into the release of fission products

from U0~ fuel and from failed pins. A significant application of this data

is to define models of release which can be used to interpret measured

coolant activities of rare gas isotopes. Such interpretation is necessary

to extract operationally relevant parameters, such as the number and size

of failures in the core and the 131I that might be released during

depressurisation faults. The latter figure forms part of the safety case

for all operating CAGRs.

This paper describes and justifies the models which are used in the

ANAGRAM program to interpret CAGR coolant activities, highlighting any

remaining uncertainties. The various methods by which the program can

extract relevant information from the measurements are outlined, and

examples are given of the analysis of coolant data. These analyses point

to a generally well understood picture of fission gas release from low

temperature failures. Areas of higher temperature release are identified

where further research would be beneficial to coolant activity analysis.
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1. INTRODUCTION

The operation of a nuclear reactor carries with it a risk that

radioactive material, notably iodine, will be released to the environment

should the plant suffer a depressurisation fault. For CAGRs, as part of

the safety case that is required for each station, it must be shown that in

such an event the potential release of iodine from pre-existing failures

will be below prescribed limits.

Clearly, one way of staying within these limits is to detect the

presence of failures as soon as they occur, locate the offending stringer,

and discharge it using the CAGR on-load refuelling capability. The dual

function of detection and location was originally intended to be performed

by the Burst Can Detection (BCD) system. This relies on a combination of

electrostatic precipitation of solid daughter products and p counting to

detect coolant borne fission products from failed pins. In recent years

the detection capability has been greatly enhanced by the introduction of

high resolution Y~sPectronietry systems to monitor the coolant activity

directly. Although these have proved to be much more sensitive than the

BCD system for detecting the presence of failed fuel, they are not nearly

so adept at locating these failures.

Nevertheless, the wealth of data furnished by Y~ sP e c t r o m e t ry provides

the key to an alternative approach to the problem. This is to use the

coolant data to determine the actual iodine interspace inventory in failed

pins. Where it can be demonstrated that this is below the prescribed

limits, the requirement for early discharge can be obviated. In practice,

iodine is not measured directly by on-line y-spectrometry of CAGR coolants

but measurements of rare gas levels can be used to infer maximum iodine

interspace inventories. This involves modelling the release of rare gases

from failed pins.

For CAGR pins, the currently available models of release from the

fuel and from the can are incorporated into a program, ANAGRAM, which can

perform the analysis of rare gas coolant inventories. This paper describes

these models and presents results obtained using the ANAGRAM program during

the time when a number of low temperature failures (due to defects in end

caps) were known to be present in the initial fuel charge at Hinkley Point

2. THE RELEASE OF FISSION GASES FROM U0 2 FUEL

It is important to realise that any models of fission product release

which are employed must apply to the fuel in failed pins. The mechanisms

of this release differ markedly from those prevailing in intact pins.

Caution must be exercised when extrapolating measurements made in intact

pins or intact pin environments (e.g. capsules or pins swept with helium

gas).

2.1 Low Temperature Release

It is an experimental fact that at temperatures below about 900°C the

release of fission gases is substantially independent of temperature.
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This release consists of two components: direct recoil and an irradiation

induced process.

a) Direct Recoil

Although the process of recoil is well known it is only recently

that quantitative recoil calculations have been performed in CAGR pin

geometries and its importance in failed GAGR pins has been recognised

(Wise, 1985). The significance of recoil release in this case is due to

the high stopping power of the C0 2 coolant, at a pressure of 40 bars,

which fills the centre bore. Briefly the release rate due to recoil, R ,

is characterised approximately by:

R « rating, r

R independent of decay constant, X

R independent of temperature, T

(1)

In principle, R is also independent of time, t, following any change of

rating, reaching equilibrium immediately. In practice, as the primary

fission fragments are precursors rather than the rare gases themselves the

release of the latter shows some time dependence, reaching equilibrium on

the timescale of a precursor half life. The magnitude of the recoil

release component in failed CAGR pins depends on the geometric surface

area of the centre bore and can be calculated to be

(1.6 x 10" ** Xe isotopes

B" ) ^ '
(2.2 x 10" 4 Kr isotopes

The difference between Kr and Xe is due to the longer range of Kr precursor

fragments in U02«

b) Irradiation Induced Release

The irradiation induced release has often been ascribed to a process

of knock out (Carroll et al, 1969, Greatley and Hargreaves, 1979). More

recently, experiments have been performed which have defined it as one of

athermal diffusion (Turnbull et al, 1982). In fact for many irradiation

induced transport processes these can be regarded as two aspects of the

same problem (Wise, 1983) but for CAGR fuel the athermal diffusion regime

appears to be the important one. The distinguishing feature of this

process is that the diffusion coefficient, D, is independent of temperature

but proportional to rating (or, more precisely, to fission rate). The

characterisation of the diffusional release rate, R , are therefore:
d

R, « r3/2

d

R
,-1/2

d

R independent of temperature

(3)
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The time dependence of the release is given by the solution of a time

dependent diffusion equation. In general these kinetics depend on a

particular power history in a complicated way which is not easily

expressible analytically. However, analytical solutions for certain

situations have been summarised by Beatham (1980) and the diffusion

kinetics may be represented by the release following a step change in

power from an initial shutdown i.e.

R. ~ erf A t (4)
a

Both the time dependence and k dependence of the release are approximate in

that they are strongly influenced by precursor diffusion.

The most difficult problem with this release mechanism concerns its

absolute magnitude in CAGR fuel which depends on the true surface area of

the fuel. From post irradiation measurements of stable gas releases into

CAGR pins, Speight et al (1982) have inferred a release to birth ratio of

~5xlO~5 for 133Xe at ]_3 w/gU, corresponding to a surface to volume ratio of

~20 cm"1 using the athermal diffusion coefficient of Turnbull et al (1982).

This appears to conflict with cumulative evidence from various swept pin

experiments (reviewed by Turnbull, 1984) which yield surface to volume

ratios of 80 .2 cm"^ when analysed using the same diffusion coefficient.

The mean value corresponds to an R/B of HL.SxlO"1* for 133Xe from CAGR fuel

at 13 W/gU. These apparent discrepancies have led to much debate on the

whole connection between stable and unstable releases at low temperature.

At present, therefore, the latter figures are used in ANAGRAM to

characterise the athermal diffusion release at 13 W/gU.

Clearly, even with this assumption, the variation of release with

decay constant (equation 3) means that for most short-lived rare gas

isotopes athermal diffusion is negligible compared with recoil release.

Only for Xe, Xe and Kr should athermal diffusion form a

significant component of the total release into failed CAGR pins. However,

these isotopes, particularly ^33Xe, are very important for the

interpretation of coolant activities, being released very readily from

failed pins. Furthermore, there is a problem of the extent to which

athermal diffusion coefficients are enhanced by fuel oxidation caused by

coolant ingress. The paucity of experimental information which currently

exists suggests that such oxidation has little or no effect on athermal

coefficients (Wise, 1985) and this is assumed here. However, this

important question is far from settled and further experiments to elucidate

the effects of fuel oxidation would be valuable.

2.2 Higher Temperature Release

The bulk (probably in excess of 75%) of the fuel in intact CAGR pins

normally operates at temperatures below 900°C. Of the remainder, it is

rare, even in peak rated positions, for centre temperatures to exceed

1100°C-1150°C. Between 900°C and 1150°C the diffusion coefficients of
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rare gases in UO 2 are relatively strong functions of temperature,

increasing by about an order of magnitude over this interval (Turnbull

et al, 1982). Nevertheless, as release rates depend upon vt), and as at

least half of the fuel in any given pin is at athermal tempertures, one

would not normally expect the diffusional release in any pin to differ from

the athermal figure by more than a factor of ~1.5. A much larger increase

might be expected following the development of interlinked porosity at the

centre of the fuel, but at 1100-1150cC the irradiation threshold for the

formation of interlinkage is 20-30 GWd/Te (Hargreaves and Collins, 1978),

so that this feature should be a rarity in CAGR.

Unfortunately, in failed pins several factors complicate this simple

picture. First, it has been observed that failed fuel can be more severely

cracked than intact fuel, increasing its surface area. Secondly, coolant

ingress tends to raise fuel temperatures and in this way, and more directly

by fuel oxidation, should increase rare gas diffusion coefficients and rare

gas release. Finally, porosity has been observed to develop much more

quickly in failed fuel than in similar intact pins, and the irradiation

threshold for the interlinkage of this porosity appears to be lower. These

differences can be sufficient to identify the presence of high temperature

failures in the core. However, their behaviour is still an area where

research would be beneficial and this paper will concentrate on low

temperature applications.

3. THE RELEASE OF FISSION GASES FROM FAILED PIN INTERSPACES

A glance at Fig. 1, which shows a 133Xe coolant activity history

while low temperature end cap failures were resident in the core, will

reveal two distinct modes of fission gas release from failed pin

interspaces in CAGRs. During periods of constant power a continuous

leakage occurs which caused a slow rise to equilibrium, over a period of

more than 30 days. This rise was punctuated by much more dramatic releases

which coincided with power raising operations. Both of these phases must

be modelled.

3.1 Power Raising Transients

During power raising, fuel temperatures rise by much more than the

surrounding coolant. Fission product release occurs as gas is expelled

from the pin interspaces to attain pressure equilibrium with the

surrounding coolant. The process can easily be modelled using the gas laws

provided pressure equilibrium is maintained. In this case the fraction

of CO2 ejected from the pin during the startup is simply given by

P T

r
o s
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where P ,T and P ,T are the pressure and temperature (in K) before and
oo s s

after the startup respectively. As long as the pin is well mixed this

expression also gives the fraction of the fission gas inventory ejected

from the interspace.

For very small holes it is possible that a time constant (known as

the 'pneumatic time constant') is associated with pressure equilibriation.

However, in no case to date has such a parameter proved to be essential in

modelling coolant activities. The end cap failures appeared to have

average pneumatic time constants of about 20 minutes which is not

significant when compared with the titnescale of a typical start-up or with

the half life of 133Xe. Nevertheless, the effect might be important in

smaller failures and a rudimentary model is included in ANAGRAM.

3.2 Continuous Releases

A common approach to the problem of modelling the continuous leakage

is to assume that a constant fraction of the interspace inventory is

released per unit time. The release rate of a given isotope from the pin

interspaces, R , is then given by
P

R = f N (6)
P P P

where N is the number of atoms of that isotope in the interspace and f is

the constant fractional release rate. This fractional release rate is

assumed to be independent of decay constant and, at a given power level, of

time. Mathematically, equation 6 with its associated conditions are very

convenient; they make the equations of fission product release much easier

to set up and solve. However, it is necessary to ask whether this is a

reasonable physical model of the release of fission gases from failed

pins.

Various physical mechanisms have been proposed to explain this

release and it is likely that, given the right conditions, a constant

fractional release approximation could be constructed from any. However,

one process which is always present is diffusion and it transpires that its

mere existence is sufficient to provide a partial justification that this

approximation should always be adequate to derive inventories at risk in

CAGRs (Wise, unpublished work). The essence of the argument is as follows:

Suppose a pin has a hole in the clad which is sufficiently short

there is no appreciable delay time in the hole itself. The release rate of

a rare gas from the pin will then consist of an unbiassed sample of its

concentration adjacent to the hole. Provided the pin interspace is well

mixed, so that the concentration adjacent to the defect is representative

of the interspace as a whole, the equation 6 must be true. If the presence

of the defect causes concentration gradients to be set up in the pin then

equation 6 is unlikely to be obeyed. In general, then, a constant

fractional release rate model can only be invoked for holes which are

insufficiently large to set up such gradients. This condition will be
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obeyed if the rate of transport to the hole is much faster than the rate of

transport through it.

In order to evaluate these rates it is necessary to invoke a

particular transport process. Assuming diffusion, the rate of transport to

the hole will be ~D/ i2, where D is the diffusion coefficient of rare gases

in CO, and I is the length of the fuel stack which must be traversed in

order to reach the hole. For CAGR pins, D/ £ 2 will usually be in the range

3x10"6s~1 to 10 s . A constant fractional release rate model should

therefore be a reasonable approximation to diffusional release provided

that only values of f which are less than ~10~5s~* are employed.

At first sight this condition appears rather restrictive, raising the

question of how to treat failures which are 'larger' in some sense. In

fact, by a fortunate coincidence this limiting fractional release rate is

much larger than the decay constant of Xe 1 3 3, which itself has a half life

close that of of 1 3*I. A hole of this size would cause most 133Xe which

was released from the fuel to leak to the coolant and give very little

retention by the pin. Larger holes would imply even less retention, and as

practically all of the 133Xe released from the fuel would then appear in

the coolant there is no need to model such failures at all; the coolant

inventory alone is a reliable guide to the iodine at risk. It is only

necessary to do enough to be satisfied that the failure is indeed 'large' .

The result is that the constant fractional release rate model is the

only description of continuous releases that should be required for CAGR

pin failures and forms a central part of the ANAGRAM program.

Nevertheless, it must be regarded as a hypothesis until experimental

confirmation is forthcoming.

4. ANALYSIS OF COOLANT INVENTORIES

Having obtained models of fission gas release from the fuel and from

pin interspaces it only remains to combine these to analyse measured

coolant activities in terms of the '•^'•J. at risk. There are several ways of

doing this. Fundamentally, the aim of each method is to obtain a value for

the fractional release rate. Once this is known, the total rare gas

release from the fuel can be found from the measured coolant inventories

and the 131I at risk can be inferred. The three most commonly used

analysis methods can be termed transient analysis, equilibrium analysis and

kinetic analysis.

4.1 Transient Analysis

Consider the idealised shutdown/startup sequence and the associated

rare gas activity shown in Fig. 2. During the startup phase the fraction

of gas ejected can be calculated from equation 5. As the actual activity

ejected is known, rising from A^ at the beginning of the startup for A2 at

the end. The pin interspace inventory follows. Correcting for decay to

the time of shutdown, but ignoring other effects such as continued leakage
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from the pin during shutdown, this interspace inventory is given

approximately by

(A e S - A )e °

AP " *

where t is the duration of the shutdown and t is the duration of the
o s

subsequent startup.

If, prior to the shutdown, the rare gas had reached equilibrium at a

coolant activity of A then the total inventory supported by the fuel

(A +A ) fixes its release to birth rate ratio. The equilibrium release to
P 13 1

birth rate ratio of i3il can then be determined from the way in which the

release from the U0 2 varies with decay constant. This in turn defines the

maximum 13il which can be held in failed pins.

The fractional release from the interspace is given by
XA

f = T-2- (8)
p A

where again, this strictly applies only when equilibrium has been reached

prior to shutdown.

Although the analysis outlined here has applied to a complete

shutdown/startup sequence, similar methods can be used for channel

transients (caused for example by 'gag waggling') and for power cycling

during on-load refuelling.

4.2 Equilibrium Analysis

When a number of rare gas isotopes have reached equilibrium in the

coolant it is possible to obtain a value for the fractional release rate

by comparing their activity levels. The very existence of a hole in the

can always leads to the escape of relatively more long lived than shorter

lived fission gases, and the relative hold-up of each isotope determines

the exact fractional release rate. This is embodied in the simple

equation, which follows directly from equation 6,

(9)

where (R/B) is the release to birth rate ratio from the failed pin and

(R/B) is the release to birth rate ratio from the fuel.

One way of utilising this relationship, if the release rate fi/om

the fuel is known as a function of X, is to re-write it as

A /Y

rk
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where A is the coolant activity supported by the failures (i.e. corrected
c

for pin contamination and coolant leakage) of the isotope with decay

constant X and yield Y. When plotted logarithmically against X the

expression on the left hand side of this relation should therefore show two

straight line segments (one horizontal, one with gradient -1) which

intersect at a value of X equal to the required value of f (Fig. 3). Note
p

that it is not necessary to know the absolute magnitude of the release from

the fuel, which is largely controlled by the number of failures, in order

to construct this plot.

Once the fractional release rate has been found the pin interspace

inventory of any rare gas isotope follows from equation 8, and the total

inventory supported by the fuel in the coolant and interspaces is simply

At = (1 + X ^ Ac

Knowing this total activity for any isotope fixes both the absolute

magnitude of (R/B) and the total 1 3 4 inventory free of the fuel.

This particular method, which is in routine use on PWR stations

(Stora and Chenebault, 1981), is not the only way of performing the

analysis. It is possible to take the activity ratio of a pair of rare

gases and evaluate f directly from equation 9, though this is often

unreliable due to errors in the data. Also, if (R/B)f has a unique power

dependence with X it is not necessary to perform the normalisation with

(R/B) (equation 10). Plotting A/Y directly should then yield two straight

line segments which differ in slope by unity, the shallower having slope

(R/BK (for X « f ) and the steeper having slope (R/B) IX (for X » f ).
f p f p

4.3 Kinetic Analysis

It is usually the case that a large number of measurements are wasted

by the two previous methods because equilibrium has not been reached for

all isotopes or because no significant start-up transient has occurred.

However, the kinetics of the rise to equilibrium of a particular rare gas

isotope can contain valuable information on the failure size. If the

fractional release rate is large this rise will be relatively rapid; if it

is small, the rise will be slow. Using the constant fractional release

rate model these kinetics are determined by the solution of coupled first

order differential equations of the form

dN
Rf(t) - (fp+X)Np (12)

in the interspace, and

dN

' f p N
P " <IT ' fpN
P

in the coolant. Here, N and N are the total numbers of a particular
P c
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rare gas isotope in the pin and coolant respectively, R is the release

rate from the fuel and f is the fractional release rate from the coolant.
c

More terms, incorporating, for example, burnout and pin contamination are

necessary in a general treatment.

Given R (t) the solution of these equations can be found. For the

case of diffusional release from the fuel following a step function startup

from zero power, R (t) is given by equation 4, appropriately normalised.

The rise to equilibrium in the coolant then has the following form
A (t) 2k / -Xt 2k

£ 2 \§/T VA
CO

(14)

where k = f +\, k = f +X, A is the equilibrium coolant activity and
p p c c co

F(x) is Dawsons integral with argument x (Abramowitz and Stegun, 1970).

This expression is plotted in Fig. 4 for *33Xe using a coolant leak rate of

3% per day. By fitting a measured rise to these curves the fractional

release rate can be determined. The interspace inventory of the rare gas

is then given by equation 8, the total inventory supported by the fuel by

equation 11 and the *31I inventory at risk follows. Clearly the shape of

the rise to equilibrium and hence the determination of f , does not depend

on the number of failures or the absolute magnitude of the UO 2 release

rate, only on its general behaviour as a function of time.

4.4 The Number of Failures and Their Disposition

Although these analyses have concentrated on finding the most

important safety case parameter, the 131I inventory at risk, in doing so

the total inventories of unstable gases supported by the fuel have been

determined. Using the release from the fuel in a single failure the number

of failures can therefore be calculated- This step presupposes that where

multiple failures exist they all experience similar conditions or that an

'average' release from the fuel can be defined. As noted in Section 2.2,

this should generally be valid for intact pins, but where failures are

concerned some caution must be exercised.

Even for a single failure the axial position determines both the fuel

temperature and the general characteristics of the source term and,

strictly, must be known if the greatest accuracy is required. However,

even where it is not known, it is always possible to perform analyses for

several positions and take the most pessimistic result. Often, the

calculated 131-j- a t r^s^ does not vary excessively during such an exercise.

For example, using the transient analysis values of t) normally range from

about 0.32 for the coolest elements to 0.57 for the hottest, giving a

maximum overprediction of ~75% by taking the most pessimistic result and an

error of ±13% by taking the mean. The latter is on a par with the data

uncertainties, which must be compounded by those due to approximations in

the modelling.
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4.5 Whole History Modelling - ANAGRAM

Each one of the foregoing techniques is able to give values for the

important parameters of failed pins including their 131I inventory.

Clearly, however, if more than one of them are applied independently and

yield consistent answers then confidence in the results is increased. In a

real reactor the application of each method is rarely as simple as

described due to precursor effects, source term complications and other

details. Furthermore, the distinction between each method is seldom clear

cut, as Fig. 1 illustrates, particularly for complicated power histories.

Nevertheless, the modelling of coolant activities over such histories

involves no new principles, merely an increase in complexity, and is

accomplished at BNL using a computer program, ANAGRAM. The program treats

the number of failures, n, and the fractional leak rate, f , as parameters
P

and adjusts them until a best fit of a calculated coolant activity to

supplied data is obtained. Such data could be a long history, equilibrium

activities for various isotopes, a particular start-up transient or a

response to other reactor conditions depending on what is available.

5. APPLICATION TO END-CAP FAILURES

Between 1978 and 1983 both operating reactors at Hinkley Point B were

known to contain numbers of failures in their initial charge fuel. Post

irradiation examination had revealed that these were predominantly element

8 pins whose top end caps had become domed and penetrated. The data of

Figs. 1, 5 and 6 were measured when this problem was at its height.

A least squares fit generated by ANAGRAM to the 133Xe history data

between October 1980 and January 1981 is compared with the measured data in

Fig. 1. This fit, to a fairly involved history, corresponded to 189

failures with f = 7.3x10"7s~* and gave a total 131I inventory supported by

the fuel of 12.4 Ci. Six months later, the fit to a history which was

dominated by the rise of I3 Xe to equilibrium (Fig. 5) produced

corresponding parameters of n = 182, f = 9.3xl0~7s~1 and an 131I inventory
p

of 14.3 Ci. The best fit generated by ANAGRAM to the equilibrium data for
various rare gases at the end of this period is shown in Fig. 6. The

results differed slightly from the previous ones, with n = 130,

f = 1.5xl0~6s~1 and a 131I inventory free of the fuel of 9.8 Ci. Bearing

in mind the data and modelling uncertainties these estimates agree quite

well.

The maximum fractional release rate expected from an end-cap failure

is set by the gap around the sintox pellet at the top of the fuel stack.

From diffusion theory this rate can be calculated to be ~10~ s (Wise,

unpublished work). This is in good agreement with the analyses and points

to a broadly consistent and well understood picture of fission gas release

from low temperature failed pins.

Despite the number of defective element 8 pins revealed by this

analysis the quantity of 131j substained by the defective fuel (~10 Ci) did

not represent an unacceptable hazard in the event of a depressurisation

accident.
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5. CONCLUSIONS

Various models of fission gas release front the fuel and from the

interspaces of failed CAGR pins are available. These are combined in a

CEGB Program, ANAGRAM, which uses them to interpret measured rare gas

coolant activities to derive an operationally important quantity, the 131I

inventory at risk in the event of a depressurisation accident. This

program has been shown to give consistent results in the case of end-cap

failures in CAGR.
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CONTROL OF THE TRITIUM PATH IN PROCESS HEAT HTR's X A 0 0 5 6 0 2 3

N. Kirch, G. Scheidler
KFA Jttlich

Federal Republic of Germany

Abstract

• Nuclear Process Heat plant converting fossile fuels into liquid or gaseous

secondary energy carriers generate tritium by several nuclear reactions.

Control of the tritium path through the walls of the heat exchanger is

highly important to meet regulatory requirements on the acceptable

contamination in the product gas or liquid.

Therefore, significant effort in the project "Prototypanlage Nukleare

Prozefiwarme" was put not only into generating a data base, but also into

means of reducing tritium generation and permeation.

Clean graphites with lithium impurities in the ppb level provide a low

tritium source term. Realistic modeling of graphite retention and special

helium purification systems are essentials.

The main barrier to tritium permeation are heat exchanger walls requiring

detailed characterization of in-situ surface layers. Studies to optimize

the water/steam mass flow in the conversion process offer possibilities

for further tritium retention.

Progress can be demonstrated as follows: In 1980, between 2 and 8 Bq

tritium per gram of product were predicted based on available data and

even higher concentrations during startup.

However, present day validated code predictions are below required

0.5 Bq/g equilibrium concentration level. During transients - particularly

startup - this limit cannot be guaranteed as yet, but further retention

potential is being offered by tritium gettering or filtering.

An expected increase of the German regulatory requirement to 5 Bq/g will

easily be met by present plant design under all operational conditions.
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Introduction

Because of the importance ascribed by the BMI* advisory committee PNP five

years ago to the control of tritium, the related R and D work within the

Project was significantly intensified. In the course of the adaptation of

the radiation protection regulations to the European basic standards, the

Project submitted an application for a reassessment of tritium taking into

account its low radioactivity and for a significant increase in the

maximum allowable tritium content of product gas. Based on the information

provided by the Project, the BMI pursued an increase to 5 Bq/g

(approximately 135 pCi/g according to the fonner standard). Against this

background, the status of the R and D work on the tritium path will be

reported and an evaluation carried out.

The tritium concentration in the product gas of a PNP Plant is fixed by

the amount of tritium in the primary coolant gas and the permeation of

tritium through the walls of the heat exchanging components.

In HTRs the following reactions play a role in the production of tritium:

- fission reactions, such as U(n,f) H reactions;

- Li(n,a) H reactions, the lithium originating as an impurity in

the graphite matrix of the fuel elements and in the reflector;

- He (n,p) H reactions of the He isotope present in the

helium coolant;

- B (n, 2a) H reactions in the absorber rods (negligible for

designs without core rods).

*)
Abbreviations used are listed at the end of the report
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Only a fraction of the tritium produced ends up in the primary

coolant:

- tritium produced by fission reactions is mostly retained by the fuel

element coating;

- tritium originating from lithium impurities partially dissolves in the

graphite. In order to enter the coolant, it has to diffuse to the

surface of the graphite and then be desorbed;

- immediately after its formation, tritium produced from He becomes

incorporated in the coolant gas, and is continuously produced as helium

is fed into the circuit to compensate for leakage losses.

- tritium produced from 8 is conservatively assumed to be completely

released.

Decisive for the tritium concentration-in the coolant is therefore not the

production rate but the release rate from the above mentioned reactions.

The tritium contained in the primary coolant is substantially removed in

the purification plant for final disposal. A small proportion of the

tritium permeates through the components of the intermediate heat

ex- hanger, the steam reformer, the gas generator, the process steam

superheater and the steam generator in the gas plant. Again only a small

fraction ends up in the product gas; most of the tritium is contained in

the exhaust air and effluent water.

On the basis of the tritium release rates and other data concerning the

tritium path, it is possible to determine the tritium content of the

product gas using suitable computer models. Taking into account the

currently available results of the extensive R and D work, such

calculations give the following design values for the tritium

concentration in the product gas for a PNP-5QO plant under normal

operating conditions:

- Product gas from the HGC plant, ca. 4 pCi/g

- Product gas from the SGC plant, ca 12 pCi/g.
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With the pesimistic assumption of the absence of a permeation-restricting

surface scale, t r i t ium concentrations in the product gas under stationary

operating conditions would be:

for HGC ca. 50 pCi/g

for SGC ca. 70 pCi7g.

Operating control measures as well as the s tab i l i ty of scales during

shut-down procedures and the proven regenerative capabil i ty of scales

jus t i f y a reduction of the above values by a factor of 5.

A t r i t ium flow scheme for a nuclear process heat plant is shown in Fig. 1.

The data basis for the calculations is summarized in Table 1.

In the following sections the status of the R and D work, from which the

data have been derived, w i l l be presented and evaluated; further work

required is outl ined.

! • Tritium sources

1.1 Lithium content of graphite

On the basis of newly developed, independenfanalysis techniques with a

detection l im i t for l i thium in graphite of ca. 1 ppb, i t is found that the

lithium concentration for example in ATR-2E block graphite is around 5 ppb

and in spherical graphite fuel elements is less than 0.8 ppb. This shows

that i t is technically possible to manufacture graphite quali t ies whose

lithium content is signif icant ly below the design value of 50 ppb.

A reduction of the specification value for fuel element graphite could
reduce the t r i t ium contamination by half .

1.2 He content of the coolant gas

At the present time, helium obtained from natural gas deposits is used as

the reactor coolant. This helium has a He concentration of about

1.3 x 10 compared with a concentration of 1.37 x 10 for helium

extracted from the a i r . Should i t be necessary to use helium from the a i r

for the coolant, a 10-fold increase in the t r i t ium production from the

He (n,p) 3H reaction would result . I t i s , however, in principle

possible to separate 3He from helium.
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1,3 Helium leaks in the primary circuit

In order to compensate for helium leaks, fresh helium has to be

continuously added into the primary circuit; the associated He added

with the helium leads to a continuous production of tritium during

service. The equilibrium which is established for the tritium production

rate is to a first approximation proportional to the leakage rate, the

design value of which is 1 °/oo/d; this value is in accordance with

the design value for the THTR.

2. Release of the tritium generated into the primary-circuit

2.1 Tritium release from fission reactions

Oue to the retention ability of the fuel kernel coatings and the low

fracture rate, the release of the tritium generated within the fuel

elements is negligible.

2.2 Tritium release from graphite

The tritium which results from the lithium impurity present in the

reflector graphite is mostly produced within the graphite bulk. The

release of tritium into the primary coolant is controlled by the diffusio .

of tritium out of the graphite grains and into the pore system.

As a basis for the diffusion data for tritium in graphite, measurements on

the graphite grades AS 1-500 and AL 2-500 are available.

The results of laboratory experiments and the operational experience of

the AVR and the Peach Bottom Plant show that the interaction between

tritium in the gas phase and the graphite surface leads to adsorption and

absorption of tritium. The low tritium concentration in the Fort St. Vrain

reactor primary coolant also provides an opportunity for an investigation

of the effect by checking the tritium inventory. With an adequate

availability of experimental data, a reduction in the tritium content of

the primary coolant by a factor of 2 to 3 can be expected, due to the

adsorption and absorption effects. Because of the-considerable

experimental difficulties and effort, including amongst others irradiation

of graphite at different temperatures in a loop doped with tritium, the
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R and D work concerning the absorption behaviour of graphite has not

continued further. In the calculations, the absorption effect of the

graphite will not^at present be taken into account.

3. Control of concentration in the primary gas

An important factor in the control of the tritium path is the

determination of the tritium level in the primary circuit coolant gas.

This is particularly desirable from the point of view that the retention

and storage ability of the graphite is not sufficiently well known under

service conditions. In addition, it will be possible from the data

collected to obtain early assessment of the product gas contamination in

the case of tritium releasing incidents, for example, the raising of the

water level in the primary coolant. For the continuous tritium content

measurement of the primary coolant gas, a tritium concentration of

10 Ci m at a noble gas activity of 5 x 10 Ci m can

certainly be measured. Therefore commercially available instruments are

being adapted so that the required detection limit specification can be

fulfilled.

An initial trial has been carried out and a data processing unit

developed. At the present time, improvements ar& being carried out by the

manufacturers, for example, modification of the gas flow measurement and

control devices. The use of the apparatus in the AVR should follow at the

end of 1985 / beginning of 1986.

4. Helium purification

4.1 Helium purification in the primary gas

A possibility for the reduction of the tritium concentration lies in the

removal of tritium from the primary coolant gas using appropriate gas

purification procedures.

Basically the aim could be achieved by increasing the helium flow through

the purification plant. However the present design of the purification

plant has already reached the economically feasible limit.. Therefore two

new purification methods are being developed within the project; the
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incorporation of cerium getter beds as an alternative purifier system for

tritium and other gas impurities and the application of a permeation

filter for the selective removal of tritium from the carrier gas.

Both techniques are still to be developed to technical maturity and should

first be tested in the AVR. They already show a considerable potential ,

which promises an economic alternative to other methods, such as

conventional gas purification systems and increased efforts to reduce the

tritium sources. Both techniques could also be of interest for important

applications in other technologies, for instance, cerium getters for

general gas purification and permeation filters for the separation of

hydrogen from gas mixtures.

4.2 Measures for purification and permeation restriction in the

intermediate gas circuit

In a PNP plant with an intermediate helium-helium heat exchanger (SGC

plant), a helium purification system can be incorporated. For the further

reduction of tritium release into the subsequent gas circuits, a doping of

the intermediate circuit helium with water vapour has been suggested by

the planning side. By this means the HT molecule should be converted into

a HTO molecule which cannot permeate the heat exchanger walls and, in

addition, the formation of a permeation restricting oxide scale on the

inner surface of the heat exchanger tubes should be enhanced.

R and D work is at the moment being carried out to confirm the

effectiveness of the doping.

5. Tritium permeation through the walls of the heat exchanging

components

5.1 Permeation through materials with bare surfaces

Tritium and hydrogen permeate through steels and nickel-base alloys

unhindered if these materials have bare surfaces. The influence of the

significant parameters, such as temperature dependence and pressure

dependence of permeation for bare surfaces, is sufficiently known. The

scatter band of the permeation coefficient as a function of temperature

has been reliably established by measured data.
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5.2 Permeation barriers

The permeation flux can be substantially restricted by means of oxide

scales which form under specific conditions on the materials being

considered. An important aim of the R and D work is therefore to cut off

or to restrict sufficiently the permeation flux by means of oxide surface

scales. Thereby data for the design of a PNP plant are to be generated for

the alloy NiCr22Col2Mo (trade names INCONEL alloy 617 or Nicrofer 5520 Co)

the prime candidate for the highest operating temperatures and for the

alloy XlONiCrAl 3220 (trade name INCOLOY alloy 800) which is being

considered for lower operating temperatures. Ferritic steels are also

candidate materials for the steam generator.

The present status of the understanding of permeation and permeation

protection is not the same for all components. The tritium permeation

restriction for materials which are candidates for the steam reformer

tubes by oxide scale formed in-situ or during specific pretreatment

operations in manufacture has been to date most extensively investigated.

The investigation of hydrogen permeation in metallic heat exchanger

materials under HGC conditions has been documented in a final report.

A summary of the state of knowledge concerning tritium permeation in

ferritic steels is now available.

5.2.1 Permeation barriers in stationary operation

The following results concerning permeation restriction in normal

operation have been obtained.

In the case of oxide scales formed in situ on steam reformer tube

specimens, permeation restriction factors of from about 200 to 1000 have

been experimentally confirmed, whereby the higher values have been

obtained for ca. 900 'C and the lower for 600 *C.

Apart from the restriction factors, which give the ratio of the permeation

flux through a bare surface to the flux through a surface covered by an

oxide scale, the activation energy and the frequency factors in the

temperature range 450 to 950 *C for tritium permeation have been

determined. The pressure dependence of the permeation rate from the supply

pressure of hydrogen and tritium has also been determined. They are in

agreement with the expected pattern predicted from theory.
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In the semi-technical SGC gasif ication plant, permeation restr ic t ion

factors of up to 520 have been measured. These values are val id for

hydrogen pressures of 1 bar. By going to lower hydrogen pressures, as used

in a laboratory scale apparatus and as wi l l be typical for t r i t i u im in a

gasif ication plant coupled to an HTR, the oxide scales on immersion heater

tubes have exhibited very favourable rest r ic t ion factors of 1900. The

behaviour of the protective scales during catalyst in ject ion, as now being

discussed for a SGC plant, has only been investigated in short time tests

(ca 100 h). A 4 % K2
C^3 addition to the coal did not during this

time affect the permeation barrier effect of the oxide scale formed.

For the steam generator material a suf f ic ient ly large amount of data has

been determined in the meantime, so that the data can form the basis for a

preliminary design. However, the data for INCOLOY 800H are not yet f u l l y

available.

5.2.2 Behaviour of permeation barriers during start-up and shut-down

procedures

The start-up and shut-down of the plant is being simulated by thermal

cycl ing, in the context of the behaviour of oxide scales formed both

in-s i tu and during specific pretreatments. In laboratory experiments i t

has been shown that during cooling down̂  of the scales from 950 to 300 *C

no signif icant damage was observed. The shut-down procedure of a'HGC and

SGC plant is a follows:

- shutting off the coal supply at the start of the shut-down procedure

- gasif ication of remaining coal and switch over to f lar ing

- injection of only steam into the steam reformer at temperatures below

730 *C for cooling (HGC) and complete f lar ing of the gas generator

below 770 *C (SGC); this leads to the cessation of SNG production.

Using the above procedure, i t is assured that no increased t r i t ium

contamination of the product gas due to damage of the protective scale

occurs, as no product gas is generated below 700 *C and the scales remain

protective down to 300 *C. Any damage to the protective scales f i r s t

occurs at lower temperatures.
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Following start-up processes beginning at temperatures below 300 *C, the

damaged oxide scales are regenerated; the regeneration behaviour of an

oxide scale is shown in Figure 1. The oxide scale completely heals after

about 12 h at 950 #C, so that the regeneration times in the high

temperature region are sufficiently short. At lower temperatures the

healing process requires longer times which can extend to a few days; such

longer periods are unavoidable due to the slower diffusion of the reacting

elements at the lower temperatures. For control of the start-up operation,

additional measures are required if the current maximum release limit is

not increased. If it is increased, then the start-up procedure becomes

completely uncritical.

In the intensified investigations aimed at control of the tritium

contamination, the possibility of reducing the tritium permeation by

specific coating techniques is being examined. Present experience shows

that the coated surfaces could be especially important for permeation

reduction during the start-up phase. Permeation restriction factors of

over 1000 have been achieved to date with specific coatings. However, it

has also been shown that such coating programmes are expensive both in the

development and in the later application. The tests will therefore be

closed following the successful laboratory investigations and the

definition of a concept for eventual application.

6. Tritium activation measurement in the SNG

The location and sensitivity of the apparatus with which the tritium is

measured in the SNG must be so designed that any tritium concentration in

excess of the maximum release level is detected in time, that is, within

10 minutes.

The most sensitive commercial Geiger counter systems have detection times

for 10 pCi/g of between 40 minutes and 1 hour. The necessary detection

sensitivity has to be achieved through a reduction of the zero effect and

a specific increase of the tritium concentration. The zero effect has been

in the meantime substantially reduced by an iron-lead shielding and an

improved signal processing. An increase in the detection sensitivity

should be achieved by an increase in the pressure within the Geiger

counter tube. An extrapolation shows that the required detection duration
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of 10 minutes can be achieved at a pressure of 3 bar. For this pressure,

the Geiger counter requires appropriate modification, as the commercially

available counters are designed only for operation at normal atmospheric

pressures. A circuit has been commissioned in which the pressure, the

temperature and the tritium concentration can be simulated; with this

equipment proof of the operational capability of the modified counter will

be obtained. According to the results obtained, the measuring device will

be continuously improved and tested. The estimated completion date of the

investigation is 1986.

Conclusions

The progress made in the programme is'clearly seen from the following

comparison (Fig. 2 ) . In 1980 the tritium concentration in the product gas

was predicted, on the basis of calculated extrapolations taking into

account the scatter of the incomplete experimental results, to be between

60 and 240 pCi/g. Today the situation is different. Because of the

application of developed computer programs, the optimization of the mass

flows in the gas circuits and the availability of reliable experimental

data, the tritium concentration in product gas under normal operating

conditions can be kept below the currently valid maximum release limit.

Only in the case of bare metal surfaces - which in practice never arises •

could the present release limit be exceeded. In addition, during start-up

procedures, the present release limit may be exceeded. However, the

techniques under development for reducing the tritium concentration by

gettering and filtration have not yet been incorporated into these

considerations.

If, as expected, the maximum release limit is raised to 5 Bq/g, the limit

will certainly not be exceeded under any operational conditions.
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Abbreviations used

R and D

BMI

HTR

PNP

HGC

SGC

AVR
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SNG

Research and Development

Bundesministerium des Innern

(Federal Ministry of the Interior)

High Temperature Reactor

Prototype Nuclear Process Heat Plant

Hydrogasification of Coal

Steam Gasification Coal

Arbeitsgemeinschaft Versuchsreaktor

(Experimental Reactor Group)
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Steam Reformer

Synthetic Natural Gas

release rate
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circuit

permeation I I permeation
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Table 1

Data basis for the calculation of the tritium inventory of the PNP 500 plant

1. Tritium source term

1.1 Lithium content

- in fuel element graphite: design value 50 ppb

- in reflector graphite: design value 50 ppb

1.2 He content

relat ive frequency: 1,3 x 10" from natural gas'

1.3 He leaks in the primary c i r cu i t : 1 °/oo/d

1.4'' Release f ract ion: for t = 0 as design value

- ternary f i ss ion, fuel element part ic le kernels: appropriate

defect fraction

- release from fuel element graphite: 100 %

- only diffusion release from reflector graphite considered

2.(a) He puri f icat ion plant, primary c i r cu i t : a = 0,3/h

2.(b) He puri f icat ion plant, intermediate c i r c u i t : a = 0,3/h

3. Hydrogen permeation coefficient for austenite and Ni-base al loys:

upper l imi t ing value L = 7 , 0 x 10 exp. (-66,2/RT)

4. Permeation restr ict ion factor (temperature weighted) for oxide

scales:

IGC - Hr/V, ~* 100 SR - H$R —r 850

HGC steam generator - Hurr, ^ 50
HGC/SG

Gasifier - Hr ~J 850

SGC steam generator - Hcrr/ ~j 50
SGC/SQ
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Abstract

Certain hypothetical fault conditions cause fission products to escape from

a fraction of the fuel to an intact coolant circuit. A significant fraction of

the activity, including iodine isotopes, is expected to attach to small

particles suspended in the gas coolant, and the fate of the particles may

influence the fraction of the activity available to escape to the environment

with the small amount of gas that leaks continuously from the coolant circuit.

A series of experiments has provided an understanding of the behaviour of

such particles. Tracer particles of 0.6, 2, 5 and" 17 /an diameter, labelled with

5 9Fe, were dispersed as aerosols in the reactor coolant, and the subsequent

variation of concentration was observed by measurement of a sequence of filter

samples of the coolant gas. The changes in concentration were influenced by

mixing processes, but showed clearly that loss processes reduced the burden in

the coolant by two or three orders of magnitude within 3 h.

The concentration did not follow a simple exponential decrease. Small

particles deposited more rapidly than the largest size studied. These obser-

vations imply that particles both impact onto, and also bounce and resuspend

from, the internal surfaces of the coolant circuit.

Although the physical mechanisms of the particle-surface interaction cannot

be described in detail, the results clearly demonstrate a large benefit due to

deposition reducing the amount of circulating activity. The quantity of

particle-borne activity available for escape with leaking coolant during 24 h

following a release from fuel is reduced by a factor ranging from several

hundred to a few thousand.
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Introduction

An understanding of the transport of small particles in the coolant circuit

of a CAGR (a Commercial Advanced Gas-Cooled Reactor) is essential for the

assessment of the consequences of some hypothetical fault conditions. The

consequences of a release of fission products from damaged fuel to an intact

coolant circuit are the subject of collaborative studies by the United Kingdom

Atomic Energy Authority and the Central Electricity Generating Board. The

fission products may include gaseous components, such as methyl iodide, and

particulate components, formed by the sorption of 13a-l and other radionuclides

by particles suspended

in the gas stream (Collins et al, 1966). The fission products may be trans-

ported to the environment with the small fraction of the coolant that leaks from

the pressure vessel before the reactor can be depressurised, but the fraction

that escapes in that manner may be attenuated by loss from the coolant by plate-

out onto internal surfaces or by deposition within the leakage paths followed by

the gas. Investigations of the plate-out of methyl iodide have been discussed

elsewhere. Here we discuss experimental studies of the behaviour of particles

within the coolant circuit.

Experimental Methods

Small quantities of particulate material were uniformly labelled with a

radioactive tracer, dispersed as an aerosol in an auxilliary pressure vessel,

and blown into the coolant circuit of reactor R3 at Hinkley Point. Subsequent

measurements of the concentration of the radioactive tracer were made by

collecting a sequence of filter samples, and the rate of loss of the particles

from the coolant gas was deduced from the results. Injection and sampling on a

time scale of about 1 minute were required to allow good time resolution.

Access pipes were necessary for both sampling and injection of the tracer

particles. These should be as short and wide as possible to reduce losses of

the transmitted aerosol particles. Most sampling pipes traverse the biological

shield and are at least 6 m long and are of small bore. The few large-bore

pipes that penetrate the shield include the 0.3 m diameter ducts leading gas at

a flow rate of 10 kg s""1 to and from the by-pass plant, and these were

considered to be the best solution. Access pipes, about 2 m long and 10 mm bore

were fitted to the appropriate ducts to allow injection and sampling. An

additional sampling pipe of similar geometry was fitted to allow measurement of
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the injected aerosol (Fig. 1). The sampling pipes terminated close to the axes

of the ducts in nozzles designed to allow approximately isokinetic sampling.

High pressure filter holders, providing an effective filtering area about 35 mm

in diameter, were fitted to the sampling pipes using quick-release couplings.

These allowed samples to be changed in about 15 s, so that sequences of short

filter samples could be used to achieve good time resolution. A critical

orifice and pressure gauge were arranged downstream of the filter holder to

control and measure the sampling flow rate in the region of 0.1 kg s"1'. Filters

of glass fibre, supported on either side by stainless steel gauzes, provided

high filter efficiency, and survived the temperature and mechanical stresses

exerted by the high velocity, high density flow.

Engineering considerations limited the size of the auxiliary pressure

vessel used for aerosol generation. A container shaped like a bell jar, 250 mm

diameter and 380 mm high, was used. Aerosols were generated in the volume by

atomisation in an atmosphere of helium at reactor pressure. (40 atmospheres).

A simple gas-jet atomiser was used (Fig. 2a). Acetone and alcohol were suitable

dispersing fluids because of their low viscosity and high vapour pressure. In 1

minute a typical batch of 10 ml of fluid with its suspended particles could be

atomised and flushed into the reactor; the liquid would rapidly evaporate

leaving the particles separately suspended as an aerosol in the gas stream.

Preliminary tests showed large losses of particles due to impaction on the

base of the pressure vessel, with only about 5 per cent delivered through the

outlet pipe. The efficiency of the system was increased to 25% by introducing a

counterflow nozzle (Fig. 2a), that produced a jet of equal momentum opposed to

the atomizer. Separate helium supply lines allowed the counterflow nozzle to be

used to pressurise the vessel and to establish the flushing flow into the

reactor pressure vessel before pressure was applied to the atomiser. A

capillary connected to the supply to the counterflow nozzle provided a flow of a

few ml per minute of helium to stir the suspension in the atomiser reservoir

before atomisation.

In separate experiments, this system was used to atomise

(a) a colloidal suspension of hydrated ferric oxide in 3.9 ml of alcohol-water

mixture, containing 2.8 mg of iron and 5 mCi 5 9Fe. The resulting aerosol

- 252 -



had a mass median diameter of 0.6 (m and geometric standard deviation of

2.5.

(b) and (c) suspensions of 2 fm and 5 pm diameter particles of hydrated ferric

oxide in 10 ml of acetone. The particles had been prepared previously by

feeding a colloidal suspension of ferric oxide in a water-ethanol mix onto

a spinning top aerosol generator. The uniformly sized droplets dried in a

supporting air stream and were collected in an impinger. Subsequently the

particles were separated from the liquid in a centrifuge and suspended in

acetone. In this way monodisperse aerosols (standard deviation of diameter

« 10%) could be prepared.

In a fourth experiment, 17 pan particles were used. As it was not

practicable to produce such particles in sufficient quantity with the spinning

top, porous alumina spheres, prepared for gas chromatography, were used. They

were labelled by sorption of 5 9Fe from acid ferric chloride solution and then

dried and heated to 750°C. The spheres were dispersed in the dry state inside

the pressure vessel using the principle of the air ejector (Fig. 2b). Helium,

at 170 kPa above the pressure in the pressure vessel, operated the disperser.

The rate of dispersion was controlled by the bleed jet in the top of the powder

reservoir.

A further experiment was performed using the 17 ftm particles, during a

planned maintenance period. At the time of this experiment the reactor was shut

down and the gas circulators were running at 47 per cent of full flow. Four

hours after injection the inlet guide vanes to the circulators were opened

quickly to give full flow. This experiment was preceeded by a similar sequence

of flow variation, to obtain information on the effect on the background 5 9Fe

level in the coolant.

Immediately following each injection (or change in flow rate) a preplanned

sequence of sampling began. Initially, rapid changes of concentraton were

anticipated and 30 s or 1 min samples were used to give suitable time

resolution. Subsequently, the concentration declined by two or three orders of

magnitude, and longer sampling times were necessary to give adequate

sensitivity. Of order 108 particles were injected in each experiment, labelled

with a total of about 200 MBq of 5 9Fe. If only io~3 of the particles remained
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suspended in the coolant, 20 minute samples would collect of order 100 particles

and 100 Bq. These quantities were sufficient for measurement and ensured that

uncertainties due to statistical variations in the number of particles per

sample were acceptable.

The experimental details are described more fully by Wells et al, (1984).

Mixing

The circulators drive 4 tonne per second of coolant around the coolant

circuit, and as the coolant inventory is 120 tonne the circuit time is about 30

s. However, there is a tendency for the gas to return to the same circulator,

so that several minutes are required for the injected tracer to distribute

throughout the coolant volume. A study of the mixing process was conducted, to

enable the effects of mixing on the observations of particle concentration to be

separated from other processes. Helium was injected for 30 s or 1 min at the

injection point, and was measured in samples of reactor coolant collected at the

particulate sampling point and at some other locations. The results (Fig. 3)

show a peak at the particulate sampling point about 1 min after injection.

About 10 min was required for the concentration to increase at the opposite

circulator, and for the concentration to become uniform around the circuit.

Results

Examples of the results are shown in figure 4. A rapid decline in

concentration was observed in all the experiments. The normalised results shown

in figure 4b emphasise the similarity in behaviour of the submicron, 2 and 5

micron particles, and clearly demonstrate the slower decay of the 17 /im alumina

particles. For the smaller particles the initial half-life was about 20 s, but

after a few minutes the decline slowed. Deposition continued however and when 3

hours had elapsed the concentration was less than one thousandth of the value

that would have resulted had the injected particles been uniformly dispersed in

the coolant. On the other hand, the 17 fim particles showed a half life of 2

minutes during the first 10 minutes, and subsequently a half life of 2 h. The

concentration was still declining at this rate at 3 hours, when the concen-

tration had fallen about 5 hundredfold.
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The concentration of 5 9Fe reached at the end of each experiment was

comparable with the previous background. Table 1 summarises the results and

shows the extent of the concentratiton decrease after allowance for background.

The results show the influence of several processes on concentration.

Initially, mixing causes an early peak in concentration, but explains little of

the subsequent decline. The large drop in concentration that follows can only

be explained by deposition of particles onto surfaces within the coolant

circuit. Particles within the size range represented in these measurements

arrive at surfaces chiefly by impaction and sedimentation, and both processes

increase in rate with particle size. The fact that the deposition half life

does not vary inversely with size is strongly suggestive that bouncing (or

possibly blow-off) is also occurring, its frequency increasing with particle

size.

The slower decrease in concentration after the first few minutes can be

explained by a progressive process of resuspension and deposition. Particles

would deposit initially on a wide range of surface locations within the reactor

circuit. Some particles would be blown off again within minutes or tens of

minutes, while others would reside on the surface for much longer periods.

Particles would accumulate progressively in locations from which resuspension

was very slow, so that the concentration in the gas stream, sustained by the

competition between resuspension and deposition, would decline to low levels.

These favoured locations for accumulation may be determined by surface micro-

structure or large scale differences in surface structure and ventilation

between different regions in the reactor.

Further evidence of the nature of the processes determining the behaviour

of particles is revealed by the results of the experiment at 47% flow (Fig. 4c).

The deposition rate was higher than that for the same 17 /im particles at full

flow (the half life was 40 s in comparison with 2 minutes at full flow).

Impaction rates would be expected to increase with flow rate and the observed

trend is interpreted as further evidence of bouncing or rapid blow-off. The

increases in flow rate both before and after injection caused large increases in

the concentration of activation products formed from the constituents of

stainless steel. Filter papers exposed at these times were heavily soiled

showing that substantial amounts of dust were disturbed.
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Samples taken before the injection showed consistent ratios of 5 9Fe, 5 8Co

and 5 4Mn, and the cobalt and manganese isotopes were used to correct the 5 9Fe

measurements during the flow change after injection for the effect of the

background material. The result shows that at least a half of the injected

particles were raised from surfaces back into the gas stream when the flow rate

was increased. Both the injected and adventitious particles deposited rapidly

again.

The results can be used to estimate the extent of the reduction, due to

deposition, in the release of particles with gas leaking steadily from the

circuit. In making this estimate account was taken of the fact that deposition

occurs more rapidly than mixing, so that concentrations never become uniform,

and the effect of resuspension was also included. Leakage may occur from many

locations in the circuit, but may not be uniformly distributed. The range of

variation that might arise was deduced by assuming that all the leakage arose in

either the same octant as the release from fuel, or in the opposite octant, and

the case of uniform leakage was also considered. The results are included in

Table 1. They show that deposition reduces the potential escape of particles to

the environment over 24 h by a factor of about 200 or more for 17 /un particles,

and by a factor of at least 600 for particles of 5 jum diameter or smaller.
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Table 1 Summary of the results of the particle injection experiments

Mass median
diameter, fim

Geometric Standard
deviation

0.6

2.5 1.1 1.1

17

1.1

17

1.1

Material

Coolant flow
(per cent)

Initial half-
life, s

Reduction of*
concentrat ion
by deposition
at 1 to 3 h

Reduction factor+
for escape with
leakage over 24 h

Concentrat ion

PeoOH

100

20

2 x 104

1700
800 to
3 x 104

expected

FeOOH

100

20

9OOO

1300
600 to
3 X 104

in absence

FeOOH

100

30

5000

2700
1200 to
5 X 104

A12O3

100

120

600

230
150 to
450

of deposition

A12O3

47

40

1000

380
170 to
7000

Observed mean concentration at about l h to 3 h, corrected for background

+The first figure is the value calculated for leakage uniformly distributed
around the reactor circuit. The possible range of values for various
locations of leakage relative to the position of release from fuel to
coolant is also shown.
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ABSTRACT

Accidents may occur in which the integrity of fuel cladding is

breached and volatile fission products are released to the containment

atmosphere. In order to assess the magnitude of the subsequent radiological

hazard it is necessary to know the transport behaviour of such fission

products. It is frequently assumed that the fission products remain in the

gaseous phase. There is a possibility, however, that they may attach

themselves to particles and hence substantially modify their transport

properties. This paper provides a theoretical assessment of the conditions

under which gaseous fission products may be attached to aerosol particles.

Specific topics discussed are:-

the mass transfer of a gaseous fission product to an isolated aerosol

particle in an infinite medium; the rate at which the concentration of

fission products in the gas phase diminishes within a container as a result

of deposition on a population of particles; and the distribution of

deposited fission product between different particle sizes in a log-normal

distribution. It is shown that, for a given mass, small particles are more

efficient for fission product attachment, and that only small concentrations

of such particles may be necessary to achieve rapid attachment.

Conditions under which gaseous fission products are not attached to

particles are also considered, viz, the competing processes of deposition

onto the containment walls and onto aerosol particles, and the possibility

of the removal of aerosols from the containment by various deposition

processes, or agglomeration, before attachment takes place.
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1. Introduction

Incidents In which the integrity of fuel cladding is breached and volatile

fission products are released to the containment atmosphere are an important

component in reactor Safety Cases. In particular the subsequent leakage of fission

products from the containment has to be demonstrated to be within the constraints

on release to the environment.

In order to assess the magnitude of the release it is necessary to know the

mechanisms by which such volatile fission products deposit or plate-out on the

containment surfaces. In assessments of fission product behaviour it is frequently

assumed that the fission products remain in the gaseous phase. However, the

fission products may attach themselves to aerosols present in the containment. For

a given mass of particles the surface area is inversely proportional to the radius,

R and hence increases with reducing particle size so that the surface area of small

particles can be comparable to that of the containment. In addition the mass

transfer coefficient for attachment of fission products is also proportional to

R"1, in general, and hence small particles are a particularly efficient sink for

fission products. Should fission products attach to aerosols their behaviour with

respect to deposition, filtration and release would be substantially different from

their assumed behaviour as gases.

Experimental evidence for the attachment of fission products to aerosols has

been obtained by several workers. The deposition of radon and thoron daughters in

flow along a tube was found to be inhibited if the carrier gas was unfiltered (1).

This was attributed to the reduced mobility of the fission products when they were

attached to particles in the air. Others (2, 3, 4, 5, 6) have demonstrated and

examined the attachment to a monodispersed aerosol, and measured (7) the uptake on

a polydispersed aerosol. These experiments have covered a wide range of particle

radii from 0.01 ûn to 10 ^m and have demonstrated reasonable agreement with theory

for the case of unit sticking probability. The fission products used were
218 212

RaA( 0?Po) and ThB( ^Pb) which are relatively involatile.

A theory for the attachment of radioactive atoms to aerosols has been

published (2), and extended (8, 9) to cover the case of a charged aerosol and a

diffusing radioactive ion.

This paper examines the circumstances under which fission products may be

attached to aerosol particles within a container. The analysis is carried out in

terms of a sticking probability which is assumed to be independent of the gas

concentration and particle size.

The mass transfer of a gaseous fission product to an isolated aerosol

particle in an infinite medium is discussed in Section 2. The rate at which the

concentration of fission product in the gas phase diminishes within a container as

a result of deposition on a monodispersed and polydispersed population of aerosol

particles is discussed in Sections 3 and 4 respectively. The distribution of

fission products between different particle sizes in a log-normal distribution is

also discussed In Section 4.



In order that the aerosol population has a significant effect on fission

product behaviour deposition on aerosols must compete successfully with deposition

on containment walls. Similarly deposition on aerosols must be rapid compared to

the removal of the aerosols themselves by plate-out or agglomeration. These

aspects are discussed in Section 5.

2. Attachment of Gaseous Fission Products to a Single Particle in an Infinite

Medium

Consider a particle of radius R in an infinite gaseous medium containing a

fission product gas with initial uniform concentration C . For times t > 0 fission
o

product molecules will strike the particle surface and a fraction a, the sticking

probability, will stick. It is assumed that molecules remain on the surface once

they have stuck, and that there is no surface saturation which would inhibit other

molecules sticking. Thus there will be a net flux of fission product gas to the

particle by diffusion.

The variation in the concentration of gaseous fission product molecules can

be obtained from the solution of the appropriate diffusion equations. The

diffusion equations, however, cannot be used within a radial distance r < \ of the

particle surface, where \ is the mean free path of the gas molecules. Thus the

diffusion equation will be solved for the region r = a =• (R+\) to infinity.

The boundary equation at a may be shown to be

ac
or

C , (1)
r=a a

where h = r,
4D(l+\/R)

D = diffusion coefficient of the gas molecules,

and v = mean molecular speed of the gas molecules.

Outside the imaginary surface at a, the motion of the gas molecules may be

described by the diffusion equation

^ \ a ? + ̂ ) (2)

with i n i t i a l condi t ion

C = C for a < r < » a t t = 0
GO

and boundary condition

C = C at r = <» for all t
00

and equation (1) at a for all t.

The solution to these equations is (10)

C = C
, ha2 f / r - a \ (hf(r-a)+hf2Dt) / r-a
1 - — — | erfc / \ - e erfc I h

\2/Dty \2/DFr(ah+l)
hVDt (3)
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where hT = h + I/a

For times t such that

t » T - (h'^D)"1 (4)

a steady state is reached in which

Ca *

Thus the net flux of molecules which stick to the particle, F, is

C

Equation (6) corresponds to that derived by Lassen and Rau (1) for the special case

of unit sticking probability.

For the cases of practical interest the time constant for attainment of

steady state, -c , equation (4), is extremely short (microseconds or less). Thus
o

for practical timescales equation (6) may be used to describe the flux of molecules
to an isolated particle.

For (ah) » 1 equation (6) may be simplified to

F = 4-reRDC (7)
OO

where the net flux of molecules which stick to the particle is diffusion

controlled, is independent of the sticking probability and is proportional to the

particle radius.

For (ah) « 1 we have

F = TIR2 vet C (8)
CO

in which case the net flux is controlled by the surface interaction rate and is

proportional to the square of the particle radius i.e. its surface area.

3. Attachment of Gaseous Fission Products to a Monodispersed Population of

Particles

The analysis of Section 2 assumed a single particle in an infinite medium.

In practice there will be an assembly of particles and hence the boundary condition

C = C at r = <» will not hold. In this section we shall assume an idealised
o

condition of a population of particles each with radius R arranged in a regular

array. If there are N particles per unit volume then we may define a parameter b,

the radius of the sphere of influence of each particle, by the equation

N . j % b3 = 1 . (9)

The boundary condition for the diffusion equation would then be

OC
= 0 (10)

r=b
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with equation (1) at a, and initial condition

C = C at t = 0 in a < r < b (11)
00

The solution to the diffusion equation, equation (2), with boundary conditions (10)

and (2) and initial condition (11) may be found in Carslaw and Jaeger (10). For

times t such that

t > ^ - T (12)
D(3ii/2r

the average concentration of gaseous fission product is given approximately by

" t / TH
C = C e (13)

000

where the time constant x is given by

x
N - 2 U D p

3a h Kpg

where p is the particle density, and p is the mass of particles per unit
P PS

volume.

Values of i for the case of deposition onto graphite particles of fission product

molecules of atomic mass M=130 in carbon dioxide at 100°C and pressure 20

atmospheres are shown in figure (1). Except for large particles and low particle

mass concentrations it may be seen that for unit sticking probability the magnitude

of the time constant is very small, of the order of seconds or less.

4. Attachment of Gaseous Fission Products to a Polydispersed Population of

Particles

Section 2 described the flux of gaseous fission products to an isolated

particle and showed that the flux is greater to larger particles. However, because

the number of particles for a given total mass varies inversely as the cube of the

particle radius, section 3 showed that for a given total mass small particles are

much more efficient in absorbing fission products than larger particles. In

practice, since we seldom have a monodispersed population of particles, it is

useful to know how the fission products are distributed amongst a polydispersed

population.

Assuming a log-normal particle size distribution (11) the fraction by mass of

particles having radii between R and R + dR is

/ (logR - logR )2\

g(R)dR = - ^ . exp ( jS_ ] «
•2* log 8 \ 2(log Y / K

o - ©

where R is the mass geometric mean of the particle radii,

and (3 is the standard geometric deviation.

For spherical particles of constant density, p the number distribution is
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FIG.V Time Constant I N for Reduction in Fission
Product Concentration due to APsorption by
Monodispersed Particle Population with
Radius R and Concentration Ppg •

f(R)dR
3m g(R)dR

4itP~ D3

where m is the arithmetic mean of the masses of the particles.

(15)

Assuming that the particles are separated by distances which are large compared

with their radii, for times greater than % (equation 4), the flux of fission

product F to a pa-Licle of radius R is given approximately by equation (5), where

C^ = C the concentration at, strictly speaking r = <=, but for this approximation

R.
Thus the rats of fission product deposition onto those particles whose radii

lie between R and r>. + dR is

I(R)dR = F.f(R)dR.N (16)

where N is the total number of particles.

In a restricted volume C will not be constant but will diminish as deposition

continues. Since C reduces slowly in comparison with the time constant for

attainment of equilibrium, t , the rate of reduction of fission product

concentration in volume V may be approximated by

V £ « - J KR)dR
o

(17)
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Substituting for I(R)dR from equation (16) and F from equation (5) we have

dt ~ V N o C io (Hah)

Integrating equation (18) with respect to t, and in this case taking C * C at t=0
o

Equation (19) is an approximate description of the reduction in the concentration
of fission product gas away from the particle surfaces.

The total amount of fission product gas absorbed on a particular size range

with radii between R and- R+dR over all time is

09

J(R)dR = / (I(R)dR)dt (20)
t=0

and the fraction of fission product gas absorbed on particles less than a given
radius R is defined as

Q(») • / ^ . (21)
R=0 o

Substituting (15), (16) and (20) into equation (21) and integrating gives

Q(R) = 0.5 [l + erf <j> 1, (22)
L oJ

[logR - (logR - (3-m)A
Swhere

n . iogp

m = 1 when ah » 1,
and m = 2 when ah « 1.

An illustration of the distribution of fission products amongst a log-normal

population of particles is shown in figure 2 for the limiting case of ah » 1 and

ah « 1.

For the case of ah » 1, i.e. when the product of sticking probability and

particle radius is large, we see that the fission product activity is highly

concentrated in the small size component of the distribution. Even though only 6%

of the mass is less than 0.5 \m radius these particles contain 64% of the

activity.

For ah « 1, i.e. when the product of sticking probability and particle
radius is small, the fission product activity is still relatively concentrated in
the small size range, but less so than the case for ah » 1, with only 28% in the 0
to 0.5 |im radius range and the peak occurring in the 0.5 to 1 pan size range.
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Particle radius ( >jm)

FIG. 2. Distr ibut ion of Fission Products between a

Log-Norma l Dis t r ibut ion of Par t ic les w i th

Rg = 2.2 j-im and pg=2.6>im.

5. Non-Attachment of Gaseous Fission Products to Aerosols

The previous sections have dealt with quantifying the degree to which gaseous

fission products attach to a population of aerosol particles. There may be

circumstances, however, when the co-existence of an aerosol population and gaseous

fission products does not necessarily result in the deposition of one on the other.

Two such circumstances will be examined in this section. Firstly, where the

aerosol is confined in an enclosure so that the walls of the enclosure compete for

the fission product. Secondly, where the attachment of fission product to

particles is slower than removal of the particles by various mechanisms, e.g.

agglomeration, plate-out.

5.1 Attachment of Fission Products to Enclosure Walls

As an indication of the relative attachment to particles and container walls

we shall evaluate the time constant for attachment to the latter and compare this

with that for the former, equation (14) and figure 1.

Assuming the fission product gas is in a well mixed container of volume V and

surface area A, and that the mass transfer coefficient to the wall is K, then

conservation of mass gives

dC
V - = - KA(C-Cw)

where C = concentration of the fission product at the wall.

(23)

wIntegrating equation (23) and taking C = 0 and C
w

C at t
o

exP (-t/-rw) (24)
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V
where Tw = AK ( 2 5 )

x is the time constant for attachment to the container walls,
w

In the case of molecular transport K is governed by Brownian diffusion of the

molecules through a relatively stagnant region adjacent to the walls (the boundary

layer) and the subsequent sticking to the wall. For a boundary layer thickness 6

and sticking probability to the wall a the steady state mass transfer coefficient
w

is
Dh

K "

v a
where h w = -^L

V ( 1 + h w 6 )
Thus T w = _ _ _ ( 2 7 )

w

Evaluation of equation (27) shows that for 6 > 10"1* m -c is proportional to 6 and
w

that the sticking probability has negligible effect on the time constant for
attachment to the walls (in contrast to attachment of particles). Taking typical

values of 6 = 10~3m and V/A - 10"1m % is 102 seconds.
w

Comparing this value with figure 1 it may be concluded that for a significant

concentration of submicron particles in a large container deposition of gaseous

fission products onto particles is far more rapid than onto the container walls.

5.2 Time Constant for Removal of Particles

Particle removal mechanisms may be divided into two categories: firstly,

agglomeration, in which the particles are not actually removed from the gas phase

but the quantity in a given size distribution changes; and secondly, plate-out

onto container surfaces where the particles are removed from the gas phase.

(a) Agglomeration

There are several mechanisms by which particles agglomerate, e.g. Brownian

diffusion, gravitational and turbulent agglomeration. For small particles Brownian

diffusion is the dominant mechanism, and since small particles have greatest

efficiency for the attachment of fission products we shall consider only this

mechanism.

For a monodispersed population of particles with radius R it may be shown
o

(12) that the number concentration, n, varies with time as

W h e r e

n = number concentration of particles at t = 0,
o

and A(R ) = agglomeration coefficient.
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From the definition of A(R ) (12) the time constant for the reduction in the
o

concentration of particles, x , may be written
3.

V Q
 ppg

v
where h = -rrr—

o 4D
o

fikT
v = -4/ = particle mean velocity

and D = diffusion coefficient of the particle.
o

T , equation (29), may be compared with the time constant for attachment of gaseous
a
fission products to a monodispersed population of particles of radius R , T N,

equation (14). Substituting typical values it may be shown that T W is very much

shorter than x (except for very small particles and very low sticking
3L

probabilities). Thus we may conclude that agglomeration of particles will not

inhibit deposition of fission products onto them.

(b) Plate-Out

There are several mechanisms which can contribute to the plate-out of

particles in a container and evaluation of their magnitude depends upon specific

conditions, e.g. turbulence intensity, heat flux, etc. Therefore it is not

possible to generalise on the relative rates of particle plate-out and fission

product attachment to particles, and this section in no way sets out to be

comprehensive. However, the method of evaluating particle plate-out time constants

is set out together with some examples for typical conditions.

If the transfer coefficient of the particles to the wall is K , then,
p

following section 5.1, the time constant for particle plate-out is

'p = S
P

For gravitational settling K may be taken as the terminal settling velocity
p

of the particle v , where (11)
8 R2 g

The resultant plate-out time constants T are shown in figure 3. [For the purpose

of illustration the case of graphite particles, p =2.3 103 kg m~3, in C02 at 20

atmospheres pressure and 100°C is taken throughout this section.]

For turbulent deposition the situation is considerably more complicated.

However, an upper bound to the mass transfer coefficient may be taken as (13)

K » 0.1 U
P x

where U = U/f/2 = friction velocity

U = mean flow velocity

f = friction factor for the turbulence (14).
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Particle radius (jjm)

FIG.3. Time Constant for Particle Plate-out Due to
Gravity (tg) Brownion Diffusion (Tp) and
Thermophoresis (T-th) V/A - 0,1 m , 6 s 10'3m.

Typically the friction velocity is much less than the mean flow velocity. Taking a

typical value for U of 0.1 U and using a value of 10 m s~2 for u gives a plate-out

time constant of 10 s.

For Brownian deposition the particle diffuses through a stagnant boundary

layer of thickness 6. The mass transfer coefficient in these circumstances is

* '7
P 6

Values of the time constant for Brownian deposition x are shown in figure 3 as a

function of particle size for a boundary layer thickness of 10~3m.

Thermophoretic deposition results from the motion of a particle in a

temperature gradient. The mass transfer coefficient in such circumstances may be

taken as the equilibrium drift velocity, v (15), given by
tn

vth P
7T
T R)

where VT is the temperature gradient, and G is a function of the relative thermal

conductivities of particle and gas (x /% ) and the particle radius, R.

The resultant time constants for thermophoretic deposition as a function of

particle radius for a thermal gradient of 105K m"1 and (x /% ) o f 3 6 a r e shown in

figure 3.

Comparison of the time constants for particle deposition evaluated in this

section, figure 3, with those for attachment of fission products to particles,

figure 1, shows that particles are unlikely to plate-out before fission products

have time to attach to them.
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6. Discussion

Lassen and Rau's theory for the attachment of gaseous fission products to an

isolated particle has been extended to the case of non-steady state and non-unit

sticking probability. The results confirm that equilibrium is achieved exceedingly

rapidly and show that the equilibrium flux is directly proportional to R for

particles where R > \ and unit sticking probability, and is proportional to R2

particles whose radii R < X and when the sticking probability is sufficiently less

than unity (even for R > X).

Therefore for a given mass of particles smaller particles are more efficient

than larger in absorbing fission products. These results have been confirmed

experimentally for the case of unit sticking probability (2, 3).

The above results have been used to derive the time constant x with which
N

the concentration of fission products attaches to a population of particles. It is
found that the magnitude of x can be very short even for relatively modest

N
concentrations of particles e.g. for 10~3 kg m~3 of 1 \xm radius particles with unit
sticking probability x is ~ 1 second, x is predicted to be inversely

N N

proportional to the concentration of particles and to depend on particle radius in

a similar fashion to that discussed above.

Direct measurement has been made (4, 5) of x for attachment of ThB to a

monodispersed aerosol. For particles with radii between 0.6 pjn and 2.9 ^m (4)

confirmed that T was inversely proportional to the particle number density (the

authors quote a sticking probability of 0.08 but careful examination of the data

shows that it is consistent with unity), and (5) confirmed the theoretical equation

with unit sticking probability for particles with radii between 0.0045 ^m and

0.015 |im.

Experiments on iodine vapour release in a container (16, 17, 18) showed that

considerable quantities (50%-80%) attached to adventitious particles, with

attachment predominantly on particles with sizes similar to that of Aitken nuclei

(0.01-0.4 |im). The average sticking probability was estimated to be ~ 10~3 to

10~2; however, iodine has been found to attach to certain specific aerosols, e.g.

Ag, MgO much more readily than to adventitious atmospheric aerosols (19).

Equations have also been derived for the distribution of fission products

between a log-normal size distribution of particles. An example for a typical

distribution shows that whereas only 6% of the mass is below 0.5 îm radius these

particles contain 64% of the fission products.

Although fission products could attach rapidly to a population of particles

circumstances may arise where they may attach preferentially to the container

surfaces, or the particles may be removed by agglomeration or plate-out before the

fission products have time to deposit on them. It is shown that:-

(i) preferential attachment to container walls is only likely in the case of very

low particle concentrations and/or low sticking probability to the particle;

(ii) agglomeration of particles is a much slower process than attachment of fission

products and so does not hinder attachment; (iii) particle removal by plate-out is

unlikely to be faster than attachment of fission products to the particles.
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Overall it may be concluded that when gaseous fission products are released

in the presence of a population of particles, particularly small particles, there

is a strong possibility that they will attach rapidly to those particles. In such

circumstances gaseous fission product transport would be governed by the transport

properties of the particles.

ACKNOWLEDGEMENT

This paper is published by permission of the Central Electricity Generating

Board.

7. References

1. Chamberlain, A. C. and Dyson, E. D., 1956, British J. of Radiology, 29,
317-325.

2. Lassen, L. and Rau, G., 1960, Zeitshcrift fur Physik, 160, 504-519.

3. Lassen, L. and Weicksel, H., 1961, Zeitschrift fur Physik, _16_1_, 339-345.

4. Kruger, J. and Andrews, M., 1976, J. Aerosol Sci., 7_, 21-36.

5. Porstendorfer, J. and Mercer, T. T., 1978, J. Aerosol Sci., % 469-474.

6. Ho, W. L., Hopke, P. K. and Stukel, J. J., 1978, Trans. Am. Nucl. Soc, 30,
116-118.

7. Raabe, 0. G., 1968, Health Physics, 1_4, 397-416.

8. Lassen, L., 1961, Zeitschrift fur Physik, 163, 363-376.

9. Baust, E., 1967, Zeitschrift fur Physik, 199_, 187-206.

10. Carslaw, H. S. and Jaeger, J. C , 1959, Conduction of Heat in Solids, Oxford
University Press, London.

11. Fuchs, N. A., 1964, The Mechanics of Aerosols, Pergamon Press, London.

12. Zebel, G., 1966, Aerosol Science, ed. Davies, C. N., Academic Press, London.

13. Reeks, M. W. and Skyrme, G., 1976, J. Aerosol Sci., ]_, 485-495.

14. Hinze, J. 0., 1975, Turbulence, McGraw-Hill, London.

15. Talbot, L., Cheng, R. K., Schefer, R. W. and Willis, D. R., 1980, J. FLuid
Mech., 10^, 737.

16. Megaw, W. J. and May, F. G., 1962, Reactor Science and Technology, _16_, 427.

17. Megaw, W. J., 1965, Journal of Nuclear Energy Parts A/B, _19_, 585.

18. Garland, J. A., 1967, Journal of Nuclear Energy, IV, 687.

19. Clough, W. S., Cousins, L. B. and Eggleton, A. E. J., 1965, Int. J. Air Wat.
Poll., 9, 769.

- 274 -



XA0056026

THE VARIATION OF PARTICLE GAS-BORNE CONCENTRATION WITH TIME
IN A GAS COOLED REACTOR

J. Reed, D. Hall, M. W. Reeks
Central Electricity Generating Board
Berkeley Nuclear Laboratories

UK

Abstract

If volatile fission products are released from fuel during a reactor

fault, a significant fraction could become attached to small particles also

present in the coolant. In such circumstances the retention of those

particles by the reactor circuit will limit the level of gas-borne particle

concentration and hence be important in reducing the potential release of

fission product activity to the atmosphere. Clearly the retention of

particles will be influenced by both the deposition and resuspension of

particles from surfaces exposed to the coolant flow. In this paper we

consider deposition and resuspension but pay particular attention to the

role of resuspension which, in the past has been given little consideration.

A recently developed model for the resuspension of small particles by

a turbulent flow is outlined. Traditionally, resuspension has been inter-

preted as a force balance between the aerodynamic removal forces and the

surface adhesive forces. In contrast, this new approach embodies an energy

balance criterion for particle resuspension. Furthermore, the stochastic

nature of this new model has shown that resuspension can be sub-divided into

two regimes:

(i) initial resuspension (resuspension occurring in times less than

a second) which reduces the net deposition of particles to a

surface;
and

(ii) longer term resuspension (resuspension after 1 second) which

determines the asymptotic decay of particle gas-borne

concentration. It is seen that the asymptotic decay varies

almost inversely as the decay time. Force balance models are

unsuccessful in accounting for the experimentally observed

longer term resuspension.

We show that a Volterra integro-differential equation best describes

the variation of particle gas-borne concentration with time in a recircu-

lating gas flow such as a gas cooled reactor. It is seen that the longer

term resuspension has a major influence in the final decay of particle

concentration.
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1. INTRODUCTION

If volatile fission products are released from fuel during a reactor

fault, a significant fraction could become attached to small particles also

present in the coolant. In such circumstances the retention of those

particles by the reactor circuit will limit the level of gas-borne particle

concentration and hence be important in reducing the potential release of

fission product activity to the atmosphere. Clearly the retention of

particles will be influenced by both the deposition and resuspension of

particles from surfaces exposed to the coolant flow. In this paper we

consider deposition and resuspension but pay particular attention to the

role of resuspension which, in the past has been given little consideration.

The plate-out of particles onto a surface is controlled by:

(i) the arrival rate of particles to the surface,

(ii) the fraction of those particles which arrive at a surface that

adhere upon impact,

(iii) the fracton of adhered particles that are resuspended by the

turbulent flow.

We shall first consider the modelling of particle deposition which is

controlled by (I) and (ii). This is followed by an outline of a recently

developed model for resuspension which we use to calculate (iii).

Finally, both aspects are combined to give an equation for the decay

in particle gas-borne concentration in a recirculating turbulent flow.

Here, the contribution from longer term resuspension is modelled by an

integral term involving the history of the gas-borne concentration.

It is shown that the measured decay of concentration in an AGR (Hinkley

Point 'B') is consistent with a solution of this equation.

This equation together with the resuspension model forms a powerful

basis for predicting particle behaviour for a range of particle size and

reactor flows.

2. PARTICLE DEPOSITION

2.1 Arrival Rate

A computer code for the calculation of the arrival rate of

particulate onto a perfectly sticky surface in a gas cooled reactor coolant

has been developed at BNL (Reeks, 1982). The calculation supposes that the

arrival rate is almost entirely boundary layer limited. This implies that

the net particle mass transfer coefficient (deposition velocity) normalised

with respect to the friction velocity is an almost universal function of the

dimensionless relaxation time T+ (the particle relaxation time normalised
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with respect to the timescale of fluid motion in the boundary layer). From

previous work it is clear that the deposition can be divided into 2 regimes

depending on the value of x+ (Reeks and Skyrme, 1976, Reeks, 1983):

(i) %+ < 5, where the current j to the wall can be represented by a

gradient transport equation of the form

Here c is the particle concentration at a distance y from the wall and D the

particle diffusion coefficient, v refers to a convective velocity arising

from the gradients of both the scale and intensity of the turbulence in the

turbulent boundary layer adjacent to the depositing surface.

(ii) T + > 5, where the current is controlled by inertial coasting

through what we may regard as effectively a quiescent boundary layer. This

part is identical to the model previously described by Reeks and Skyrme

(1976) and used by them to explain the decline in deposition beyond a

certain value of %+ that was observed experimentally by Liu and Agarwal

(1974).

The deposition process is regarded as being composed of turbulent

diffusion, together with inertial projection through the wall boundary

layer; in Reeks and Skyrme (1976) both processes are regarded as being

particle inertia dependent, in opposing ways. The observed decline is

consistent with the idea that though the fractional penetration of the

boundary layer is increasing with particle size, the increase is not

sufficient to compensate for the reduction in the rate of transport to that

region. By considering the nature of the boundary conditions existing at

the edge of the boundary layer (diffusion edge), a simple expression was

given for the particle deposition velocity in terms of the particle r.m.s.

velocity at that point and the fractional penetration of the boundary layer.

The inertial dependence of particle velocity was expressed in terms of its

response to the turbulent velocity fluctuations of its neighbouring fluid.

(This is achieved by giving a relationship between the velocity spectral

densities of particle and neighbouring fluid, using a linear dimensionless

form for the equation of motion of the particle, based on the scaling laws

prevailing in the boundary layer.) The fractional penetration of the

boundary layer is based on Stokes1 drag with a quiescent fluid, using a

Gaussian probability distribution of particle velocities at the diffusion

edge. The uncertainties in the fluid r.m.s. velocity flutuations in the
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particle frame of reference and the precise location of the diffusion edge,

assumed particle size independent, meant that these variables could be used

as adjustable parameters in the expression for deposition velocity, to

obtain a fit to the observed data. The profile and point of maximum

deposition velocity, as expressed by this simple dependence, is particularly

sensitive to the ratio of these parameters.

2.2 The Fraction of Particles that Adhere upon Impact

The fraction of particles that adhere upon impact is determined by

the velocities with which the particles arrive at the surface (not all the

particles arrive with the same velocity, see Reeks and Skyrme, 1976) and the

critical impact-adhesion velocity. If a particle impacts with a velocity

greater than the critical impact-adhesion velocity then the particle will

bounce. If, on the other hand, the particle impacts with a velocity less

than the critical impact-adhesion velocity then the particle will adhere.

Determination of the critical impact-adhesion velocity is based upon

an energy balance. If a particle has an initial kinetic energy Q (the

surface being stationary) then as it approaches the surface it will gain

energy as a result of the attractive forces. The total initial energy of

the impact is then (Q + Q ) where Q is the energy due to the attractive
J. A, A

forces. When the particle velocity has been finally reduced to zero, part

of this initial energy has been converted into stored elastic energy, Q ,

while the remainder has been dissipated. This is then followed by the

recovery of the stored elastic energy which is converted into the kinetic

energy of the particle.

In order for the particle to rebound from the surface then the

maximum stored elastic energy, Q , must be greater than the energy required
E

to separate the particle from the surface, Q f. (For reasons we need not go
A.

into here, generally, Q ' > Q due to impact-adhesion being a non-
A A

conservative process.) If this is not so, then the particle will remain

adhered. A critical velocity v can be defined for
Q = Q 'WE VA

which is equivalent to

vc - ! <v - QA
 + v 1/2

Such an impact-adhesion model has been experimentally verified. Details can

be found in Reed (1982) and Rogers and Reed (1984) with plastic deformation

as the only energy loss mechanism. This model has been extended to include

energy losses due to elastic wave propagation (Reed, 1983 and 1985).
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3. PARTICLE RESUSPENSION

3.1 Introduction

The resuspension of particles plays a central role in understanding

the behaviour of particulate in a gas cooled reactor. In the past

resuspension in reactor circuits has been neglected; it was generally

believed that it merely reduced the net mass transfer coefficient to a

surface. As we shall show, longer term resuspension has an influential role

to play. We will give a brief summary of the new resuspension model

developed at BNL.

3.2 The Reeks, Reed and Hall Resuspension Model - A Brief Summary

This new approach illustrates a close analogy of particle motion in a

turbulent flow with the behaviour of thermodynamic (molecular) systems,

(Reeks, 1985) - in particular with the desorption of molecules from a

surface, and with the escape of Brownian particles from a potential well.

The model for resuspension (Reeks, Reed and Hall, 1985a) is based

upon the view that the particle and substrate are deformed elastically by

their surface adhesive forces (Derjaguin, 1934) (see Fig. 1). In static

equilibrium (no external forces or flow) there is a balance between the

adhesive force and the elastic restoring force. However, when a particle is

exposed to a turbulent flow, there is a transfer of turbulent energy to the

particle, which causes the particle and surface to deform continuously about

their static equilibrium configuration (changing the area of contact).

Particles in contact with the surface are confined to motion within a

surface adhesive potential well derived from the dependence of adhesive and

elastic restoring forces upon particle-surface deformation (see Fig. 2) i.e.

absence of slip or rolling.

In this approach a particle is released from a surface (resuspended)

when it receives enough energy to escape from the adhesive potential well.

The transfer of energy takes place through the agency of fluid-

induced lift forces where:-

(a) the average component modifies the shape and height of the

adhesive potential well,

and (b) the random fluctuating component causes the particle and

surface to deform in a random oscillatory fashion from their

static equilibrium deformation (point of minimum potential, A

in Fig. 2).

The motion is represented by that of a very stiff lightly damped

harmonic oscillator with a forcing term provided by the random fluctuations
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in fluid-induced lift force. Thus for a particle of mass m at time t with a

deformation y about the point of minimum potential, we have

where:-

j£ + pv

(a) p is the fluid damping term (particle inverse response time).

It is generally greater than its equivalent value based on

Stokes drag, being enhanced by Particle Reynolds number,

gap flow effects, proximity of surface. (See Reeks, Reed and

Hall (1985c) for precise details.)

(b) co is the natural frequency of the particle and substrate based

on the harmonic approximation at the point of minimum

potential. Using a model of adhesion, by Johnson, Kendal and

Roberts (1971) [JKR], the stiffness mw2, for zero applied load,

has the form (Reeks, Reed and Hall, 1985b)

2 9 2 2 1/3
mw = YQ (6uAYK R ) ' (2)

for a particle of radius R on a surface where Ay is the

adhesive surface energy per unit area and K an elastic constant

given by

K = j -y-i- + ~ E ~ |
 (3)

where E , a, (i = 1,2) refer to the Young's modulus and

Poisson's ratio of either substrate or particle materials.

a) is typically ~ 107 Hz for a 10 \w diameter spherical particle

on a flat surface.

(c) f (t) is the fluctuating component (zero mean) of the fluid-
Li

induced lift force. The two most important statistical

quantities associated with f (t) in this model are its r.m.s.,
L

<f 2> 1 / 2, and its integral timescale, v.
Li
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The stiff and lightly damped oscillator conditions

(u)/v)2 » 1; <u)/v)2 » (p/v)

are true in most practical cases of particle resuspension

(Reeks, Reed and Hall, 1985b).

The transfer of turbulent energy eventually maintains some constant

average potential energy <PE> of particles within the surface potential

well. It is considered that the balance of this energy with the height, Q,

of the surface potential well is a more appropriate criterion than a force

balance criterion for the initiation of resuspension. Consideration of the

random motion of a particle in the well led to a beguilingly simple formula

for the probability per unit time of particle release from a surface (the

rate constant), p, in situations where <PE>/Q « 1. We call this situation

long-term resuspension meaning that the average lifetime of a particle on

the surface is very much greater than both the timescale, v~*, of the local

forcing motion, and the particle response time (fi~^)> Explicitly (Reeks,

Reed and Hall, 1985a)

U .__ 1 __X_ 1 ( 4 )

with

We note that this formula has the same form as that for the rate constant

associated with the desorption of molecules from a surface and many chemical

activation processes.

Explicit forms for Q and <PE> were evaluated in Reeks, Reed and Hall

(1985b) for the case of a sphere on a flat surface, both sphere and surface

being elastically deformed under the influence of van der Waals surface

forces and an applied load (lift force). Using the JKR model of adheson, p

in equation (4) reduced to

(5)

where f ' and F ' are the ratios of the r.m.s. and average fluid-induced
L L

lift force respectively to the force of adhesion, F . (F is defined as the
a a

force required to separate the two surfaces in contact.) This formula shows
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the explicit dependence upon particle and fluid timescales. It was found

that a 10 pm radius glass spheres exposed to a turbulent air flow of

30 m s~l in a smooth steel pipe had an average lifetime of a particle on the

surface ~ 0.1 seconds when the r.m.s. lift force was as little as 10% of the

force of adhesion. This result is in marked contrast to that of a force

balance approach where resuspension would be expected to occur only when the

r.m.s. lift force is at least equal to the force of adhesion, [see for

example, Cleaver and Yates (1973)]. In other words, a force balance

approach seriously underestimates the influence of lift forces on

resuspension.

The value of p in equation (5) is very sensitive to the value of the

force of adhesion. It is important, therefore, when dealing with the

behaviour of an ensemble of particles on a surface to make allowance for the

fact that even when surfaces are nominally smooth there is a significant

spread of adhesive forces. Such are the considerations in the resuspension

of particles from rough surfaces (Reeks, Reed and Hall, 1985c). The

distribution of adhesive forces was attributed to a variation in the

curvatures of the adherents at the point of contact. An effective adhesive

radius, r , was defined in terms of the local radii of curvature, which was

then normalised with respect to the radius, R, of the particle (sphere).

Accordingly we considered the effects upon resuspension of a distribution

$(r ') of normalised adhesive radii r ', where

r
ra =1T

(If the average and spread of adhesive forces is proportional to particle

radius R, then $(r ') will remain invariant to changes in R.)
3.

The fractional resuspension rate, A(t), at time t, is therefore given

by
-p(r ')t

A(t) = / p(r M e a $(r ') dr ' (6)
3. 3. ci

o

Consideration of the behaviour of this integral on the right hand

side, using equation (5) for p, demonstrated that the resuspension of

particles for rough surfaces can be subdivided into two regimes:

(i) initial resuspension - resuspension occurring in times less

than a second during which a large fraction of particles is

generally resuspended;
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(ii) longer term resuspension - resuspension after one second

exposure. We found that the fractional resuspension rate,

A(t), varied almost inversely with the time, t, of exposure for

(1 < t ~ 105 sec) i.e.

A(t) = -^r
tT

where y1 - 1« Although the resuspension constant Z, is

influenced by particle diameter, surface roughness, and local

flow, the inverse time relationship for A remains intact. In

fact it is extremely robust to wide variations in flow and

surface roughness.

3.3 Existing Confirmation of Resuspension Model

Evidence for the inverse relationship of time and the fractional

resuspension rate over a wide range of flows was found in Garland's (1982)

measurements of the resuspension of small particles of W0 3 and silt on grass

exposed to flow in a wind tunnel (see Figure 4).

However, a more direct verification of this new theory, through the

measurement of p, is not possible at present since accurate values of all

the controlling parameters are not known. This applies particularly to the

r.m.s. and timescale of the fluid induced lift force. Our present estimates

of the r.m.s. lift force assume that r.m.s. and average lift force are of

similar magnitude. Estimates of the r.m.s. lift force are then based on

measurements of the average lift on a particle in the sublayer region of a

fully developed turbulent boundary layer (Hall, 1984). Timescales are based

on measurement of the timescale of wall pressure fluctuations in fully

developed turbulent pipe flow Schewe (1983).

Therefore, using these present estimates a proper interpretation of a

resuspension experiment requires additional measurements of the associated

adhesive forces. The literature contains a profusion of data on

resuspension (see e.g. Sehemel, 1980). However, we have found only one

experiment, that of Corn and Stein (1965), where additional measurements of

the adhesive forces were made. Unfortunately, direct measurements of the

particle resuspension were not made - only those of the fraction of

particles remaining after exposure to the flow. Therefore the possibility

that removal could have taken place by mechanisms other than particle

detachment, e.g. rolling or slip, cannot be ruled out.
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In their experiment, Corn and Stein used a measured distribution of

glass beads, 1-50 |im in diameter on a nominally smooth glass slide. They

measured the fraction of particles removed (a) as a function of rotation

speed in an ultra centrifuge, (b) as a function of flow velocity after 1

minute exposure to a fully developed turbulent air flow.

Their results have been examined by Reed and Reeks (1985) who showed

that:

(i) Corn and Stein's interpretation of the data as a force balance

between aerodynamic drag and parallel dislodgment force, is

inconclusive.

(ii) A successful correlation is obtained using the Reeks, Reed and

Hall resuspension model.

(iii) Assuming an r.m.s. lift force twice the average lift force, an

r.m.s. lift force ~ 6% of the average adhesive force is

sufficient to explain the Corn and Stein results.

Therefore, it can be concluded that, although the new model has not

been completely verified, there is sufficient evidence to justify the new

approach that has been used.

4. RESUSPENSION FROM AND DEPOSITION TO A ROUGH SURFACE EXPOSED TO A

TURBULENT FLOW

The form of the decay in particle gas-borne concentration in a

recirculating turbulent'flow was considered by Reeks, Reed and Hall (1985c).

Conditions imposed on the system considered were (a) the flow was fully

mixed (concentration gradient effects can be ignored) and (b) the surface

area exposed to the flow was distributed uniformally throughout the flow

continuum.

The total surface was divided into two regions:-

(i) a region A where both deposition and resuspension occur;

(ii) a region B where only deposition occurs (perfect sink).

A. and \ are the respective values of the surface area per unit flow volume
A D

exposed to the flow in either region and k and k the associated net mass

transfer coefficients (including impact adhesion). The longer term

fractional resuspension rate, A(t), depended upon how long a particle had

been in contact with the surface from the moment it was deposited. The

total contribution to the net rate of longer term resuspension is then

represented by an integral depending on thf istory of the gas-borne

concentration. The initial resuspension merely reduces the net mass

transfer coefficient for deposition, c.f. the term "sticking probability".
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As a consequence, the gas-borne concentration C at time t was shown to be

given by (Reeks, Reed and Hall, 1985c)

t-t
It ~ aAB C ( t ) + aA / A(t-s)C(s)ds + S(t) (7)

o

where S(t) is the source strength per unit volume at time t and t is the
C

critical time for initial resuspension, with

c
aAB = aB + aA " aA / A ( 3 ) d s

o

where f is the fraction of particles remaining after initial resuspension
R

(up to time t ). Here, according to our theory, A(t-s), in equation (7),

would be given by

A(t-s) = L — r (9)
(t-s)Y

where y' = 1.

With this explicit form for A, equation (7) is not amenable to

analytic solution except at large t. The asymptotic decay in this instance

is interesting and useful. Please and Wilmott (1985) have shown that for

C(t) r(y')r(2-Y')sinr(y'-l)Tt1
C(o) " ( ' )

It is believed that since equation (9) is so robust in its nature to

a wide variation of circumstances (e.g. fluid flow, particle size, surface

roughness, etc.) that it can be used to analyse results for a heterogeneous

reactor. We now give a practical example where equation (7) can be used.

5. HINKLEY POINT 'B' INJECTION EXPERIMENT

In separate experiments 2 [j,m, 5 um and 17 |j.m, radioactively labelled

particles were injected into the coolant of a gas-cooled reactor (Hinkley

Point 'B' - Wells, Garland and Hedgecock, 1984). In observing the decay in

gas-borne particulate (activity) concentration, (following an injection
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time, generally of one minute) measurements were made of sampled activity

over a period of 1-200 min from the start of injection. However, for the 2

and 5 am particles, only over a period of upto 1000 s from injection was the

activity concentration significantly above background particulate activity.

For the 17 am injected particles at full flow, an increase in concentration

was observed 3000 s after injection (Wells et al., 1984). Beyond this time

use of the model equation (equation (7)), as it stands is inappropriate.

We attribute the increase of 17 am particle concentration to flow

perturbations. It has been shown (Reeks, Reed and Hall, 1985c) that flow

increases as small as 5% could lead to increases in the resuspension rate of

a factor of 1000. We note that this sensitivity to flow means that very

small changes in flow can affect the resuspension rate. The changes in flow

can both increase and decrease the amount of particulate resuspended. This

sensitivity to flow changes increases with time as the amount of material

available for resuspension declines. We believe that it is these flow

perturbations that contribute to a background level of particle

concentration.

We shall now use the above equations to examine their data. We can

rewrite equation (7) as

(ID
(t-s)1

where a and b are constants and t is taken as one second. In this analysis

we have chosen a range of values of y' between 1.01 and 1.1 (see Table 2).

For each value of yT w e c a n fit the solution of this equation to the

experimentally observed values of sampled activity and obtain best fit

values for a and b for each of the three sizes of particles injected in the

experiment.

The constants a and b, for each value of y', are constants associated

with the entire reactor circuit. If the reactor circuit were homogeneous

with regard to both lift force and surface roughness a and b would have the

same meaning as a. and <x.£ implied in equation (7).

In general a and b represent spatially averaged quantities, taking

into account variations in surface adhesion and flow throughout the entire

reactor circuit. Thus if a(x) is the decay constant for deposition

(including impact adhesion) to an elemental surface at x, and fn(x) the

corresponding fraction remaining after initial resuspension, terms a and b

are specifically
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3 - < fR a >A + aB

and b =• <a£> (13)
A

where < > denotes a spatial average. Thus for example

< fR a >A = S~ / fR^—' )<*(JL» )ds(x) (14)
A A

where ds(x) represents an elemental area at JC, forming part of the total

surface area S in region A that is exposed to the flow. A similar
A

expression exists for <<*£>• (x, ) denotes a dependence on several
Ai "̂ ~

parameters which in turn are unspecified functions of JC (most probably

forming an infinite set of finite measure). It is likely that the most

significant variations in f and a will be derived from variations in flow
R

and surface roughness.

Equation (11) was solved numerically using an implicit technique in

which a linear variation in concentration is assumed between time steps (see

Reeks, Reed and Hall, 1985c). Allowance for incomplete mixing during the

initial stages of the injection have been made in the manner adopted by

Wells et al (1984) using the same mixing curve.

Over the initial sampling times during the decay there was a

significant variation in gas-borne concentration. We therefore calculated

the time integrated concentration using the same sampling times as in the

injection experiment. These values were then compared with the experimental

values corrected for background. By varying a and b, a least squares fit

was performed based on the log of the concentration. The best fit values to

the experimental results are displayed in Figs. 5-7. In the absence of

measurements of the mixing curve for the low flow injection that data cannot

adequately be analysed.

The corresponding values of a and b for each value of y' chosen are

given in Table 1 together with the mean square deviation for the best fit

solution. On the basis of these calculations y' = 1*01 would appear to give

the best fit to 17 urn data at full flow and y1 = !•! tne best fit for the

2 urn and 5 ^m. However, we believe there is nothing statistically

significant in the difference between these values of y'. No estimate of

the errors in the experimental data points was given so we have attributed

equal weight to all points in the least squares fit. It is more reasonable
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to suppose that experimentally the data are not sufficiently accurate to

distinguish between any of the values of y' chosen in the data fit.

However, values of y1 significantly outside this range give unacceptably

poor fits.

For comparison we have shown also the decay arising from deposition

and initial resuspension alone (i.e. no longer term resuspension). Of the

two decays, that based on the integro-differential equation (with longer

term resuspension) is clearly much more representative of the observed

behaviour. For completeness we have also indicated the asymptotic

behaviour.

6. DISCUSSION

As we have shown the Volterra integro-differential equation (equation

11) is the key to reliable estimates of particle gas-borne concentration.

However, to apply the above analysis to any recirculating flow one

requires additional information on:

(i) the magnitude and structure of the fluid flow (e.g. friction

velocity);

(ii) the magnitude and variation of forces between particle and

surface (e.g. van der Waals forces);

(iii) the mechanical properties of particle and surface (e.g. Young's

modulus);

(iv) the physical properties of particle and surface (e.g. density,

rougness, etc.).

With these parameters it is possible to determine the constants a and

b from first principles. However, in certain reactor systems, e.g. an AGR,

it is difficult to determine the important properties of the particle-

surface interaction (e.g. the force of adhesion). Therefore, in these

circumstances, it is necessary to measure directly the decay in particle

gas-borne concentration. This information can then be used as a platform

for extrapolating to other conditions (e.g. flow and particle size). This

is the programme of work that the CEGB has now undertaken.

7. CONCLUSIONS

We can, in principle, model the controlling factors of particle

plate-out. These are:

(i) the arrival rate of particles to a surface;

(ii) the fraction of those particles that arrive at a surface that

bounce upon impact;

(iii) aerodynamic resuspension of the adhered particle.
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Use of a resuspension model developed at BNL has shown that

resuspension can be divided into two regimes:

(a) Initial Resuspension

This refers to resuspension occurring in less than a second. It

reduces the mass transfer rate to a surface in a manner which is

proportional to the local gas-borne concentration. We have investigated its

dependence upon fluid and surface parameters.

(b) Longer Term Resuspension

This refers to resuspension occurring over times greater than a

second. It is characterised by a fractional resuspension rate which is

almost inversely proportional to the time of exposure over a wide range of

times. Although the constant of proportionality is influenced both by

surface roughness and local flow this inverse relationship remains intact.

In fact, it is extremely robust to wide variations in particle diameter,

flow, and surface roughness. Such behaviour has been confirmed by

experiment.

These two features have been incorporated into an equation for the

variation of particle gas-borne concentration in a recirculating flow in

which:

(a) the effect of the initial resuspension is modelled by a reduced

mass transfer coefficient;

(b) the effect on the longer term resuspension is' modelled by an

integral containing the history of the gas-borne concentration.

The kernel of this integral is represented by a fractional

resuspension rate varying almost inversely with time of

exposure.

This equation has been successfully used to explain the decay in gas-

borne concentration of particles injected into an Advanced Gas Cooled

Reactor.

In practice it is difficult to determine the important properties of

the particle-surface interaction in an AGR. Therefore information gleaned

from the injection experiment is used as a platform for extrapolation to

other sizes and flow etc. within the theoretical framework, of particle

deposition and resuspension. This is the path currently followed by the

CEGB.

ACKNOWLEDGEMENT

This paper is published by permission of the Central Electricity

Generating Board.

- 289 -



REFERENCES

Corn, M. and Stein, F., 1965, American Ind. Hygiene Assoc, 26̂ , 325-336.

Cleaver, J. W. and Yates, B., 1973, J. Colloid Interf. Sci., 4_, (3),
464-476.

Derjaguin, B. V., 1934, Koll Z., 6£, 155-162.

Garland, J. A., 1982, Proc. of 4th Int. Conference on Precipitation.
Scavenging, Dry Deposition, and Resuspension, Santa Monica,
29 Nov. - 2 Dec, vol. 2, 1087.

Hall, D., 1984, CEGB Report No. TPRD/B/0516/N84.

Johnson, K. L., Kendall, K. and Roberts, A. D., 1971, Proc. Roy. Soc.
Lond. A, 324, 301-313.

Liu, B. Y. H. and Agarwal, J. K., 1974, Aerosol Sci., _5> 145-155.

Please, C. P. and Wilmot, P., 1985, Submitted to Mathematical Engineering
in Industry.

Reed, J., 1982, CEGB Report No. TPRD/B/0078/N82.

Reed, J., 1983, CEGB Report No. TPRD/B/0372/N83.

Reed, J., 1985, Accepted for publication in J. Phys. D.

Reed, J. and Reeks, M. W., 1985, CEGB Report No. TPRD/B/0372/N85.

Reeks, M. W., 1983, J. Aerosol Sci., U_, (6), 729-739.

Reeks, M. W., 1982, CEGB Report No. TPRD/B/0016/N82.

Reeks, M. W., 1985, Paper submitted to J. Fluid Mech.

Reeks, M. W., Reed, J. and Hall, D., 1985a, On the Long Term Resuspension
of Particles by a Turbulent Flow, Part I - A Statistical Model,
CEGB Report TPRD/B/0638/N85.

Reeks, M. W., Reed, J. and Hall, D., 1985b, On the Long Term Resuspension
of Particles by Turbulent Flow, Part II - Determination of the
Resuspension Rate Constant for an Elastic Particle on a Surface
under the Influence of van der Waals Forces, CEGB Report
TPRD/B/0639/N85.

Reeks, M. W., Reed, J. and Hall, D., 1985c, On the Long Term Resuspension
of Particles by a Turbulent Flow, Part III - Resuspension from
Rough Surfaces, CEGB Report TPRD/B/0640/N85.

Reeks, M. W. and Skyrme, G., 1976, J. Aerosol Sci., ]_, 485-495.

Rogers, L. N. and Reed, J., 1984, J. Phys. D., L7_, 677-689.

Schewe, G., 1983, J. Fluid Mech., L34, 311-328.

Sehmel, G. A., 1980, Environmental Int., _4, 107-127.

Wells, A. C , Garland, J. A., Hedgecock, J., 1984, Proc. of CSNI
Specialist Meeting on Nuclear Aerosols in Reactor Safety,
Karlsruhe, 366-375.

- 290 -



TABLE 1

Values of a and b in equation (11) based on Least Squares
Fit of Sampled Activity in Hinkley Point 'B'

Injection Experiments

Particle
Diameter, pm

17

5

2

Y'

1.10
1.07
1.05
1.03
1.01

1.1
1.05
1.01

1.1
1.07
1.05
1.03
1.01

a, s~l

5.96.10-3

6.52.10"3

6.82.10"3

7.00.10-3
7.41.10"3

3.5.10"2

4.14.10-2
5.06.10*2

3.47.10*2

4.05.10-2

4.03.10"2

4.28.10-2

4.6.10"2

b, sY'*2

1.52.10*1*
1.75.10-'+
LSS-IO*1*
2.05.lO"4

2.09.lO"4

1.38.10"3

1.44.10-3
1.72.10*3

1.64.10"3

1.74.10-3
2.00.10*3

2.OO.1O"3

2.3.10"3

Best Fit i.e.
Minimum Mean
Sq. Deviation

.175

.105

.08

.06

.05

.44

.52

.82

.102

.15

.18

.18

.24
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FIG. 1. • The Contact of an Elastic Sphere with
an Elastic Flat Surface (Exaggerated )
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\ \ v

FIG. 3. The Contact Geometry Between a Particle with an Asperity and a

Rough Surface with a Peak Height of Radius Rs



Potential energy

y Deformation about A

FIG.2. The Surface Adhesive Potential Energy of a

Sphere on a Surface with a Constant Applied

Lift Force. Two Positions of Equilibrium.

(A) Stable and (. B ) Unstable.
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10 100
Accumulated running time , t , in hours

FIG.4 Variation of the Resuspension Factor with
Running Time for Silt on Grass at
Windspeeds of 5ms"1 o . and 10 ms"1 •
(Reproduced from Garland. 1979 with

Permission )
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MODELLING OF CAESIUM DEPOSITION IN CAGR REACTOR CIRCUITS

M.E. Phillips
Central Electricity Generating Board
Berkeley Nuclear Laboratories

UK

ABSTRACT

A laboratory rig at BNL has been used to measure the deposition of

radiocaesium in a C0 2 gas stream onto steel surfaces in a thermal gradient

furnace. The results of these measurements show that at high temperatures

the deposition can be described by a model in which caesium diffuses into

and out of the oxide film on the steel surface, with an evaporation boundary

condition at the gas-oxide interface. A simple version of the model gives

the deposition rate -— = n A t * ^ where n is the concentration of caesium
dt g o g

in the gas and A , the 'absorptivity', is a property of the surface. At low

temperatures (below about 300°C), caesium was retained by the surface.

More recently, the experimental programme has been extended to cover

deposition on graphite surfaces. Results show that significant retention

takes place at temperatures typical of the cooler region of a CAGR circuit,

although desorption is rapid at higher temperatures.

A computer programme, CAESAR3, has been written to apply this model

to the circuit of a CAGR. The programme handles a flexible set of

parameters and can accommodate changing temperatures, pressures, flow rates,

leak rates and source terms in a circuit which may have two interconnected

branches.

Measurements have been made of caesium distributions in the boilers

of the Windscale prototype AGR and in the Hinkley Point 'B' CAGR. The

results obtained are broadly in agreement with the model, although there are

a number of apparent differences. Possible reasons for these are

discussed.
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1. INTRODUCTION

Caesium released from fuel failures in the Advanced Gas-cooled

Reactor (AGR) during normal operation is rapidly deposited on circuit

surfaces, where it may cause radiological problems during access to the gas

circuit and maintenance of components from the circuit. As an example, the

prototype Windscale AGR (WAGR) had exposure rates in excess of 1 R h"1 in

its boilers, when finally shutdown, as a result of the caesium release from

180 failed fuel elements. At present the situation in commercial AGRs is

much better than this. Indeed, circuit levels of caesium in the two AGRs at

Hinkley Point, after nine years of operation, are so low as to be almost

undetectable. This minimisation of circuit contamination by fission

products is achieved primarily through good fuel performance and good fuel

management. However, in order to be able to predict the consequences of any

future releases which may occur in these or other AGRs it is necessary to

understand the mechanism of caesium deposition and to be able to calculate

the distribution of caesium on circuit surfaces.

Similar considerations apply to the prediction of releases in reactor

faults. Provided the behaviour is properly understood, deposition on

circuit surfaces is an important factor that can be claimed, in addition to

retention within the fuel and the fuel pin, for reducing the release to the

environment.

While caesium behaviour in normally operating reactors is important

in developing an adequate model of caesium deposition, this alone is not

sufficient due to the different parameters involved in normal and fault

operation. In normal operation, we are mostly concerned with very low

partial pressures of caesium and with timescales varying from days to years.

By contrast, in fault analysis, partial pressures may be locally high, but

timescales will often be only a few hours. Laboratory studies have

therefore played an important part in the development of a model of caesium

deposition for application to fault conditions.

2. A MODEL OF CAESIUM DEPOSITION

The deposition of caesium onto steel surfaces has been investigated

at BNL using a laboratory rig. A source of ^ 3 7Cs, usually in the form of

the carbonate salt contained in a small graphite phial, was heated in a

stream of C02 and passed down a thermal gradient tube. The deposit on the

walls of the tube, and on the filter at the end, were measured as a function

of time by a scanning detector. The results of a series of runs of the rig

using a variety of steels and surface preparations were given by Woolley
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(1980). A typical set of results is shown in Fig. 1. At low temperatures,

below about 300°C, the caesium deposit on the tube was proportional to the

integrated flow past each point, and was consistent with 'mass transfer

limited' deposition (dotted line, Fig. 1). At higher temperatures, the

deposit fell rapidly below the mass transfer limit, and as the source became

exhausted, so desorption from the hot areas was seen.

Woolley (1976) devised a theory to account for his observations of

caesium behaviour on oxidised surfaces involving diffusion into the oxide

layer. The theory used a number of parameters, most of which were not

amenable to physical measurement. However, a simplified version of the

theory followed which is much more suitable for calculations of caesium

deposition.

The theory considers two temperature regions. For temperatures below

T (about 300°C), deposition is mass transfer limited and described by

where N is the total concentration of caesium atoms on the surface, k is the

mass transfer coefficient and n the concentration of caesium atoms in the
g

bulk coolant.

At higher temperatures, above T , the level of deposit is controlled
m

by competition between mass transfer to the surface, desorption of caesium

from the surface and diffusion into the oxide.

The first of these processes is described by

f - k<ng - v
where n is the concentration of caesium in the gas near the surface. If

w
the concentration of caesium at depth x in the oxide is c(x,t) then

N(t) = / c(x,t)dx (3)
o

and the second process, desorption of caesium from the surface, is

controlled by the equation

c(0,t) = j3nw (4)

where (3 is the reciprocal of an evaporation coefficient.
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The final process, diffusion, is controlled by Ficks law:

at " 2 ^
ox

where D is the diffusion coefficient of caesium in the oxide.

An approximate solution of these equations for constant n gives the

short term solution

N = kn t for t « t
g m

and N = A n t 1 / 2 for t » t (6)
o g m

where t_ is given by

(7)
7

and A , the 'absorptivity1, is given by
0

A = 2p (D/it)1/2 (m s~1/2) (8)

An exact solution for constant n , including the effects of
S

radioactive decay with time constant \ is given by

N = kn <)>t (9)

. x , erf Z 1 - erfc Y exp(Y2-Z2) / ,._.
where $ = — ^ L} (10)

Y2-Z2 (

and Y -3£./lV/2 z = (Xt)^2 (11)

This model uses only two parameters specific to the materials under

consideration: T , the transition temperature, and A , the absorptivity.

This is a most desirable feature for calculation in reactor circuits where

it may be difficult to obtain a large number of different physical

parameters for various materials.

It is perhaps physically unreasonable to use the concept of a

transition temperature T : a more realistic approach might use a value of
m

A which rose rapidly near T , thereby simulating a condensation phenomenon,
o m

However, the laboratory results do show the transition occurring over a

narrow temperature range and the sharp transition is easier to handle.
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The results of applying the model to the laboratory data are shown in

Fig. 1 (short dashed line): good agreement can be seen. It should be noted

that at no time in the laboratory runs has the data fitted the long dashed

lines represented the caesium gas pressure history. This would correspond

to an adsorption isotherm.

Both parameters T and A are readily derived from the laboratory
m o

measurements. However, an extensive set of experiments (Woolley, 1980) on

various steel surfaces revealed wide variations in the parameters, even for

nominally identical samples. This, doubtless, was an example of the problem

of repeatability besetting experiments involving surface processes. The

mean value of A found was 2.4 m s~1/2, with a variation of up to a factor
o

of ten above and below this figure. No strong temperature dependence was

observed: an average over ten experiments showed a drop of only a factor of

two in A between 450°C and 850°C. However, individual runs showed thermal
o

coefficients which varied from negative to positive.

This simple model has been incorporated in a computer programme,

CAESAR3, which calculates the deposition of caesium around a gas circuit.

The programme uses a finite difference method to calculate the deposits

under a broad range of conditions. The circuit may be split into two

branches which may subsequently recombine; recirculation of coolant is an

option, and leaks from the circuit may be specified at any point. In

addition, variations with time may be specified for the source strength,

coolant flow and pressure, for the temperature at any point and for leak

rates. Fig. 2 illustrates a typical geometry which may be simulated with

the programme. In this example, the source might be a defective fuel pin;

zone 1A would be the upper channel components, zone 2 the top dome, zones 3A

and 3B two separate boiler units, and zones IB and 5B the other intact

channels. A leak is present at the bottom of one of the boiler units.

3. A COMPARISON WITH THE RESULTS OF REACTOR MEASUREMENTS

We examine firstly the reactor data relevant to reactor fault

studies; that is, data involving high caesium partial pressures and short

timescales. The most relevant information comes from an experiment (IE1495)

conducted in WAGR in which a failure was induced in a fuel stringer. The

coolant, bearing volatile fission products from that failure, was sampled

through five specially fitted pipes for times varying from 1/2 hour to 157

hours. After discharge of the failure, the accessible parts of the pipes

were removed and the caesium profiles measured. The results are shown in

Fig. 3, with, for comparison, the results predicted by Woolley's model using
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A = 2.4 m s~1/2 and T = 270°C. Good agreement between the observed and
o m

predicted results is seen; the results show the transition from mass

transfer limited to oxide diffusion limited behaviour at high temperature

and the mass transfer limited behaviour at short times or at low

temperatures.

As a result of the excellent fuel performance obtained in CAGR, the

data available on caesium behaviour is relevant only to very low surface

coverages and partial pressures, and to long timescales. Much of the

available information comes from a quadrant of Hinkley Point 'B' R4 in which

the caesium deposits have been measured on a number of occasions. Two

failures occurred in this quadrant; one was discharged in 1978 shortly

after failure; the other was discharged in 1979, although it is believed

that it had been slowly releasing fission products for a period of a year or

more. Fig. 4 shows a profile of caesium coverage measured in the boiler

near these failures before the second failure was discharged. For

comparison, results from the CAESAR3 programme are also shown assuming

various values for A . It should be noted that the results of the computer

programme are not sensitive to the exact form of the source term modelled

as, after a reasonable period time has elapsed, any fluctuations are

smoothed out by the processes of repeated deposition and desorption.

It is apparent that unless a very large value of A is chosen, the

reactor data do not fit well to the theoretical results in the primary

economiser region (in Fig. 4, we are primarily concerned with fitting the

shape of the reactor data with the theoretical results: the absolute levels

can then be adjusted by varying the source strength in the programme).

Furthermore, inspection of the repeated measurements in 1981 and 1983

(Fig. 5) (after both failures had been discharged) shows evidence of slow

desorption in the cool economiser region where mass transfer limited

deposition was predicted. The extent of desorption in the hotter parts of

the boilers too is characteristic of a high value of A . Fig. 6 shows the
o

expected variation in coverage of caesium in the reheater, superheater and
economiser combined for various values of A , and for comparison, the same

o

quantities derived from the reactor data. After correction for radioactive

decay, only about 20% of the caesium originally deposited had desorbed.

The failure to predict the slow desorption in the primary economiser

is, perhaps, not surprising. Between 1981 and 1983 levels in this region

only fell by about one third, a rate which would not have been observed in

any of the laboratory experiments. However, the relatively high levels of
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deposition in the hotter parts of the boiler are apparently different.from

the predictions of the laboratory results. Possible reasons for this will

now be discussed.

4. FACTORS AFFECTING THE ABSORPTIVITY

Factors which come to mind in comparing the laboratory data with the

reactor data are: (i) the effect of differing surface coverages, (ii) the

effect of differing caesium gas pressures and timescales, (iii) the effect

of different materials, (iv) the effect of oxide growth and (v) the effect

of surface roughness.

The laboratory runs so far have involved surface coverages equivalent

to about one monolayer. This has to be compared with coverages in CAGR of

under lO"4 monolayers. The partial pressures of caesium in the rig have

also been much higher than in the reactor, being in the range 10 to 10~ 1 0

bar compared with less than 10~^-3 bar respectively.

If the caesium were bound preferentially at a small number of sites

on the oxide surface, then this might account for the apparently high value

of A seen in the reactor. j3 (in equation 4) would be coverage dependent,

increasing for smaller coverages. Because caesium diffuses into the oxide,

A would depend more on the partial pressure of caesium than on the

equivalent surface coverage: over a long timescale, many monolayer

equivalents could be present in the oxide with only a few surface sites

being occupied at any moment.

The materials used in CAGR boilers are mainly mild steel, 9%Cr steel

and 316 stainless steel. The laboratory experiments have used mild steel

and 316 stainless: no significant differences have been seen between the

deposition behaviour in these materials, indicating that the caesium

interaction with the oxide expected to form on both surfaces does not depend

greatly on the underlying substrate.

The effect of oxide growth on the deposition behaviour of caesium on

surfaces was briefly treated by Woolley (private communication). He

considered an atom deposited on the surface. If p is the probability per

unit time of evaporation, and q the probability of diffusion into the oxide,

then the mean residence time on the surface is —;—: for oxide diffusion
p+q

limited deposition, Woolley showed that this approximated to 1/p. For an

oxide growing from the surface (i.e. by a cation diffusion process) with

velocity v, and a caesium diameter d, Woolley's criterion of engulfment was
vp

whether or not -— ±s greater or less than unity. Using this in conjunction
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with oxide growth data, Woolley deduced that oxide engulfment would not

occur in the 316 stainless steel boiler sections of Hinkley Point fB', and

was unlikely to occur in the 9%Cr region.

Woolley's criterion, however, did not consider the likelihood of

engulfment by the growing oxide front of caesium atoms which were near the

oxide surface and which, were it not for oxide growth, would have desorbed.

A new criterion for whether the growing oxide effectively engulfs the

caesium deposit is whether or not in time t the extra oxide thickness, vt,

is greater than the diffusion distance of caesium in the oxide, (Dt) 1 / 2:

that is, whether or not v y^j is greater than or less than unity. If v W -

« 1 then oxide growth has no effect and Woolley's equations are valid.

However, if v * - » 1 then it can be shown that the level of deposit is

given by

kn d, where * = 1 + 2 f - V ; | (12)

i.e. the deposit will appear to be mass transfer limited but with an

effective mass transfer coefficient of only kcjj.

It should be noted that the condition v t - » 1 is usually stronger

than Woolley's criterion for oxide engulfment; that is, deposits which

according to Woolley would be described by equation (9) may be trapped by

the oxide.

At present, oxides in Hinkley Point 'B' boilers are still in the

phase of protective (parabolic) growth, with oxidation in the reheater of up

to about 4 mg cm"2 in 50,000 h operation. This leads to a growth rate at

the time that the caesium in Fig. 4 was deposited of about 7 x 10~11* m s~ •

Assuming that most of this growth occurred at the surface, i.e. resulted

from cation diffusion through the oxide layer, and taking Woolley's estimate

of the oxide diffusion coefficient of caesium in the reheater of about 8 x

10~22 m 2s~ 1 gives a value for V'W — of 1.2 x 10~3t~1/2. Thus, deviations

from the oxide diffusion limited deposition model as described by equation

(10) might be seen after a period of as little as 3 days. For times much

greater than this, deposition will appear to be mass transfer limited with

an effective deposition velocity of about 0.33 k m s~* (assuming

k = 0.01 m s"1 and A = 2.4 m s ~ 1 / 2 ) .

To illustrate the effect of oxide growth, Fig. 7 shows the deposit

expected in a Hinkley Point 'B' boiler for fully mass transfer limited
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deposition and for <|> = 0.33 and 0.1. For comparison, the measured deposit

from Fig. 4 is included. It can be seen that the fully mass transfer

limited profile is not in accord with the measured data. However, the shape

of the 'oxide growth limited1 profiles are in reasonable agreement with the

reactor measurements, even though there is no reason to suppose that the

factor <Jj is constant throughout the boiler.

The degree to which oxide growth can be invoked as a means of

trapping caesium on surfaces depends very much on the mechanism of that

growth. Firstly, in the model, we considered what must be the limiting case

of growth from the surface; that is, growth arising purely from cation

diffusion to the surface. This is almost certainly a great simplification

of the real mechanism of oxide growth. Secondly, the growth has been

described as a continuous process whereas it is of course a discrete process

involving step changes of atomic dimension. We would expect the theory to

break down on timescales of the order of d/v. For the growth rate

considered in the example of the stainless steel boiler tubes, this time is

a few hours. Thirdly, we would not expect the growth rate to be uniform

across the surface but to be concentrated at grain boundaries, surface

dislocations, etc.

Thus, it seems likely that in practice the fully oxide growth limited

deposition behaviour as described by equation (12) will not necessarily be

seen, and that a model intermediate between the predictions of (12) and (10)

will be needed to describe most real situations. Certainly, some desorption

from surfaces is seen which is not predicted by the oxide growth model

(Fig. 8), although this could be allowed by discontinuous oxide growth

rates.

An example of caesium deposition which probably is a case of

engulfment by growing oxide comes from the boilers of the prototype

Windscale AGR. The steel used was of 21/.%Crl%Mo composition and had

developed a considerable thickness of oxide, growing at a rate of up to

3 x 10~12 m s-l (Woolley, private communication). This gives a value for <J>

which could approach unity, and the condition 4> = 1 could be reached in

seconds. The condition t > — is not reached for a few hundred seconds, but

the conclusion remains that deposition might well be engulfed by oxide to

such an extent that it would appear to be mass transfer limited. This is

the case: the variation of exposure rate with axial position in the boilers

was well fitted by an exponential fall in each boiler section, (Fig. 8), at

a rate close to that expected for mass transfer limited deposition.
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All surfaces in a reactor circuit are likely to be rough on a

microscopic scale, with roughness factors probably in the range 10 to 100.

Unless the dimensions of the rugosities are a significant fraction of the

boundary layer of the coolant, the mass transfer coefficient will not be

affected. This is the case for a CAGR circuit. The level of deposit,

however, in the oxide diffusion limited case, will be strongly affected by

the roughness factor. If c(x,t) in equations (2) to (5) is taken to be the

true surface concentration, and N to be the concentration per unit geometric

surface area, then we must modify equation (3) to

GO

N(t) = R / c(x,t)dx (19)
o

The result is that A is effectively increased by a factor R. The

value of R, of course, varies with the length scale on which it is measured.

Diffusion depths of a fraction of a micrometer are likely to be relevant to

deposition studies, and so we will be interested in the value of R on this

length scale, which coincides with the scale of many features seen on the

surface of oxides under the scanning electron microscope. The variability

of surface roughness may well account for the range of values of A found in
o

the laboratory measurements. It is not clear that reactor surfaces differ

greatly in roughness from the laboratory samples.

5. PRESENT AND FUTURE WORK

Present experimental work is directed to exploring the areas of

uncertainty and in supporting the application of caesium deposition to fault

analysis. Deposition as a function of caesium partial pressure is being

investigated: recent results from the laboratory rig for deposition on

steel at high caesium coverages (hundreds of monolayers) and high partial

pressures show that at low temperatures (below about 300°C) it is still

possible to claim a high degree of retention but that at high temperatures

the amount of caesium retention is small. Laboratory wprk will be carried

out at lower partial pressures of caesium when necessary modifications to

the experimental rig have been completed. Currently experiments are being

carried out to investigate the deposition of caesium from CAGR coolant onto

graphite in order to assess the benefit that can be claimed, in faults, for

caesium deposition on the graphite core. Again the early results show that

significant retention takes place at temperatures typical of the cooler
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region of a CAGR circuit, although desorption is rapid at higher

temperatures.

6. CONCLUSIONS

A simple model of caesium deposition involving equilibrium between

caesium deposited on a surface oxide layer and the gas phase, combined with

diffusion of caesium into the oxide, gives results in good agreement with

laboratory data obtained over a timescale of several weeks. The model has

the advantage of using only two parameters involving materials properties:

a temperature below which deposition is mass transfer limited and a new

constant, the 'absorptivity'.

A computer programme, CAESAR3, has been written to apply this model

to the circuit of a CAGR. The programme handles a flexible set of

parameters and can accommodate changing temperatures, pressures, flow rates,

leak rates and source terms in a circuit which may have two interconnected

branches.

Using caesium released from fuel failures, the model has been tested

in the reactor with a caesium partial pressure relevant to reactor faults.

The model predicts well the deposition profiles within a series of stainless

steel pipes through which reactor coolant, containing caesium, had been

flowing for periods ranging from 3 hours up to 157 hours.

Other measurements obtained from reactor surfaces have, however,

involved timescales of years rather than weeks, and very much lower partial

pressures of caesium. Reasonable agreement between the model and these

measurements can only be obtained by using a value of absorptivity much

larger than measured in the laboratory. It is also clear that some

desorption can also take place over long timescales at low temperatures.

Calculation shows that the growth of the oxide layer may well be important

over timescales greater than used so far in the laboratory and that

variations in surface roughness could have a strong effect on high

temperature deposition.

ACKNOWLEDGEMENT

This paper is published by permission of the Central Electricity

Generating Board. Much of the early work reported in this paper is

attributable to Dr. R. L. Woolley, now retired. The author is indebted to

the help and advice given by Dr. Woolley.

REFERENCES

Woolley, R. L., 1976, CEGB Report RD/B/N3793.

Woolley, R. L., 1980, CEGB Report RD/B/N4787.

- 309 -



' /

if/
Ir 1

1 t
750 C

J
\/\ /

'•
••

I

7 L- _ A50 C

i '

! /

,/; .
I''

1n
i 850 C

i

Time (hours )
175 0

Time (hours)
175

Actual deposit
Caesium gas pressure
Theor : gas - mass - t r a n s f e r - limited deposition.
Theor : oxide - diffusion -l imited deposition

FIG. 1. Analysis of Laboratory Deposition Data.
(n.b. to aid clarity, all curves have been normalised to a

peak ordinate of unity )
- 310 -



1A 1B

5A 5B

3A 3B

Leak

FIG.2. Example of Circuit for Analysis by CAESAR3

- 311 -



Approximate temperature

10-3

10-*

u 10"5

u 10-6

a

oa

o

10-9

10-10

Data interpolated
Tn this region

6A0 610 200

Gas flow

\

0 1 2 3

Distance from pipe inlet (metres)
Observed

Predicted ( Present work, Ao= 2.4ms' /?)

FIG.3. Depos i t i on P ro f i l e s on B C D P i p e s

- 312 -



c
3

>»

a
B
o

0)

a
0)

Ou

10 - 6

10-7

Ao
a 100

*50

Ieconomiser Evaporator I I superheater
I II economiser
• •

I superheater
t i

\ i\ \ \i 1 \ \

Reheater
t

i\ \ \ \l

FIG. A. Results of CAESAR 3 Programme for Various

Values of Ao.

- 313 -



T1

O
en

Deposit per unit area

ZT —«

XI

in

c
in"

o

u
D

n
O

1=1
n
O
3

m
o
•D

c
0)

o
in

c

3

C
$ "O

1)

CD
o

in

o
o
O
XJ

(D ID CD
00 CD v )
U) _» CD



1.0

I

I

CD

0)

l _

>»

o
c:
>
c

a
o

.5 -

o.o

100

Experimental
50

25

10

1979 1981 1983

FIG.6. Desorption from the Reheater, Superheater and Secondary Economiser

of Hinklev Point B.



a

o

"c
3

» - 1

a

o
a
0)

a

.5

A

o

a

X

= 1.0 ( Mass transfer limited )

l(J = 0.33

I(J = 0.1

R4 d a t a 1979

k \ \ \ \ \ i \ \ ] \ \ \ \i

I econ. lecon. Evap. I super. II super. Reheater

FIG.7. The Oxide Growth Limited Model of Caesium

Deposition .

- 316 -



2]
P Surface activity (arb i t rary units )

o © o
w J, -

m
n
O
D
O

3
>

o

o
o 5'

in o
c ^>

3 5-

D

>
O
XI

CD
O

j

tn in

o

\

CO
c

, I



XA0056028

MODELLING OF IODINE CHEMISTRY AND PLATE-OUT IN A CAGR

P.N. Clough, E.M. Hood
Safety and Reliability Directorate

UKAEA, Culcheth

UK

Abstract

Important new evidence on the chemistry and plate-out behaviour of iodine in
Commercial Advanced Gas-Cooled Reactors has recently become available from
methyl iodide injection experiments at Hinkley Point B Power Station. A
suite of computer codes, AGRIPA-2, is described which is designed to model
the processes of iodine species interconversion and plate-out in CAGRS.
This suite has been applied to model the Hinkley Point B injection
experiments, and the results presented here show a very satisfactory fit of
the predictions to the experimental data. In particular, the time-dependent
concentrations of iodine at sampling points distributed around the circuit
are well reproduced without any arbitrary fitting of input parameters.

- 318 -



1 INTRODUCTION

When performing safety assessments of reactor operation, it is necessary to
be able to predict the behaviour of radiologically important fission
products such as iodine under a variety of reactor conditions, both in
normal operation and in faults. For AGRs, there is much evidence that
retention in the reactor coolant circuit will play a key role in determining
the potential for accidental releases of iodine in fault conditions. Safety
analysis can be much assisted by the use of computer codes, incorporating
theoretical models based on experimental observations, designed to model
retention processes. An approach to iodine chemistry modelling which
represents a significant advance on our earlier AGRIPA code (1) is described
here, and tested against results of methyl iodide injection experiments at
Hinkley Point B commercial AGR.

The information available on iodine behaviour in AGRs has increased greatly
in the last few years. Major contributions have been made by experiments at
the Windscale AGR before it closed down in 1982, and more recently by
measurements at the Hinkley Point B CAGR. Particularly important have been
experiments in which small quantities of methyl iodide labelled with 1131
have been injected into the coolant circuits of these reactors, and the
disappearance of this radioisotope from the coolant has been measured
subsequently as a function of time at various points round the circuits. A
series of such injections was performed at Windscale AGR under a range of
widely varying operating conditions as part of the closing-down programme
(2). These supplemented a much earlier series of similar experiments (3).
In modelling studies, we found that the full range of these results could
not be adequately described in terms of methyl iodide as the only iodine
species of importance, but that a two species model was much more
satisfactory (4). This led us to a more detailed examination of the
chemistry of iodine in AGR coolant circuits (5), and to the conclusion that
a useful categorisation could be made into reactive species (I, HI), which
plate-out rapidly onto the steel surfaces of the circuit, and unreactive
species (organic iodides) which plate-out much more slowly. A further
conclusion was that rapid interconversion of these species would occur by
radiolytic processes promoted in the reactor core. A detailed kinetic model
of the radiolytic iodine chemistry was developed, and coupled the AGRIPA
circuit plate-out model. This combined model was applied with some success
to account for the main observations in the two series of methyl iodide
injections at Windscale AGR (5).

In parallel with this modelling work, important new observations on iodine
chemistry in AGRs have been made at Hinkley Point B power station, in
reactor R3. There, a special sampling point installed in the wide-bore duct
leading to the gas by-pass plant at circulator level enabled iodine samples
to be taken which were free from the filtering effects associated with the
long, narrow steel pipes through which all previous sampling of operating
reactor coolant had been done. Measurements soon indicated the presence of
more than one iodine species in the coolant, and later, more detailed
measurements reported elsewhere at this meeting (6) confirmed the existence
of highly reactive and much less reactive components. This was entirely in
line with our predictions (4), and provided welcome support for the
two-species model.
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Two methyl iodide injection experiments have now been completed as part of
the iodine behaviour programme at Hinkley Point B, and our modelling of
these provides the main theme of this paper. These experiments are viewed
as of major importance for several reasons. They provide a test of whether
the models and ideas developed on the basis of evidence from Windscale AGR
can be applied with minor modifications to a commercial AGR. Because the
experiments were planned and performed with modelling needs in mind, all of
the data necessary on circuit and coolant conditions during the injections
were recorded. Moreover, extensive time-dependent concentration
measurements were made at a variety of sampling points widely distributed
round the reactor circuit. This abundance of data is simultaneously
satisfying and challenging from the modeller's viewpoint.

2 THE HINKLEY POINT B METHYL IODIDE INJECTIONS

Only a brief account of these experiments has been published (7), and some
further details pertinent to the modelling are summarised here. A schematic
plan of the R3 reactor circuit, showing the subdivision by quadrants and
circulators, is given in Fig 1. Two injection experiments were performed,
each involving a few milligrams of methyl iodide labelled respectively with
58.4mCi and 8.6mCi of 1131. The methyl iodide was released over about 1
minute into the 30cm diameter duct returning gas from the chemical treatment
plant (by-pass plant) to the main circuit neighbouring circulator 13B.
Synchronised on the start of the injection, time-resolved measurements of
1131 concentrations in the coolant were made at a variety of sampling points
distributed round the circuit, by flowing coolant at known rates through
charcoal filter packs attached to existing sampling pipes. The disposition
of the sampling points for the 58.4 mCi injection is shown in Fig 1. Three
points on the pile cap sampled gas existing core channels in the injection,
neighbouring and opposite quadrants, respectively, through Burst Can
Detection (BCD) pipes. A further three points, one in each quadrant,
sampled gas at the circulator level, corresponding to the return from the
boilers to the core. Sampling periods were initially short (< 2 mins), but
extended in length as the concentration fell, and sampling was continued for
several hours. Additional species selective samples were taken at a special
point in the return line to the gas by-pass plant (6). The sampling
arrangements for the 8.5mCi experiment differed somewhat, the points in
opposite quadrant being omitted, and an addition core channel in the
injection quadrant being sampled on the pile cap.

3 THE AGRIPA-2 SUITE OF MODELLING CODES

The chemistry and plate-out model developed in the context of the Windscale
AGR methyl iodide injections (5) has now been incorporated into the AGRIPA-2
suite of codes, comprising RADCAL, RADSIM, RADAGR and BCDSIM. The
interrelation of these codes is shown schematically in Fig 2. All of these
codes are based on the Harwell FACSIMILE package (8). The role of each code
will now be briefly described:

RADCAL. This code models the coupled processes of flow, radiolytic
reactions, and thermal reactions in an average core channel. This is
subdivided into 50 axial control volumes. Primary radiolytic processes of
the C02 coolant, and secondary reactions Involving carbon monoxide, organics
(CH , C2Hg, C 2H g), and iodine species (CH3I, C2H3I, I) are treated. The
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basic chemistry model has been described previously (5). Some 48 reactions
involving 20 species are included. For the present application, several new
developments have been introduced. The axial power profile for a mid-radius
core channel at Hinkley Point B was employed to calculate the radiolytic
energy input in each control volume. The temperature profiles, coolant
compositions, and flow rates, were all specific to the measured conditions
at the times of the injection experiments. Because CAGRs operate with
higher core exit temperature than WAGR, thermal decomposition of methyl and
ethyl iodide becomes significant, and the appropriate dissociation reactions
were therefore added to the reaction system. Moreover, these thermal
reactions continue to be important in the upper plenum. An additional
control volume was added to RADCAL to represent the upper plenum and the
relevant reactions for this region were included.

The RADCAL code provides as output the fractions of organic iodine entering
the channel which emerge in the reactive, plating-out from (I), and
organic, non-plating forms (CH3I, C2H3I). This information is given for the
channel outlet, and for the outlet from the upper plenum to the boilers.

RADSIM. this code simulates the chemistry of interconversion of plating
species (1) and non-plating species (RI) in terms of pseudo-first-order
kinetics.

ki
RI *x I (+ R)

k2

It enables the complex chemistry model in RADCAL to be straightforwardly
coupled to the circuit plate—out model RADAGR. This simplification is
justified by the observation from extensive studies with RADCAL that for
widely varying channel conditions, the fractional dissociation of organic
iodide entering the channel is nearly independent of the initial
concentration. This is because, for the conditions of interest, organic
radicals concentrations in the channel greatly exceed those of iodine
species. A radiolytic steady-state is therefore established which is almost
independent of the iodine concentration.

For the present application, RADSIM is applied both to the core channel and
to the upper plenum, so that sets of pseudo-first-order rate constants k̂
and to, are obtained for each region. RADSIM has the same axial flow model
as RADCAL, but it is used only to simulate the residence times for gas in
these regions. The input values of lo, are simply the products of the
appropriate average organic radical concentrations and a bimoleculor rate
constant for recombination of atomic iodine and methyl radicals. Values of
kj are found by trial which fit the fractional decompositions of organic
iodide at the core channel exit and the plenum exit predicted by RADCAL.

RADAGR. This code is essentially the two-species circuit flow and plate-out
model previously described (4,5), but adopted to be applicable to a CAGR,
specifically Hinkley Point B. The subdivision of the circuit is shown in
Fig 3. Features of the control volumes representing the core, boilers, and
other circuit regions, were all taken from the Hinkley Point B design data.
Coolant flow rates and circuit temperatures were those measured at the times
of the injection experiments. Because earlier attempts to represent the
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results of circuit mixing experiments (6) had shown that an octant model is
superior to a quadrant model for the boiler sector geometry, octant geometry
was introduced into RADAGR. Iodine species interconversion chemistry was
added to the upper plenum compartment in addition to the fuel and re-entrant
channels of the core originally treated. The iodine interconversion in
these regions is governed by the rate constants deduced from RADCAL via
RADSIM. Plate-out of reactive iodine is confined to the boiler regions,
according to the model previously described (5). This involves a surface
deposition reaction which is non-activated, characterised by a sticking
probability. Desorption from the boiler surfaces is an activated process
following an Arrhenius temperature dependence.

For modelling of the injection experiments, methyl iodide was introduced
into the appropriate circulator compartment at a constant rate over the
injection period. Sampling at the circulator points was simulated by
integrating the time-dependent organic iodide concentration in the sampling
flow from the corresponding compartments over the experimental sampling
times. This simplification is based on BCDSIM runs, which showed that at
the circulator temperatures only the organic component would penetrate the
long, narrow, sampling pipes. Reactive iodine would be almost entirely
trapped in the pipes. A 10s delay was introduced into the model to
represent the residence time in the sample pipes at circulator level. A
more complicated situation holds for the pile cap sampling of core channels,
necessitating the development of the BCDSIM code.

BCDSIM. The flow, gas phase reactions, and surface plate-out of iodine in
the BCD sampling pipe between the core channel exit and pile-cap collection
point are modelled in this code. The code is integrated with RADAGR as a
coupled module. The time dependent iodine-species concentrations and
organic radical concentrations at the core exit generated by RADAGR form the
input to BCDSIM. The pipe is modelled as 50 axial control volumes. Within
each, gas-phase reactions involving the dissociation and reformation of
organic iodides, and surface plate-out of reactive iodine according to the
boiler plate-out model, are treated. The pipe temperature profile is
unknown, but has been treated as a linear fall between the channel outlet
and the sampling collector. The code also models the sampling delay due to
the finite residence time of gas in the BCD pipe. During stagnation periods
between samples, all processes are frozen. However, during each sampling
period, desorption from the walls of iodine deposited earlier is treated.
The total iodine in reactive and organic forms leaving the pipe is taken as
the measured sample.

4 RESULTS AND DISCUSSION

The AGRIPA-2 suite of codes has extensive input parameter requirements. The
fitting of experimental results by mutli-parameter code is pointless unless
independent data exists to fix most, and preferably all, of the input. We
believe that the value of the present model is greatly enhanced because
arbitrary parameter fitting has not been necessary. Apart from details of
the reactor circuit and operating conditions, which are well-defined, two
main sets of input parameters are required, relating respectively to the gas
phase chemistry and surface plate-out behaviour of iodine.
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The RADCAL code requires rate constants for the set of 48 thermal and
radiolytic reactions, and BCDSIM employs a subset of these. The rate
constants presently employed are all derived from independent sources. The
radiolytic chemistry of AGR coolants has been extensively studied, and many
of the rate constants for reactions involving hydrocarbons have been
measured, or can be reliably estimated (9). However, data on the radiolysis
of organic iodides are lacking, and rate constants for the decomposition of
methyl and ethyl iodides have been estimated by analogy with hydrocarbons.
Almost all of the thermal reaction rate data required are available in the
literature (10). Some uncertainty exists about the pressure dependence of
the unimolecular dissociation rate of methyl iodide (11), and for present
purposes the reaction was assumed to be still in the fall-off region under
AGR circuit conditions. It should be emphasised that only a few of the rate
constant input to RADCAL showed a sensitive influence on the predicted
extent of organic iodide decomposition, of which the unimolecular
dissociation rate is the roost important. Nonetheless, the combined
uncertainties in RADCAL predictions are large, and for this region, the
sensitivity of RADAGR plate-out predictions to the RADCAL input (via RADSIM)
was investigated.

Only three parameters are needed to define the surface kinetics for iodine
plate-out onto steel surfaces modelled in the RADAGR and BCDSIM codes. The
deposition rate is determined by a sticking probability, which is expected
to lie in the range lO"3-!©"1* for the temperatures of concern (5). The
desorption rate constant involves two-Arrhenius parameters:-

k(desorption) = B exp(-Eg/RT).

In the present work, B and Eg were taken as the best-fit values derived from
modelling studies of Windscale AGR (1):-

B = 1.5 x 108 s"1 E B = 140 kJ mol"
1

Table 1 summarises the initial set of further input parameters employed on
modelling the 58.4mCi injection experiment, all based on independent sources
as described above. The only parameter adjustment involved was in
fine-tuning the sticking probability, the final value being well within the
range expected from independent evidence. Figures 4 to 7 compare the code
predictions for the time dependent iodine concentrations measured at four of
the circuit sampling points with the experimental results. It will be seen
that excellent fits are obtained at the circulator level in the injection
octant 13B (Fig 4) and octant 14B (Fig 6), and for the pile cap sampling
point in the injection octant (Fig 5). The latter result is particularly
significant. It shows that iodine behaviour in the BCD pipe has been
adequately modelled using the same parameters as the circuit model, and the
two orders of magnitude lower peak concentration at this point than at the
circulator level has been accurately predicted. The measured iodine
concentrations at the pile cap in octant 14B are all higher than predicted
values. Much larger uncertainties attach to these lower concentration
measurements than at points closer to the injection. However, a discrepancy
exists, and is repeated for the sampling points in quadrant 15. It probably
stems from imperfections in the inter-octant mixing model in RADAGR. It
should be pointed out that fraction of the total iodine injected which
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reaches these remoter parts of the circuit is -< 0.1%, so that these
discrepancies are of little importance.

Some sensitivity studies were performed to demonstrate that the initial set
of parameters in Table 1, referred to as the base case, is indeed unique in
fitting the range of observations. The variations are also given in Table
1. In case A, the fraction of free iodine reaching the boilers is halved
relative to the base case, whilst the sticking probability is retained.
Inspection of Figures 8 and 9 shows that the fit is poor for the 13B
circulator point, and very poor for the circulator point in octant 14B.
Increasing the sticking probability by an order of magnitude, as in
sensitivity study B, results in an acceptable fit for octant 13B circulator
level (Fig 8), but still a poor fits for the 14B sampling point (Fig 9).
Thus, the good fit represented by the base case parameters is not arbitrary,
and gives further confidence in the basis of the model. The value of the
extensive data collected during the Hinkley Point B injection experiments in
severely testing the model is amply demonstrated. Although limitations of
space preclude presenting the results here, similarly good modelling fits
have been obtained for the 8.6mCi injection experiment.

Our model provides a good description of the behaviour of methyl iodide in a
CAGR circuit under normal operating conditions. For application in abnormal
situations, involving temperature transients, and possibly releases of
iodine from damaged fuel, several new features require attention. The codes
in the AGRIPA-2 suite are all flexible, and can handle flow and temperature
transients, but new interfacing between RADCAL and RADAGR will be required.
Other chemical forms of iodide, notably caesium iodide, might be important
in release from fuel, so that additional processes modelling the
interconversion of these and the existing iodine species must be treated.
Work is in progress on introducing these features.
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TABLE 1 Parameters Employed in the Modelling

RADSIM

Core

channel

Upper
plenum

% reactive
at boilers

RADAGR

kl
k2

kl
2̂

iodine

Base
Case

90.5
57.7

39.0

2.0

94

Sensitivity Sensitivity
Study A Study B

25.4

57.7

2.0
2.0

46

25.4

57.7

2.0
2.0

46

Sticking Probability 5x10"^ 5xlO-3

FIGURE 1 - Diagram showing
injection and sample points.
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Abstract

The caesium plate-out on Incoloy 800 and the Ni-base alloy
Inconel 617 was investigated. Deposition experiments have
been performed in a high temperature helium circuit using
a vapour pressure controlled caesium source. The experiments
were carried out for 2 0 - 6 0 days at temperatures between
600 and 900 °C under oxidizing conditions.

The following values were obtained for Incoloy 800 at
600 - 800 °C: *

desorption energy: 234 _+ 13 kJ/mole

volume sorption probability: 1.10~6 - 2.10"5

For Inconel 617 a desorption energy of

230 _+ 8 kJ/mole at 700 °C

with a linear increase to

268 _+ 8 kJ/mole at 900 °C

was determined. The preexponential factor of the desorption
constant was set to 1.10 s . The experimental results are
influenced by the in-situ build-up of oxide layers.

The plate-out parameters of Incoloy 800 have been applied
to a long-term experiment in the Dragon reactor (480 days at
680 °C). The calculated results agree very well with the
measurements. Furthermore, the caesium deposition in an
HTR primary circuit has been calculated in order to assess
the sensitivity of the above uncertainty ranges. Due to these
uncertainties, the upper limits of the calculated surface
activites in the primary circuit are about a factor 2 above
the expected values, which is acceptable for design purposes.
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1. Introduction

The deposition of condensable fission products onto the

metallic walls of the HTR primary circuit purifies the

coolant more efficiently than the gas purification plant.

A local overestimation of this plate-out capacity does lead

to conservative values for the radiological exposure from

this component during maintenance, but it also causes too

low predictions for the surface activities downstream,

due to the depletion of the fission products in the coolant.

Furthermore, this overestimation yields optimistically low

values for the coolant gas activity. Consequently, the un-

certainties of the plate-out parameters have to be determined

carefully, because both their over- and underestimation can

lead to nonconservative predictions.

For accident analyses (loss of coolant, water ingress), de-

sorption rates and wash-off fractions of the surface activi-

ties have to be determined. This requires not only knowledge

of the total plate-out activities but also of the fission

product distribution in the wall materials. The latter is

also important for the assessment of decontamination pro-

cesses .

Key elements for plate-out investigations are usually iodine

{wall temperatures below 500 °C) and caesium (wall tempera-

tures above 500 °C). In the following, deposition experiments

with caesium on the high temperature alloys Incoloy 800 and

Inconel 617 are reported. Incoloy 800 and Inconel 617 are

major candidate materials for HTR's for process heat appli-

cations in the temperature regions of 500 - 800 °C and

700 - 1000 °C, respectively. Incoloy 800 is also extensively

used in steam cycle plants such as the THTR-300.
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2. Experimental

2.1 Helium Loop Facility

The deposition experiments have been performed at HRB in

a closed cycle He-loop consisting of:

Heater (43 kW electrical rating)

Hot gas duct (insulated at the inside, water cooled

at the outside)

Sample tube (2.4 m length) with an outer 4 zone heater

(9.6 kW electrical rating) to adjust the axial wall

temperature profile,

Cooler (water cooled tubular heat exchanger with a

cooling capacity of 70 kJ)

Absolute filter (2 micropore (0.45 urn) candle filter

blocks in series),

Circulator (membrane compressor, 100 m3 (STP)/h

He-flow, 4 kW electrical rating),

He purification plant (BTS CuO-catalysator, 2 molecular

sieve beds in series, 10 m3 (STP)/h He-flow)

Caesium-source with temperature control, He-supply

and outer Y -shielding (metallic caesium activated to

0.2 - 2 Ci Cs-134/g) .

The bypass He purification plant extracts the chemical im-

purities CO, CO2, H2f CH4, O2 and H20. A more efficient sink

for H2o is given by the absolute filter whose main function,

though, is removal of caesium from the main stream.

The inner housing of the source device contains 0.5 g metallic

caesium. A predetermined vapour pressure is set by tem-
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perature control of the housing. Helium from a gas cylinder

(3 1 (STP)/h) is led through the inner volume of the source

and carries caesium vapour via a bypass duct (2 m3 (STP)/h)

to the main circuit.

All activity bearing components of the circuit are enclosed

in a glove box.

Typical operational values of the loop are summarized in

Table 1. Fig. 1 shows a simplified flow diagram (only major

valves included) of the deposition circuit.

2.2 Instrumentation

The accumulation of the surface activity on the sample tube

is measured continuously during operation with 4 Nal-detectors,

This on-line measurement is most important, both for the con-

trol of the experiment and for the final evaluation.

The source output is measured discontinuously every 1 - 2 days

by conducting the source flow for 0.5 h through a f -monitor-

ing system. Typical variations of the source rate are between

10 - 20 % of the average.

In order to ensure full efficiency of the absolute filter,

a ft -scintillator monitors the caesium activity of the main

helium flow between the two filter blocks.

The chemical impurities in the helium are measured at various

sampling points by a gas chromatograph and hygrometers.

The sample tube is instrumented with 2 thermocouples at the

inlet and outlet for gas temperatures and with 5 thermocouples

for wall temperatures.
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2.3 Post Operation Measurements

After cooling down the circuit, the sample tube is demounted

and cut into 15 cm long sections. All sections are'y-scanned

with a Ge-Li-detector.

Selected sections are leached with demineralized water at

80 °C for 15 - 50 h. The activity accessible to and soluable

in water is taken as being representative for the adsorptive

fraction of the total surface activity.

The thickness and structure of the oxide layers are determined

by metallographic sections. Further measurements are planned

in order to separate the caesium fraction sorbed by the oxide

phase from the caesium diffused into the bulk material.

2.4 Materials

The Incoloy 800 sample tubes (26.8 and 25 mm outer diameter,

2.9 and 2.5 mm wall thickness) originate from three charges

from two different manufacturers. The Inconel 617 tubes

(25 mm and 20 mm outer diameter, 2 mm wall thickness) belong

to two supply charges. The chemical analysis of the materials

is listed in Table 2.

The sample tubes are installed as delivered in the loop

facility with no specific precautions in respect of surface

conditions. In this way the scatter of the experimental re-

sults includes the variability of sample specimens within

the range of the suppliers' material specifications.
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3. Experimental Results and Discussion

3•1

The operational data of the test runs No. 1 - 5 for Incoloy

8 00 are summarized in Table 3. The surface temperatures ranged

from 590 to 800 °C.

Tests No. 2-4 included 2 desorption intervals with the caesium

source shut off for about 20 % of the test duration. The desorp-

tion kinetics can be followed by this procedure in more detail.

In advance of the deposition runs No. 2-4 the loop with the

sample tube installed was operated for 8-16 days (not included

in the test time in Table 3) without caesium injection in

order to precondition the sample surfaces.

The surface activities listed in Table 3 refer to the off-line

measurement at the end of the experiment. They are not directly

comparable with each other because of different partial pres-

sures and specific activities of the source. To make them

comparable, the axial activity profiles have been normalised
-12linearly to the same caesium partial pressure (p = 5 • 10 bar)us ^

and to the same specific source activity (Cs-133/Cs-134 = 10 ) .

The normalised plate-out profiles are depicted in Fig. 2.

The relation between the curves is not significantly influenced

by the different test durations, because the in-pile measure-

ments showed, that essentially equilibrium surface activities

have been attained in all tests.

The profiles in Fig. 2 demonstrate clearly the expected de-

crease of the final deposition with increasing wall temperature.

The variations between curve 1 and 2 (appr. 600 °C) and between

curve 3 and 4 (appr. 700 °C) indicate the degree of reproduci-

bility of the test conditions and of the sample material. The
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sample tubes for test No. 1 and 2 originate from different

suppliers, which might have contributed to the difference

between both profiles. The shape of the individual curves

in Fig. 2 is partly due to the temperature profile along the

sample tubes, but local variations of the surface conditions

also influenced the deposition profiles.

Table 4 contains the operational data of the Inconel 617

experiments No. 6 - 10 covering surface temperatures from

700 - 900 °C. Test No. 6 (700 °C followed by 800 °C) was a

preliminary test for the determination of an optimum specific

activity of the caesium source. Nevertheless, its first phase

at 700 °C surface temperature can be fully used for data eva-

luation. All Inconel 617 experiments include one desorption

interval (test No. 8 with a second desorption interval

at the end), which typically lasted for 20-30 % of the total

test duration.

The off-line measured plate-out profiles of the Inconel 617

experiments have been normalised to-p_ = 1 . 10 bar and
4 t-s

Cs-133/Cs-134 = 10 . They are shown in Fig. 3. In contrast to

Incoloy 800 no clear temperature dependence can be observed,

partly because the curves of the 8 00 °C tests (No. 9, 8, 6B)

differ significantly from each other. However, it must be

noted, that the lowest 800 °C profile (No. 6B) does represent

the deposition on an oxide layer produced essentially at

700 °C.

Typical values for the water and hydrogen content in the loop

were measured giving partial pressure from 3 to 10 (jbar and

1 to 6 pbar, respectively.

3.2 Post Experimental Surface Analysis

The fraction of the total surface activity accessible to and

soluable in water at 80 °C (water leach) was determined for

tube sections from the front, middle and end regions of the
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sample tubes. The ranges of the measured results are given in

Table 3 for the experiments with Incoloy 800. The highest

water leach fractions were obtained for the low temperature

tests No. 1 and 2. However, the temperature dependence is

not very marked and the results of comparable tests (viz.

No. 3 and 4) scatter by a factor up to 2.

The water leach fractions for the Inconel 617 samples are

listed in Table 4. Extremely low values of 1-5 % are ob-

served for the experiments at 800 °C, whereas the other tests

yield "normal" values between 40 and 60 %. These discrepancies

have to be clarified by further measurements.

The metallographic sections revealed on all Incoloy 800 samples

distinct oxide layers fully covering the surfaces. Their thick-

nesses amounted to 1-2 pm, 2-4 pm and 10-20 um for the 600 °C,

700 °C and 770 °C samples, respectively. In addition, internal

oxidation to a depth of 20 pm can be identified on the 770 °C

sample.

For Inconel 617 only the samples at 800 °C (test No. 8, 9)

and 900 °C (test No. 10) have been investigated by metallo-

graphy. The oxide layers of the 800 °C samples show a strongly

fissured outer contour with some isolated protrusions. The layers

are 2-5 pm and 4-10 pm thick for the samples from test No. 8

(31 d exposure time) and from test No. 9 (60 d exposure time),

respectively. The internal oxidation zones for these two

cases comprise 10 pm and 15 (jm thickness, respectively. The

outer oxide layer of the 900 °C sample has a degraded

appearence. The internal oxidation front attained a depth of

20 pm.

3.3 Data Evaluation

The experimental data have been analysed using the phenomeno-

logical plate-out model described in /I/. This model will be

outlined here in a simplified manner: The essence of the model
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is represented by the mass balance within a microscopic gas

phase layer adjacent to the surface with a thickness of the

order of the mean free path length of the gas atoms. The

following inflow and outflow rates of this layer are taken

into account (in brackets: controlling parameter):

mass transfer rate from the turbulent streaming coolant

through the boundary layer (mass transfer coefficient h),

desorption rate from the adsorped species on the surface

(desorption coefficient^ ) ,

evaporation rate from the species sorbed in the volume

of the wall (solubility),

adsorption rate to the surface (Brownian velocity v),

volume sorption or penetration rate into the wall material

(penetration coefficient 1-6 as a measure for the probabi-

lity that a caesium atom hitting the surface is sorbed

within the volume and can diffuse into the material).

The evaporation rate is set proportional to the surface volume

concentration. Thus, it is correlated with the diffusional

flow into the wall material. The evaporation rate is only im-

portant in case of low solubilities, low diffusivities or

high penetration coefficients. The evaporation rate is neglected

in this analysis. Furthermore, it is assumed that the desorption

coefficient does not depend on the adsorptive surface concen-

tration, that any caesium atom hitting the surface is either

adsorbed on the surface or absorbed in the volume (sticking

probability = 1) and that adsorption is nonactivated. Under

these conditions the steady state values for the adsorptive

surface concentration Sa and for the amount sorbed by the

volume and diffused into the material S-, are given by
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s -
a (I.

where

C : caesium concentration in the flowing helium

t : time at equilibrium

= 1 • 10 1 1 exp (-Q/RT ) s"1

R : absolute gas constant

Ts : surface temperature k : Boltzmann constant

TQ : gas temperature m : mass of caesium atom

Using the above equations, the desorption energy Q and the

penetration coefficient 1-B for Incoloy 800 are derived from

three measurements:

off-line measurement of total surface activity A ,
s

on-line measurement of total surface activity before and

after desorption,

- water leach L

The upper limit for Q is given by the total surface activity

Ag assumed to be due to adsorption only, the lower limit by

the smallest water leach fraction Min(LH n ) . The upper limit

for 1-B is given by the difference between A and Min (LH )
s 2

the lower limit by the smallest surface activity after desorp-

tion. In this way each experiment has been analyzed separately,

The results of the individual tests are then combined to a

general parameter set including uncertainty ranges which

describes all experiments consistently.
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The following parameters were obtained for Incoloy 800 at

temperatures between 6 00 and 8 00 °C:

Q = 234 + 13 kj/mole 1 - 6 = 1 . 10~5 + 1 ' 1 0 ,
~ 9 . 10"6

All Incoloy 800 experiments can be described with the above

parameters. This is demonstrated in Fig. 4a, b, where the cal-

culated time dependence of the local surface activity and

the final axial plate-out profile (computer code RADAX) are

compared with the measurements of test No. 4. The measured

data fall well within the calculated limits.

For the analysis of the Inconel 617 experiments the water leach

fractions have been rejected, because of the large experimental

scatter. Furthermore, test No. 6B was excluded because of its

special temperature history. With the given preexponential

factor of the desorption coefficient (1 . 10 s ) the desorp-

tion energies derived for the different temperatures vary

significantly. However, the results from all Inconel 617

experiments can be represented very closely by a linear

relationship with temperature yielding

Q = 230 _+ 8 kJ/mole at 700 °C

Q = 268 _+ 8 kJ/mole at 900 °C.

The penetration coefficient and its uncertainty range is

determined solely from the variations of the local surface

activities after desorption giving

r6

,-7 '
1 - 0 = 1 . 10"6 + 3 . 10

9 . 10

The comparison of deposition results calculated with these

parameters and measurements is shown in Fig. 5a, b for the

experiment No. 7. During the desorption interval the measured

activity decrease is markedly slower than calculated (Fig. 5a)

The agreement in respect to the final axial plate-out profile

(Fig. 5b) is excellent.
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3.4 Discussion

For an easier data analysis the evaporation from penetrated

species was neglected because the analytical methods and

the restricted parameter range of the experiments do not allow

a detailed analysis of such a process. Even, if this neglect

is not valid for longer deposition times, its influence is

effectively compensated by the lower limit of the penetration

coefficient.

The other important assumption of this evaluation concerns the

" relation between desorption energy and surface concentration.

In several cases other authors observed a decrease of the de-

sorption energy at high concentrations (Temkin adsorption iso-

therms) . The highest surface concentration of the present ex-

periments is 5 • 10 caesium atoms/cm2 (test No. 1,2), i.e.

a ca. 10 % monolayer coverage with an assumed roughness factor

of 10 (real surface/geometric surface). The surface concen-

trations of the other tests lie below this value by about a

factor 10. For these low values the assumption of concen-

tration independent desorption energies appears to be justi-

fied.

The experimental result of a linear increase of the desorption

energy with temperature for Inconel 617 must be regarded as

an empirical relationship for design purposes only. It also

could be described by a strongly reduced, but constant

desorption energy. But in this case the preexponential factor

would have unrealistically low values. Equally unlikely is

the suggestion that the low apparent temperature dependence

is entirely caused by activated adsorption. This would lead

to untypically high activation energies which also would

give rise to adsorption rates much lower than those measured.

Another proposition, that relatively high penetration rates

are counterbalanced by evaporation at an early stage of the
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experiment, could explain the effectively reduced temperature

dependence and some of the extremely low water leach values.

However, this view is contradicted by the kinetics during the

desorption intervals where the majority of the surface concen-

tration is desorbed without a significant loss due to the

diffusion into the wall.

As a result, we favour the hypothesis that for Inconel 617

the desorption energy is a property of the outer oxide layer

(e. g. heterogenuous surface structure) which itself depends

on the temperature at which it has been produced. Consequently,

it is not surprising that the desorption energy changes with

temperature. This hypothesis is supported by the low plate-out

profile of test No. 6B, because it represents virtually the

deposition at 800 °C on an oxide layer formed at 700 °C.

Some of the low water leach values for the Inconel 617 samples

probably can be explained by physical surface conditions which

prevent wetting or by chemical bonds between caesium and the

surface which prevent solution. At any rate, low water leach

values do not necessarily indicate high diffusive deposition

fractions.

Despite the above argument against a highly activated adsorp-

tion, this mechanism with the assumption of a moderate acti-

vation energy could explain the slow activity decrease observed

during the desorption intervals (Fig. 5a). If this activation

energy is added to the "desorption energies" derived above for

Inconel 617, the calculated equilibrium values for the adsorp-

tive surface activities are unaltered, but the desorption rates

are reduced significantly in accordance with the experiment.

The deposition of test No. 7 (Fig. 5a) has been recalculated

with this model using an activation energy for adsorption of

80 kJ/mole and an desorption energy of 230 + 30 kJ/mole

(at 700 °C). The results given in Fig. 6 show an excellent

agreement with the on-line measurements. Thus, this interpre-

tation of the Inconel 617 experiments will not be excluded.
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4. Applications

The plate-out parameters found for Incoloy 8 00 have been

applied to a long-term experiment in the Dragon reactor.

This experiment was already evaluated in /2/, but only pro-

visional data for the caesium partial pressure and theore-

tically estimated plate-out parameters were used.

The Incoloy 800 material of this experiment was installed as

an inner liner in the hot gas duct. It was exposed to the

outlet coolant from the core for 480 days (1973-75) at

680 °C. The Cs-137 partial pressure in the coolant during

this time was measured in-pile /3/ and is illustrated in

Fig. 7a. Figure 7a also shows both the calculated accumulations

of the total Cs-137 surface activity and of the diffusive

fraction. In Fig. 7b the measured and calculated, activities

at the end of the operation are compared showing good agree-

ment. Thus, the Dragon Hot Gas Duct experiment demonstrates,

that the results from the helium loop facility can be applied

for long term operation under realistic HTR conditions.

The plate-out parameters from this work for Incoloy 800 were

also applied to the primary circuit of the THTR-300 in order

to assess the sensitivity of the uncertainty ranges.

Incoloy 800 is used in the THTR-300 for components at the hot

end of the primary circuit, such as the hot gas duct, the re-

heater and the superheater. The downstream components are con-

structed of ferritic materials.

The deposition of caesium in this circuit has been calculated

(code RADAX) using known mass transfer correlations and the

plate-out model as described above. The expected values and

the upper and lower limits for the Incoloy 800 parameters

were applied together with typical plate-out parameters for

ferritic materials.
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The calculated results are shown in Fig. 8. The range of the

Incoloy 800 parameters affects clearly the surface activities

of all components downstream the Incoloy 800 region. The

upper limits cause higher deposition levels on the Incoloy 800

surfaces but lower activities on the ferritic components be-

cause of depletion in the coolant. In most parts of the cir-

cuit maximum and expected values of the surface concen-

trations differ by less than a factor 2. The ratio between

maximum and expected values rises to about 4 in a restricted

area of the superheater only, where the adsorptive fraction

is dominant. This bandwith is more than acceptable for design

purposes.

5. Conclusions

A consistent set of plate-out parameters for caesium on

Incoloy 800 and Inconel 617 has been derived from de-

position experiments in a helium loop facility.

- The good agreement between the calculated and measured

deposition of a long-term reactor experiment demonstrates

the reliability of these parameters for predicting

caesium plate-out in an HTR primary circuit.

- The uncertainty ranges of the parameters cover variations

of operational conditions, material properties and limi-

tations of the plate-out model. Their effect on the acti-

vity distribution in the primary circuit is acceptably

low for design purposes.
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Table 1: Typical Values for the HRB Plate-out Loop

He-Pressure

He-Circuit Inventory-

Mass Flow Rate

Reynolds Number

Mass Transfer Coefficient

Cs Partial Pressure

Wall Temperature

Gas Temperature at the

Absolute Filter

3

80

18

6000-7000

20-30

10-12-10-H

600 - 900

^50

bar

g
kg/h

cm/s

bar

°C

°C

Table 2: Chemical Composition of the Test Materials

c
Si

Mn

P

S

Mo

Cr

Ni

Co

Ti

Al

Cu

Fe

Incoloy

0.038

0.34

0.70

-

0.004

-

19.92

"hi.o

0.43

0.36

0.25

800

0.04

0.29

0.73

-

0.004

-

19.86

31.2

0.88

0.41

0.30

remainder

0.020

0.41

0.81

0.011

0.005

-

21.75

33.39

0.51

0.45

0.07

Inconel

0.063

0.08

0.03

-

0.003

9.10

21.9

54.8

12.0

0.58

1.30

-

0.10

617

0.070

0.21

0.09

0.005

0.005

9.17

21.41

54.10

12.10

0.43

0.96

-

1.29
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Table 3: Deposition Experiments with incoloy 800

Test No, S
°C

T

°C 10 bar

Time

d nCi/cm2
HUO-Leach

%

1
2
3
4
5

620 -
618 -
697 -
693 -
800 -

590
590
707
704
750

627 -
628 -
706 -
720 -
854 -

605
600
668
698
758

3.4
4.1

16
13
1.1

23
43
50
50
27

8 -
4 -
2 -

0.7 -
0.03 -

20
14
4.5
1.5
0.08

48 -
40 -
19 -
38 -
22 -

64
54
22
41
40

Tq: wall temperature at inlet and at outlet of sample tube
1 i inlet - outlet gas temperature
p : caesium partial pressure
A_f Cs-134-activity deposited at the end of the experiment (Cs-133/Cs-134 = 8000 - 12000)

fraction of A accessible to and soluable in water at 80 °CsH2O-Leach:



Table 4: Deposition Experiments with Inconel 617

Test

No.

Ts
°C

TG
°C 10 iJ- bar

Time

d nCi/cm2
H-O-Leach

6 A
B

7
8
9
10

700
800

710-694
808-804
803-799
906-902

725 -
818 -
710 -
823 -
811 -
893 -

691
784
692
785
793
881

1.4
1.4
4.0
2.1

22
2.4
46
31
60
35

0.3 -
0.1 -

5 -
i _

10 -
3 -

0.7a>
0.2
9 .
2a)
25
4

_
1 -
41
-

3 -
40 -

4

5
64

T
s: wall temperature at inlet and outlet, TQ: inlet - outlet gas temperature
PCs:caesium partial pressure
A : Cs-134 activity deposited at the end of the experiment (Cs-133/Cs-134 = 7000 for No. 6
s ' = 700-1000 else where)

I^O-Leach: fraction of As accessible to and soluable in water at 80 °C
a) measured in-pile in advance of final desorption interval
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MONITORING EXPERIMENT OF GASEOUS FISSION PRODUCTS IN THE
PRIMARY COOLANT HELIUM DF OGL-1

H. Terada, T. Saruta, K. Suzuki, N. Wakayama, I. Aoyaraa
Japan Atomic Energy Research Institute
Tokai-mura, Naka-gun, Ibaraki-ken

Japan

Abstract

The experiments were carried out to develop a monitoring method of
f i ss ion products in the primary coolant helium of the experimental
VHTR(Very High Temperature Reactor). In the experiments, the high-
temperature in-pi le gas loop OGL-1 (Oarai Gas Loop-l)was used to simulate a
primary circui t condition of the VHTR. The monitoring system consists of a
conventional wire-driving precipitator and a Ge gamma-ray spectrometer.The
gross counts due to fission products in the primary circui t are measured by
the p r e c i p i t a t o r , and the gamma-ray spectra of the f i s s ion products are
monitored by the Ge spectrometer for identification of the fission product
nuc l ides . I t was observed that gross counts due to f i s s ion products
released from coated par t ic le fuel samples change significantly depending
on the reactor power and the i r r a d i a t i o n temperature in the manner of
10cps(12MW, 35O°C), 150cps(50MW, 1100°C) and 325cps(5OMW, 1350°C).
Individual contributions of each fission-product nuclide to the gross count
were monitored in d e t a i l by the Ge gamma-ray spectrometer. I t was
determined that the gross inventory of the fission-product ac t i v i t i e s was
3.4X10'''''" Bq(9.2 Ci) refered to the primary coolant of the experimental VHTR
and the s e n s i t i v i t y of the experimental monitoringsystern was 9.6x10 *"
cps/Bq(35cps/Ci) as the equivalent ac t iv i ty to Kr-88. Also, i t was shown
that the r e l a t i o n between the gamma-ray peak-counts of the ind iv idua l
nucl ides and the fuel temperature can be represented by exponent ial
functions in the range of the fuel temperature from 350 °C to 1350 C.
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1 . In t roduc t ion

Coated fuel p a r t i c l e s used in a h igh- temperature gas-cooled r eac to r
r e l e a s e f i s s i on products s l i g h t l y to the primary coolant helium even in
a normal o p e r a t i o n c o n d i t i o n . Moreover i t i s i n e v i t a b l e for t h e r e a c t o r
t h a t the f u e l s loaded i n i t i a l l y have d e f e c t i v e p a r t i c l e s in s m a l l
f r a c t i o n s . Also, the var ious in -core components made of g raphi te conta in
i m p u r i t y uranium as l o o s e s o u r c e s of f i s s i o n p r o d u c t s i n the h i g h -
t e m p e r a t u r e o p e r a t i o n . T h e r e f o r e the pr imary c o o l a n t h e l i u m c o n t a i n s
normal ly r a d i o a c t i v i t i e s due to f i s s ion products , and the a c t i v i t y l e v e l s
change s i g n i f i c a n t l y depending on the v a r i o u s r e a c t o r c o n d i t i o n such as
r e a c t o r power, f u e l t e m p e r a t u r e , n e u t r o n f l u x , bu rn -up r a t e and o t h e r s .
This i s a q u i t e d i f f e r e n t p o i n t from c o n v e n t i o n a l l i g h t water r e a c t o r s .

On the bas i s of those c h a r a c t e r i s t c s of f i s s ion-produc t r e l e a s e from
the. c o a t e d p a r t i c l e f u e l s , i t i s proposed in the d e s i g n of the h i g h -
temperature gas-cooled r eac to r s t h a t t he r a d i o a c t i v i t y l e v e l of gaseous
f i s s i o n p r o d u c t s in the pr imary c o o l a n t i s adoped as a c r i t e r i o n of the
fuel design l i m i t . Thus has been planned to prepare a monitoring system of
t h e p r i m a r y f i s s i o n - p r o d u c t s as a r e a c r o r - s a f e t y s y s t e m f o r t h e
experimental VHTR under designing of cos t ruc t i on . In the monitoring system,
the i n t e r e s t i n g quan t i ty is the e q u i v a l e n t a c t i v i t y to Kr-88, c i r c u l a t i n g
in the primary coo l ing system. That i s :

n
I E e f f ( i ) - I i

Kr-88 equivalent activity [ Bq ] = i=1 (1)
Eeff(Kr-88)

where ,
Eeff(i) : effective energy of the i-th nuclide of rare gas fission

products ,
m

Eeff(i) = I Eij-Yij (2)

Eij : energy of the j - t h gamma-ray emitted from the i - t h nucl ide
Yij : emi t t ion r a t e per d i s i n t e g r a t i o n of the j - t h gamma-ray from

the i - t h nucl ide
I i : a c t i v i t y of the i - t h n u c l i d e s of the r a r e gas f i s s i o n

produc t
In order to monitor the quan t i ty r e l a t e d to the r eac to r sa fe ty system,

informations for i d e n t i f i c a t i o n of nuc l ides must be obtained with the high-
r e l i a b l e de t ec to r system. Therefore, i t was designed tha t a convent iona l
w i r e - d r i v i n g p r e c i p i t a t o r and a Ge gamma-ray spectrometer were coupled for
m o n i t o r i n g of gaseous f i s s i o n p r o d u c t s . The g r o s s coun t s due to gaseous
f i s s i o n products in the primary c i r c u i t are measured cont inuous ly by the
r e l i a b l e p r e c i p i t a t o r , and gamma-ray s p e c t r a a r e measured by the Ge
de t ec to r in the constant period. Then the gross counts can be converted to
the e q u i v a l e n t a c t i v i t y to Kr-88 . On the b a s i s of t h i s i d e a , an
e x p e r i m e n t a l m o n i t o r i n g system of the pr imary f i s s i o n p r o d u c t s was
manufactured and connected to the primary c i r c u i t of the OGL-1.

In the e x p e r i m e n t , t he a c t i v i t i e s of the p r imary c o o l a n t h e l i u m in
the OGL-1 ,which a r e r e l e a s e d from coa ted f u e l p a r t i c l e samples under
i r r a d i a t i o n a t h i g h - t e m p e r a t u r e , were measured by the e x p e r i m e n t a l
m o n i t o r i n g sys tem for four o p e r a t i o n c y c l e s of the JMTR(Japan M a t e r i a l
Tes t ins Reac to r ) .
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2. Composistion of the monitoring system

Detector of the gross counts
A wire-dr iving p rec ip i t a to r was chosen as a r e l i a b l e detector . The

p r e c i p i t a t o r i s a c o n v e n t i o n a l type : the d e t e c t i o n e f f i c i e n c y . a n d the
s igna l - to -no i se r a t i o are very high e spec i a l l y for gaseous f iss ion products
such as various isotopes of krypton and xenon. The same-typed p rec ip i t a to r s
are used in gas-cooled reactors for fuel f a i l u r e detect ion. In our case,
the p rec ip i t a to r body and the dr iving c o n t r o l l e r were employed from market,
and an external counting e lec t ronic system was combined with.

Figure 1 shows the fundamental s t ruc tu re and the detect ion mechanism
of the p rec ip i t a to r . Table 1 shows the se t t ing-up in the experiment.

Ge gamma-ray spectrometer
A hyper pure Ge detector was used for gamma-ray spectrum measurement

in the moni to r ing system. G e n e r a l l y a Ge d e t e c t o r i s not admit ted as a
r e l i a b l e measuring devise for reactor instrumentation. In the monitoring,
the Ge detector works for check and iden t i f i ca t ion of the gaseous f i s s ion-
product n u c l i d e s which c o n t r i b u t e some counts to the p r e c i p i t a t o r . The
detector head was put into a cy l ind r i ca l lead sh ie ld ing (thickness 10cm). In
the s h i e l d i n g , a sample-gas r e se rvo i r (vo1ume 1000cm ) i s prepared r i g h t
under the d e t e c t o r head, as shown in Fig. 2. Table 1 shows performances
of the Ge detector .

Gas sampling system
The primary coolant helium gas is led to the p rec ip i t a to r and the gas

r e s o r v o i r with the Ge spec t rome te r through sampling p i p i n g s . F igure 2
shows^the gas sampling box which con ta in s the p r e c i p i t a t o r , the Ge
detec tor , gas r e se rvo i r with a lead sh ie ld ing , some va lves and mass-flow
c o n t r o l l e r s . The sample gas flow can be kept constant in any flow ra te from
zero to 1000cm /min. The flow rate r e l a t e s d i r e c t l y to the t r a v e l l i n g time
of the sample-gas from the i r r a d i a t i o n s e c t i o n in the OGL-1 to the
d e t e c t o r s . The t r a v e l l i n g time can be changed from 73 sec to 180 sec by
adjusting the flow ra te . In the normal s t a t e , the t r a v e l l i n g time is kept
in 180 sec with the flow r a t e of 100 cm /min.

3. High-temperature in -p i l e gas loop OGL-1

The OGL-1 i s an i n - p i l e gas loop i n s t a l l e d in the JMTR, where the
samples of coated p a r t i c l e fuels and mater ia l s can be i r rad ia ted in a high
tempera tu re c o n d i t i o n as a lmost same as in the r e a c t o r core of HTGR's.
Table 3 shows performances of the OGL-1. Figure 3 shows fuel e l ements of
the experimental VHTR and fuel samples of the OGL-1. Figure 4 shows a flow-
sheet of the OGL-1 primary c i r c u i t . In the f igure, the sampling point near
the o u t l e t of the i n - p i l e tube is shown. The distance between the sampling
point and the sampling box is about 20m, then the t r a v e l l i n g time through
the p ip ing i s about 60 sec . F i s s i o n products r e l e a s e d from the fue l
samples are c i r c u l a t i n g in the primary cooling c i r cu i t of the OGL-1 with
coolant helium gas. In the monitoring experiments, t r i s o coated p a r t i c l e
fue l s composed in fuel e lement were i r r a d i a t e d in the OGL-1. The
temperature of the fuel sample were heated up to 1350 °C with nuclear heat
and e l e c t r i c heater , and kept constant for the one operation cycle .
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4 . Results and discussions

The monitoring experiments were car r ied out for four operation cyc les
of the JMTR as shown in Table 4 . The following r e s u l t s were summarized.

Monitoring in the power-up step
The ou tpu t s i g n a l s of the p r e c i p i t a t o r and the Ge d e t e c t o r were

moni tored c o n t i n u o u s l y du r ing the eve ry o p e r a t i o n c y c l e . F igure 5 shows
behaviors of the output counting measured during the power-up steps in the
No. 68 o p e r a t i o n c y c l e of the JMTR. One can obse rve t h a t the g ro s s counts
due to f i ss ion products re leased from the fuel samples change s i g n i f i c a n t l y
depending on the reac tor power and the fuel temperature i.e.,10cps(12MW,350
°C), 15Ocps(5OMW,l100 °C) and 325cps(50MW, 1350 °C). F igure 6 shows the
r e l a t i o n between the counting ra tes and the fuel temperature. However the
Ge detec tor system has higher counting ra te than the p r e c i p i t a t o r , i t can
be seen t h a t the response of the p r e c i p i t a t o r i s f a s t e r than the Ge
detec tor . Once the OGL-1 has been of steady s t a t e , the both counting r a t e s
a l s o become steady.

Gamma-ray spectrum monitoring
Figure 7 shows an example of gamma-ray s p e c t r a measured by the

mon i to r i ng system. Figure 8 shows i n d i v i d u a l peak -coun t s of v a r i o u s
f iss ion-product nucl ides measured in the same power-up steps of the JMTR
No. 68 o p e r a t i o n c y c l e . Changes of the r e a c t o r power and the fue l
t empera tu re in the each s t e p are shown in the lower h a l f of the same
f i g u r e . The peak -coun t s due to s h o r t - l i f e n u c l i d e , Kr-89 (Tj/£=3.18min)
increase in step with the reactor power and the fuel temperature. Those due
to l o n g e r - l i f e n u c l i d e , Xe-135 (T 1/2 =9.10hour) , however, show a s low
response and do not follow the s teps . Consequently, ind iv idua l responses of
the var ious nuc l ides depend on each h a l f - l i f e . The every peak-count keeps
constant a f t e r once the OGL-1 has reached a steady s t a t e opera t ion.

I t can be sure that ind iv idua l r a t i o s of the f i ss ion-products ex i s t ing
in the primary coolant helium gas of the OGL-1 are almost constant during
the operation cyc les . Table 5 shows the ind iv idua l concentrat ions of the
represen ta t ive f i ss ion-products measured in the steady s t a t e .

Behaviors of the peak-counts with the fuel-temperature
Figure 9 shows the r e p r e s e n t a t i v e peak-coun t s of f i s s i o n - p r o d u c t s

changing with the fuel temperatures in the power-up s teps . In the f igure,
t h e r e a re f i v e l i n e s of Kr-89, Kr-88, Kr-87, Xe-138 and Xe-135. That i s :
the r e l a t i o n between the ind iv idua l peak-count and the fuel temperature can
be represented by an exponential function as ,

C = Coexp(aT) + CT (3)
The each l i ne has ind iv idua l s lope. The slop of a l ine for the longer

1ife-nuc 1 ide, Xe-135 is more rapid than that for the shor ter l i f e nucl ide
Kr-89. The ex - v a l u e s in the e q u a t i o n (3) were de termined from the s l o p e s
of those l i n e s . Figure 10 shows the a - v a l u e s for the various nucl ides in
r e l a t i o n wi th the decay c o n s t a n t s . In the f i g u r e , the l i n e i s not a
s t r a i t l i n e and i s u p p e r - c u r v e d . I t seems t h a t the c h a r a c t e r i s t i c i s
r e l a t e d d i r e c t l y with r e l ease mechanism of f i s s ion products from the fuel
samples under i r r a d i a t i o n in the OGL-1.
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5. Conclusion

A monitoring method of the primary gaseous fission-products in HTGR's
has been developed using a w i r e - d r i v i n g p r e c i p i t a t o r coupled with a Ge
gamma-ray s p e c t r o m e t e r . l t was found c l e a r by the experiment tha t the
i n d i v i d u a l e x i s t e n c e r a t i o s of gaseous f i s s i o n - p r o d u c t s in the primary
coo lan t helium gas were kept cons tant in the steady s t a t e of the OGL-1
operation. Therefore, counting rates of the precipi ta tor can be converted
to the Kr-88 e q u i v a l e n t a c t i v i t y , then the counting r a t e , 325cps of the
p r e c i p i t a t o r i s e q u i v a l e n t to 3.4xlO n Bq (9.2 Ci) as the inven tory
a c t i v i t y of the experimental VHTR. The s e n s i t i v i t i e s of the monitoring
system for the e q u i v a l e n t a c t i v i t y were summarized in Table 6. In the
design of the experimental VHTR, a normal l eve l of the equivalent a c t i v i t y
is estimated as 1.85x10 2Bq (50 Ci). The counting r a t e of the monitor ing
system wi l l become up to 1.77x1(7 cps in this condition. As a c r i t e r ion of
the fuel design l i m i t i s determined as l . S S x l O ^ q (500 Ci) , the counting
rate will be 1.77x10 cps.

It was made sure by the experiments in the power-up s teps tha t the
various peak-counts due to fission products in the primary coolant helium
were changed just exponentialy with the fuel temperatures in the range from
350°C to 1350°C. Using the l i n e in Fig.10, the exponent ia l c h a r a c t e r i s t i c
with the fuel temperature can be evaluated for various in teres t ing f ission-
products released from the fuel samples in the OGL-1.

The same kind experiments should be c a r r i e d out for d i f f e r e n t fuel
samples.
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Table 1 Setting-up of the precipi ta tor

applied voltage to the soak chamber +300 volt
soak time 60 sec
high-voltage to the photo mult ipl ier +1700 volt
sample gas flow rate 100-900 cm /min
purge gas flow rate 100 cm /min

Table 2 Performances of the Ge detector

detection efficiency
energy resolution
operating high-voltage

13.5 %
2.5 keV

1500 volt
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Table 3 Performances of the OGL-1

coolant high purity helium gas
pressure 3.0 MPa
gas temperature 1000 C
flow rate 60 g/sec

Neutron
fast flux
thermal flux

Fuel heat power

dimmension of
the test section

1.0x10 n/cm2 sec
i.OxlO n/cm sec

43 kw

80 mm(I.D)x75O mm(height)

fuel rods loading 3 rods

sample
(83LF-23A)

Table 4 Schedule

enrichment 19.5% UO
triso particle

of the experiments

1985
1 2 3 4

67 68

5 6 7 8 9 10 11 12

69 70

83LF-23A
OGL-1 sample

Table 5 Concentrations of the rare-gas fission-
products in the OGL-1 primary circuit

Nuclide Eeff
[MeV/dis]

Concentration
[yCi/cm3]

" TCr
87Kr
88 K r

89 K r

13 3 X e

1 35Xe
137Xe
138Xe

0.158
0.793
1.949
2.067

0.03
0.248
0. 181
1.181

8.03x10
3.38x10
1.99x10
1.3 xlO

3.60x10
2.32x10
3.17x10
5.00x10

-1+

-1+

""*

"5

~h

~4
-14
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Table 6 Sensitivity of the monitoring system

precipitator

Ge detector

88T;35 cps/Ci ( Kr equivalent)

95 cps/Ci ( it )

Exhaust

Precipitator

To measuring electronics

K R s
Xe-»Cs->Ba

t
Sample Purge gas

gas

- 1 Fundamental structure and the detection mechanism
of the precipitator
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Fig. 2 Sampling system containing a Ge spectrometer and
a precipitator

VHTR
fuel element

OGL-1
irradiation samples

hanger rod

graphite
block

plug

coated particle

Fig. 3 VHTR fuel element and OGL-1 irradiation samples
of coated particle fuels
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OGL-1
sampling point

regenerative
heat exchanger

secondary cooling system

L
UCL

JMTR

t cooler

heater

primary cooling system

circulator
He supply system

—ixj

Liq. N2

•§ cold charcoal trap

Fig. 4 OGL-1 primary cooling circuit

1000 . .

= start-up step in the No. 68 operation cycle
'=== of the JMTR

500-^

OGL-1
Heat-up

Ge detector

50 MW
Fuel temperature

5 0 MW
Fuel temperature

~1350°C

Pr-^cipitator ;

Elapsed time (hour)

Fig. 5 Counting rates of the precipitator and the Ge
detector in the power-up steps
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Abstract

Fission Products(FP), released from the U0? fuel kernels,

circulates in the primary circuits of the VHTR reactor and deposits on the

surface of circulation components during operation.

An in-pile helium gas loop OGL-1 which simulates the VHTR coolant

condition is installed in the JMTR reactor. The distribution of the FP

Plate-out had been measured by a non-destructive method using germanium

detectors. .

The reactor coolant removes the FP from the reactor core and

deposits Cs at temperature area of 400°C and I at 300°C.

In case when the OGL-1 fuel was replaced to a new specimen which
137

have lower FP release ratio, it was found that the deposited nuclide of Cs

constantly removes from the inner surface of high-temperature pipes of 600°C

and redeposits to the temperature area of 400°C.

Furthermore, this non-destructive method is possible to measure

the short half-life noble gas nuclides which a conventional gas sampling

method failes to measure. The experiment of dust filter installed in the OGL-1

primary circuit has been continued to study on plate-out mechanism.

Results have been used for verification of the plate-out analysis

code and the design of the experimental VHTR components.
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1. Introduction

Fission products(FP), released from the UCL fuel kernels, circu-

late in the primary circuits of the VHTR reactor and are deposited on inner

surface of the components during operation. The study on FP behavior, there-

fore, is very important for shielding design and safety analysis in VHTR

reactor.

An in-pile helium gas loop OGL-1 which simulates the VHTR coolant

condition is installed in the JMTR reactor. Then, the plate-out study is

carried out using the primary circuit of OGL-1 loop for

a. measurement of plate-out distribution in the primary circuit of

OGL- 1,

b. plate-out measurement in small size specimen,

c. hot gas filter and dust filter experiment,

d. development of the plate-out computer program.

This paper describes a measurement of plate-out distribution in

the primary circuit of OGL-1.

2. Measuring meathod

The distributions of the FP plate-out had been measured by the

non-destructive meathod using the handy type pure germnium[Ge] detectors

[]][2]. Handy type Ge detectors were designed in order to be use in the narrow

space of the OGL-1 duct room.

Gamma( Y) ray spectrums through outside of the wall of the pipe

were measured at 15 points along the OGL-1 primary circuit, (see Fig. 1) At

each measuring point, the well type lead collimeter which had 10 cm thickness

and 4 cm x 1 cm rectangular window was used to decrease the back ground, (see

Fig.2)

The pure Ge detectors had a crystal size of about 44 mm in

diameter and about 56 mm in length. Their full width at half maximum(FWHM)

energy resolution were from 1.9 to 2. 1 KeV and peak detection efficiencies

were about 13 % (cf; 1.33 MeVY-rays and 3"x3" Nal(Tl) detector).

Measurements of Y-ray spectrum were carried out twice at the each

measuring point to get a net counting rate. In the first measurement, the

collimater window was closed with a lead plug and secondaly, it was opened

during the counting. The counting time was either 15 or 20 hours. Peak

energies and peak counting rate ofY-rays were determined by the computer. The

plate-out densities were caluclated from the net peak counting rate using a

conversion coefficient [3] which had been obtained from the calibration data

for each detector.
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3. Results

The OGL-1 has been operated at high temperature for more than 365

days since the plate-out measurement had started in Jun,1979. This paper is

related JMTR operation from #57 to #63 cycle and during this time, three fuel

elements were irradiated for their own purpose. Irradiation conditions listed

in Table 1.

The typical plate-out distribution data which were measured along

the primary circuit during shut down period after each cycle are shown in

Fig.3 and Fig.4. The nuclide of I is mainly deposited between 350°C and

250°C temperature area and Cs is mostly deposited 400°C area.The data

before #58 JMTR operation cycle were already reported in the international

conference at B.N.L.[4].
13 I

The Fig.3 shows that I release ratio of 6th fuel is lower than

that of the 5th.On the other hand,Fig.4 shows the plate-out quantity of Cs

in #59 cycle between high temperature duct No.1 and before No.1 heat exchanger

is a low level as compared with JMTR #58 cycle data. This new phenomenon is

also found between 6th and 7th fuel irradiation cycle.

Before #63 operation cycle, the mesurement points from No.8-1 to

No.8-4 were settled on a middle temperature area in order to make clear the

deposit region of Cs nuclides removing from the high temperature region.

Concequently,the plate-out distribution data of #63 cycle in Fig.4 reviewed

that a major redeposited region of Cs was between No. 1 and No. 2 heat

exchanger part.

Fig.5 shows #59 and #60 cycles data which had not been measured at

measuring points No.8-1,8-2,8-3 and 8-4 during both cycles and therefore, was

estimated by #63 plate-out data. The quantity of Cs removed from the

release region in Fig.5 was equal to the amount of the transfer and redeposit

region between high temperature duct No.1 and before No.l heat exchanger.

After the JMTR #57 cycle,the plate-out activity at the measuring

point No.4 and No. 7 was continuously measured during operation of OGL-1 using

handy type Ge detectors which have automatic liquid helium supply systems.
137

Fig.6 shows a plate-out level of Cs at the No.4 and No. 7 measuring points.

As it is clear from figure above mentioned, Cs is released from inner

surface of high temperature duct and' transferred to the 'middle temperature

duct. This measuring system in OGL-1 operation can also count the Y~rav from

the noble gases. The comparison data to the sampling method are showed in

Table 3. This non-destructive method using Ge detector can conut not only long

life noble gases but also short life noble gases and decide a concentration of

noble gases nuclides.
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The OGL-1 conditions during the reactor operation from #57 to #63

were summarized in Tables 1 and 2.

Concerning the behavior of the graphite(Gr) dust, the Gr dust

filter examination was started in Nov.,1984. The first Gr dust filter is taken

out from OGL-1 and now beeing put into the post irradiation tests using this

non-destructive measurement technique.

4. Summary

As a result of investigating many plate-out data, transefer of
137

Cs is constantly caused during first operation cycle when OGL-1 fuel is

replaced to a new one which have lower FP release ratio.

The transferred nuclides of Cs in the temperature area from

600°C to 400°C is redeposited on inner surface between 400°C and 300°C area.

This repeatitive phenomenon is seemed that nuclides of Cs is full deposited

on inner surface of that the high temperature area of about 600°C and,there-

fore , the release ratio is higher than deposition ratio.

This non-destructive measuring system can decide a concentration

of noble gases which a conventional gas sampling method failes to measure.

5. Acknowledgment

The authers are deeply indebted to Dr.Okamoto for his support of

this work and express gratitued to Irradiation Division II. Thanks are

especially due to Toru Saruta for his advice concerning the Gr dust filter and

Katsumune Yamamoto and his colleague for gas sampling.

References.

1. H.TERADA.et al.,"Non-destructive Measurement of Fission Product Plate-out

using In-situ Ge(Li) Gamma-ray Spectrometer" ;Second U.S-Japan Seminer on

HTGR Safety Technology Vol.1(1978) 15 1-161.

2. M.KATAGIRI,et al.,"Measurement of FP Plate-out using a Portable Ge(Li)

detector,Preliminaly Measurement of FP Plate-out with OGL-1"; JAERI-M-

7579. Japan Atomic Energy Research Institute (1978).

3. O.BABA,et al./'Conversion Coefficient for FP Plate-out Measurement in

OGL-1".JAERI-M-9593.Japan Atomic Energy Research Institute (1981).

4. N.TSUYUZAKI,et al.,"Fission Product Plateout Measurement in OGL-1"; Third

U.S-Japan Seminer on HTGR Safety Technology.B.N.L.(1982).

- 366 -



tab la 1 Irradtacioa a i l codes at ch« OGZ.-1 Fuels

OGL-1
Fuel Cycle

*
5 th

6ch

7eh

JKIS
Cycle

57th

58th

59th

60 th

61ac

«3rd

Stareup date
Shutdown dace

1982.Jan. 19
1982.Feb. 13

1982. >iar. 13
1982.Apr. 7

1982.Jun.12

1982.Jui. 7
1982 .Nov.21

1982.Dec.15
1983.Jaa.26

1983.Feb.18

Uave off
wo tic

1983.May.28

1983.Jun.22

irradiacion
Tiise (Hour)
( 1;
Accumulation

467.6
[2890.6]

525.2
[3415.8]

525.2

465.3

468.7

[934.0]

-

458.4

[1392.*1

Kax. 3uraup
(MB07T)
[ 1;
Accumulation

3544
[22961]

3757
[26718]

3563.0

3687.0

3519.0

[7206.0!

-

3319.0

[10525]

Max. Temperacure
of Fuel
comoact
CO

1362

1336

1490

1397

1396

-

1292

Max. Temperature
of He Cas at
Ouclet of Fuel Rod
CO

943

928

957

990

1001

-

1003

S 5th fuel vas started fro» 5 2th JHTR cycle

Table 2 Impurities and tneir concentrations
in the helium gas of Che OGL-1

Impurities

H2O
o2
N2

H2

CH<
CO
CO2

Concentrations

(vpm)

0.05—0.1
than Q . 1 3

0.3—0.6
less .
tnan Z

IS 0.25
than 0 . 2 5

Sd .14

Remarlca

•

detected in
ail irradiations

not detected in
seme irradiations

T a b l e 3 V e r i f i c a t i o n R e s u l t s of C o n v e r s i o n C o e f f i c i e n c

Nucl ide

Kr — 8 Sm

Kr - 3 7

K r - 8 8

X e - 1 3 3

X e - 1 3 5

X e - 1 3 5m

X e - 1 3 7

X e - 1 3 3

S ampi ing

C u C i / c m 1 )

( A )

3. 8 9 x I 0" '

7. 5 3 x I 0" '

3.7 3 X 1 0 "
1.0 8 x I o - '

3.0 8 x 1 0" '

9. 4 0 x 1 0" '

9. 1 5 x 1 0" J

1.9 2 x 1 0"'

Non-destructive
seasuring lethod

C i f C i / c i r f )

( B )
3.2 0 5 x l.O"1

9.4 7 7 X 1 0 " '

8.0 3 3 x I 0"'

-
4 . 3 6 5 X 1 0 - '

1.0 7 0 X 1 0 ' 1

-

2. 5 5 8 x 1 0" '

( A ) / ( B :

0.12 1

0.8 0 0

0.4 6 4
—

0.7 0 6

0.8 7 9
—

0.7 5 1
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SORPTION OF FISSION PRODUCTS ON GRAPHITE AND ITS INFLUENCE ON THEIR
RELEASE BEHAVIOUR IN A PEBBLE BED HTR UNDER ACCIDENT CONDITIONS

K. Verfondern, K. Hilpert, R. Moormann
KFA Julich

Federal Republic of Germany

Abstract

The core of the German HTR-500 with 1250 MW(th) contains several hundred

tons of graphite in the form of fuel elements and reflectors. In the case

of core heatup accidents, when fission products are released from the

coated fuel particles, this large graphite mass carries a high potential

for binding the metallic fission products cesium and strontium by chemi-

sorption and prevent their release into the environment. Based on avail-

able laboratory data iodine shows a much weaker sorption on graphite than

cesium and strontium. The computer code FRESCO was developed for examin-

ing the fission product behaviour in the pebble bed HTR under accident

conditions. Sorption isotherms and effective diffusion coefficients are

used in this code for the calculation of fission product transport and

retention in graphite.

Two methods are used in KFA for determining the sorption isotherms. The

first is high temperature mass spectrometry with a cylindrical molybdenum

Knudsen cell. It allows the measurement of partial pressures down to

10 Pa. The second method is the isopiestic measurement where the sorp-

tion of a certain element is determined at the same time for several sam-

ples, each being put into a crucible and placed in a molybdenum vessel.

Sorption isotherms have been measured so far on A3-3 fuel element matrix

for cesium (< 1500 K) and strontium (< 2000 K).

The sorption on graphite strongly depends on the kind of fission products,

their chemical form, their concentrations and the different graphitic

materials. Calculations with the FRESCO-code for the metallic fission

products show the extremely high dependence of the release on the sorption

isotherms. By the use of the sorpti.on isotherms of this work these compu-

tations yielded a drastically reduced calculated release of cesium and
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strontium compared to former analyses. For Instance, the Cs core release

from the depressurized HTR-500 during a core heatup accident will be

reduced from a 0.22 fraction, when no sorption on matrix is assumed, to a

0.001 fraction, when sorption at all temperatures is assumed. It is

assumed that the lower limit of the cesium release from the core (0.5 % in

the above case) is given by the iodine release due to the formation of

Csl, which probably shows no significant sorption effect on graphite.

Our computations show an urgent demand for the experimental study to

determine the sorbfcion isotherms of Cs on A3 matrix at high temperatures

(< 2000 K) and of Cs and Sr on the German type of reflector graphite,

which has not yet Jbeen investigated so far.

1. Introduction

An essential feature of the Pebble-Bed High-Temperature Reactor (HTR) is

its graphite core region. About 1 million spherical fuel elements made of

matrix graphite with a total weight of about 200 t forming the active core

of a medium sized HTR are enclosed in a graphite cavern serving as reflec-

tors with an additional several hundred tons of weight. In the case of hy-

pothetical core heatup accidents, when fission products are released from

the coated fuel particles embedded in the fuel spheres, this large amount

of graphite carries a high potential for binding fission products.

The pronounced chemisorption effect on carbon materials especially of

alkaline and earth alkaline metals is a well known fact: The colloquium on

"Transport of Fission Products in Matrix and Graphite" /3/, held at the

HMI Berlin in 1981, summarized the activities of different authors on the

field of determination and analysis of sorption and transport parameters

for metallic fission products in graphite.

The computer code FRESCO /I/ was developed at the Institute for Nuclear

Safety Research (KFA-ISF), to examine fission product behaviour in the

core cavern of a pebble-bed HTR under accident conditions. Apart from

diffusional (solid phase) and convective (gas phase) transport mech-

anisms, one of the main characteristics of this code is the evaporation
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The computer code FRESCO /I/ was developed at the Institute for Nuclear

Safety Research (KFA-ISF), to examine fission product behaviour in the

core cavern of a pebble-bed HTR under accident conditions. Apart from

diffusional (solid phase) and convective (gas phase) transport mech-

anisms, one of the main characteristics of this code is the evaporation

(release) of fission products from the fuel element into the cooling gas

and the sorption (deposition) on colder graphite surfaces, both processes

described by the model of sorption isotherms. In first safety analyses for

HTR, the sorption (deposition) process on graphite has been neglected

conservatively. Analytical work with the FRESCO code indicated that the

cesium release from an HTR core varies over several orders of magnitude if

different sorption isotherms within their range of uncertainty are assumed

/I/. Therefore, exact knowledge of sorption data is necessary for judging

the radiological consequences of severe accidents.

This paper first deals with the sorption model used in the FRESCO code,

followed by a brief description of the experimental methods for gaining

sorption data and some of the most important experimental results. Then a

parameter study for the prediction of fission product behaviour in a me-

dium sized HTR is presented. The last chapter gives a short review of fu-

ture work to be done in this field.

2. Sorption Model

The transition of fission products at the boundary between graphite and

cooling gas (see Fig. 1) is arranged in the FRESCO code by the model of

sorption isotherms which presumes the spontaneous adjustment of equilib-

rium. Sorption isotherms describe the relationship between equilibrium

vapor pressure and concentration of fission products (sorbate) in

graphite. They are usually given by the following equations:
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Release

Sorphon:

Cgas = a C g ,

Fission product' flux:

Cooling gas

Deposition

Distance

Fig. 1: Release and Deposition of Fission Products at the

Boundary Layer of Graphite and Cooling Gas

for the range of low graphite concentrations c < c (Henrian regime)1

In pH(Pa) = (A + B/T) + (D-l + E/T)*ln c + In c
H t gr

for the range of high graphite concentrations c > c (Freundlich regime)

In p-CPa) = (A + B/T) + (D + E/T)*ln c
i gr

where c (mol/kg) is the transition concentration from the Henrian to the

Freundlich regime, T (K) the temperature, and A, B, D, E are empirical

constants. Values for these constants have been obtained for various fis-

sion products over different types of graphite. For cesium and strontium

over matrix graphite they are given in Table 1 (Chapter 3).

The insertion of the ideal gas law into the equation for the sorption

isotherms leads to a relation between the concentrations of species in gas

and graphite

Identical to Langmuir regime at low pressures
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c = a c
gas gr

where the value of a containing the sorption characteristics is lying in
/ n

the range of 10" - 10"

3. Experimental Arrangement for Sorption Measurements and Results

Apparatus

Two methods are used for the determination of sorption isotherms of fis-

sion products on graphite at the Institute for Chemistry (KFA-ICH-4) /2/:

a) method of high temperature mass spectrometry with a Knudsen cell (dy-

namic technique)

b) isopiestic method (static technique)

Two Knudsen cell - mass spectrometer systems were used for the determi-

nation of sorption isotherms. The mass spectrometer of one system is a

single-focussing sector-type instrument /10/, modified substantially by

us. The second system was developed by ourselves /2/ and consists of a

quadrupole mass spectrometer and a double Knudsen cell. The Knudsen cells

were made from tungsten and molybdenum showing no chemical interactions

with Cs, Sr, and matrix graphite during the measurements. The dimensions

of the Knudsen cells are given in /2/. Pressures down to 10 Pa were de-

termined in the Knudsen cell.

For the second method, the isopiestic method, sorption measurements are

conducted in a high-vacuum furnace in which a cylindrical molybdenum cell

with inner dia. and height of 40 mm is placed. The cell contains various

samples each being put into a crucible and can be closed by a stopper at

high temperature and high vacuum. The loading of samples with a species

takes place via the gaseous phase until equilibrium is reached. This

isopiestic method is suitable for studying the influence of

graphitization, corrosion and BET surface in comparison to a reference

sample (for details see: Hilpert in /3/, p. 139).
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Experimental Results

Some of the most important results are listed below:

1. Sorption Isotherms for Fission Products on Fuel Element Graphite

Using Knudsen cell mass spectrometry, the partial pressure of fission pro-

ducts as function of temperature (Cs up to about 1300 C, Sr up to about

1700 C) was measured on A3-3 matrix powder (dia. 40 - 80 um) . The concen-

trations in graphite corresponded to both Henry and Freundlich regime. The

experimentally evaluated sorption isotherms for Cs resp. Sr are plotted in

Figures 2 and 3. They apply to unirradiated A3-3 matrix graphite. The cor-

responding analytical expressions (see Chapter 2) are found on the basis

of data given in Table 1. By variation of the orifice diameter and by com-

parison between Knudsen and isopiestic method, it was demonstrated that

these data represent equilibrium values.

Table 1: Sorption Isotherms for Cesium and Strontium on A3-3 Matrix

Graphite after Hilpert /2/

A B D E ct [mol/kg]

Cesium 3.604 1400. -3.118 6707. 0.00113

Strontium 10.50 -6222. -1.591 6163. 0.00015

The two different ranges of linear (Henry) and non-linear (Freundlich) re-

lation between vapor pressure and concentration are separated by the dot-

ted line. Obviously, there is a much stronger sorption capability of

strontium on A3 matrix compared to that of cesium.

Very few data are available for sorption behaviour of iodine on graphites.

They give evidence of much weaker sorption in comparison to the metallic

fission products Cs and Sr. Silver was also found to be only sorbed in

small quanities on graphite. Therefore, sorption both of iodine and of

silver on graphite has been neglected in accident analyses.
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2. Distribution in Matrix Graphite

The single components of A3-3 matrix graphite - natural graphite (64 wt%),

graphitized coke (16 wt%) and a coked resin binder (20 wt%) - have been

used in one of the isopiestic experiments for studying the distribution of

strontium within a fuel sphere. The experiment, in which an A3-3 sample

served as Sr-source, was carried out at 1400 C for 33 d. The measured

strontium concentrations, shown in Table 2, lead to the important result

that most of the Sr inventory in matrix graphite is bound at the coked re-

sin binder, a highly porous, nongraphitized material /2/. Additionally,

this was confirmed by sorption measurements on A3-3 matrix after selective

binder removal by corrosion /2/. Similar results have been obtained also

for cesium by others (Hoinkis in /3/, p. 77) and us. This effect leads to

the conclusion that diffusional processes into the graphite grain (filler)

of the fuel element matrix are not significant for modeling core heatup

accidents.

Table 2: Isopiestic Experiment for the Sorption of Strontium on the

Components of A3-3 Matrix Graphite /2/

Material Grain Size Sr Concentration Sr Fraction in Matrix

Natural Graphite 10 - 20 urn 5.2*10~4 3 %
-4

Graphitized Coke 30 - 40 urn 4.8*10 1 %
-2

Coked Resin Binder a 3 mm 5.0*10 96 %

3. Different Types of Graphite

Structural graphites such as the American type H-451 or the German types

ATR-2E and ASR-1RS (reference reflector graphite) are more graphitized by

treatment at higher temperature (= 2700 C) compared to A3 matrix graphite

(= 1950 C). The enhanced graphitization results in a reduced sorption

capacity as shown by an isopiestic experiment /2/. This was also confirmed

by American /4/ and English /5/ measurements.

4. Chemical Reactions and Co-Sorption

High-temperature mass spectrometry with a Knudsen cell equipped with a gas

inlet system was used (Hilpert in /3/, p. 139) to study the influence of
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water vapor and of the volatile fission product iodine on matrix graphite

containing Cs, Sr, and Ag. Reactions with H?0 have only been recorded with

the graphite, generating CO. On the contrary, iodine does not react with

graphite but with the fission product species cesium, strontium, silver,

forming comparatively volatile iodides thereby decreasing the fission

product retention of the graphite (Hilpert in /3/, p. 139)

The above mentioned data are valid for sorption of single species. For HTR

release prediction, multiple species sorption (= co-sorption) must be

taken into account. The competition of different fission product species

for the sorption sites can lead to a reduction of the overall sorption ca-

pability compared with single species sorption. This effect has been exam-

ined in more detail by Myers /4/ for the Cs-Rb system and by Zumwalt for

the Cs-Ba /6/ and the Cs-Sr /7/ system. Nevertheless, a conservative

treatment of co-sorption in fission product release calculations may be

necessary.

4. Prediction of Fission Product Release Behaviour in the HTR-500

In previous analyses /8, 11/ for the German HTR-500 with a thermal power

of 1250 MW, knowledge of input data used for the prediction of fission

product behaviour under severe accident conditions was still incomplete:

Regarding sorption, those former calculations did not differentiate ei-

ther between the fission product species Cs and Sr or between fuel element

and reflector graphite.

In the following, a parameter study is presented, which includes the im-

proved data situation. This study is based on a hypothetical risk-

dominating core heatup sequence in the HTR-500: loss of forced convection,

failing of all cooling systems, complete depressurization finished after

35 h. In this case, the maximum temperature in the pebble-bed rises to

about 2300 C. Because sorption isotherms on matrix graphite are still not

well known in the upper temperature range (esp. for Cs), the limit temper-

ature up to which sorption is assumed has been varied. Tables 3 and 4 show

the results for cesium and strontium, Fig. 4 and 5 the time dependent
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Table 3: Cesium Release (Rel.) and Retention (Ret.) Fractions of

Initial Core Inventory when Varying the Upper Temperature Limit

for Sorption on Matrix Graphite (Values after 250 h)

CP=Coated Part., FE=Fuel Element, TR=Top Refl., BR=Bottom Refl.

Cesiun1

for a l l Temp.

up

up

up

up

up

no

t o

t o

t o

t o

t o

1600 °C

1500 °C

1400 °C

1200 °C

1000 °C

Sorption

Rel .

3 7 . 6

3 7 . 6

3 7 . 6

3 7 . 6

3 7 . 6

3 7 . 6

3 7 . 6

CP

%
0/
/o

%

of
lo

la

V
la

%

Rel . Core

0.1 %

1.9 %

15.1 %

18.9 %

18.9 %

19.6 %

22.2 %

Ret.

36.8

34.4

14.2

8 .0

7.7

1.0

0 . 2

FE

h

o/
/o

o/
Jo

%

o/
/o

%

%

Ret.

0 .7

1.3

8 . 3

10.7

11.0

11.5

11.3

TR

%

/o

%

%

%

%

o/
/o

Ret

0 .

0 .

0.

0 .

0 .

5 .

4 .

•

01

5

0

BR

%

%
O)
Jo

a/
lo

a/
lo

0/
lo

%

Table 4: Strontium Release (Rel.) and Retention (Ret.) Fractions of

Initial Core Inventory when Varying the Upper Temperature Limit

for Sorption on Matrix Graphite (Values after 250 h)

Strontium Rel. CP Rel. Core Ret. FE Ret. TR Ret. BR

fo r

up

up

up

up

up

up

no

a l l Temp.

t o

t o

t o

t o

t o

t o

1700

1600

1500

1400

1200

1000

°C

°C

°C
°C

°C

°C

Sorption

35.3

35.3

35.3

35.3

35.3

35.3

35.3

35.3

o/
/o

0/
/o

0/
>0

o/
/'o

%

7a

0/
/o

/o

0.00003 %

0.01 7a

0.8 %

12.7 %

15.3 %

15.3 %

15.6 %

15.8 %

35.3

35.1

34.1

14.0

8.7

8 . 3

1.6

1.5
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/o

Ql
/o

%

o/
/o

0/
/o

o-
/o

0/
/o

O'
/b

0.0002 %

0 . 2

0 . 4

8 .6

11.3

11.7
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12.0

0/
/o

/o

/o

/o

%
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'O

/o

0 .

0 .

0 .

0 .

0.

0 .

6 .

6 .

03

0

0

0/
/o

%

/o

0/
la

o/
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Jo
o/
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%

curves of core release, fuel element inventory and top reflector inventory

for the two extreme cases (no sorption, sorption at all temperatures). The

following conclusions can be drawn from this computational investigation:

• A reduction of cesium release from the core by 2 orders of magnitude may

be expected if the assumed sorption isotherms, valid for the temperature
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range up to 1300 C could be extrapolated to the total range of accident

temperatures. The same holds true for the strontium release if the temper-

ature range over 1700 C can be extended to all temperatures. Due to the

already low absolute strontium release from the core in case of sorption

up to 1700 C, this reduction potential is not very significant for

strontium.

• With increasing limit temperature for sorption - i.e. smaller amount of

fission products released from the fuel elements - the relative signif-

icance of the top reflector increases. The ratio of top reflector inven-

tory to core release ranges from = 0

(all temperatures) for both Cs and Sr.

tory to core release ranges from = 0.5 (1500 C limit temperature) to 7

• The effective diffusion coefficients in graphite, closely coupled to

sorption processes, do not play such a large role as sorption isotherms

regarding core release: Their variation by 2 orders of magnitude results

in a core release differing by a factor of 1.4 for cesium and 3.5 for

strontium (after 200 h) . It is well known, that diffusion profiles of

cesium (Hoinkis in /3/, p. 77), not those of strontium, show some devi-

ations from simple Fickian behaviour (with an "effective" diffusion coef-

ficient); however, because diffusivity is not a sensitive parameter, a

more detailed model for fission product transport in graphite compared to

Fickian diffusion does not seem to be necessary.

• An approach for a conservative treatment of the co-sorption effect is

the reduction of the number of sorption sites by assuming a higher sorbate

inventory, in such a way that similar species like Sr and Ba or Cs and Rb

are summed up. This leads to a significant increase in core release only

in the case of strontium (approx. 1 order of magnitude, for sorption up to

1700 °C).

• Additional thermochemical calculations indicate that the fission prod-

uct compound Csl can be generated during core heatup accidents, however

the equilibrium partial pressure of gaseous Csl in presence of graphite

(Csl + C <==> Cs...C + I ) decreases with decreasing cesium concen-
g s S 8

tration in graphite. In line with the experiments on the Cs/A3-3/I - sys-

tem (Hilpert in /3/, p. 143), it was shown theoretically for the above
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mentioned core heatup sequence in the HTR-500 (high Cs concentrations,

partly > c ) /9/, that the chemical form of iodine released from the core,

is mainly Csl, resulting in an increase of the Cs core release. However,

because of the small iodine release in this core heatup accident, not more

than 0.5 % of the overall cesium inventory can be released as Csl.

5. Future Work

This computational analysis shows the sensitive reaction in fission prod-

uct behaviour on sorption isotherms. For strained risk analyses in future,

an improved and extended knowledge of sorption behaviour is urgently de-

sired. The most important aspects of further work are:

• Completion of sorption data for cesium over matrix graphite in the tem-

perature range up to 1800 C; additional investigation of the influence of

irradiation conditions (temperature, fluence) and the presence of multi-

ple species (co-sorption), especially the Cs-Sr system

• Measuring of sorption isotherms for the reference reflector graphite

(ASR-1RS) used in actual German HTR designs, which have not yet been in-

vestigated

• Additional work on chemical reactions of fission products in presence of

graphite, esp. on the Csl-C system

• Measuring of sorption isotherms for iodine over matrix and reflector

graphite in the lower temperature range (< 1000 C) to get information

about its retention potential under normal operations

• Validation of the described sorption model by kinetic experiments with

cesium and strontium under real flow, temperature and concentration con-

ditions
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Abstract

This paper describes the development and full-scale trial of two

methods for removal of radioactive contamination on the surfaces of CAGR gas

circulator components. The two methods described are a particle impact

cleaning (PIC) decontamination technique and an electrochemical technique,

"electro-swabbing", which is based on the principle of decontamination by '

electro-polishing. In developing these techniques it was necessary to take

account of the physical and chemical nature of the surface deposits on the

gas circulator components; these were shown to consist of magnetite-type

oxide and carbonaceous material. In order to follow the progress of the

decontamination it was also necessary to develop a surface sampling

technique which was effective and precise under these conditions; an

electrochemical technique, employing similar principles to the electro-

swabbing process, was developed for this purpose.

The full-scale trial of the PIC decontamination technique was carried

out on an inlet guide vane (IGV) assembly, this having been identified as

the component from the gas circulator which contributes most to the

radiation dose accumulated during routine circulator maintenance. The

technique was shown to be practically viable and some 99% of the radioactive

contamination was readily removed from the treated surfaces with only

negligible surface damage being caused.

The full-scale trial of the electro-swabbing decontamination

technique was carried out on a gas circulator impeller. High

decontamination factors were again achieved with > 99% of the radioactive

contamination being removed from the treated surfaces. The technique has

practical limitations in terms of handling and treatment of waste-arisings.

However, the use of specially-designed swabbing electrodes may allow the

treatment of constricted geometries inaccessible to techniques such as PIC.

The technique is also highly suitable for the treatment of soft-finish

materials and of components fabricated from a variety of alloys, where a

general surface treatment would be inappropriate.
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1. INTRODUCTION

In common with various other components the coolant gas circulators

of Civil Advanced Gas-Cooled Reactors are withdrawn from service on a

regular basis so that inspection and maintenance work can be undertaken. At

Hinkley Point 'B1 Power Station, for example, each reactor has eight gas

circulators and the design intent is that two of the eight be withdrawn for

overhaul at each biennial shutdown of the reactor. A withdrawn unit may

either be overhauled during the shutdown period and then reinstated or it

may be replaced by a spare unit and be maintained later. In either case the

time spent on maintenance is closely controlled so as to limit the period

during which the unit is not available for use. (This is necessary when a

replacement unit has been installed so as to provide a spare to cover

against an in-service failure of those circulators in use.)

Those parts of the circulator which are exposed to the reactor

coolant gas while in service are subject to contamination due to the

deposition of fission and activation products circulating in the coolant.

To date the levels of contamination experienced at Hinkley Point 'B' have

not been such as to significantly delay the maintenance activities.

However, it is possible that contamination levels could rise in the future

to an extent such that, in the absence of any corrective action, the need to

take precautions to reduce the dose accumulated by personnel could lead to

considerable extension of the time required. In view of this a programme of

work was undertaken to determine methods of decontaminating circulator

components should this prove necessary.

Two techniques were studied in some depth; these were Particle

Impact Cleaning (PIC) and an electrochemical swabbing technique. The

relevant studies are described here. Additionally, as a necessary adjunct

to the decontamination studies a technique for sampling the surface

contamination was developed. This is also described here.

2. THE SURFACE SAMPLING METHOD

Those steel surfaces of the Hinkley Point 'Bf gas circulators which

are exposed to the coolant gas while in service are generally observed, when

withdrawn from service, to be coated with a tenacious, black film of varying

thickness. Careful swabbing of components to remove both loose

contamination and contamination associated with oil and grease films showed

that the majority of the contamination was firmly bound to the component

surfaces. It was, therefore, necessary to sample the surfaces for this

contamination so as to obtain necessary data for the selection of suitable

decontamination procedures.
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The surface sampling procedure was an electrolytic one based on "The

Electroleach Technique" devised by Rowland (1969) for the surface sampling

of stainless steel surfaces. This technique relies on the anodic

dissolution of the sampled surface by means of a current passed through an

electrolyte absorbed on polyurethane foam. The sampled surface acts as the

anode while a copper block, which supports the foam, acts as the cathode.

Radionuclides removed from the surface are absorbed into the foam which is

then analysed by an appropriate means, in this case a Ge(Li) gamma

spectrometer. In the present work a circular sampling area of 27.5 mm

diameter was used throughout; the general procedure followed was to take a

sequential series of samples at any given location so that the profile of

the contamination through the surface could be determined.

The first measurements were made on an impeller (Fig. 1) which had

been permanently withdrawn from service at Hinkley Point 'B'. In this case

the electrolyte used was 50 v/o phosphoric acid, as used by Rowland, and

individual samples were taken over a period of 1 minute while a current of

2A was passed through the electrolyte. This technique was found to remove

surface activity but it soon became apparent that it was not very successful

at removing the black film from the impeller surfaces and that an excessive

amount of time would be required to sample fully at any given location on

the surface.

At this time a small sample of the black surface film was

successfully removed from a circulator labyrinth seal (Fig. 1) by means of

stripping with adhesive tape. (This sample was atypical in that the film

was not strongly adherent to the surface.) Analysis showed the film to be

composed of an M30. type of oxide together with a carbonaceous material.

Laboratory studies, at this time, suggested that phosphoric acid is an

unsuitable electrolyte for mild and ferritic steels, the impeller is

2 1 /
4 Cr/Mo ferritic steel, as oxidation to insoluble magnetite occurs. It

was, therefore, considered that an electrolyte which did not suffer from

this drawback, and which could dissolve the MjO^ in the surface film, might

give better results. After extensive trials a "citrox-type" electrolyte

(5 w/o oxalic acid; 10 w/o citric acid) was selected.

Initial measurements with the citrox-type electrolyte were undertaken

on the same Impeller as had been used for the work with the phosphoric acid

electrolyte. The citrox—type electrolyte was found to remove successfully

the black film although at a slow rate; over thirty sequential samples of

1 minute duration with a current of 1A being necessary to expose the bright
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metal finish below the black surface film. Despite its slowness in use this

technique was successfully applied not only to sampling of the impeller but

also to sampling of an Inlet Guide Vane (IGV) assembly (Fig. 1). A finding

of great significance for the later decontamination work was that the

contamination, both fission products and activation products, was

incorporated in the surface film and that removal of this to the underlying

white metal effected complete decontamination.

During the trials of decontamination of the impeller by electro-

chemical swabbing, described below, it was realised that a possible cause of

the slowness of action of the sampling technique was that the coherent

nature of the surface film was preventing ready access of the electrolyte to

the underlying metal. Accordingly, a wetting agent* was added to the

electrolyte. This was found to improve greatly the rate of action. Further

trials were then undertaken with both the phosphoric acid and the citrox-

type electrolytes. As a result of these trials the protocol adopted for use

during the decontamination trials was that prior to decontamination the

surfaces were sampled with a 50 v/o phosphoric acid 0.15 v/o Photo-flo 600

electrolyte, which was found to obtain a bright metal finish after 6 x 1

minute samples at 2A, while after decontamination the surfaces, now

generally bright metal, were sampled with the citrox-type electrolyte as

above.

3. • DECONTAMINATION BY PARTICLE IMPACT CLEANING

3.1 The Blast Machine

The working environment at Hinkley Point 'B' ruled out the study of

aqueous PIC techniques in the present work because of the lack of a suitable

containment and consequent difficulties with waste disposal. The PIC

development and trials were, then, centred solely around the use of a dry

PIC process.

The machine used throughout was a Vacu-Blast Model PHV05 (Fig. 2).

This machine has facility for the reclamation and re-use of the cleaning

medium thus reducing waste arisings significantly relative to a single-use

machine. Additionally, as can be seen from Fig. 3, the point of application

of the blast stream is sealed by an annular brush. This has the advantage

that use of the machine does not result in significant quantities of free

cleaning medium and that components of any size can be treated.

* Photo-flo 600, Kodak pic, Hemel Hempstead, Herts.

+ Vacu-Blast Ltd., Slough, Bucks.
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Additionally, the area of the surface which is treated can be closely

controlled which is of importance when treating surfaces of varying

composition or finish. Against these advantages the use of this localised

sealing system does mean that some surfaces of complex geometry cannot be

readily accessed.

3.2 The Selection of the Cleaning Medium

As the various circulator components are reinstated in service after

maintenance has been carried out it is a requirement that any

decontamination process should not damage the surface in any way that could

adversely affect the future use of the component. This effectively requires

that a minimum of metal loss be caused as this can affect the balance of

rotating components; any precision components should remain within

tolerance after treatment; and surface roughening should not lead to loss

of strength or to subsequent enhanced contamination.

Rogers (1980) pointed out that, when used on ductile surfaces, PIC

cleaning media can be classified as being "soft" if they are intrinsically

incapable of damaging the surface treated, or as being "hard" if they do

cause surface damage. (A medium may be soft to one surface material but

hard to another.) He also noted the possibility that soft media could be

used to remove oxide layers without damaging the underlying substrate. The

first trials, on the impeller used for surface sampling trials and on

assorted small components, were, therefore, carried out with a soft medium,

namely a mixture of crushed peach and apricot pits*. These trials confirmed

that this medium was able to successfully remove loose and lightly adherent

contamination. However, it did not remove the black surface film and nor

was the overall level of contamination on the impeller noticeably reduced by

its use. Lack of time prevented further investigation of this approach and

so a hard medium was used for the remainder of the work reported.

The hard medium chosen was glass beads. This medium has an

acceptably low breakdown rate to allow i' to be recycled and thus to reduce

waste arisings. It was chosen in preference to an angular medium, e.g.

alumina, for a number of reasons, namely:

(i) their spherical shape renders the beads much less likely to

become impacted in the treated surface than is the case with angular

particles. This is of importance in reducing the adventitious transfer of

cleaning medium into the reactor and also in reducing potential wear

difficulties on surfaces in sliding contact,

*0btained from Dasic International Ltd. Romsey, Hants, under the trade
name Paintblast.
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(ii) the beads have a peening effect upon the treated surface.

This, rather than being detrimental to the treated surface, can be

advantageous in improving fatigue life,

(iii) at normal and near-normal angles of impact metal loss due to

impacting beads occurs by a deformation-fatigue process as compared with the

cutting mode of removal associated with the impact of angular particles.

This is of importance because while the impacting glass beads lead to

deformation of the surface impacted there is no removal of metal until a

critical level of deformation energy is deposited in the surface. Because

of this there is an incubation period following the start of treatment

during which there is no metal loss from the surface. The length of this

incubation period increases with decreasing size of the impacting particle.

In view of the nature of the black surface film on the circulator

component surfaces it was considered likely that deformation of the

substrate would lead to spallation of the film because of an inability to

take up the geometry of the deformed substrate. Both the extent of the

roughening produced by impacting beads and the mass of cleaning material

required to treat a given area of surface decrease with decreasing size of

the impacting beads. Taken together with incubation period effects these

factors argue strongly in favour of using the smallest possible size of

bead. Against this, however, is the necessity for the impacting beads to

have sufficient individual energy to lead to fracture of the surface- film;

this is best assured by using a large size of bead. Obviously, then, an

optimum size for the beads has to be determined.

The impeller used for the tests of the surface sampling procedure was

used in the trials to find an optimum size of glass bead for use in the PIC

technique. The first tests on the impeller were undertaken with glass beads

having a size range of 45 to 85 urn. (Note that in all of the work reported

here the impact velocity of the particles of cleaning medium was of order

50 m s"!. The process is less sensitive to this parameter than it is to the

particle size. The feed rate of the beads was of order 1 kg min"1-.) With

this medium an apparently bright metal finish was achieved at treatment

rates of about 110 to 160 minutes per square metre. However, surface

sampling showed that the majority of the contamination was still present and

close visual examination showed that the black surface film was still

present over much of the treated surface; the apparent bright metal finish

was an artefact due to numerous small areas where the film had been removed.

A repeat treatment removed more of the contamination but it was concluded

that the treatment rate was too slow for practical purposes.
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The next trials were carried out with beads having a size range of 55

to 100 \xm. In this case an apparent white metal finish was achieved at a

treatment rate of order 110 minutes per square metre. Visual examination of

the surface showed that the black film had apparently been removed and

surface sampling confirmed that over 99% of the contamination had been

cleaned from the surface. Machining marks produced in the original

manufacture of the impeller were still clearly visible after treatment

suggesting that any surface damage would be acceptable. Thus this size

range of the glass bead medium would be acceptable for use. However, the

treatment rate was considered to be somewhat on the slow side for practical

application. Further tests were, therefore, carried out with beads having a

size range of 75 to 125 jim. With this medium a white metal finish, together

with over 99% removal of the contamination, was achieved at a treatment rate

of order 20 to 30 minutes per square metre. This was considered adequate

for practical purposes as other factors restrict the treatment rate

attainable in most practical situations.

Visual inspection of the impeller surface after treatment with the

75-125 ^m beads suggested that damage to the surface was quite acceptable

but this could not be quantitatively confirmed because of the size of the

impeller. Tests to determine damage effects were, therefore, undertaken on

smaller components of a similar steel. These tests showed the weight loss

to be effectively zero and roughening effects to lead to an alteration in

dimensions of order 3 |i.m or less. The 75-125 p,m beads were therefore

considered as suitable for application to other circulator components.

3.3 Decontamination of an IGV Assembly

After completion of the optimisation tests described above, a full

scale trial of the decontamination of an IGV assembly was undertaken. (The

IGV is presently the component which gives rise to the largest accumulated

dose during circulator maintenance.) The general construction of an IGV is

shown in Fig. 4. The drive linkage for the vanes is not directly exposed to

the reactor coolant gas in operation and so is not contaminated to any great

extent. In view of this and its geometric and mechanical complexity it was

decided not to undertake decontamination of this area. Additionally, the

central bore of the IGV has a region of high precision finish and this area

was also excluded from being subjected to the decontamination process as was

the main seal face.

Decontamination of the IGV was performed in the circulator

maintenance facility at Hinkley Point 'Bf. In order to prevent the
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possible spread of contamination around the facility the decontamination was

undertaken in a temporary, ventilated containment within the facility.

While the blast machine can be operated by one man it was decided that two

men should work in the containment at any given time as a safety precaution.

In the event this proved useful as the second operator was able to give

assistance with the cleaning up of any spilled beads, repositioning of the

IGV, etc. Both operators were provided with respiratory and auditory

protection (blasting being a noisy process) and health physics supervision

and assistance were available throughout.

For treatment purposes the IGV was stood on edge with its bore

horizontal. This allowed relatively easy access to all of the areas to be

cleaned and obviated the need for the operator to stand within the bore to

work as would have been necessary if the IGV was positioned with its bore

vertical. (This latter position is the usual one for maintenance purposes.)

The geometry of the IGV is such that it may be considered as a number of

separate surfaces. The procedure followed was to clean one of these

surfaces as completely as possible before moving onto the next surface. As

the geometry required careful positioning of the operator so as to

manipulate the blast head properly this approach was found preferable to

that of cleaning all surfaces within an arc and then moving to a different

arc. At all times the treatment was aimed at producing a white metal finish

and then moving to a new area; subsequent surface sampling confirmed that

this procedure removed over 99% of the contamination from the treated

surfaces.

The bore surfaces of the IGV, including the inner blade faces, were

found to be relatively easy to treat although care was needed to ensure that

the local sealing was maintained so as to prevent spillage of the glass

beads. Some difficulty was experienced in treating the swivel points of the

vanes as local gas passages allowed the beads access to the thrust bearing

assemblies; these assemblies are not accessible for cleaning until after

withdrawal from the IGV assembly. Similar considerations limited the

cleaning of the thrust bearing cover plates. The geometry of the gas inlet

passage and the rear faces of the vanes severely limited access with the

blast head used and so little work was done in this region.

Because of the manner in which maintenance of the IGV is performed

the exposure rate in the bore is of prime interest as regards the

accumulated dose. Measurement showed that this had been reduced by a factor

of 2 to 3, dependent on position, by the decontamination process. Later

- 392 -



studies showed the remnant exposure rate to arise from bulk activation of

the IGV unit. Taken together with the surface sampling measurements the

exposure rate measurements thus lead to the conclusion that all

contamination had effectively been removed from the treated surfaces of the

bore.

3.4 Discussion

In considering the benefits accruing from application of the PIC

decontamination it is obviously necessary to balance the dose accumulated

during decontamination against the dose saved in maintenance. The

experimental nature of the work together with some operational difficulties

due to the poor quality of the air supply to the blast machine prevented a

meaningful measurement of the dose accumulated in the decontamination

process. However, it may be estimated that the total dose accumulated, from

both decontamination and maintenance work, from contamination sources would

be reduced by a factor of 4 or 5 if a similar exercise were to be repeated.

This factor could be further improved by the use of relatively simple jigs

to hold the blast nozzle so that the PIC operator was not working in close

proximity to the IGV. It must be borne in mind, however, that the dose due

to bulk activation is irreduceable, although unlikely to increase in the

future, and so the overall dose saving from decontamination will be

dependent upon the relative contributions from activation and contamination

at any time.

4. DECONTAMINATION BY ELECTRO-CHEMICAL SWABBING

4.1 General

Electropolishing processes, of which the surface sampling technique

described above is one, have long been recognised as of use for the

decontamination of surfaces. They offer rapid decontamination to background

levels with minimal metal removal and have the further advantage of

producing smooth, polished surfaces which can show increased resistance to

recontamination in subsequent service. They are also capable of application

to a wide variety of materials, geometries and forms of contamination (e.g.

Allen and Arrowsmith, 1979). However, when used in the conventional manner

in which the component to be treated is immersed in a bath of electrolyte

they suffer, when the component has any but the simplest geometry, from the

need for complex electrode shapes if preferential metal removal at corners

is to be avoided. For one-off applications such electrodes can be

extremely costly. In addition to their complex geometries the nature of the

circulator components gives rise to two further difficulties with
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conventional bath techniques; first, their size leads to a requirement for

large volumes of electrolyte which gives rise to handling and waste disposal

problems; second, some components are made from a number of alloys and so

preferential attack would be experienced in a bath immersion approach. In

view of these factors an electro-swabing technique was developed for

application to the circulator components.

The electro-swabbing technique is basically similar to the surface

sampling technique described above. It differs primarily in that a larger

area is treated, i.e. the cathode is larger, and that the swab is

continuously moved over the surface until cleaning is effected. Because of

the requirement to move the cathode over the surface a Dacron felt was used

for the electrolyte absorber rather than the polyurethane foam used with the

surface sampling cathode. The felt was found to be chemically and

mechanically robust and not to transfer fibres to the treated surface.

4.2 Impeller Decontamination

Initial trials were carried out on the same impeller as above.

Because of the relatively large area of this component it was necessary to

refresh the electrolyte on the felt pad. This was achieved by having a

hollow cathode, with holes to the surface supporting the felt, and pumping

electrolyte to the cathode at a rate of about 50 mjj. min"1 from a reservoir

held at 50°C. Surplus electrolyte was allowed to drain down the impeller

into a catch tray.

Measurements with 50 v/o phosphoric acid at a current density of

order 103A m~2 (at 12 volts) showed a slow removal of the black surface film

at a rate, generally, of about 100 min m""2; however, in some areas the film

was more tenacious and rates were a factor of 2 to 3 slower. Similar

results were obtained with the citrox-type electrolyte described earlier-

It was concluded that the compact nature of the film was restricting access

of electrolyte to the substrate metal. In order to overcome this difficulty

Photo-flo 600 wetting agent was added to the phosphoric acid electrolyte at

a concentration of 0.15 v/o. (Higher concentrations were found to lead to

foaming associated with hydrogen evolution from the electropolishing

process.) This resulted in an improvement of the treatment rate to about

25 min m~2 and a lowering to 8 volt of the necessary potential. Surface

sampling confirmed that ;> 99% of the surface•contamination was removed.

4.3 Oil Seal Decontamination

The swabbing process was next applied to a wind-back oil seal

(Fig. 1). This seal had a precision finish white metal bearing surface in
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a mild steel carrier ring. A bath immersion technique would have led to

excessive attack of the mild steel if the white metal were also to be

successfully decontaminated and so the swabbing process was appropriate. In

this case a graphite cathode was manufactured with a curvature matching that

of the white metal surface. In view of the small surface area involved the

felt pad was charged with electrolyte, 8 w/o oxalic acid at 60 C, by dipping

in a bath. For treatment the seal was rotated while the cathode was held

fixed. A current density of 500A m~ at 10 volts was used. This process

successfully decontaminated the white metal surface to background levels

while metal removal was even at < 25 m.

4.4 Discussion

The electro-swabbing technique has thus been shown to be an effective

means of decontaminating circulator components.

For large components such as the IGV it can achieve comparable

treatment rates to the PIC treatment described above and would be amenable

to remote application. However, for such components it suffers from

difficulties associated with disposal of the chemically aggressive

electrolytes and also from the need to ensure complete removal of the

electrolyte from all crevices, etc. A higher level of operator expertise is

also required than is the case with the PIC process. For the smaller, high-

value components such as the oil seal these difficulties are of less

significance and it is in this area that electro-swabbing has the greatest

potential

5. CONCLUSIONS

Both a Particle Impact Cleaning technique and an electrochemical

swabbing technique have been developed and shown to be successful in the

decontamination for re—use of CAGR circulator components. Both techniques

readily attain better than 99% removal of contamination with only small and

acceptable surface damage. The PIC process is generally preferable for

large components while the electro-swabbing technique is well suited to the

treatment of high value precision items.
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Chairman's Summary for the 1st and 2nd Sessions

By D» Hatton

There are two sorts of people present at this Specialists meeting.

There are those who work on HTGRs. Despite the wide variety of such

reactors which have either been built or are proposed, these people are

nevertheless all united behind a common use of a completely ceramic core,

particle fuel and an inert helium coolant. The other sort of people work on

the AGR system. My fear before this meeting began was that the two groups

of people would not find sufficient common ground to make a meeting

worthwhile and that the AGR system, with its relatively reactive coolant and

fuel in metal pins, would prove too different from the HTGR, to make

comparison of our work worthwhile. In later sessions, when we were dealing

with the transport of fission products in the gas coolant, these fears were

readily dispelled and the commonality of our interests was readily

demonstrated. However, in the first sessions where we were dealing with

operational behaviour and fission product release from fuel, our common

interests and the common themes in the work were not so readily discernible.

In making this summary I have sought to emphasise parallel interests between

the AGR system and the HTGR system and I have tried to make these parallel

themes the main thread of my session summary.

In the opening paper of the first session Mr. Hanson compared the

predicted and measured fission product behaviour in the Fort St. Vrain HTGR

during the first three cycles of operation. He concluded that the dominant

source of fission gas release was as-manufactured heavy metal contamination,

that in-service failure of the TRISO particles appeared negligible and that

the particles with manufacturing defects had clearly performed better than

originally predicted. Mr. Hanson said that as a result of this good fuel

performance the coolant circuit of Fort St. Vrain was 'remarkably clean'.

When Mr. Wawrzik presented his paper on 'Operational Monitoring of

the Release Behaviour of the AVR Core1 several of my colleagues were

startled to discover that he was reporting between 600 and 1000 Ci 137Cs

accumulated on the Steam Generator, which seemed to be in very marked

contrast with Fort St. Vrain or with our own experience with Commercial AGR

(CAGR) in the UK. However, I think it is worthwhile to remind
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people that they should compare like with like. Fort St. Vrain and CAGR

were both preceded by smaller prototypes (respectively Peach Bottom and

Windscale AGR) in which fuel development was carried out and both of which

had significant circuit contamination at the end of life. AVR has been

another small prototype reactor used for fuel development and which, in

addition, has achieved gas outlet temperatures of 950°C. I have set these

points out in a Table.

CIRCUIT ACTIVITY

PEACH BOTTOM

70 Ci 137Cs

WINDSCALE AGR

80 Ci 137Cs

AVR

600-1000 Ci 137Cs

FORT ST. VRAIN

1.3 Ci 137Cs

HINKLEY POINT 'B' AGR

< 0.1 Ci 137Cs

THTR

????

Mr. Rollig informed us during the meeting that THTR had attained 30% power

just a few days ago: perhaps we should have a small competition to predict

the level of circuit contamination that will be reported for THTR after

about 3 or 4 years operation. I suggest you send your answers in a sealed

envelope to Mr. Kupitz, in Vienna, and we can find out who the winner is

when we have our next meeting on this subject.

In the paper presented by Mr. Christ, 'The Release of Iodine from

HTR-fuel under Steady State and Transient Conditions', I noted with interest

that capsule measurements in Studsvik and measurements in AVR using the

Vampyr probe showed that at low fractional releases the 1 3 1I R/B was

significantly lower than the i33Xe R/B. Later on in the day, Mr. Chapman,

in his paper 'Experience of Iodine, Caesium and Noble Gas Release from AGR

Failures' used multiple sampling pipes to measure differences in the R/Bs of

1 3 1I and 133Xe which had occurred under certain conditions. Establishing

the range of conditions in which iodine release from CAGR failures occurs
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less readily than if it were a rare gas, i.e. deriving something similar to

Figure 2 in Mr. Christ's paper, is an important issue for the AGR.

Mr. Fukuda described measurements of fission product release from

coated particle fuels being developed for VHTR. Here I was interested in

what he had to say about the release of fission product silver from low

enriched TRISO fuel. This interest, I readily confess was in part because I

used to work on the same subject when the Dragon reactor was operating but I

am also searching for another parallel with AGR experience. Mr. Fukuda

quotes Nabielek et al as concluding that the irradiation temperature should

be kept at less than 1250°C for Ag retention. Here is the parallel with the

AGR: in the first experiment described by Mr. Chapman the peak can surface

temperature was raised to 900°C corresponding to a peak fuel temperature of

about 1250°C and, for the only recorded time, Ag release from an AGR

failure was detected (although this detail is not reported in the paper

presented to this meeting). It looks, therefore, as if we can lift the

1250°C rule straight out of HTGR experience and use it for AGRs!

Mr. Fukuda also discussed tritium release and, of course, there was a

paper devoted entirely to the subject of tritium production in Process Heat

HTGRs on a later day. My task of identifying the areas of common interest

between the two reactor systems would have been made easier if the promised

paper on 'Tritium Arisings in AGRs1 had materialised.

M. Blanchard presented the results of fission product deposition

studies in the helium Loop 'Comedie' and we shall need to look carefully at

these (and the fission product plate-out measurements from the 0GL-1 Loop

presented on the final morning) to see whether there are results which can

be used to widen the data base for plate-out in AGRs.

In the afternoon session two of the papers, given by Mr. Garland and

Mr. Chapman, expressed something of the difficulties of investigating and

understanding the behaviour of iodine in AGRs. These problems are to do

with a relatively reactive coolant, a chemically reactive fission product

and the difficulties of achieving a satisfactory method of sampling the

coolant. The method described by Mr. Garland was to fit a special short

sampling pipe into the Gas Bypass Duct on a CAGR. Mr. Chapman described the

complications associated with building and operating special fuel stringers

- 404 -



equipped with multiple sampling pipes - experiments which have only been

done twice in the history of the AGR. In this area people working on AGRs

must inevitably look jealously at the facilities available on HTGRs: Dragon

had the DRACULE probe, AVR has the VAMPYR probe and Fort St. Vrain also has

a plate-out probe. There have been no equivalent facilities on AGRs.

Mr. Chernikov's paper on 'In-pile Tests of HTGR Fuel Particles and Fuel

Elements' with its filter system which is able to trap solid fission

products and periodically deliver them, by pneumatic post, for analysis,

reminded me of some of the methods we have contemplated for sampling on

AGRs.

Mr. Small described fission gas release during rapid heating of

18 GWd/TeU UO, from CAGR fuel pins. Again there was some common ground with

the HTGR work for he concluded, as Mr. Christ had done in his earlier

presentation, that the Booth diffusion model was not adequate to describe

the release of fission products in high temperature transients.

The final paper of the second session presented by Mr. Wood, was on

the release of fission products from U0 2 in oxygen containing atmospheres.

Here the concern is for the behaviour of AGR fuel in hypothetical fault

conditions after it has been removed from the reactor and, at this point, my

attempt to find common interests between AGR and HTGR research appears to

break down. There seems to be no parallel interest, in work presented at

this meeting, in the oxidation of HTGR fuel. Is this another aspect of the

intrinsic safety advantage which HTGR fuel, with its individual coated

particles, enjoys over all other systems with fuel in individual pins?

In conclusion, the issue from these first two sessions which I, at

least, have found most interesting has been the modelling of fission product

release and in particular how closely iodine release can be based upon the

release behaviour of rare gas fission products. The most intriguing

question for me in the longer term is whether the low levels of circuit

activity achieved in Fort St. Vrain and the CAGRs, resulting from

improvements in fuel performance, will be maintained and whether the same

degree of improvement will be found for the pebble bed THTR when it has

achieved a significant amount of full power operation.
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Chairman's Summary for the 3rd Session

By K. Fukuda

In the morning session of the second day, five papers

were presented. The first paper given by K. Verfondern

concerned prediction of fission product release under accident

conditions. TRISO coated particle fuels fail on account of

SiC deterioration at very high temperature under the accident.

The authors of this paper examined to make a model to predict

the fission product release arising fron SiC failure, where

corrosion and decomposition participated. The model on the

basis of Weibull statistics predicted fission gas release by

release through PyC layer and SiC failure, and Cs release,

being equal to SiC failure fraction by definition. The

authors tried to predict the releases of various fission

products on the basis of SiC failure model.

Next presentation by A. S. Chernikov was relating to

the fission product diffusion in the fuel element materials

for HTGR. In this paper, the diffusion coefficients of the

fission gases in U02, PyC and the graphite matrix which had

been measured under in-pile condition at the temperature less

than 2000K were given. Also, given were the diffusion coeffi-

cients of the metallic fission products in PyC, SiC and ZrC

coatings. The authors conculded that it was necessary for the

release prediction to consider the short-circuit diffusion paths

and irradiation enhanced contributions.

In third presentation, H. J. Allelein reported a paper

relating to development of HTR module, where the barrier

effectiveness for the fission product release in the spherical

fuel elements was investigated using the computer codes. As

the results of the calculation , the releases of key fission

products were extremely low as well for normal operation as for

accident conditions, too. The authors concluded that the plant

with Module reactor was suitable for industrial sites and

locations with high population density.
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In the fourth, S. Fujii presented a paper on the parametric

analysis of metallic fission product release in VHTR(Very

High Temperature gas-cooled Reactor). The relationship

between the metallic fission product release and the core

design parameters was investigated in this analysis.
137Consequently, characteristics of Cs release could be explained

by the time-averaged maximum fuel temperature under the condition

that the diffusion release from intact particles was dominant.

In the last presentation of this session, C. Wise reported

about application of release models to the interpretation of

rare gas coolant activities in CAGRs. The ANAGRAM program

which could analise the release of fission prodcts from UO-

fuel and from failed pins was used to interpret rare gas coolant

activities. The various methods by which the program could

extract relevant information from the measurements were outlined

and examples were given of the the analyiss of coolant data.

The analyses revealed the behavior of fission product release

from low temperature failure.

Summarizing majour points of discussion in this session,

difference of UO- and UCO, difference in durability of loosely

packed coated particles and consolidated coated particles, and

what is the key fission product corroding SiC layer, were

discussed. In the second presentation, large difference of

the diffusion coefficients of fission gas in PyC between FRG

and USSR data was dibated. In the paper by Fujii, increase

of SiC layer in the coated particles and reduction of fuel

temperature were discussed.
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Summary of Session 4

"Behaviour of Released Activity"

Chairman - K. RSllig, FRG

1. Control of the Tritium Path in Process Heat HTR's

N. Kirch, G. Scheidler

Tritium constitutes an important regulatory issue for HTR

process heat applications because of gas supply to private

households. Hitherto, an extremely low value of 10 pCi/g had

been recommended as the upper permissible limit for tritium

in the product gas. This target value did not taken into

account the very low specific radiotoxicity of this nuclide.

The authors recapitulated the well developed methods for

calculating the tritium path in the HTR (production, release,

permeation, filtration). They quoted the following results:

The present limit for the tritium concentration in the pro-

duct gas (10 pCi/g) will not be exceeded as long as the sur-

faces of heat exchanging components are covered by protective

oxide layers which is the case under steady state conditions.

However, during transients these layers become locally per-

meable so that additional tritium retention measures (e.g.

selective tritium filtration) r ight be necessary for restricted

durations. But, it is anticipated that the present tritium

limit will be increased by an order of magnitude. In this case,

the inherent retention capabilities of the primary circuit

suffice to assure acceptable tritum levels in the product gas

for all operating conditions.
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2. Attachement of Gaseous Fission Products to Aerosols

G. Skyrme

The author derived fundamental equations for the mass trans-

fer from the gas phase to aerosol particles. A time constant

for reducing the gaseous activity in the coolant of about 1 s

was calculated for particles with 1 uin radius and an aerosol

concentration of 1 g/m3.

This filtration effect is only important if the aerosol par-

ticles are not depleted by their own plate-out before they

pick up fission products.

Consequently, the time constant for particle plate-out was

estimated taking into account sedimentation, Brownian

diffusion and thermophoresis. For the given example of par-

ticles with 1 um radius a time constant of 50 s for plate-

out was calculated. Compared with the time for fission pro-

duct attachment of 1 s, this result indicates a very effec-

tive reduction process for atomic fission products in the

coolant.

As a consequence of this presentation, the fission product

release during accidents can be controlled by simultaneously

dispersed aearosol particles. This process depends strongly

an aerosol properties (size, concentration) which are to be

investigated in more detail in the future.
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3. Behaviour of Particles in a CAGR

J. A. Garland, A. C. Wells, J. B. Hedgecock

Various types of monodispersed aerosols have been injected

into the main circuit of R3 at Hinkley Point. The particle

concentration in the coolant v/as measured in very short time

intervals down to 30 s.

After injection, a steep decline of the concentration was

measured, with a half time of about 20 s for small particles.

Subsequently, a distinct slow-down of the deposition rate

was observed. The authors explained this by the concurrent

processes of resuspension and deposition. Eventually, the

particles occupy surface sites where they are attracted so

strongly that no further resuspension can occur.

Using the above results, the particle release from a gas

leaking circuit was predicted. It was estimated that potentially

less than 1 % of particles produced by a transient can escape

from the circuit within 24 h. In this way, the reported measure-

ments can be used for safety analyses.

4. The Variation of Particle Gas-Borne Concentration with Time

in a Gas Cooled Reactor

J. Reed, D. Hall, M. U. Reeks

The authors developed a theoretical model for the resuspension

of small particles by turbulent gas flow. Instead of the tradi-

tional balance between adhesive and gas dynamic forces, an

energy balance was postulated. This provides a stochastic

quality for the resuspension model in analogy to the tenperature

activated desorotion of molecular soecies.
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As a result of this stochastic model, the initial resuspension

occurs with a high rate for less than 1 s after injection. This

is followed by a long-term resuspension where the rate is de-

creasing with time. This behaviour cannot be explained with

the traditional force criteria.

The new model has been applied to the injection experiments at

Hinkley Point with great success. The chairman proposed that

this fascinating theory ought to be verified by a direct ex-

periment with an open gas circuit; After short aerosol in-

jection intervals of less than 10 s, the particle plate-out

is measured on-line (particles with radioactive tracer). The

gas flow is maintained without further injection. The resus-

pension of the particles can now be followed separately from

the initial plate-out by the on-line measurement of the surface

coverage.
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SESSION CHAIRMANS REPORT: SESSION 5

H.J. de Nordwall

The Behaviour of Plated-out Fission Products

Industry concern about fission products deposited in the primary circuits
of gas-cooled reactors rests upon their perceived mobility during depressuri-
sation accidents and their effect upon maintainance proceedures.

Low releases from failed fuel, cleaner fuels and the wider acceptance of
silicon carbide as a fuel coating have lessened this concern, but there is
still a lingering doubt about lift-off when depressurisation via failed or
open vessel penetrations has to be considered during licensing. AGRs
differ from HTR in that fission product inventories are smaller and can in
certain circumstances be enhanced by fuel failure during depressurisationso

Discussion of the role of plated-out activity rests upon understanding what
is absorbed or plated out, how it interacts physically and chemically with
the surface and what forces govern its re-entertainment (See Session 4).
Conviction depends upon the observation of real systems over realistic times
and the satisfactory prediction of distributions.

For use in safely ananlysis models must describe desorption following a
rise in temperature and the partition of activity between any potentially
loose films and the substrate.

The paper of Clough and Hood resolved past arguments about the molecular
form of iodine in the coolant of an AGR, showing that organic iodides are
largely decomposed by heat to reactive species able to plate out on surfaces.
Depletion of gaseous iodine was modelled using data from loops in terms of a
temperature independant sticking coefficient and a temperature dependant
desorption coefficient. Iodine distribution on surfaces had not been measured.
Organic iodides would not be expected to play a significant part in iodine
distribution in HTR circuits.

Previous tendencies to discuss the deposition of fission products in terms
of surfaces with a limited adsorptive capacity have given way to models in
which greater emphasis in placed upon the kinetics of adsorption or
solution in the surface, mobility in the solid fase and the growth of surface
films. The change was primarily required to explain results obtained when
the evolution of caesium distribution could be followed over long periods
of time and wide temperature ranges.

412 -



Phillips was able to explain caesium deposition measured in loops and CO
cooled reactors using only two parameters, a transition temperature at
which simple mass transfer ceased to be-rate controlling and an adsorpti-
vity coefficient which contained Henry's Law coefficient of solubility and a
diffusion coefficient for caesium in the surface. He was further able to
explain how oxide growth during desorption could explain the high adsorp-
tivity observed in reactor experiments and apparent mass transfer control.

The model of Rollig and co-workers uses the device of a macroscopic
gaseous layer separating surface and boundary layer to permit simultaneous
treatment of adsaortion-desorption and trapping in bulk material into which
diffusion is assumed to be possible.

A series of kinetic coefficients describes the probabili ty that an atom
moves between the five possible environments viz the turbulent gas, the
boundary lager, the microscopic gas phase, the solid surface and the bulk
solid phase. Diffusion is not specifically described. Simplifying assump-
tions reduce the number of material related constants to two, the tempera-
ture coefficient of desorption which since i t is large and exponential has
a similar effect to the transition temperature used by Phillips and a penetra-
tion coefficient that determines the trapping probability.

Rollig's experiments cover the temperature range 600-900°C and lasted from
20—60 days only. Oxide films were evolving during the tests .

The two constant equation described all results obtained in the laboratory
and the Dragon reactor for Incolloy 8OO.

For Inconel 617 desorption was slower than predicted during the period when
the source was shut off. The authors explained this by assuming that the
adsorptivity of the surface varied with i ts thermal history. A third
constant, an adsorption activation energy, yielded a good f i t .

A companion paper by Terada described measurements of gas-borne Kr and Xe
activities using a charged wire precipitator to remove nuclides from the
loop.

Fukuda presented results obtained for caesium and iodine using the
OGL-I loop, where deposition on parts of a circuit lying between 25O°C and
1000°C could be measured at intervals during runs. Deposition surfaces were
not changed with fuels which yielded rather a complex situation.

Distributions of I and Cs both peaked at intermediate temperature
(400° and 300°C respectively) indicating inability to adsorb at high
temperatures. Transfer of caesium from hot to cooler regions during a period
of low source release was observed.

Results obtained over longer time periods will be awaited with interest to
see how they compare with data from AGRs. Short duration iodine and caesium
distr ibut ions were also reported by Blanchard using the COMEDIE loop at
Grenoble. (Session 1). Blanchard reported penetration of caesium into the
substrate.
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The description of primary circuit activity deposits undoubtedly rests upon
a firmer foundation as a result of the work reported. At first sight the
emphasis on the mobility of deposited material may appear unhelpful to
those seeking to demonstrate immobility, but it may be that desorption is
still too slow to be an important contribution to accident source terms.

As regards further works, one would like to see direct measurements of pene-
tration, adsorption and desorption kinetics on metal and oxide surfaces
of precisely known composition and independant verification of more of the
parameters used in models. One should question whether plate-out loops are the
ideal tools for exploring why different alloys covered predominantly with chro-
nium "oxides" corrosion films occasionally behave differently.

Results obtained in CO and helium circuits would seem to be sufficiently
similar to justify further intercomparison and international collaboration
and to make any differences doubly interesting.

Turning now to practical considerations, one should perhaps note that a
utility is taking a leading role in circuit activity measurements, and
enquire once again whether provision for the confirmation of circuit acti-
vity models in reactors should not be more widespread now that residence
and operating time have been shown to be important parameters.
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Chairman's Summary for Session 6

David. L. Hanson

Session 6 was held from 9.15 to 10.45 a.m. on October 24th 1985, and

was one in a series of sessions that addressed the behaviour of released

activity (i.e. The Transport of Radionuclides outside the Nuclear Fuel). It

was a short session in which three papers were presented, the first of which

was carried over from Session 5 on the previous afternoon.

The first paper in the Session ("Fission Product Plateout Measurement

of Oarai Helium Gas Loop OGL-1", N. Tsuyuzaki et. al., JAERI, Japan) was

presented by Mr. K. Fukuda of JAERI. It described experimental plateout

measurements made in the OGL-1 in-pile He loop. The plateout distributions

of Cs-137 and 1-131 in OGL-1 were periodically mapped by gamma scanning the

loop with an intrinsic Ge detector for more than a year of loop operation.

Cs-137 was observed to preferentially deposit at a temperature of about

400°C, and 1-131 at a temperature of about 300°C. When the partial pressure

of Cs-137 was reduced by the installation of a lower-releasing fuel element

in the loop, the Cs-137 previously deposited on surfaces operating at 600°C

was observed to desorb and to redeposit at about 400°C. These test results

will be used to validate JAERI plateout models and codes.

The second paper ("Sorption of Fission Products on Graphite and its

Influence on their Release Behaviour in a Pebble-Bed HTR Under Accident

Conditions", K. Verfondern, K. Hilpert and R. Moormann, KFA, Julich, FRG)

was presented by Mr. Verfondern. As implied by the paper title, the core

graphite, especially the upper reflector, can be a significant barrier to

the release of metallic fission products from the core during postulated

core heatup transients. The paper described the efforts at the KFA to

characterise and model the transport of Cs and Sr in core graphite during

heatup transients. The release (evaporation) of fission metals from the

hotter portions of the core and their subsequent redeposition (sorption) in

the colder locations is modelled as an equilibrium sorption process.

Sorption isotherms have been derived from laboratory measurements, but the

data base is limited at high temperatures (above 1300°C). Parametric
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studies were presented suggesting that the core graphite could attenuate the

releases of Cs and Sr into the primary circuit, during a heatup accident, by

several orders of magnitude.

The final paper ("Decontamination of CAGR Gas Circulator Components",

by L.N. Rogers and A.J. Hooper, CEGB, UK) was presented by Mr. Rogers. It

described the development and demonstration of two practical methods for

removal of radioactive surface contamination from reactor components:

particle impact cleaning (PIC) and an electro-polishing technique, referred

to as "electro-swabbing". In addition, a surface sampling technique, which

was also based upon electro-polishing principles, was developed to quantify

the effectiveness of the two decontamination methods. A full-scale trial of

the PIC decontamination methods was conducted with an inlet guide vane

assembly from a contaminated gas circulator from the Hinkley Point B AGR.

The result was the removal of 99% of the fixed contamination with negligible

surface damage. A full-scale trial of the electro-swabbing technique with a

contaminated impeller from the circulator was equally successful. Both

decontamination techniques were shown to be practical and to be capable of

yielding decontamination factors greater than 100 with minimal surface

damage. The PIC process is considered to be generally preferable for large

components, and the electro-swabbing method is preferable for expensive,

high-precision components.
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Summary Report of the Round Table Discussion

Session - 7

By D.L. Hanson

A round table discussion was conducted at the end of the IAEA
Specialists' Meeting on Fission Product Transport in Gas-Cooled Reactors,
Gloucester, UK, October 22-25, 1985. The following summary of that
discussion is proposed for inclusion in the proceedings:

General

1. Progress has been made in modelling fission product transport in
gas-cooled reactors since the last IAEA specialists' meeting was
held in Jiilich, Federal Republic of Germany, in December 1980.

2. While progress has been made during the past five years, there are
still large uncertainties in certain aspects of fission product
transport in GCRs.

3. Successful prediction of observed fission product behaviour in
operating reactors is the most dramatic demonstration of the
validity of transport models and codes. However, reactor results
are typically too integral and the operating conditions too
ill-defined to validate all aspects of the transport models.
Moreover, no reactor data are available, nor should be expected to
become available, for the hypothetical accidents (e.g., permenant
loss of forced circulation; that typically must be considered during
reactor licensing.

4. Such specialists' meetings, when properly planned and conducted, can
yield tangible benefits. The obvious value of the CEGb work on
aerosol transport in AGRs to the HTR programs is clear evidence of
the benefits of bringing AGR and HTR specialists together in such
forums.

5. One of the shortcomings of such specialists meetings has been the
general lack, or follow up. For example, pledges were made at the
iy80 specialists' meeting in Julich to exchange information and to
perform benchmark calculations for comparison of plateout codes, but
no action was taken. Institutional constraints and limited budgets
make such follow-up activities difficult.

Fission Product Release from Fuel Elements

1. There is still uncertainty regrading the dominant failure mechanisms
for HTR fuel under core heatup conditions.

2. There are also uncertainties regarding the fission product transport
in core materials. Key variables appear to be the transport of
fission metals in SiC coatings, the transport of fission gases in
pyrocarbon coatings, and the transport of fission metals in the fuel
element matrix (spherical fuel) and graphite (prismatic fuel).
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Fission Product Transport in Primary Circuit

1. There is not yet a consensus among the specialists regarding the
physical phenomena that control fission product transport and
deposition in the primary coolant circuit. It is also not clear
whether or not the fission product chemistry and plateout mechanisms
are the same in AGRs and HTRs.

2. Aerosols, or "Dust", may play a major role in the plateout and
reentrainment of condensible fission products in the primary circuit
of GCRs.

3. The CEGB work on aerosol transport, which was reported at the
subject meeting, is an important contribution to the literature, but
additional work on the role of "Dust" in fission product transport
is urgently needed. A model of fission product liftoff, suitable
for reactor design and safety analysis, needs to be developed and
validated.

Recommendations for Future Activities (as provided by the session chairman)

1. A specialists' meeting on fission product deposition/reentrainment,
with emphasis on the role of dust, should be held in about two years.

2. Other possible topics for future specialists' meetings include

A. HTR fuel performance and fission product release under core
fteatup conditions.

B. Fission product transport in fuel element matrix/graphite (this
would be a follow up to the colloquium held in Berlin in 1983).

C. Transport of fission gases in core materials.

D. Relationship between As-manufactured fuel attributes and
inservice fuel performance.

E. Occupational exposure limits for GCRs.

3. Under the auspices of the IWGGCR, a series of benchmark problems
should be prepared and analyzed by the various GCR programs to
compare the fission product transport models used to predict the
following:

A. Fission gas release from fuel elements during normal operation
and during core heatup transients.

B. Fission metal release from fuel elements.

C. Plateout distributions in primary coolant circuit.

D. Tritium mass balance in primary/secondary coolant circuit.

4. A^ain unaer the auspices of the 1WGGCR, a forum should be developed
to facilitate the interaction of GCR fission product transport
specialists in the off years between specialists' meetings.
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P R O G R A M M E

IAEA Specialists' Meeting on
Fission Product Release and Transport in Gas-Cooled Reactors
Berkeley Nuclear Laboratories, Berkeley, Gloucestershire, UK

22-25 October 1985

TUESDAY, 22nd October 1985

09;15 Welcome to Berkeley Nuclear Laboratories

Operational Experience and Laboratory Research

09:30 SESSION 1

1. Comparison of Predicted and Measured Fission Product Behaviour in
the Fort St. Vrain HTGR During the First Three Cycles of Operation,
by D.L. Hanson, V. Jovanovic R.D. Burnette

2. Operational Monitoring of the Release Behaviour of the AVR Core
by U. Wawrzik and G. Ivens

3. The Release of Iodine from HTR Fuel Under Steady-State and
Transient Conditions
by A. Christ, W. Mehner and W. Schenk

4. Research on In-Pile Release of Fission Products from Coated
Particle Fuels
by K. Fukuda and K. Iwamoto

5. In-Pile Helium Loop "Comedie"
by M. Bianchard

12:30 - 14:00 - LUNCH

Operational Experience and Laboratory Research (Continued)

SESSION 2

6. In-Pile Tests of HTGR Fuel Particles and Fuel Elements
by A.S. Cherniicov, V.S. Kolesov and A.I. Deryugin

7. Background Iodine in a CAGR
by J.A. Garland, D. Webster and R.D. Wiffen

8. The Experience of Iodine, Caesium and Noble Gas Release from AGR
Failures

by C.J. Chapman, A.M. Harris and M.E. Phillips

9. Bubole Development and Fission Gas Release during Rapid Heating of
lo G'.vd/Te'J U0o
by G.J. Small"

10. Release of Fission Products during and after Oxidation of
Trace-Irradiated Uranium Dioxide at 3OO-9OO°C
by P. Wood and G.H. Bannister

16:30 Depart for Hotel

19:30 IAEA Reception _ AIQ _



WEDNESDAY, 23rd October 1985

Activity Release

09:15 SESSION 3

1. HTR Fuel: Prediction of Fission Product Release in Accidents
by H. Nabielek, K. Verfondern and D.T. Goodin

2. Fission Product Diffusion in Fuel Element Materials for HTGR
A.S. Chernikov, Y.F. Khromov, R.A. Lyutikov and A.A. Gusev

3. The Spherical Fuel Element as Extremely Effective Barrier for
Fission Products in the HTR Module
by H.J. Allelein and U. Quade

4. Numerical Analysis of the Release of Metallic Fission Product in
High Temperature Gas-Cooled Reactor
by S. Fujii, A. Tsubosaka and Y. Niguma

5. The Application of Release Models to the Interpretation of Rare Gas
Coolant Activities
by C. Wise

12:30 - 14:00 - LUNCH

14:00 - 16:30 - Tour of Berkeley Nuclear Laboratories

16:30 - Depart for Hotel.

CEGB Dinner for all visitors.
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THURSDAY, 24th October 1985

Behaviour of Released Activitiy

09:15 SESSION 4

1. Control of the Tritium Path in Process Heat HTR's
by N. Kirch and G. Scheidler

2. Behaviour of Particles in a CAGR
by J.A. Garland, A.C. Wells and J. B. Hedgecock

3. Attachment of Gaseous Fission Products to Aerosols
by G. Skyrme

4. The Variation of Particle Gas-Borne Concentration with Time in a
Gas Cooled Reactor
by J. Reed, D. Hall and M.W. Reeks

5. Modelling of Caesium Deposition in CAGR Reactor Circuits
by M.E. Phillips

12:30 - 14:00 - LUNCH

SESSION 5

6. Modelling of Iodine Chemistry and Plate-Out in a CAGR
by P.N. Clough and E.M. Hood

7. Cesium Deposition on HTR Primary Circuit Materials
by K. Rollig, A.' Christ, F.W. Haase and J. Wiedmann

8. Monitoring Experiment of Gaseous Fission Products in the Primary
Coolant Helium of OGL-1
by H. Terada, T. Saruta, K. Suzuki, N. Wakayama and I. Aoyama

9. Fission Product Plate-Out Measurement of Oarai Helium Gas Loop OGL-1
N. Tsuyuzaki, H. Sasajima, Y. Endo, M. Matsumoto, and H. Itami

16:30 - Depart for Hotel
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FRIDAY, 25th October 1985

Behaviour of Released Activity (Continued)

09:15 SESSION 6

1. Sorption of Fission Products on Graphite and its Influence on their
Release Behaviour in a Pebble Bed HTR under Accident Conditions
by K. Verfondern, K. Hilpert, R. Moormann

2. ' Decontamination of CAGR Gas Circulator Components

by L.N. Rogers and A.J. Hooper

10;45 - 12:30 Round Table Discussion

- Session Summaries by the Chairmen

- Conclusions of the Meeting and Recommendations for Future
Activities.

12:30 - 14:00 - LUNCH

14:00 - Depart from Berkeley Nuclear Laboratories
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LIST OF PARTICIPANTS
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1082 Wien
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Mr. K. Verfondern Kernforschungsanlage Julich GmbH
Institut flir Nukleare Sicherheitsforschung
Postfach 1913
D-5170 Jiilich

Mr. N. Kirch

Mr. A.J. Christ

Mr. K. Rollig

Kernforschungsanlage Julich GmbH
Projektleitung HTA
Postfach 1913
D-5170 Julich

Hochtemperatur Reatorbau GmbH
Gottlieb-Daimlerstrasse 6
6900 Mannheim 1

Hochtemperatur Reatorbau GmbH
Gottlieb-Daimlerstrasse 6
6900 Mannheim 1

Mr. H.J. Allelein

Mr. U. Quade

Mr. U. Wawrzik

Mr. G.P. Ivens

INTERATOM GmbH
Friedrich-Ebertstrasse
5060 Bergisch Gladbach 1

INTERATOM GmbH
Friedrich-Ebertstrasse
5060 Bergisch Gladbach 1

Arbeitsgemeinschaft
Versuchsreaktor GmbH
Hambacher Forst
D-5170 Julich

Arbeitsgemeinschaft
Versuchsreaktor GmbH
Hambacher Forst
D-5170 Julich

France

Mr. R. Blanchard CEN/Grenoble
85 X - 38 041 Grenoble Cedex
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Mr. K. Fukuda

Mr. H. Terada

Kawasaki Heavy Industries Ltd.
Nuclear Systems Division
4-25, 2-Chome, Minamisuna
Koto-Ku, Tokyo

Japan Atomic Energy Research Institute
Tokai-mura,
Ibaraki-ken, 319-11

Japan Atomic Energy Research Institute
Tokai-Research Establishment
Tokai-mura, Naka-gun
Ibaraki-ken, 319-11

United Kingdom

Mr. A.C. Wells

Mr. J.A. Garland

Mr. P. Wood

Mr. D.J. Clough

Mr. J.B. Price

Mr. B.C. Edwards

Mr.D.A. Williams

UK Atomic Energy Authority
ErMSc Division
AERE Harwell
Didcot
Oxfordshire 0X11 ORA

UK Atomic Energy Authority
ErMSc Division
AERE Harwell
Didcot
Oxfordshire 0X11 ORA

Central Electricity Generating Board
Berkeley Nuclear Laboratories
Berkeley
Gloucestershire GL13 9PB

UK Atomic Energy Authority
Atomic Energy Research Establishment
HDD, B.338.4
Harwell, Didcot
Oxfordshire 0X11 ORA

UK Atomic Energy Authority
Atomic Energy Research Establishment
Harwell, Didcot
Oxfordshire 0X11 ORA

UK Atomic Energy Authority
HDD, B.338.4
Harwell, Didcot
Oxfordshire 0X11 ORA

Atomic Energy Establishment
Winfrith
Dorchester
Dorset DT2 8DH
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Mr. D.G. Martin

Mr. R.L. Faircloth

Mr. D. Hat ton

Mr. G. Skyrme

Mr. C.J. Chapman

Mr. M.W. Reeks

UK Atomic Energy Authority
Atomic Energy Research Establishment
Theoretical Physics Division
B 424.4
AERE Harwell
Didcot
Oxfordshire 0X11 ORA

Chemical Technology Div.
Building 10.5
UK Atomic Energy Authority
AERE Harwell
Didcot
Oxfordshire 0X11 ORA

Central Electricity Generating Board
Berkeley Nuclear Laboratories
Berkeley
Gloucestershire GL13 9PB

Central Electricity Generating Board
Berkeley Nuclear Laboratories
Berkeley
Gloucestershire GL13 9PB

Central Electricity Generating Board
Berkeley Nuclear Laboratories
Berkeley
Gloucestershire GL13 9PB

Central Electricity Generating Board
Berkeley Nuclear Laboratories
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Gloucestershire GL13 9PB

Mr. L.N. Rogers
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Mr. J.E. Antill

Mr. G.J. Small

Central Electricity Generating Board
Berkeley Nuclear Laboratories
Berkeley
Gloucestershire GL13 9PB

Central Electricity Generating Board
Berkeley Nuclear Laboratories
Berkeley
Gloucestershire GL13 9PB

Central Electricity Generating Board
Berkeley Nuclear Laboratories
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- 425 -



Mr. P.N. Clough Safety and Reliability Directorate
UK Atomic Energy Authority
Wigshaw Lane
Culcheth
Warrington WA3 4NE

United States of America

Mr. D.L. Hanson

USSR

Mr. V.K. Yakowlev

Mr. A.S. Chernikov

GA Technologies Inc.
P.O. Box 85608
San Diego
California 92138

Charkov Physical and Technical Institute
310108 Academicheskaya 1
Charkov

I.V. Kurchatov Institute of Atomic Energy
42 Ulitsa Kurchatova
P.O. Box 3402
123182 Moscow

International Organizations

CEC, Belgium

Mr. C. Vivante

Mr. H.J. de Nordwall

Commission of the
European Communities

200, Rue de la Loi
B-1049 Brussels

Commission of the
European Communities

200, Rue de la Loi
B-1049 Brussels

IAEA

Mr. J. Kupitz Scientific Secretary of the
International Working Group
on Gas-Cooled Reactors
International Atomic Energy Agency
Wagramerstrasse 5
P.O. Box 100
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Austria
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