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ABSTRACT

A survey on methods and data relevant for source term estimations of

modern small HTRs, which are equipped with a high safety standard, is

given . Accidents which have to be considered are core heat-up, reactiv-

ity transients, water or air ingress and primary circuit depressuriza-

tion . The main effort of this paper belongs to water/air ingress and

depressurization, which requires consideration of fission product plate

out under normal operation conditions ; for the latter it is clearly

shown, that absorption (penetration) mechanisms are much less important

than assumed sometimes in the past . Source term estimation -- procedures

for core heat-up events are shortly reviewed ; reactivity transients are

apparently covered by them . Besides a general literature survey includ-

ing identification of areas with insufficient knowledge this paper con-

tains some estimations on the thermochemical behaviour of fission prod-

ucts in water and air ingress accidents . Typical source term examples

are also presented . In an appendix, evaluations of the AVR experiments

VAMPYR-I and -II with respect to plate out and fission product filter

efficiency are outlined and used for a validation step of the new plate

out code SPATRA .
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1 . INTRODUCTION

At the beginning of an ac-

cident, nearly all fission

products are enclosed in

intact coated particles .

There are 3 mechanisms,

leading to a massive re-

lease of this fission prod-

uct inventory : Temperature

increase of at least some

hundred K beyond fuel ele-

ment design values (1523 K

= 1250 00 i n course of core

heat-up accidents, long

term graphite burning with

The philosophy of the modular German High Temperature Reactor (HTR) is

based on the concept of inherent safety features, which means, that

significant consequences of accidents may be excluded as far as possi-

ble without active measures (like emergency cooling, filters etc .) .

This concept has to be applied not only for design basis accidents but

also for hypothetical events in the frequency regime usually examined

in safety studies (>10-7a-1) . Details to the design of the HTR-Modul

are found elsewhere /6/ ; some general design characteristics of the

modular HTR are given in fig . 1 and tab . I .
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destruction of fuel elements due to an air ingress, or heavy crit-

icallity excursion .

As will be shown later in detail, the design of modern small HTRs ex-

cludes temperatures in core heat-up accidents, where significant re-

lease of this fission product inventory may occur . This is obtained by

low power and power density of the HTR-core, by a high surface to vol-

ume ratio of the core and by a steel vessel, allowing an efficient

heat-transfer to the surroundings .

Long term graphite burning is nearly excluded by the design of the

pressure vessel inclusive its interior and of the reactor building,
severely limiting the probability of high air ingress rates into the
graphitic core . Heavy criticallity excursions are very rare events, be-
cause of the nuclear design of the HTR-Modul, in particular its low
uranium/moderator ratio in the fuel . Extremly fast reactivity tran-
sients as such, which are known to destroy particle coatings /14/, are
difficult to imagine in this reactor .

As will be explained in chapter 3, there is a small amount of fission
products outside intact particles at accident initiation which is eas-
ier released than the intact particle inventory . Source terms of core
heat-up and (limited) air ingress accidents in modular HTRs are mainly
restricted to this inventory . This is also true for reactivity tran-
sients within the above outlined frequency regime, whose source term
handling is covered by core heat,-up events . In case of core heat-up, a
small part of some metallic fission products, enclosed in intact coated
particles, may also be released .

Release mechanisms in core heat-up accidents are :

Temperature induced

- diffusion in particle kernel and graphite for particles with defec-
tive coatings and, in addition, in coatings for intact particles

- coating failure

- diffusion in graphite kernels for activity, resulting from heavy
metal contamination of the matrix graphite

- desorption of activity, plated out,on primary circuit surfaces

A (limited) air ingress, which might be combined with a core heat-up
event, may significantly increase the mobilization of fission products,
beeing outside coated particles . This is due to
- oxidative gasification of graphite, combined with release of its

fission product inventory



- oxidative interaction of oxygen with U02 in particles with defective

coatings, leading to an enhanced release of iodine, noble gases and

perhaps cesium

- oxygen attack on metallic primary circuit surfaces, causing a fis-

sion product desorption

Similar mechanisms as for (limited) air ingress are valid for steam

ingress into the primary circuit, too . Ingressing liquid water might

cause a mechanical decontamination of surfaces by erosive forces ; also,

the high solution capability of liquid water might contribute to an in-

crease of activity mobilization from surfaces . Subsequent evaporation

of the water transfers the fission products into the gas phase .

Steam/water ingress accidents are more frequent than air ingress and,

accordingly, of higher safety relevance .

A (complete or partial) depressurization of the primary circuit occurs

in combination with all safety relevant sequences of the above listed

accidents, because a release path into the environment is possible only

in combination with an opening in the primary circuit enclosure . If

depressurization occurs, before fission product mobilization into the

gas phase takes place -as is usually the case for core heat-up and air

ingress accidents- transport of the mobilized (gas borne) activity into

the environment remains small because of a lack of an efficient trans-

port mechanism: Under these circumstances, only thermal expansion of

the primary circuit gas inventory, diffusion or atmospheric pressure

variations may cause a transport . In case of depressurization following

mobilization, as for relevant water ingress scenarios, this transport

is much more efficient due to the depressurization itself .

However, a (partial) depressurization may also proceed as an isolated

event . In any case, the following source term contributions initiated

by the depressurization process have to be taken into account :

release of the fission product inventory of the cooling gas

(equilibrium concentration of the normal operating reactor, and the

above outlined contributions of preceeding accident steps)

desorption of activity, plated out on surfaces, due to the

concentration drop of the fission products in the gas phase

partial release of dust borne activity by lift-off of settled

dust due to flow induced shear forces .

Considering the HTR-typical source term vector /1,2/ in combination

with German regulations for design basis accidents /4/ and emergency



planning /5,71/ or with more realistic accident consequence models /3/

the following nuclides have been identified as most important for HTR

safety analyses : Sr-90, I-131, Cs-134, Cs-137 . For certain conditions,

also other iodine isotopes, noble gases and Ag-110m have to be taken

into account . In general, I-131 is most important for design and emer-

gency planning (maximum individual doses are limiting factors), whereas

Cs-137 dominates the consequences in realistic models (which are based

on collective doses) . However, there is a tendency to apply the more

restrictive German design rules also for hypothetical events of inher-

ent safe nuclear reactors in order to proof their safety features . One

reason for doing this was, that the more realistic consequence models

lead to consequences (late fatalities) in the event frequency range of

>_ 10-7 a-1 , which are so small for the HTR-Modul, that they are not re-

ally meaningfull . Nevertheless, dose estimation by these more realistic

models is reasonable also for the low source terms in the above men-

tioned frequency range of the HTR-MODUL . Some additional informations

on dose estimations are presented in App . E .

In the following chapters, an overview on the source term estimation

for these nuclides in modern small HTRs, in particular for the modular
HTR, is given . At first, facts leading to the exclusion of massive re-
leases are presented . After that, the fission product distribution at
accident initiation on intact/defective coated particles, graphite con=
tamination, plate out- and dust borne activity will be outlined, be-
cause this distribution remarkably influences the dominant source
terms . At last, methods and data for source term estimation of the
above listed accidents will be explained and some examples of source
term estimations performed by KFA/ISF resp . ISR for the HTR-Modul will
be presented ; important areas of lack of knowledge will also be de-
fined . Core heat-up events are only shortly described, because they are
considered elsewhere in detail /8,11/ .



2 . EXCLUSION OF SEVERE FISSION PRODUCT RELEASE : STATUS AND LIMITS

In the following chapters it will be shown, that severe fission product

release can be excluded until far into the hypothetical range . Never-

theless, some very hypothetical accident scenarios may lead to a large

release ; state of knowledge and future work in this field are ex-

plained .

2 .1 Source terms in unrestricted core heat-up events and in critical-

lity excursions

By heating of irradiated HTR fuel elements

shown /7,8/, that a significant release of radiological important fis-

sion products may not happen at temperatures < 1600-1650°C = 1873-1923

experiments is presented in Fig . 2 .

Release of Kr-85, which

shows similar release

behaviour as I-131, may

be taken as indicator

for defective particle

because its

intact

negligible

at 16000 C=1873

K in particle kernels

and no retention occurs

in graphite ; the low re-

lease of Kr-85 indi-

cates, that all coatings

remain intact during

heating and that no de-

fective particles by

production or irradia-

tion exist in this par-

ticular fuel element .

Whereas the high

temperature stability of

of all heating experiments at this temperature,

element contains one coating defect by fabrica-

will be shown in chapter 3 .1 .

K. A typical result of such heating
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Cesium and strontium diffuse slowly via intact coatings, as their in-

ventory in graphite after 500 h of heating indicate . However, the

strong chemisorption of these elements by the fuel element graphite

prevents a significant release, in particular for strontium . Extrapo-

lating to the whole core, this retention on graphite increases by some

orders of magnitude because chemisorption of gas borne cesium and

strontium takes place on colder fuel elements and on the reflectors, as

will be outlined in chap . 4 .1 .2 . Release of Ag-110m is comparably high

due to its fast diffusion in fuel element components and bad retention

on graphite ; its amount in the fuel, however, is small (total inven-

tory: 2-105 GBq) .

Thermohydraulic estimations for the HTR-Modul indicate, that also for

worst core heat-up conditions concerning core temperatures (fast pri-

mary circuit depressurization, no reactor cooling) the maximum fuel

temperature remains below 1575°C= 1848 K; only 3 % of the fuel elements

reach temperatures >1500°C=1773 K for less than 2 .5 days /9/ . Taking

into account, that < 10-4 of the fission product inventory is outside

intact coated particles at accident initiation (s . chapter 3 .1), a sig-

nificant fission product release in core heat-up events may be ex-

cluded .

The temperature behaviour in more frequent (but nevertheless hypotheti-

cal) reactivity transients is covered by the above outlined values for

core heat-up events /10/ . Accordingly, severe release may not occur in

these accidents . However, for some highly hypothetical fast reactivity

transients in combination with water ingress some irradiation experi-
ments will be performed in the ARGUS-pulse-reactor (Moscow) on fuel el-
ements ; the irradiated fuel elements will be heated up to 1600°C = 1873
K in KFA hot cells . The data of these experiments will be used in deve-
lopment of a particle failure model for such reactivity accidents .

More detailed information about the source term limitation of small
HTRs in core heat-up events are found elsewhere /1,2,8,11/ .

2 .2 Massive long term air ingress

Long term air ingress with graphite burning /12/ is possible only by
natural convection (chimney draught) due to 2 leaks in top and bottom
position of the pressure vessel and an additional leak in the inner
core container, due to 1 big sized leak in pressure vessel and core
container or (in case'of the HTR-Modul) due to a complete rupture of



the coaxial duct . In addition, there must be a path between the leak(s)

in the pressure vessel and the environment ; that means, the reactor

building may not act act as a significant barrier for gas exchange . Ac-

cident scenarios, leading to such configurations are not easily imagin-

able ; their frequency will be << 10-7 a- r, i .e . in a very hypothetical

regime .

Pebble Bed
02 Bottom Reflector

	

400
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1200

	

1600

t~3 Reactor Vessel
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Fig . 3

Nevertheless, parametric calculations have been executed for such se-

vere air ingress conditions /12/, using the code REACT/THERMIX /13/ .

One example of a REACT/THERMIX-result on severe air ingress in the HTR-

Modul is presented in fig . 3, indicating, that the C/02-reaction front

remains within the bottom reflector whereas fuel element oxidation oc-

curs via the endothermic Boudouard-reaction ; this behaviour is typical

for accident sequences with hot bottom reflector at accident initia-

tion . Summing up, these calculations indicate for the (most credible)

sequences with gas flow to the core via the (hot) bottom reflector a

significant time span between start of air ingress and first setting

free of coated particles due to graphite oxidation (which occurs in the

active core mainly by the Boudouard reaction) . This also holds for high



air ingress rates /12/ restricted only by the flow resistance within

the pebble bed core . Setting free of coated particles does not neces-

sarily mean coating destruction and fission product release, because

the SiC-coating will be converted by oxidative attack into Si02 . The

latter seems to inhibit significantly a further progress of particle

corrosion at least at temperatures well below its melting point

(>1600°C=1873 K) ; for highly corroded regions active core temperatures

calculated with REACT/THERMIX remain below 1500°C = 1773 K for at least

2 days .

As an example of the oxidation behaviour of particles fig . 4 shows REM-

pictures of an oxidized (300 h in air, 950°C = 1223 K) and an

unoxidized unirradiated coated TRISO particle .

As may be seen, the outer pyrocarbon is removed by oxidation but the

SiC layer is not visibly corroded . NUKEM-experiments on TRISO-particles

indicated the same : After 50 h of heating in air (1100°C=1373 K) the

fraction of defect SiC layers increased only from 3 .3 " 10-5 to 2 .5-10-4

/72/ . Some irradiated DRAGON TRISO fuel has been burned and no signifi-

cant increase in the defect layer level has been detected (700-1000°C =

973-1273 K, 5 - 15 h) /74/ ; however, the original defect fraction of

these particles was already high (10-2 ) . The behaviour of irradiated

fuel elements in air at temperatures up to 1600°C=1873 K will be exami-

ned experimentally in future in KFA/IRW in order to validate the oxida-
tion resistance of particles under severe air ingress conditions .

However, also with the worst case assumption, that setting free of par=
ticles is identical with total release of its fission product content,
the time span between accident initiation and start of massive release
seems to allow for counter measures like covering of the leaks /12/ ;
this time span is increased, if only a complete rupture of the coaxial
duct is assumed and no additional leaks are considered at the top of
the pressure vessel . The comparatively easy realization of such acci-
dent management measures should be taken into consideration in general
assessments of those accidents . Additional analytical and experimental
work on thermohydraulics-and graphite oxidation in severe air ingress
by chimney draught in the HTR-Modul will be performed in the next time
in KFA-ISR ; research work on an outer coating of fuel elements in order
to prevent burning is included .



Fig . 4 : REM-pictures of (broken) TRISO-coated particles : Left :

uncorroded, right : corroded for 300 h in air at 950°C = 1223 K.
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3 . FISSION PRODUCT DISTRIBUTION WITHIN THE PRIMARY CIRCUIT AT ACCIDENT

INITIATION

3 .1 General remarks

Fractional distribution of some fission products in the HTR-Modul
following 30 a of operation (Best estimate values)

Tab . II

Table II lists the fission product inventory within the primary circuit
of the HTR-Modul, following 30-years of normal operation ; this inven-
tory is divided in different groups, which have to be handled separa-
tely in source term estimations . Methods and data, used for evaluation
of these values are as follows : Fission product release from core is
estimated for metallic fission products with help of the diffusion mo-
del FRESCO-II /19/ and with a Booth-model for short-living nuclides
(code STADIF-II /90/) . Gaseous precursor nuclides of metallic fission
products have also to be considered, in particular for Sr-89 . It is not
clearly known for Cs-137 and Sr-90, to which extent the release of
these nuclides is caused by precursors, by formation of contaminated
dust due to fuel element erosion and by direct release of the elements
or perhaps their compounds . With respect to the Fort St . Vrain HTR
there are some indications by diffusion tube measurements, that direct
release does not occur and sources of the primary circuit contamination
by these nuclides are formation of contaminated dust and gaseous pre-
cursors only /58/ . In contrast to that, direct release seems to domi-
nate in the AVR reactor /16/ ; the latter is assumed in actual safety
analyses . Sources of this direct release which have to be considered
separately are coated particles with intact coatings resp . with

Nuclide
Inventory in Cs-137 Sr-90 I-131 Xe-133

Particles with intact coatings >0.9998 0.9999 > 0.9999 >0.9999

Kernels of particles with defective coatings 5-11f , 5-16" 5.165 5 -16 1

Carbon buffer layer of particles with defective 1 "106 1 "10 6 I-10F , . 1 .1 6
coatings

Grains of matrix graphite -1-16 6 . <1-10 6 -1 " 106 <1-10 6
(recoil from Uranium contamination into matrix
material)

Inner surfaces of matrix graphites and reflector 2.10 6 1.10 6 (4 -107 ) -
graphites
(chemisorbed during diffusion from cooling
gas or coated particle into the porous
graphite)

Metallic primary circuit components 5 "106 2 "106 2 " 1(F 7 -
(plate-out)

Settled dust a) primary circuit a) 1 "106 a) 4 -16 8 a) 1 .106
b) clean-up plant b)-2 "10° b)<8 "10 r° b) 2 "10 1°

_

Cooling gas -1 "10 11 -1 "102 -1 "10 1° -6 .107

Overall Inventory IGBg1 1.7 "10 7 1 .4 " 10 7 2.1 "10 ° 4 .5 " 10 °



defective coatings and fuel contamination of graphite . Reliable data on

the sum of fuel in particles with defective coatings and in graphite

are obtained by the fuel element qualification program /15/ . The fuel

contamination of graphite was continuously decreased by fabrication

measures, as shown by separate measurements ; new data on single fuel

elements indicate a value of < 10-7 , which however has to be verified

for more realistic production conditions and is therefore not consid-

ered in tab . II .

It becomes clear from Tab . II, that

- less than 2 " 10-4 of the inventory is found outside intact coated

particles

- the equilibrium activity within the cooling gas is extremly low due

to low release from fuel elements and to plate-out on surfaces of

primary circuit components

- the inventories of defective particles and of the metallic primary

circuit surfaces by plate-out are the largest activities outside in

act particles .

3 .2 Adsorption on surfaces

Plate-out distribution in the primary circuit is calculated using the

codes SPATRA or PATRAS /19/, which combine ad/desorption behaviour and

mass-transfer, as first proposed for HTR plate out calculations by

Kress and Neill /61/ . SPATRA will be explained at first ; differences to

PATRAS are outlined later (see also App . F) . Fig . 5 contains an

overview to SPATRA . The ad/desorption equilibrium on metals is given

approximately by :

p i =108 " exp(-AHdes/RT) " a/v0 Pa

	

(la)

v=

	

concentration of fission products with respect to the

geometrical surface =74-2

v0=

	

monolayer concentration on the geometrical surface

1 . 10-5 mo 74-2

°tides=desorption enthalpies in the sub monolayer regime J-mol-1

R=

	

gas constant = 8 .3143 J-mol-1 -K-1
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Equation (1a) is easily obtained by setting equal the rate of nuclide

bumps onto the geometrical surface with the desorption rate (see also

Appendix C, eq . C1, which leads for stationary conditions to c/v=v/s) ;

the latter is proportional to the lattice vibration frequency and to an

in app .

reason-
Arrhenius factor containing the desorption enthalpies . As shown

C in detail, the assumption of an ad/desorption equilibrium is

able .

Introducing eq . (la) into the mass transfer equation leads to :

dv/dt = ß/RT - (pi,ßULK - 108-exp(-AHdes/RT)-v/v0) mol-iri 2.S-1

ß=mass transfer coefficient

	

m-s--1

(1b)

which has to be solved (in a more complicated form) in SPATRA . Eq . (1b)

is valid only for low fission product burden on surfaces, which is usu-

ally the case for the normal operating reactor . In case of higher sur-

face concentrations saturation effects have to be taken into account,

which means, that fission products cannot be handeled independently

with respect to their adsorption behaviour ; coverage of effective sur-

faces near to a monolayer also leads to a significant decrease of des-

orption enthalpies. However, due to surface roughness, effective HTR

surfaces may be at least one order of magnitude larger than the ge-

ometrical surfaces .

Desorption enthalpies are about 220-260 kJ-mol-1 for cesium and silver

and 110-180 kJ-mol-1 for iodine, depending on adsorbens and its sur-

face conditions ; cesium desorption enthalpies seem to be larger on oxi-

dized surfaces than on clean metallic surfaces, whereas iodine desorp-

tion enthalpies are in particular small on oxidized surfaces . A quanti-

tative relation between surface conditions and desorption enthalpies

is, however, not available up to now . There are some indications, that

cesium desorption enthalpies might be even smaller (160-180 kJ-mol-1 ,

s . App . G) . One should bear in mind, that the desorption enthalpy in-

fluences the sorption isotherms as an exponent ; accordingly, the above

given data range of AHdes(CS) corresponds to sorption isotherm diffe-

rences of several orders of magnitude . Strontium plate out behaviour is

still less well known ; thermochemical estimations reveal, that stron-

tium in presence of oxide layers may be converted into SrO or into

another oxidic phase . In that case, eq . (1a) is not applicable and

usual vapor pressure equations for pure compounds have to be assumed .
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Vapor pressures of oxidic strontium compounds are, however, extremly

low . Pure compound vapor pressure equations may also be applied in case

of iodine plate out for conditions, where solid FeI2 formation has to

be expected, i .e . only less oxidized metal surfaces at low temperatures

/25/ . Because of their relevance in particular for source term estima-

tions in water ingress accidents (see chap . 4 .3 .2) the knowledge con-

cerning desorption resp . vaporization enthalpies for reactor conditions

has to be improved by additional experiments .

As an example for SPA- I ~
10,

TRA-calculations, fig .
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stant temperature

gradient and experimental parameters constant with time), a first rough
evaluation, leading to the desorption constant o for one temperature,
is easily possible by linear extrapolations of the mass transfer and
the ad/desorption equilibrium lines ; for the crosspoint of both lines
holds : ,s=v/ (ß " t) (with t = experimental time s and v = ato-
mar/molecular velocity m " s-1 ) . Desorption enthalpies may than be calcu-
lated using the definition of o given in context with eq . (C-1) .

The PATRAS results on Ag-plate out," presented also in figure 6, are
discussed in App . F . In the same experiment, cesium plate-out is small
and shows a very small temperature dependence ; first results of the
evaluation of this experiment are discussed in App . G . In the VAMPYR-I
experiment /60/ normal plate out curves have been found also in case of
cesium on stainless steels ; results of evaluations of this experiment
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with different models are given in fig . F-1, indicating good agreement

for usual SPATRA assumptions . However, the adsorbens metal at least in

the high temperature part of this experiment is not representative for

the HTR primary circuit high temperature range ; in addition, consider-

able activation processes take place in the high temperature part of

VAMPYR-I influencing in particular the Ag-110m concentrations ; flow

conditions in this loop differ significantly from those in VAMPYR-II .

Iodine plate out in the

VAMPYR-I loop is obvi-

ously controlled by

ad/desorption equilib-

rium and mass transfer

only and is therefore

easily handled as fig . 7

indicates . SPATRA-evalu-

ations lead to des-

orption enthalpies of

about 170 t 15 kJ/mol on

15Mo3 . There are some

indications from LAMI-

NAR-loop experiments and

from other sources, that

iodine adsorption might

be an activated process

under

	

certain

	

condi-
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tions .

	

Because
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plate out phase and postexamination, no iodine data are available from

VAMPYR-II .

Calculations on the basis of eq . (lb) for the primary circuits of ac-

tual HTRs (Peach Bottom /46/, AVR fig . 8 in /48/, /95/) with help of

the US codes PAD and PADLOC indicate a sufficient agreement to the

measured plate out distribution for Cs-137 and Sr-90 in these reactors .

This agreement may be taken as an additional partial validation of the

physical plate out model, which is used in a nearly equivalent manner

in PAD/PADLOC and SPATRA ; besides the arguments in this chapter, other

experimental validations for these codes resp . the assumptions on ab-

sorption in SPATRA (see next chapter) are given in App . F and G .



3 .3 Absorption (Penetration)
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SPATRA also contains a simplified model for consideration of absorption

processes (see fig . 5) : A partition coefficient is assumed between ad-

sorbed and absorbed state ; transport within the material is handled as

simple Fickian diffusion (option 1) . Another option for handling ab-

sorption in SPATRA is the penetration coefficient 7rp as shortly explai-

ned in App . F (resp . option 2 of fig . 5) ; in option 2 SPATRA does not

consider saturation limits for absorption . Absorption effects are expe-

rimentally confirmed to some extent for cesium /62/, however, are not

well understood up to now : Mechanisms like volume diffusion, diffusion

in the micropore or grain boundary system of the oxide layers and

growing of oxide layers have to be taken into consideration . Experimen-

tal arguments for absorption are : Diffusion profiles of cesium have

been found within the oxide/metal layers of metals for a depth of some

j,m /21,68,69/ at temperatures of 600-800°C = 873-1073 K for diffusion

times in the order of some 100 to some 1000 h; in all cases, however,
the absolute amount of fission products deeper than the first step of
sectioning is very small, indicating, that the absorbed fraction is
probably much smaller than the adsorbed fraction . In addition, leaching
with water removes only a part of some ten percent of the plated-out
cesium /18,62,68/, in particular for high temperature plate out, which
might be caused by absorption .

With simple absorption or penetration mechanisms conflicts the follow-
ing : At temperatures >400°C=673 K the water leach yield shows no clear
temperature dependence ; if adsorption decreases in favour to absorption
with increasing temperatures, as assumed in simple absorption models, a
remarkable decrease of the leach yield has to be expected . In addition,
diffusion profiles are measured also at low temperatures (<150°C=423 K)
and are found not only in mass transfer controlled plate-out regions
but also in the ad/desorption controlled branches, the latter sometimes
even without showing significant deviations from simple ad/desorption
profiles ; this might be explained by cesium diffusion along the inner
oxide surfaces/grain boundaries with a rate, which is fast compared to
the rate constants of cesium desorption into the gas phase . From a
physical point of view this is possible, because in case of surface
diffusion the cesium atom does not completely leave the attraction
range of the surface and corresponding activation energies of diffusion
are much smaller than desorption enthalpies . This explanation is com-
patible with the low leach yield, because penetration of water into the
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oxide layer micropore system is strongly impeded . Besides diffusion

within the micropore system of the oxide layer, some true absorption

(i .e . irreversibility with respect to ad/desorption equilibrium) with

cesium inclusion into the metal/oxide volume may occur, too . Absorption

hinders remobilization of plated-out fission products ; because of its

uncertainties, it is conservatively not considered in safety analyses

up to now . An overview on models concerning absorption is found in

/63/ .

A reasonable tool for examination of ad-/absorption effects is the

sorption coefficient T introduced i n /84/ . This coefficient i s the ra-

tio of actual plate out rate to the maximum rate (controlled by mass

transfer) and is easily calculated from plate out profiles . An indica-

tion of absorption/penetration is a sorption coefficient significantly

< 1 together with a (very) small temperature dependence of that sorp-

tion coefficient ; in case of simple ad/desorption processes, this com-

bination cannot occur . For a known absorption controlled T, the pene-

tration coefficient Tr
P

can easily be calculated by ir
P

= I'-B/v ; this

relation is exact for f << 1 (as is usually the case for absorption) .

Several plate out experiments have been sometimes interpreted in the

past as strongly penetration controlled, although the above given cri-

terion was not fullfilled (e .g . SAPHIR/PEGASE P05 plate out results

/85/ ; this experiment is difficult to examine, because ist contains

different metals with different geometrical parameters) ; in these

experiments the sorption coefficient is temperature independent but 1 .

Such black body behaviour is usually caused by adsorption still far

from equilibrium ; another reason might be complete inclusion of ad-

sorbed fission products by a very fast growing oxide layer, which how-

ever has not to be expected for HTR metals (Incoloy 800, Inconel 617,

Hastelloy X for temperatures ? 500°C = 773 K, several stainless steels

like HMO, 4541, 1OCrMo910 for lower temperatures) but for titanium

(see App . F resp . /77,79/) .

As mentioned above the KFA code PATRAS /75/ is very similar to SPATRA

with respect to adsorption but considers a temperature independent pen-

etration coefficient (which is identical to the absorption probability

of a gas atom bouncing on the surface) and a re-evaporation of the ab-

sorbed nuclides if solubility limits are reached . A critical discussion

of physical background and data base published for PATRAS is given in

App . F . It is shown there, that PATRAS in combination with its data

base is not applicable to HTR relevant conditions ; however, considering



the penetration coefficient as an empirical factor without a definite

physical meaning, and reducing its value by about 2 orders of magnitude

in relation to /75/ it is shown, that this model is applicable for

rather rough estimations of plate out problems in particular for low

fission product concentrations (where the above mentioned solubility

limits play no role) . This modified penetration model (option 2 of SPA-

TRA) is also preferently used in this report, because sufficient input

data for the physically more correct option 1 are not available up to

now . However, in order to solve the still open questions with respect

to absorption, laboratory experiments generating partition coefficients

and diffusion data should be performed in future .

3 .4 Dust borne activities

1 8

Dust borne activities cannot be handled in the moment with a physical

model but only on an empirical base ; with respect to this empirical

handling (s . chapter 4 .3 .2) it has to be mentioned, that the uncertain-

ties concerning its production, settlement and interaction with gas

borne or plated-out activities are high ; its activity values in table

II are upper limits of the uncertainty scatter and may therefore de-

crease with increasing knowledge . In connection with dust contributions

to the equilibrium cooling gas activities it was found, that an equi-

librium like dust concentration within the primary circuit gas is ob-
tained only for very uniform flow conditions, as will be shown in chap .
4 .3 .2 . Basin g on experimental evidence from AVR it is assumed, that 107
of the overall dust amount within the primary circuit is gas borne un-
der equilibrium like conditions ; as will be outlined in chap . 4 .3 .2
this corresponds in case of the HTR-Modul to about 5-10-9 of the Cs-137
inventory released from core into the primary circuit (or 5-10-13 of
the overall reactor inventory) . A more detailed description of some
calculation methods and data is found in /19/ .

3 .5 Data base and general estimation guideline

Input for the models for estimation of the fission product distribution
at accident initiation are mainly best estimate data of irradiation ex-
periments of fuel elements /15/, of reactor experience /16,17,46,60/
and, in case of plate out, of laboratory experiments, too /18,49,62/ .
Additional data are expected from a research program at Forschungszen-
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trum Rossendorf on 'fission product release in HTR water ingress acci-

dents', where plate out (and remobilization) of Cs and iodine will be

measured in a thermogradient tube and in a large plate out loop . One

main aim of this work will be the examination of the dependence of

plate-out parameters on surface conditions .

Whereas best estimate values of desorption enthalpies in estimations of

plate out distributions in safety analyses have to be used, its lower

boundaries have to be taken into account in calculations of the equi-

librium cooling gas activities ; this handling leads to lower limits of

the relative plate out per pass respective upper limits of the atomic

or molecular cooling gas activities . Because the amount of plate out

dominates always for iodine and metals in comparison with the atomic/-

molecular gas borne activities, the different handling of gas borne and

and plate out does not lead to conflicting mass balances . The equilib-

rium gas activities of noble gases have to be calculated considering

sinks like primary circuit leakages and gas cleaning .
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4 . MODELS,DATA AND RESULTS OF SOURCE TERM EVALUATION

4 .1 Core heat-up events

4 .1 .1 Coating failure rates

The model PANAMA-I /20/ has been developed in order to calculate the

coating failure rates due to temperature increase . This model takes

into account the following points :

internal pressure increase in coated particles by fission gas and CO

production

strength loss of the SiC coating by irradiation and corrosive attack

by fission products

thermal decomposition of SiC, which, however, is important only at

temperatures >2073 K=1800°C.

Input data for this code have been obtained from fuel element heating

and additional laboratory experiments /20/ . Parameter calculations with

this code indicate, that besides temperature and time of heating also

irradiation temperature history and burn-up determine the coating fail-

ure rates . Applying this code to the worst core heat-up events of the

HTR-Modul shows, that the amount of temperature induced coating fail-

ures remain far below that of failures by fabrication and irradiation .

4 .1 .2 F ission product transport within _ the core

The two-dimensional diffusion model FRESCO was developed in order to

calculate the fission product release from core . Fickian diffusion is

assumed in all components of the fuel element and in the graphitic re-

flectors ; concentration dependent diffusion coefficients, however, may

be used. Concerning the small activity inventory in graphite kernels

and in the carbon buffer layer of defective particles, a release by

diffusion in direction of the internal graphite surfaces is considered
only for temperatures < 1523 K--1250°C; for higher temperatures a spon-
taneous release of this inventory is assumed because of a lack of data .
Particles with defective coatings are modelled without coating .

Main input data for FRESCO are temperature and gas flow transients,
coating failure rates from PANAMA-I, fission product diffusion coeffi-
cients and sorption isotherms of fission products on graphitic materi=
als . An overview on FRESCO and its input data is given in /19/ .
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A very important result of parameter calculations with FRESCO for core
heat-up events of small sized HTRs is, that elemental cesium and
strontium, released slightly from hot fuel elements, are nearly totally

retained by chemisorption in colder graphitic regions . This remains
true, if the experimentally detected deviations from the usually used
Fickian diffusion model /70/ are taken into account with respect to the

Cs-diffusion in graphite ; the latter is explained more detailed in Ap-

pendix D . A particular high sorption capability was found for the un-

graphitized binder component of the fuel matrix graphite /26/ . An vali-

dation of the retention model of FRESCO (using a slightly different

code) has been performed in /88/ on the basis of Cs-sorption/desorption

experiments in flowing argon, loaded with Cs . Due to their high Cs-bur-

den in graphite, a reasonable postcalculation of these experiments re-

quired the consideration of concentration dependent diffusion of Cs in

graphite, as proposed in /2/ . This postcalculation was possible on the

basis of input data (diffusion coefficients, sorption isotherms), which

have been generated independently in laboratory experiments ; solely the

relation of activation energy of surface diffusion (within the graphite

pores) to sorption enthalpy was not known and fitted to the experimen-

tal curve . In contrast to that, the very sucessfull postcalculation

with PATRAS-Core (see /88/) does not rely on separately generated data

but obviously needs the fit of many parameters .

The extremly high retention in graphite is calculated only for small

sized HTRs with its low fission product concentrations in graphite,

whereas in medium sized HTRs graphite saturation and chemical reactions

like CsI-formation have to be taken into account /24/ . Nevertheless,

maximum accidental temperatures up to 2273 K--2000°C might be possible

without significant release of cesium and strontium out of the core

cavern, if credit is taken on this chemisorption ; simply increasing the

core diameter, this maximum temperature corresponds to a thermal power

of about 600 MW /22/ . Additional work to this question should be done

in future in order to optimize the concept of the HTR-Modul .

Concerning iodine, a limited potential for source term reduction by

chemisorption on cold graphitic components exists in small HTRs, as

FRESCO calculations using experimental sorption isotherms for the io-

dine/graphite system indicate . However, the extent of iodine sorption

on graphite seems to be strongly influenced by its impurity content

/65/ ; additional measurements are necessary in order to clarify the ap-

plicability of iodine sorption isotherms in HTR accidents .
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Partition coefficients a of fission products be-
tween gas phase and graphite at low concen-
trations

Fig . 8

4 .1 .3 Temperature induced desorption from surfaces

Fig . 8 gives an

overview on measured

equilibrium partition

coefficients for cer-

tain fission products

between gas phase and

graphite (Henrian

sorption range),

demonstrating the high

retention capability

of graphite .

Models and data used for sorption on graphitic and metallic surfaces

(as used in FRESCO resp . SPATRA) can also be applied for calculations

of temperature induced desorption . Desorption from graphite has only to

be taken into account for the small amount of its iodine content,

whereas cesium and strontium are retained by the above outlined
chemisorption on cold graphites . Desorption from metal surfaces in par-
ticular from the steam generator remains small : Core heat-up does not
lead to an overall increase but to an equilization of its temperatures ;
in most regions with temperature increase the initial nuclide concen-
trations are far from saturation and, accordingly, heating does not
lead to a remarkable desorption .
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4 .1 .4 Representative source terms in core heat-up events

O
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Time after accident initiation
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noble gases

End of primary circuit

depressurization

Core heat-up accident in the HTR-Modul following a slow (12h)
primary circuit depressurization : Maximum and minimum core
temperatures and release fractions from core and into the en-
vironment for iodine/noble gases and silver

Fig . 9

In unrestricted core heat-up events of the HTR-Modul fission product

release out of the core cavern remains limited to iodine, noble gases

and silver, whereas release of cesium and strontium remains far below

10-$ of the overall inventory. Fig . 9 contains maximum and average ac-

tive core temperatures and temperature induced fractional release val-

ues out of the core cavern and into the environment for I-131/noble

gases and Ag-110m in case of a core heat-up event with slow depressur-

ization /23/ ; the latter was found to be the worst case concerning re-

lease into the environment .

Due to the slow temperature increase, fission product release from core

starts late and proceeds slowly . With respect to iodine/noble gases

about 15 % of their inventory in defective particles and about 40 % of

the graphite kernel inventory are released into the primary circuit,

other contributions are negligible . Silver which is not very effi-

ciently retained by coatings or graphite is mainly released from intact

particles by diffusion .

Desorption from primary circuit surfaces plays no important role . A

reduction of release to the environment occurs due to the buffer effect

of the primary circuit volume after depressurization, i .e . the lack of

a transport mechanism . The data in fig . 9 do not consider any depletion
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along the path into the environment, nor any retention by the reactor

building was assumed . Parameter calculations, however, indicate a re-

tention potential for elemental iodine in addition to the above men-

tioned sorption on graphite : In case of small gas exchange rates

between reactor building and environment after completion of

depressur izat i on (exchange rates < 0 .1 d-1 ), a significant source term

decrease has to be expected by depletion of elemental iodine on

building surfaces ; the same may hold for silver, too . Iodine converted

to organic compounds like CH3 I will not be retained by reaction on

building surfaces . An overview on depletion rates of iodine compounds

on surfaces is found in /59/ .

4 .2 Water and air ingress accidents

4 .2 .1 Release from defective coated particles

Attack of oxidants on U02 in steam and limited air ingress accidents is

restricted to particles with defective coatings . It leads to an

hyperstoichiometric oxide U02+x /27,40/ ; in course of that oxidation, a

part of the fission product inventory on intergranular bubbles and

grain boundaries may be released ; in addition, diffusion coefficients

of fission products within the oxide grains increase . These release

mechanisms mainly affect iodine and noble gases ; there are, however ;

some indications, that also cesium release might be influenced /28/ .

The equilibrium degree of uranium oxidation is determined by the local

oxygen potential, which strongly depends on the graphite oxidation pro-

cesses : Consumption of oxidants decreases the oxygen potential within

the fuel element and, additionaly, in case of steam ingress accidents

H2 and CO formation significantly diminishes that potential . The first

step of release estimations is therefore the calculation of the oxygen

potential within the fuel zone of fuel elements during accidents ; this
is done with help of the code COROX /29/, which calculates graphite ox-

idation influenced diffusion profiles of the oxidants and of their re-

action products in the porous graphite and also estimates the profile

of the corrosion degree . Typical concentration profiles of steam, hy-
drogen and oxygen in a fuel element at 900 °C = 1173 K are shown in
fig . 10 for steam ingress ; corresponding equilibrium oxidation degrees
of fuel are given too . In this case, the equilibrium hyper-
stoichiometric coefficient x remains < 0 .003 due to the low oxygen po-
tential within the fuel element ; this low oxygen potential is here
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mainly due to hydrogen formation and not to consumption of steam . For a
similar case without graphite oxidation, i .e . pure steam in helium, the
equilibrium hyperstoichiometric coefficient x would reach values >_ 0 .6,
which corresponds to an oxygen partial pressure of 0 .1 Pa .

a . Profiles of steam and hydrogen partial pressure

	

b. Partial pressure of oxygen and corresponding hyper-
stochlometric coefficient x in uranium oxide (U0 2 ,x)

Oxidation behaviour of U0 2 in defective particles of an HTR fuel element
in steam/He mixtures (T : 1173 K-- 900 °C, Ptota1 =7.5 MPa)

Fig. 10

In general, high graphite oxidation rates are coupled with low penetra-

tion of oxidants into the graphite and vice verse . Significant rates

with penetration depth of < 5 mm are found for the oxygen/graphite re-
action at temperatures >650°C=923 K and for the steam/graphite reaction
at temperatures >1050 °C=1323 K. (ambient pressure) resp . at >1000°C =

1273 K (normal operation pressures of HTRs) ; these temperatures may be

taken as upper limits, which is conservative with respect to U02-oxida-

tion . Considering, that coated particles are embedded only in the inner

part of the fuel elements (s . fig . 1), a remarkable fuel oxidation by

air is therefore possible only at temperatures below 650°C=923 K; in

case of steam, the strong influence of hydrogen on the oxygen potential

leads to an additional reduction of the upper temperature limit to

about 750°C=1023 K.

Concerning oxidation kinetics of U02 it is a well known fact, that

chemical diffusion rates of oxygen in fuel are very high /30/ ; a ki-

netic hindrance of oxidation may therefore not to be expected, pro-

vided, the oxidation process on the geometrical fuel surface proceeds

sufficiently fast . The latter seems to be the case for air attack on

fuel, but not necessarily for steam; very slow U02 oxidation kinetics

in steam at 600°C=873 K /31/ indicates, that surface kinetics (or per-

haps gas phase kinetics of steam dissociation) are rate limiting steps
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at low temperatures, whereas at high temperatures (>1023°C=1300 K)

chemical diffusion controlled rates are found /32/ . In accident analy-

ses it is assumed with concern to kinetics, that air oxidation of fuel

is limited by chemical oxygen diffusion at all temperatures, whereas

sufficiently fast steam oxidation is supposed to take place only at

temperatures >600°C=873 K, then also limited by chemical oxygen diffu-
sion ; the assumptions for steam ingress might be rather conservative .

There is= a significant lack of knowledge with respect to the fission
product release induced by this fuel oxidation in particular for high
burn-up fuel . Sufficient knowledge exists only for the increase of in-
grain diffusion coefficients of iodine and noble gases due to oxida-
tion, which is in the order of a factor of 100 for U02 .10 /33/ . In con-
trast, the fraction of short lived nuclides within intergranular bub-
bles and grain boundaries and its release by oxidation is not well
known . Heating of high burn-up fuel kernels equipped only with porous
buffer layers up to 1600°C=1873 K indicates, that the inventory outside
of U02 grains is <1 .5 % for I-131 /34/ ; the recoil inventory within the
buffer, however, was not separable from bubble/grain boundary inven-
tory . In accident calculations concerning fuel oxidation it is conser-
vatively assumed, that the latter inventory fraction is 1 .5 % of the
overall particle inventory, i .e . the buffer inventory is neglected
here . It is further postulated, that the release of the fuel inventory
outside grains is proportional to the hyperstoichiometric coefficient x
and is total at x=0 .2 ; the latter is roughly estimated from release
transients of irradiated hyperstoichiometric uranium oxides /35/ . Addi-
tional experiments on steam attack on irradiated fuel elements contain-
ing defective particles, will be executed in KFA/IRW in order to im-
prove the knowledge in this area and to reduce conservatisms . Experi-
ments on the oxidation kinetics of U02-kernels in steam/H2 at T > 300°C
= 573 K have to be performed at Forschungszentrum Rossendorf using a
solid state coulometric method /86/ ; first results indicate a substan-
tial kinetic hindrance /87/ . Important work on oxidation induced fis-
sion product release from coated particles has been done in USA, too
/91/, in particular for UCO kernels

Applying the above outlined model on severe steam ingress accidents of
the HTR-Modul, it was found, that iodine and noble gas release frac-
tions out of defective particles and into the environment remain below
3-10-7 of the overall inventory . Release calculations for limited air
ingress accidents have not yet been executed ; a noteworthy air ingress
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into the core of the HTR-Modul in case of 1 small leak in the primary
circuit enclosure is possible only in continuation of a core-heat up,
i .e . when the primary circuit cools down and air is sucked in by con-
traction . For this scenario it may be supposed, that release into the
primary circuit due to fuel oxidation is remarkably higher than during
steam ingress accidents, the negligibly small gas transport out of the

primary circuit, however, prevents any significant release into the

environment .

4 .2 .2 Release from graphite

Release from graphite may occur due to direct interaction between the

fission products in graphite and water, steam or oxygen, or due to

gasification of graphite together with its fission product content .

Concerning the graphite grain inventory, only the second mechanism is

possible, because at least its main part cannot be reached by oxidants .

With respect to the inventory on inner surfaces, thermochemical equi-

librium calculations indicate, that graphite oxidation by steam is pre-

ferred in relation to oxidative Cs- or Sr-gasification /36/ . This was

confirmed by experiments with steam attack on graphite, containing ce-

sium, strontium and silver, without, however reaching significant de-

grees of graphite corrosion : Only CO and H2 were detected in the gas

phase but no fission products . The same holds for oxygen attack, too,

as theoretical considerations indicate .

The protection of the chemisorbed metals due to graphite corrosion by

steam may not be considered at low temperatures (< 750°C= 1023 K) be-

cause this graphite oxidation does not take place for kinetic or ther-

mochemical reasons ; however, also under these circumstances, a signifi-

cant vaporization of cesium sorbed on graphite does not take place, as

the equilibrium constant K2 of the reaction

Cs . . .C

	

+

	

H20 ->

	

CsOH9 + 0 .5 H2 (+C)

	

(2)

on matrix graphite indicates (for thermochemistry of Cs . .C s . /24/) :

K2 "p oCsOH*p oH20*5 /p O H20

=cC .exp(-44700/T+7 .78)

p0 i =pi/pO

	

p0=0.1013 MPa

	

cC<1 mmo7Cs-kgC 1
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These calculations do not take into account an interaction between

gaseous CsOH and steam, which is known to exist at high steam pres-

sures ; as outlined in detail in App . B, this interaction may lead to an

enlargement of K2 , which, however, does not change that result in gen-

eral . A conversion of sorbed cesium into a CsOHs phase is possible from

a thermochemical point of view only for small H2/H20-ratios and high

temperatures ; in case of sorbed strontium a reaction to Sr(OH)2 ,s is

more favourized . In any case, such oxidations do not increase the re-

lease of cesium or strontium from graphite .

Another experiment on oxidation induced release on graphite (steam at-

tack) reveals, that release of chemisorbed strontium remains much less

than the corrosion degree of the graphite /37/ ; an explanation to this

might be, that strontium migrates deeper into the graphite instead of

beeing gasified because of the high stability of its chemisorbed state .

The latter result, however, has conservatively not taken into consider-

ation in safety analyses up to now .

Attack of liquid water is expected to mobilize a larger part of the

chemisorbed metallic fission products than steam : This is because ionic

metals solvated in water are more stable than in gaseous compounds . The

(sorbed) cesium dissolution reaction is endothermic (85 kJ " mol-1 on A3-

matrix, Henrian sorption) . Penetration of water into graphite pores is

a slow process as experiments indicate ; in addition, some sorption of

Cs + or Sr2+ may occur in presence of liquid water . Nevertheless, in sa-

fety analyses is assumed, that chemisorbed metallic fission products in

wetted graphite regions are completely dissoluted in water .

Concerning the small amount of (weakly) sorbed iodine, which is found
only in low temperature regions with slow graphite oxidation kinetics,
a mobilization due to steam, water and air has to be expected ; because
of the low iodine sorption enthalpies, displacement adsorption may also
play a role in this mobilization . Also, a complete mobilization during
steam/water attack has to be assumed for sorbed tritium due to an ex-
change reaction ; however, from a radiological point of view tritium
plays no dominant role .

The above outlined mobilization kinetics has to be interferred with
fission product distribution in graphite and with penetration of oxi-
dants/corrosion into the graphite . Concerning the latter, the above
mentioned code REACT/THERMIX (s . chap . 2 .2), which also includes chemi-
cal reactions between steam and graphite, is used for estimation of the
global graphite corrosion and temperature transients, whereas local
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penetration profiles are obtained by COROX (s . chap . 4 .2 .1) . With re-
spect to oxidation of matrix graphite, one should bear in mind, that
its ungraphitized binder content is preferently oxidized . For fission
product distribution within the graphite the following is assumed : Fis-
sion products, sorbed in the low temperature core regions from the gas
phase, concentrate near to outer geometrical surface of the graphite,
as AVR-data indicate /38/ ; in hot regions, the distribution of sorbed

fission products is more homogeneous . As mentioned in chap . 4 .1 .2, fis-

sion products sorbed in fuel matrix graphite are found mainly in its

binder content, which amounts to about 10 weight-P-. of the material and
is homogeneously distributed in it . Caused by uranium diffusion during
high temperature treatment in fuel element production, there should be
a higher concentration of the graphite grain inventory of fission prod-
ucts in the surroundings of particles, defective from fabrication ; the

activity due to the natural uranium contamination of matrix graphite is

equally distributed . The oxidation induced release fractions of local

inventory from reflector graphite is assumed to be equal to its degree

of oxidation and with concern to the sorbed inventory of the fuel ma-

trix graphite to the corrosion degree of its binder content .

Parametric accident analyses indicate, that < 0 .1 % of the graphite

inventory in the core cavern of an HTR-Modul will be gasified in

water/steam ingress accidents and a still smaller amount in (limited)

air ingress accidents . Taking that into account, the release from

graphite in water or air ingress accidents does not exceed 10-7 of the

overall core inventory of radiological important nuclides .

4 .2 .3 Release__of fission products plated out on metal__surfaces

4 .2 .3 .1 Mobilization by liqu id water

Thermochemical equilibrium considerations indicate, that attack of liq-

uid water nearly quantitatively dissolves cesium and strontium, plated

out on metallic/oxidic surfaces (wash off) ; cesium plate out data of

/18,62/ (AHdes=234 kJ"mol-1 ) lead to the following equilibrium for

chemisorption in the sub-monolayer regime on Incoloy 800 in presence of

liquid water :

Cs . .M + H2O -> CsOH so l y + 0 .5 H 2	(4)

K4 = [CsOH]*p°H20 .5 = exp(5410/T+3 .62)-a/aO

	

(5)

[ ] molality mol-kg solution
a/a0 fractional coverage of geometrical surface with cesium
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This wash off reaction is slightly exothermic (-45 kJ-mo7-1 ) . The same

must not be true for silver because of its noble character ; the sorp-
tion characteristics of silver on metals, outlined in fig . 6, with
sorption enthalpies similar to the sublimation enthalpy of the element
(=270 kJ-rno7-1 ) also points out, that silver sorption is more like a
physisorption ; i .e . its elemental character remains probably unchanged .
Measurements of silver leaching indicates, that about 1% of its plated
out amount is dissolved (s . fig . 6) . Nevertheless, also a silver disso-
lution of 10 % is conservatively assumed in recent safety analyses . A
total dissolution is postulated for iodine because of its comparably
low sorption enthalpy (s . chap . 3) and its complex chemical behaviour
in liquid solution .

Leaching experiments at 25-90°C (=298-363 K) indicate, that a kinetic
hindrance of dissolution with time constants of some minutes exists
/18,39,62/ ; similar to the behaviour in graphite, this may be caused by
slow transport of water into the micropore system of oxide surface lay-
ers . This kinetic hindrance is not taken into consideration in safety
analyses, in particular, because water temperatures in accidents are
much higher than in experiments and because of the bad knowledge with
respect to the actual localization of sorbed fission products within
the oxide layer/metal .

Besides dissolution and chemical attack of liquid water on sorbed fis-
sion products, also mechanical ,(erosive) effects due to a high speed
water jet in course of a tube rupture have to be taken into considera-
tion ; it is conservatively assumed, that the directly impacted surface
(some m2) is completely decontaminated .

The fission product content of liquid water may be released mainly by
(fast) evaporation of the water (bubbling and droplet formation),
volatilization of the residue after complete water evaporation and
transport of the gas borne activity into the environment . In addition,
an equilibrium partition between steam and liquid water has to be as-
sumed, which is influenced by solubilities in steam, as quantified in
App . B . In our HTR safety analyses it has been conservatively postu=
lated up to now, that the dissoluted fission products are transferred
into the gas phase proportional to the degree of water evaporation .
There are some indications, however, that this might be a significant
overprediction /41/, at least for metallic fission products . High gas
flow rates with significant water suspension may have the same effect
as evaporation .
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Data on Cs and iodine wash-off will be generated within the next years
at Forschungszentrum Rossendorf as part of the above mentioned research
program .

4 .2 .3 .2 Mobilizat ion by steam or air attack

166-

16-7-1C11-16-9-Data from /30/

	

-+"

- stainless steel
- plate-out of a fission product
mixture near ambient temperature

	

PH e = 7 kPa (+)
-steam-off-temperature :250°C

	

s
- total pressure : 0.2 MPa
- flow : turbulent

steam temperature

	

Data from /31/
283°C
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-incoloy 800
- plate-out of Cs at 300°C
- steam= total pressure : 0.1 MPa
- flow : laminar
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Release rates for cesium, plated-out on metals . during
attack (steam-off)

steam off rates for

Fig . 11

Cs . .M/0 + H20g -> CsOH9 +0 .5H2

steam

cesium on HTR relevant metals,

ences of 4 orders of magnitude and more .

K6
= P OCsOH'PO H20*5/p OH20 =a/QO exp(-16750/T-4 .42)

There are only a

few experimental

data on removal

of chemisorbed

fission products

from metals by an

attack of steam

(steam off) or

air . In addition,

the data scatter

remarkably

as fig . 11

for cesium in-

dicates ; this

figure contains

two sets of mea-

surements on

showing rate differ-

is

high,

Thermochemical estimations lead to the following equilibrium relation-

ships for cesium steam off on Incoloy 800 :

(6)

(7)

The reaction enthalpy of (6) is endothermic with about 139 kJ-mo7-1 .

For conditions as in fig . 11 (250°C=523 K, p°H20=0 .5), with the assump-

tions that p °H2=0 .001 " p °H20# the equilibrium partial pressure of CsOH

is calculated to be in the order of '4-10 -10 -fJ/o'0 Pa ; an additional in-

crease by CsOH9/steam interaction has not to be expected in these con=

ditions, as may be obtained by using data of App . B. . In comparison with

values of eq .(la) that means an increase of cesium containing species

in the gas phase in equilibrium by more than 6 orders of magnitude due

to the presence of steam ; if chemisorption of steam or hydrogen on
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sorption sites previously occupied by cesium is taken into account too

(displacement adsorption), an additional increase has to be expected,

which cannot be sufficiently quantified because of a lack of data . A

still higher increase occurs also, if oxidation of metallic sorption

sites proceeds simultaneously to the chemical conversion of cesium .

However, mass transfer in combination with the still small partition

coefficient between gas and chemisorbed phase significantly limits the

relative steam off rate T ; provided sorption is -as usually assumed- an

unactivated process, the ad/desorption step itself cannot be a rate
limiting factor, i .e . a spontaneous ad/desorption equilibrium on the
surface/gas boundary has to be expected (s . App . C) and is considered
in the following equation :

T =
B'PCSOH/(RT-a)

One should bear in mind, that in eq . (8) PCsOH,BULK is assumed to be
zero which leads to an upper limit of the mass transfer rate for a
given equilibrium partial pressure . Mass transfer coefficients for lam-
inar flow in tubular geometry are in the order of 0 .01 m- S 1 , which
leads with the above given PCsOH'4'10-10 " v/vO Pa to relative steam off
rates of 1-10-10 s-1 , i .e . a value just below the lower boundary of
that, found in /39/ (s . fig . 11) . This underestimation of the measured
steam off rate might be caused by uncertainties in experimental desorp-
tion enthalpies : A decrease of the desorption enthalpy by 5 % increases
the relative steam off rate by more than one order of magnitude . In
this context it should be noted, that evaluation of VAMPYR-II (s . App .
G) leads to desorption enthalpies, which are about 25 % smaller than
the data of the LAMINAR-loop, used in (7) . Also, uncertainties in mass
transfer coefficients and hydrogen partial pressure might contribute to
these deviations . The interpretation given in /39/ for their steam off
data, leading to the somewhat surprising result of decreasing steam off
rates with increasing temperatures, is not applicable in safety analy-
ses without a convincing experimental validation .

The drastically higher steam off rates of /42/ also shown in fig . 11
are partially caused by a larger mass transfer coefficient in these
experiments ; the latter may be responsible for an increase of not more
than 2 orders of magnitude . Another rate increasing factor might be a
lower sorption enthalpy of cesium on that stainless steel due to its
composition and surface conditions or due to a fission product burden
near to its saturation limit ; in addition, displacement adsorption or
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metal oxidation, as outlined above, might play here a role in steam off
acceleration . The significant uncertainties in this field require addi-

tional experiments : Besides measurements on steam off rates carefull

determinations of the desorption enthalpies (i .e . the thermochemical

status of the sorbed cesium) are necessary . This will be done in future

in the research program at Forschungszentrum Rossendorf mentioned

above . An algorithm based on eq . (8) should be included in the plate

out code SPATRA, allowing for estimations of accidental steam off .

In safety analyses, the above outlined calculation method will be used

for estimation of steam off rates for cesium ; in order to consider the

uncertainties in chemical behaviour, in particular the above mentioned

influence of displacement adsorption/adsorbens oxidation, a safety fac-

tor of 1000 should be applied on the equilibrium partial pressure of

CsOH . For strontium and silver, the cesium steam off rates reduced by a

factor of 0 .1 will be used . This procedure seems to be highly conserva-

tive in particular for strontium : As explained in chapter 3 its chemi-

cal state on oxidized metal surfaces is probably not only a chemisorbed

one but an oxidic phase with volatilities, which remain very low also

when interaction of its gaseous phase with steam is taken into consid-

eration (s . App . B) . The lack of experimental data with respect to

strontium, however, forces this handling.

Cesium mobilization by dry air is small because of the low stabilities

of cesium oxides in comparision with CsOH ; in air with natural moisture

content, the reaction

2 Cs . .M/0 + 0 .5 02 + H20g -> 2 CsOH9

	

(9)

is highly favourized, as outlined in detail in App . A. For strontium

and silver in air, a similar handling as that in steam has to be ap-

plied .

Iodine does not form compounds in reaction with steam or air which are

significantly more stable than the element . On the other hand, its

chemisorption enthalpies are low and release by displacement adsorption

of H2O or oxygen resp . adsorbens oxidation might be possible . Evalua-

tion of iodine mobilization in steam/air mixtures indicates /25/, that

at temperatures >160°C----433 K a total mobilization has to be expected .

Experiments in Helium containing 3000 Pa H 2O show, that iodine desorp-

tion rates at 300°C----573 K increase by about a factor of 20 in compari-

son with pure Helium /43/ ; the dependence of the desorption rate on
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flow velocity found in these experiments leads to the conclusion, that

mass transfer within the boundary layer is rate determining and not

partition kinetics between gas and solid . Accordingly, the rate in-

crease factors probably reflect also the change in equilibrium ; this

change will probably be proportional to the steam partial pressure,,

which has to be considered in safety analyses, too . Because iodine and

steam sorption enthalpies may depend on surface conditions in a differ-

ent manner, a higher increase for other surface conditions than in

these experiments may be expected ; 'therefore, an additional safety fac-

tor of 5 has to be assumed on the above given experimental data, which

leads to the following relation between sorption isotherms in dry and

moist Helium :

P O I,moist -P0I,dry'(1 .+3500-p°H20)

	

(10)

These isotherms have to be combined with mass transfer correlations in

a similar manner as shown above for cesium in steam. One should bear in

mind, that this handling of iodine steam off contains significant con-

servatisms, which should be diminished by additional experiments . An

indication for conservatisms may be found in results of the AVR water

ingress /44/ : The above given model postulates a nearly complete steam

off of iodine for that accident, whereas only about 15 % of the steam

generator contamination were found within the water, removed from the

primary circuit . Reliable data on iodine steam-off at temperatures up

to 400°C are expected from the research program at Forschungszentrum

Rossendorf . Inserting p°02 instead of P°H20, eq . (10) may be used for

calculation of iodine mobilization by air, too .

4 .2 .3 .3 Exemplaric source term contributions caused by mobilization of

plate out activity

During water ingress accidents in small HTRs, a mobilization of some
percent of the steam generator inventory may be transferred into the
gas phase by wash off and subsequent water evaporation ; steam off of
iodine may be complete at least for steam attack durations in the order
of hours . Steam off of metallic fission products remains however lim-
ited to some percent of the steam generator contamination in the time
up to the end of depressurization . Release of this mobilized activity
(fractions of the overall inventory for Cs-137 :<5-10 -6 , I-131 : <2 " 10-7 )
into the environment is between 10% and complete for relevant scenarios



Mobilization by oxygen during (limited) air ingress is at most in the

same range as by steam ; transport into the environment, however, re-

mains very small, because air ingress -as mentioned above- starts not

earlier than after completion of primary circuit depressurization .

4 .3 Depressurization events

3 5

of the HTR-Modul . Usually, these water ingress contributions determine

the risk of small HTRs .

4 .3 .1 Desorption of plate-out activity due to pressure drop

If an ad/desorption equilibrium is assumed for all gas/surface inter-

layers of the primary circuit, a pressure change op leads to an in-

crease of the molecular gas borne equilibrium activity by a factor fp :

fp= ln(ps/(ps -,&p)) - ps/Ap
ps=system pressure at depressurization start

SPATRA calculations however indicate, that in typical HTR normal opera-

tion conditions most of the plate out proceeds mass transfer con-

trolled, i .e . the surfaces act as a nearly complete sink and surface

concentrations are far from equilibrium. This may also be seen from

fig . 6, showing plate out curves for the AVR experiment VAMPYR-II in-

cluding the regimes of mass transfer control and ad/desorption equilib-

rium . Nevertheless, because of the comparably small increase of the

extraordinary low molecular fission product concentration in the cool-

ing gas by a pressure drop (fp<5), eq . (11) is used in safety analyses,

giving an upper limit of the molecular contribution to the depressur-

ization source term .

4 .3 .2 Lift off of dust borne acti vity

As outlined in chapter 3 .4, the uncertainties with respect to dust are

remarkably high . In pebble bed HTRs most of the dust seems to be pro-

duced by friction of fuel element pebbles in particular in the fuel

handling system ; accordingly, it consists mainly of carbon . In addi-

tion, some metallic dust is found (Fe and its alloy partners) and metal

oxides were observed, too . Also cracking of oil impurities and

carburization may play a role in production of some small sized dust .

The AVR reactor contains about 60 kg of dust after 20 y of operation,
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as was estimated from results of dust filtering experiments in its hot

and cold gas regions .

With respect to dust depletion in normal operation two different ef-

fects have to be considered : On the one hand dust transport to surfaces

mainly by turbulent diffusion and sticking by adhesion and on the other

hand sedimentation of (preferently larger) dust particles in dead water

regions .
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It is a well known fact,

that adhesive bounded

particles of a diameter of

< 50 [Lin are not easily

removed by shear forces

/45/ . The average size of

AVR dust seems to be

significantly smaller as a

typical distribution of

particle numbers given in

fig . 12 indicates /46,60/ ;

its average diameter of

about 0 .6 p,m corresponds to

a median diameter of about

5-10 p,m i n case of a parti-

cle volume weighted

distribution . The size

distribution of AVR dust

Typical (number weighted) distribution of dust par-

	

seems t0 be similar for all
ticle diameters in the AVR primary circuit (dust
from VAMPYR-I filters, experiment V41)

	

filter

	

experiments .

	

One

Fig . 12

	

should

	

bear

	

in

	

mind,

however, that an
agglomeration of individual dust particles on surfaces, leading to
particle sizes which can be easier lifted off by depressurization
induced shear forces cannot be excluded in particular for high dust
concentrations . Adhesive bounded dust may change the plate out
behaviour of primary circuit surfaces.

Sedimented dust may be partly lifted off in case of fast depressuriza-
tions ; this may be also concluded from AVR experiments with blower
transients, whose results are shown in fig . 13 : Changing the flow rate
leads to an increase of the gas borne dust (which is in equilibrium
with < 5 p,g-Nrri 3 very low) by up to 3 orders of magnitude /47/ . The in-
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crease is probably due to flow disturbances during the change of the

flow rate ; accordingly, when these disturbances are gone, the increase

of dust concentration vanishes by depletion within some hours as fig .

13 indicates . Flow disturbances have also to be expected in course of

or preceeding to depressurization events .
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Transient dust concentrations in the AVR primary gas
following fast changes of the blower rate n

Fig . 13

With respect to the dust borne activity in AVR, it was estimated from

filter experiments, that dust contains about 10 % of the amount of Cs-

137 and Sr-90 released out of the core cavern in normal operation /48/ .

Because of the much smaller dust amount expected for modern HTR con-

cepts like the HTR-Modul, in particular due to dust filtering in the

fuel element handling system, the dust borne fraction of the primary

circuit activity is assumed to be smaller in the HTR-Module by a factor

of about 5 for these nuclides, as tab . II (chap . 3 .1) outlines .

Significant activities of Ag-110m were also found in the AVR dust /48/,

whereas its I-131 content was thought to be nearly negligible in the

past ; however, recent on-line examination of dust during the blower

transient experiments indicated, that the activity concentration of I-

131 in the AVR-dust mobilized during the transient reaches values of up

to 3.5 GBq-kg-1 ; considering, that the integral value of iodine in the

AVR primary circuit is in the order of 25 GBq and the overall amount of

dust is about 60 kg, this means, that iodine is inhomogeneously dis-

tributed on the dust .content of the primary circuit and that in partic-
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ular such dust, which contains large concentrations of iodine, is mobi-

lized during transients . The reason for this is probably, that the ou-

ter layers of the sedimented dust, which come easily in contact with

the gas flow, are equilibrated with fission products ; due to nuclear

decay, there will be a concentration decrease in direction to deeper,

earlier settled dust layers, particularly for short lived nuclides . The

outer dust layers seem to be a preferent object of mobilization . There

are no quantitative information about the activity gradient within the

settled dust and so, the dust borne fraction of the radiological impor-

tant iodine nuclides cannot be quantified so far .

It is important to note, that examination of dust specimens removed by

wiping from AVR primary circuit surfaces shows remarkable differences

with concern to specific activities of long lived nuclides /48/ : In
particular dust from fuel element surfaces has a significant smaller

specific activity then dust depleted or adhesive bound on primary cir-
cuit components . This was confirmed by postexamination of irradiated
AVR fuel elements : Specific activities on fuel element surfaces /38/
are 1 to 2 orders of magnitude smaller than dust activities /48/ . As-
suming, that dust formation proceeds mainly by friction of fuel ele-
ments this leads to the conclusion, that it is not sufficient to con-
sider the activity content on fuel element surfaces as a source of the
dust activity : Interaction of dust with molecular gas borne or plated
out activity has also to be taken into account . This, however, is dif-
ficult to correlate with another observation in the AVR " Dust from dead
water regions measured during blower transients has roughly the same
specific activity as adhesive bound dust, i .e . much higher activities
than found on fuel element surfaces ; a remarkable additional (long
lived) fission product loading of dust in deep water regions is hardly
to imagine because of the small mass transfer efficiency in this area .
The latter observation can obviously be explained only by the assump-
tion of a (slow) particle exchange between areas with sedimented and
adhesive bound dust during reactor normal operation . Perhaps local flow
turbulencies like that proposed in /67/ in combination with the above
mentioned growing of adhesive bound particles by agglomeration are re-
sponsible for such an activity exchange . These interpretations are,
however, highly speculative and cannot be a basis of accident calcula-
tions .

In AGRs similar experiments as in AVR have been executed /50/ : At
first, flow increase by a factor of 2 led to an increase of gas borne
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Fe-59, Co-58 and Mn-54 by about 4 orders of magnitude ; these nuclides

are assumed to be mainly fixed on dust . In addition, dust particles of

2, 5 and 17 p,m diameter labelled with Fe-59 have been injected into the

primary circuit . The dependence of depletion and remobilization be-

haviour on dust diameter allows some conclusions on physical mecha-

nisms : Impaction of dust on surfaces seems to be one important deple-

tion mechanism, which however is reduced by bouncing-off ; the latter is

proportional to particle size and to flow rate . Adhesion sites on the

surfaces show a broad distribution of interaction energies with the

dust particles due to surface inhomogenities ; this causes remobiliza-

tion and redepletion of particles until energetic favourable sites are

found .

Besides the above outlined plant experience there are some other data

on dust borne activity in gas cooled reactors : In laboratory experi-

ments with graphite dust containing (comparably high concentrations of)

strontium it was shown, that in course of dust depletion on hot preoxi-

dized metal surfaces most of the strontium moves within a day into the

metal oxide layer, in particular in regions with high Cr203 content ; in

case of temperatures < 500°C----773 K this transfer occurred to a smaller

extent /55,56/ . Further these experiments indicate, that dust prefer-

ently sticks on clean metallic surfaces, whereas adhesion forces on ox-

idized surfaces seem to be weaker ; a lift off of the dust particles

(diameter 50-100 wm) by flow rate increase has been observed . The lat=

ter, however, is not representative for HTR dust because of the compa-

rably large size of the dust used in these experiments . Cesium shows a

similar but not as pronounced behaviour as strontium in graphitic dust .

Lift off experiments have also been executed in the french COMEDIE-loop

/51/ . The specimens used in these experiments were taken from the Peach

Bottom HTR with block core ; dust of these reactor types shows usually

another characteristics /52/ than dust from pebble bed HTRs and there-

fore, these results may not been directly applied to the latter . The

COMEDIE experiments indicate a strong dependence of lift-off from sur-

faces on the shear force ratio : For shear forces smaller than in Peach

Bottom normal operation no or only . slight releases have been detected .

Increasing the shear forces beyond values of Peach Bottom normal opera-

tion leads to a significant lift off, which is in the order of some

percent of the total (i .e . not only of the dust) inventory of cesium,

strontium and cobalt on the metallic surfaces in case of a shear force

ratio of 2 . There was no clear distinction between dust and plate out
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activity in these experiments . Similar experiments will be performed in

future as part of the US-MHTGR program in the COMEDIE-loop and in the

(out of pile) DABLE-loop at MIT (Boston) .

The comparably high lift off in the COMEDIE experiments rises the ques-

tion, whether a surface erosion with dust formation may occur in course

of HTR primary circuit depressurizations ; such erosion could lead to a

partial lift off of the plated out activity, too . With concern to this

question some cesium plate out and desorption experiments in the KFA

loop SMOC should be mentioned ; these experiments also included varia-

tion of the mass flow /53/ . In contrast to COMEDIE no significant lift

off was observed in case of flow rate increase . The amount of dust in

SMOC is, however, believed to be very small .

Experiments have been performed also with respect to dust settlement in
dead water regions behind a step /54/ ; graphitic dust particles of an
average diameter of 50 pm have been used . Additional experiments indi-
cate that settled dust is partly lifted off in case of a reversion of
the flow direction .

Summing up the above outlined experience on dust and lift off, there is
no sufficient physical based assessment available up to now which al-
lows dust treatment in HTRs . Substantial research work is necessary in
order to obtain a better understanding of the dust behaviour .

In actual safety analyses it is supposed, that the adhesive bonded dust
borne activity is equally distributed over all surfaces of the primary
circuit ; because adhesion forces tend to be only slightly temperature
dependent, this assumption will not be so much in error, provided, that
the surface structure within the primary circuit is roughly homoge-
neous . The amount of adhesively bonded dust is roughly assumed to be
one half of the total amount of dust ; the other half is considered to
be sedimented dust . AVR-data are basis for the values of the dust borne
fraction of the overall activity in table II ; these values consider for
long lived nuclides a smaller relative dust production rate in the HTR-
Modul in comparison with the AVR due to a dust filter in the refuelling
system. Sufficient corresponding AVR-data for iodine do not exist, as
explained above ; the relative iodine sorption capacity of dust is
roughly assumed to be 50 % of that of the long lived metals . This value
consideres the weaker iodine sorption on graphite on the one hand, but
its strong sorption on metallic dust components on the other hand . A
reduction of the dust borne fraction of iodine due to the smaller dust
formation rates in modern HTRs compared with the AVR is not taken into
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account for short lived nuclides because their interaction with dust
seems to be restricted to the gas-side dust layers .

In case of a depressurization, all dust in areas with shear forces

greater than in normal operation conditions is predicted to be lifted
off . In order to take into account the release of dust settled in dead

water regions by sedimentation it is additionaly assumed, that 1 % of

this dust inventory is lifted off in case of those depressurizations,

for which flow disturbances in dead water areas during the or preceed-

ing to the depressurization cannot explicitely be excluded ; this value

i s at least by a factor of 5 larger than observed i n experiments with

blower transients (AVR, CAGR) but was chosen because of the still bad

knowledge with respect to lift off of settled dust . Considering the ac-

tivity concentration in the dust settled by sedimentation it is as-

sumed, that long lived nuclides are equally distributed, whereas short

lived iodine isotopes are conservatively supposed to be completely

sorbed in the mobilized dust fraction .

Part of the adsorbable activity entering the gas clean-up plant is

sorbed there on dust particles, e .g . dust sticking on filters . In

safety analyses it is assumed, that a fraction of 20 % of all ad-

sorbable activities reaching the clean-up plant are dust borne at the

beginning of a depressurization accident . These inventories, whose ab-

solute values also depend on the cleaning capacity of the particular

clean-up plant, become important in depressurizations with fast, re-

verse flow in the clean-up plant (e .g . depressurization via a leak in

that plant) .

4 .4 .3 Source terms in depressurization events

The amount of I-131 which may be released during a (dry) primary cir-

cuit depressurization of the HTR-Modul without dust mobilization is in

the order of 0 .02 GBq. In case of accidents with mobilization of sedi-

mented dust in the primary circuit and complete blown out of the dust

inventory of the gas clean-up plant the I-131 release into the environ-

ment was conservatively estimated to 2 GBq and the Cs-137 release to

0 .4 GBq; the contribution of dust from the clean-up plant dominates the

Cs-137 source term (contribution of about 80 %), but remains negligible

for iodine . A significant release of adhesive bonded dust is not ex-

pected for depressurizations with leak diameters in the primary circuit
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enclosure of <_ 0 .065 m (refuelling tube diameter), because shear forces

in most primary circuit areas are below that of normal operation condi-
tions . Larger leaks are much less frequent due to design measures . The

contribution of these small source terms to the overall risk of the
HTR-Modul is significant because of the comparably high frequency of
these events .
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Source term evaluations for small sized HTRs have to consider core

heat-up events, depressurizations, water- and air ingress into the pri-

mary circuit and reactivity transients . For core heat-up accidents the

design of this reactor type excludes temperatures significantly beyond

1600°C = 1873 K ; on the basis of a reliable knowledge with respect to

source term models and data the release of radiological important fis-

sion products under these conditions remains restricted to < 10 -6 of

the overall inventory for iodine and noble gases and to < 10 -8 for ce-

sium and strontium . Research work which could probably allow for an ad-

ditional reduction of these already low source terms . Temperature in-

duced fission product release in this reactor type is therefore

severely limited . Reactivity transients are apparently covered by core

heat-up events .

Quantitative source term evaluations for the other important accident

types partly suffer on still high uncertainties with respect to release

models and data ; however, except possibly for unlimited air ingress

(which is a highly hypothetical event), these accidents cannot lead to

a release of that predominant fission product fraction which is en-

closed in particles with intact coatings (>99 .98 % of the overall fis-

sion product inventory) ; in addition, also for most cases with high un-

certainies the upper limit of release may be further significantly di-

minished by the model assessments and data presented in the preceeding

chapters . Accordingly, these uncertainties cannot call in question the

generally high safety features of small HTRs . Nevertheless, in order to

obtain reliable quantitative results with respect to the safety fea-

tures of this reactor type some additional research work is necessary :

In particular the behaviour of dust borne fission products, the fission

product plate out and remobilization and the release of fission prod-

ucts in course of U02-oxidation by steam or air have to be considered

in detail .

Concerning plate out it became clear, that the penetration (absorption)

mechanism is much less important than assumed sometimes in the past .
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7 . LIST OF SYMBOLS

b

	

= emission coefficient from traps s-1

c

	

= concentration in gas

	

mol. ni 3

cc	=concentration in graphite =74-3

cD	=concentration on diffusion sites mol " i» 3

D = diffusion coefficient
m2-s-1

Deff = effective diffusion coefficient
m2-s_1

Ki

	

= thermochemical equilibrium constants

m

	

= concentration on traps

	

mol " ni 3

p°

	

= p/p0 with p0 = 0 .1013 MPa (thermochemical standard pressure)

'R

	

= gas constant = 8 .3143 J " mol' 1 "K-1

v

	

= molecular velocity m " s"1

x

	

= hyperstoichiometric coefficient of Uraniumdioxide

B

	

= mass transfer coefficient m " s" 1

oG = free enthalpy J " mol-1

off = enthalpy J" mol-1

= volumetric molar rate

	

mo1 "m3.s-1

= trapping coefficient s-1

= time constant s-1

a

	

= desorption constant S-1

Ir
p

	=penetration coefficient

v

	

= surface concentration

	

mol " ni 2

a0	=concentration of a monolayer on the geometrical surface

10"5 mold-2
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Appendix A: THERMOCHEMICAL EQUILIBRIA IN AIR INGRESS ACCIDENTS :

FISSION PRODUCTS PLATED OUT ON METALS

Concerning cesium plate out on Incoloy 800, the following reactions

2 Cs . .M/0 + 0 .5

Cs . .M/0 + 0 .5

are nearly impossible during air ingress, as their equilibrium con-

(773 K = 500°C: KA1=2 .1 10 -16, (Q/v0 )
2

, KA2=5,10-14 Cr/,go )

This is mainly due to the low thermochemical stability of the gaseous
cesium oxides . In case of presence of moisture, the reaction

(773 K = 500OC: KA5=4 " 10-6 . (Q/a0 ) 2 )

Except for very low air/moisture concentrations, a significant cesium
mobilization by moist air attack has therefore to be expected .

2 Cs . .M/0 + 0 .5 02 + H2O -> 2 CsOH9 (A5)

is highly favourized :

KA5 = 0 .132-(v/a0)
2 .exp( -8035 . /T ) =p0 CSOH2/(P'H20''IP 002) (A6)

stants indicate (plate out data taken from /18,62/) :

KA1 =0 .285-(v/v0)2-exp(-26940 ./T)= poCs20/'rPOO2 (A3)

KA2 =41 .1 " (v/ßO)-exp(-26540 ./T)= P°Cs0/"rP'O2 (A4)

02 -> Cs20g (A1)

02 -> CsOg (A2)
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Appendix B : SOLUBILITY OF FISSION PRODUCT COMPOUNDS IN STEAM AND ITS
INFLUENCE ON THEIR THERMOCHEMICAL DATA

It is a well known fact, that vapor pressures of ionic compounds are

significantly higher in high pressure steam than in inert atmospheres

/57/ . This is mainly caused by an interaction between the polar steam
and the ions, probably similar to a solvation in liquid solutions . With

respect to important fission product compounds like CsOH or SrO there

are no data on solubility in steam available up to now . However, for

chemical related compounds like NaOH and BaO, partition coefficients

between high pressure steam (1-22 MPa) and liquid solution have been

measured ; a compilation considering all available data up to 1978 is

found in /57/ . Measured partition coefficients for NaOH and BaO are :

KNaOH=p0Na0H/ [Na0H] =8 .0-10-22 .p°H208 .5

	

(B1)

KBaO =p0Ba0/ [Ba0] =1 .5-10-11 "
p°H204 .5

	

(B2)

A temperature dependence of this partition is not given in /57/, al-

though a decreasing partition coefficient with increasing temperatures

might be expected from a theoretical point of view. These partition co-

efficients should therefore not be used far outside of the temperature

range of the corresponding experiments (200-400°C--473-673 K) . The chem-

ical form of BaO in steam and in liquid solution is probably Ba(OH) 2 .

In the following calculations it is assumed, that the partition coeffi-

cients for NaOH are applicable for CsOH and the data for Ba(OH)2 may be

used for Sr(OH)2 . With respect to CsOH this might lead to an overpre-

diction of the steam solution effect, because Cs + is not as good sol-

vated as Na+ due to its large ionic radius . Ionic radii of Bat+ and

Sr2+ are more similar ; a slight underprediction of the steam solubility

of Sr(OH)2, however, might occur by adaption of barium data .

Comparing partition coefficients of CsOH and Sr(OH) 2 between liquid so-

lution and inert gas with that of eq . (B1) and (B2) leads to free ex-

cess enthalpies of the beforementioned compounds in steam :

AGex,CsOH

	

= AGCSOHg,wet - &GCsoHg,dry

	

(B3)

= -RT " ln {8 . .10 -22 . POH208
.5+exp(-27530 ./T+16 .31)}

-228900 .+135 .6-T

	

J-mo 7-1



AGex,Sr(OH)2

5 2

= ,&HSr(OH)2,g,wet - &GSr(OH)2,g,dry

	

(B4)

= -RT " ln{1 .5 " 10-11 " p°H204 .5+exp(-49170 ./T+42 .29)}

Free excess enthalpies of gaseous CsOH and
Sr (OH) 2 in steam (estimated from experimen-
tal data of NaOH and BaO in steam)

Fig . B-1

-408800 .+351 .6 " T

	

J.M01-1

Applying these data on HTR acci-

dent conditions one should bear

in mind, that an extrapolation

to steam partial pressures <_

1MPa, which are not covered by

experimental data, is necessary.

Fig . B-1 contains the free ex-

cess enthalpies for HTR-relevant

steam partial pressures . Whereas

the absolute amount of this free

excess enthalpy does not in-

crease above 60 kJ" mo1-1 for

CsOH, values of 200 kJ" mol-1 are

possible in case of Sr(OH)2 .

Fig . B-2 shows data

of the vapor pres-

sure increase over

pure solid CsOH in

presence of steam

evaluated using eq .

(B3) . A significant

vapor pressure in-

crease of several

orders of magnitude

is possible also for

water ingress acci-
'Solubility' of CsOH in steam : Increase factors of CsOH-vapor pres-
sure over pure CsOH depending on temperature for different steam
partial pressures (estimated data on basis of NaOH behaviour in steam) dent

	

conditions

	

of
Fig . B-2
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small HTR's at temperatures <_ 573 K; the absolute vapor pressures in
the steam influenced regime, however, do not exceed 10 Pa . Vapor pres-

sures of Sr(OH)2 are still more increased due to influence of steam ;

because of the low volatility of oxidic strontium compounds its abso-

lute values remain however much less than those of CsOH in steam.

In general, this steam solubility effect has to be taken into consider-

ation in wet atmospheres . Also, in presence of liquid water, eq . (B1)

and (B2) should be used instead of partition coefficients between water

and inert atmosphere .

The steam solubilty of fission product compounds could be important for

LWR accident estimations too .



Append ix C : KINETICS OF AD/DESORPTION PROCESSES

With respect to plate out and desorption of fission products on metal

or graphite surfaces the question arose, whether a spontaneous equilib-

rium on the surface may be assumed or not . Some models consider ex-

plicitely the ad/desorption kinetics on the surface, whereas the most

applied models use sorption isotherms, i .e . sorption equilibrium .

Looking in detail, the overall plate out process consists mainly of two

different processes, ad/desorption .and mass transfer to/from the gas

bulk . The time constanst of both processes should be evaluated . For the

pure unactivated ad/desorption without hindrance by mass transfer

holds :

with

5 4

dß/dt = ~-a - v " c

	

mol4i2.s-1

	

(C1)

v=average gas atom velocity=(RT/27rM)0 * 5	m " s-1

,s=desorption constant=10 11 " exp(-AHdes/RT) s-1

M=mot mass kg-mol-1

c=fission product concentration in gas

	

mol "m3

a=fission product concentration on the

Basic physics requires v/B >_ 1 ; for most relevant conditions, v is more
than 3 orders of magnitude greater than B . Accordingly, the rate limit-
ing step in the whole process is mass transfer and the assumption of a
spontaneous ad/desorption equilibrium in combination with mass transfer
is adequate for HTR safety calculations . An additional consideration of
kinetics of the pure unactivated ad/desorption process as done in the

geometrical surface mol " rri 2

The characteristic time constant is TAd=,s . For mass
characteristic time constant is

transfer the

TM = ß-c/a s-1
(C2)

which leads for spontaneous ad/desorption equilibrium to :

TM = ß .0/v S-1 (C3)

Comparison of both time constants results in :

'CAd/TM = v/ß (C4)
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past in some models is superfluous . The latter is true not only for

fission product plate out on metals but also on graphite .

An explicit consideration of the ad/desorption kinetics is reasonable

only for the additional assumption of an activated ad- and desorption :

In case, that the activation barrier of the ad/desorption process

passes significantly over 30 kJ" mo7-1 , a basically mass transfer con-

trolled handling would have to be replaced by sorption kinetic models ;

however, with respect to sorption of metallic fission products on met-

als there are only some indications for activation barriers in case of

cesium on Inconel 617 /18,62/ .



Appendix D : INFLUENCE OF TRAPPING DIFFUSION IN GRAPHITE ON SOURCE TERMS

Diffusion profiles of Cs in graphites indicate, that the diffusion

mechanism cannot be explained by simple Fickian diffusion but requires

a trapping diffusion model . This model does not only consider diffusion

sites but also traps within the graphite . The trapping rate in graphite

is given by /70,89/

with

with

tt = w " cD

	

MO 1.ni 3.S 1

5 6

w = trapping coefficient s-1

cD = Cs-concentration on diffusion sites

	

mol-rri 3

b = emission coefficient s-1

m = Cs-concentration on traps

	

mol " rri 3

(D1)

and the emission rate from traps obeys

(De = b " m

	

mol-ni 3. s--1

	

(D2)

Values for 11 and b and of their temperature dependence are experimen-
tally determined for Cs at low concentrations in A3-3 material /70/ .

The overall transport within the graphite is described by:

8CD /8t=D " (82 CD/Sx 2 )-p .c+b .m

	

mol-ni3 " s-1

	

(D3a)
8m/8t=p,-cD-b " m

	

11

	

(D3b)

with D = diffusion coefficient m2 -s-1 (for data on A3-3 see /70/),
which is correlated to the effective diffusion coefficient Deff of the
Fickian model by :

Deff=D/(1+p/c)
m2-s-1

a = c/(m+CD)

(D4)

Within this model, the sorption equilibria (represented by the Henrian
coefficient a) of Cs on graphite are given by:

(D5)



with
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c = Cs-concentration in gas mol4-3 .

Calculations of sorption kinetics on graphite with the trapping diffu-
sion model in comparison with the Fickian model indicate the following
(initial Cs-burden in graphite=0) :

Due to the activation effect in trapping, the overall sorbed amount of
Cs in graphite is at beginning of sorption by a factor

fr = (1+p/b)-0 .5 (D6)

smaller in the trapping diffusion model than in the Fickian model . How-

ever, this difference decreases with increasing Cs-burden and vanishes
for equilibrium conditions .

In order to find out the influence of the trapping effect on the over-

all Cs-source term in core heat-up events, FRESCO-calculations have

been performed with and without the factor 1/fr applied on the experi-

mentally determined Henry coefficient a (evaluated from sorption iso-

therms) . The results show, that the Cs-release out of the core cavern

is by a factor of < 8 greater in core heat-up events of the HTR-Modul

if trapping diffusion is taken into account ; this factor represents an

upper limit of the influence of the trapping diffusion for these par-

ticular accidents ; the overall Cs-release out of the core cavern re-

mains « 10-8 even with this factor and the increase by trapping diffu-

sion remains insignificant from a radiological point of view .

Ea)

E r.-at

0
mB
0 Co

trapping model

diffusion model

_P

	

`'
P J
~' as,Cu

Time 110 6sl -"

0

	

i2'i

	

Ji y30
t IBIS

3

Total sorbed Cs-amount in an HTR fuel pebble for a given Cs partial
pressure transient in the gas phase at 1000'C - 1273 K - Comparison
of Fickian diffusion and trapping model (Code FALLDIF)

Fig . D=1

It may therefore

be concluded,

that the usually

applied Fickian

diffusion model

in graphite is a

reasonable tool

for safety esti-

mations of small

HTRs .

A code (FALLDIF)

has been devel-

oped in KFA-ISR

allowing for
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solving the above given diffusion equations for cartesian and spherical

geometries . As an example, fig . D-1 contains results of this code

(concentration of Cs on diffusion sites and traps in a fuel element at

1000°C=1273 K) for a Cs concentration in the gas increasing linearly

between 0 and 5 h to the maximum value, remaining for 1 h at this value

and decreasing within 1 h to 0 .
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Appendix E : METHODS AND RESULTS OF DOSE ESTIMATIONS FOR SMALL SIZED
HTRs

One reasonable tool for dose estimations in particular for small HTRs
is defined in the German BMI calculation guidelines /4/, which were de-
veloped in principle only for LWR design basis accidents, but may be

applied also for HTRs and other reactors and hypothetical events, pro-

vided, the corresponding source terms remain small . These guidelines

are based with concern to atmospheric dispersion on a simple Gaussian

model . Six Pasquill weather categories have to be considered together

with wash-out and fall-out effects . Incorporation pathways modelled are

inhalation and ingestion, external irradiation pathways are covered by

cloudshine and groundshine . Resuspension is not part of the original

BMI-guidelines but was taken into account in an extended KFA-model, de-

veloped for dose calculations of small HTRs . Generally spoken, these

guidelines (including its data base) tend to give moderately overesti-

mated maximum doses for a wide range of weather conditions, except

probably for the ingestion pathway where conservatisms seem to be con-

siderably larger (ingestion of the highest contaminated food of the

whole area -except of the inner radius of 1 km around the emission

point for accident times > 1 day after emission start- is assumed for

the reference person) . This BMI-dose estimation method has also been

applied in FRG for calculations with respect to planning of catas-

trophic countermeasures /73/ ; in doing this, the BMI-dose estimation

method has to be changed with respect to the particular requirements of

catasprohic countermeasures, as indicated in table E-I :

Dose limits relevant for safety assessments of small sized HTR's

Table E-I

This table

contains an

overview on

the BMI-

guidelines

and the cor-

responding

dose cri-

teria, valid

for LWR de-

sign basis

accidents to-

gether with

the relevant

Rule Method of dose calculation Dose limits ImSv1
effective thyroid others

BMI calculation " ingestion (for distances <2000m from emls- 50 150 300
guidelines slon point and times >24h after accident W- (600 for skin)
028.328.3 Str Sch V) illation - directly contaminated plants are with

drawn from food chains)
inhalation, ground shine, submeislon

" no protective measures
" 50y exposure on worst location, lncorpora-

tion of highest contaminated food
" accumulation of Internal Irradiation over 50y

ICRP-40
early phase
" sheltering " Inhalation, ground shine 5-50 50-500
" evacuation ~" 7 d exposure 50-500 500-5000

" accumulation of Internal Irradiation over 50y

Intermediate phase
" foodstuff control " ingestion 5-50 50-500

" 1 y exposure
" accumulaton of Internal irradiation over 50y

" relocation " ground shine, resuspenslon 50-500 -
" 1 y exposure
" accumulation of Internal bradlaflon over 50y
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ICRP-40 doses and dose criteria for early and intermediate counter mea-

sures /71/ . ICRP-40 is the basis for the corresponding German rules

/5/ .

Starting with the BMI- and ICRP-40-dose limits the single nuclide re-

leases leading to these dose values have been estimated by application

of the dose estimation methods of the BMI-guidelines, resp . by a

slightly extended model, based on these guidelines ; the particular

needs of catastrophic planning (see table E-I) have been considered by

this extended model .

Remarks on ICRP -40
" Evacuation thresholds are 1 order of magnitude higher than for sheltering (or more, II sheltering Is explicitely considered before evacuation)
" Calculations are based on lower dose grnits of ICRP-40
" Dispersion and exposure models used are those of BMI-calculation guidelines ( s 28 .3 Sir SchV )
" No foodban was considered (in contrast to BMI-calculation guidelines for the Inner radius) In threshold estimation for foodstuff control
" Thresholds are valid for the critical age (adult or Infant ) and for the critical organ

Source term thresholds IGBgI for single nuclides (short term emission) leading to a trans-
gression of dose limits within a distance of --'1OOm from emission point

Table E-II

Table E-II shows maximum tolerable single nuclide releases of HTR key

fission products, which do not lead to a transgression of the above

mentioned dose criteria . The source terms are assumed to occur as a 1 h

release, the plant boundary is 100 m from emission point . The table

contains only results for effective stack heights of 20 and 50 m; one

should bear in mind in this context, that an increase of stack heights

decreases the maximum individual doses . The same is true, if the plant

area (which has not to be considered in dose estimations) is assumed to

be larger than a circle of 100 m around the emission point . It may be
seen from table E-II, that BMI dose criteria for design basis accidents

also cover ICRP-40 criteria except for noble gases (which are less

Nuclide overall Invenlo- 8M1-calculattonguidelines ICRP-40
rylna2tx)MW� 028.3SIrSchV)
HTR-Modul effective emission height effective endsslon height

lGBgl 20m 50m 20m 50m
sheltering relocation foodstuff control sheltering relocation foodstuff control

Kr-88 2.22-10 8 1 .1-108 2.1-10; 1 .1 "10 5 - - 2.1-10 5 -- -

dose knitsus doseMY uo
Sr-90 1.37-107 1.4 2.2 50 '�� ,ä̀termsWMh 0.9 100 1.5

req*emcnUon r"*9wmauauon

AU-110m 1.89-10 5 270 410 900 480 25 1800 730 48

doseMts us dose Idle us
I-131 2.07-10 8 5 .5 10 170 Ow";wun"frr,N�Nd, 0 .25 350 OMiä,n

COOMMYlar
0.5

rogiln wsonUan ngdrn n.aaUan

Xe-133 4.44-10 8 5.7 . 10 7 1.1-10 1 5.7-10 ; - - 1.1-107 - -

Cs-134 1 .45 -10 7 110 180 600 550 4 .5 1100 830 8

Cs-137 1.67 -10 7 30 50 1300 1250 8.5 2500 1900 14
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important from a radiological point of view, as the high tolerable
source terms indicate) and for foodstuff control (which is a coun-
termeasure that can be realized much easier and with a much better ben-
efit to disadvantage relation than the others) . Accordingly, if BMI-

dose criteria are not reached, it may be concluded (at least for a

first rough approximation), that emergency countermeasures except food-

stuff control (in a small range around the plant) are not necessary.

This conclusion is of particular importance, because BMI-dose criteria

have sometimes solely been used for safety assessments of small HTRs

including hypothetical events . Also, table E-II gives an idea what nu-

clear power nearly 'free off catastrophic events' means with respect to

source terms .

Comparing the source terms presented in chap . 4 with the dose limits of

tab . E-II it may be seen, that transgression of BMI-dose limits cannot

be completely avoided for accidents of the HTR-Modul, which are however

far beyond the scope of design basis events . Nevertheless, also for

these cases the transgression remains below 1 order of magnitude . Cata-

strophic countermeasures (except perhaps milk control in the surroun-

ding of the plant) are not necessary for the accident sequences exami-

ned in chap . 4, i .e . the frequency range of >_ 10-7 a-1 .
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Appendix F : CRITICAL DISCUSSION OF PHYSICAL BACKGROUND AND DATA BASE OF

THE PLATE-OUT MODEL PATRAS

A short description of the plate out model PATRAS and its data base for

Cs is found in /75/ . For this model it was claimed, that general
physics and data base are as far as possible representative for HTR

conditions ; on the other hand, results generated with this code sub-

stantially differ from those of nearly all other models in the HTR

field, in particular with respect,to volume effects in the metal/oxide .

Accordingly, a critical discussion of this model seems to be necessary

about 3 orders of magnitude higher than usually assumed (e .g . formula
(la) considers a desorption constant of 1011 , see eq . (C1)) . Applying
the PATRAS preexponential factor always leads to higher desorption en-
thalpies .

The basic parameter of this model ist the penetration coefficient tirp ,
representing the penetration (or absorption) probability of a nuclide,
bouncing onto the metal surface . The model was primarily developed on
the basis of experiments of fission product plate out on titanium
(often used in AVR-VAMPYR-I, s . example of plate out curves in /60/) .
Most experiments on titanium can be sufficiently described by the pene-
tration model . However, it was shown later by Wooley /77,79/, that ti-
tanium is a special case due to its fast growing oxide layer at T > 873
K (the titanium affinity to oxygen is very high) . Similarly fast grow-
ing layers were not found i n HTR metals . Therefore the main effect of
penetration in titanium seems to be, that the growing oxide layer co-
vers the adsorbed particles . One should bear in mind in this context,
that the 'penetration effect' in titanium is due to an inclusion pro-
cess and is, accordingly, dependent on oxygen potential and probably on
temperature (influencing the oxide growing rate), which is not con-
sidered in PATRAS with its solely material and nuclide dependent
penetration coefficient . Despite to its relative success in describing
the plate out behaviour on titanium one should therefore note, that the
penetration coefficient also for this case seems to be more or less an
empirical parameter and the physical model behind it seems not to be
sufficient .

The penetration model, developed for titanium, has been sometimes taken
as applicable for HTR relevant materials too . Values of about 10-3 for

and will be presented here . In comparing PATRAS code/data sets with

others, it is important to note, that desorption constants of PATRAS
are calculated with a preexponential factor of 1 .3 . 1011 . T, which is
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the penetration coefficient are given in /75/ for HTR materials ; for
silver a value of 2 . 10-4 is proposed . Looking on these 'small' values
one should bear in mind, that the penetration coefficient corresponds
to the molecular velocity v (about 100 m/s for conditions relevant
here, s . Appendix C) and not to the diffusion (mass transfer) velocity

in the boundary layer (0 .005 <_ ß <_ 0 .2 m/s) . In detail, if 7rp " v > ß,
the plate out behaviour becomes mass transfer controlled in this model ;

this is already the case for cesium, if 8 < 0 .1 m/s, which is true for

most plate-out experiments . Following that, there should be a mass

transfer controlled, temperature independent plate out profile in these

experiments ; this is not the case for their high temperature part (s .

fig . F-1 for Cs on HMO in VAMPYR-I, PATRAS-calculations performed by

INTERATOM /82/), indicating, that the penetration is much smaller than

assumed by the PATRAS data base . (The mass transfer control in the low

temperature part is due to adsorption, which is dominant under these

conditions and allows the metal acting as a black body) .

N
IE
N
E
0

c
m0
c00

0

Length Im )

	

Metal
0.25 0.9 1.5 2.1 temperature

T1K1 1010 940 860 800

SPATRA evaluation with AHar " 270 kJ "mol1
n,<1o6

PATRAS with
corresponding
data set on 15Mo3
(AHMS-272 kJ " MOV,
R,-1.2 "10x)

Length I m)

i..-
SPATRA with
LAMINAR-loop

-% ,. data on
Incoloy 800
(AHms - 235 kJ "mol ~,
a, .10 a )

VAMPYR-I-09 Cs-137 plate out evaluation on 15 M03

Fig . F-1

agreement with the experiments . Similar

VAMPYR-II (see fig . G-1 for cesium) .

A reasonable interpre-

tation of the experi-

ments is possible only

by strong reduction of

the penetration coef=

ficient . i n relation to

/75/, as the SPATRA

calculation indicate

(desorption enthalpy

for 15Mo3 : 270

kJ- mo 1-1,
Iff
p

_<

10 -5 ) . It seems to be

a little bit difficult

to understand, why the

PATRAS results, pre-

sented in fig . F-1,

are quoted in /48/ as

to be in good

results are obtained for

In case of Ag plate out in VAMPYR-II (s . fig . 6) PATRAS calculations

(performed by INTERATOM /82/) again lead to a temperature independent

plate out curve in strong contrast to the experimental behaviour ; the
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PATRAS reference value for u
p
of silver however is smaller than for ce-

sium, so that the plate out rate remains below the mass transfer limit ;

on the other hand, the desorption enthalpy is assumed here so small,

that adsorption is always smaller than penetration .

There are no plate out experiments on HTR-materials, allowing for

penetration coefficients of the above mentioned size : This also holds

for experiments like SAPHIR-PEGASE P05, as explained in chap . 3 .3, or

the KFA-DRAGON hot gas experiment .on Incoloy 800 (700°C = 973 K), whose

sucessf ull interpretation with large penetration coefficients /96/ was

due to a severe underestimation of the source concentration of cesium :

With carefull reestimations of that source it was shown, that the

penetration effect is much smaller /18,62/ and fits well the assumed

range of Tr
p
=10-5 . In addition, concepts of a hot gas filter taking cre-

dit of high penetration coefficients as given in /75/ were not sucess-

full in AVR (see App . G), indicating, that such high penetration coef-

ficients are not realistic . It is important to note in this context,

that plate out in the Peach Bottom and AVR primary circuits can be suf-

ficiently evaluated only without strong absorption /46/ resp . /95/ and

fig . 7 in /48/ . Plate out experiments in the LAMINAR-Loop /18,62/ can

be interpreted by penetration coefficients, which are at least 2 orders

of magnitude smaller than those of the PATRAS data set . Also, there are

strong indications from Wooleys work, that not the penetration step

itself is the rate limiting step but the diffusion process in the oxide

layer, leading to a square root time behaviour of the absorption pro-

cess (and of the penetration coefficient), which is not consistent with

the assumptions of the PATRAS-penetration model . The decrease of ab-

sorptivity with time of Wooleys model may become, however, smaller, if

inclusion acts as an additional absorption increasing effect .

Taking Wooleys data on absorption on oxidized reactor steel materials

one can calculate a corresponding penetration coefficient (as a value

averaged over time) : The penetration coefficient averaged over a time

period of 30 d is 1 .5 . 10-5 , which is in good agreement with the LAMI-

NAR-loop data for the same time period and also indicates, that the PA-
TRAS data set heavily overestimates penetration effects . For longer
time periods, the penetration coefficient evaluated from Wooleys data
becomes still smaller than given above .

Furthermore, isotope effects in absorption, i .e . penetration coeffi-
cients different by a factor of two for Cs-137 and Cs-134, as have to

be assumed in /75/, make no sense except perhaps for a long time scale,
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when radioactive decay might affect penetrated activity more than ad-
sorbed activity ; but in that case penetration coefficients have to be
assumed to be time dependent .

An important result,of several postexaminations of plate out specimens
is that significant amounts of metallic fission products can only be

found in the oxide layer ; a transport into the metal is possible only

in case of a growing oxide layer : Cr-diffusion takes places during ox-

ide growth, leading to a large number of vacancies, which support impu-

rity transport from the oxide into the metal /76,78/ . Also here the PA-

TRAS data base is completely different : The oxide layer is considered

to be the main penetration barrier with a very low diffusion coeffi-

cient, whereas diffusion in the metal proceeds much faster . PATRAS does

not explicitely consider a thermochemical partition coefficient between

oxide and metallic layer ; deviations from a partition coefficient of 1

are however to be expected due to the completely different chemical en-

vironment for fission products in both phases . If the equilibrium con-

centration in the oxide phase is larger than in the metal phase, as

many experiments indicate, the assumption of a very small diffusion co-

efficient in the oxide layer as in PATRAS is not adequate, because the

barrier property of the oxide layer is caused by its stronger chemical

interaction with the fission products in comparison with the metal

layer .

In addition, from a physical point of view it is difficult to explain,

that the absorption probability of a gas atom bouncing on a surface (=

penetration coefficient of the PATRAS model) is independent on tempera-

ture (or kinetic energy of the gas atom) but depends for a given nu-

clide on some (temperature independent) material properties only: All

processes leading to a transport into the volume (volume diffusion,

grain boundary or micropore diffusion, or perhaps inclusion, which

might similar as in titanium- contribute to the absorption) are coupled

to a remarkable activation energy, which necessarily requires a temper-

ature dependence of that penetration coefficient . However, if it is as-

sumed that penetration does not occur directly from the gas phase but

via the adsorbed state, this temperature independence (also found by

Wooley for absorption rates at constant gas concentrations) becomes

clear : The surface concentration decreases with increasing temperature

due to increasing desorption, but the diffusion rate into the solid in-

creases . Both effects may more or less compensate each other . The phys-

ical model of Herion /63/ (considering adsorption as a step between gas



6 6

and absorbed state) seems therefore to be more appropriate in describ-

ing volume effects than the PATRAS model, in particular, because the

penetration model may cause misleading interpretations, if it is as-

sumed as a 'physical' and not only as an empirical model . The Japanese

plate out code PLAIN /92/ and also the main option of SPATRA take

credit of the Herion description of volume effects .

Summing up, the data base given in /75/ for penetration coefficients

seems not to be realistic but severely overestimates penetration ef-

fects . In addition, the physical model implemented in PATRAS is not

very near to a correct description of the plate out process . Its re-

markable success in a few postcalculations of plate out experiments is

therefore probably due to a large number of free (fitting) parameters

but not to a sufficient physical base . On the other hand, its a merit

of the PATRAS model, that it first brought the attention on volume ef-

fects in plate out problems, which may be dominant in high temperature

plate out (see . App . G), despite to the fact, that these volume effects

are much smaller than assumed in /75/ .

Knowing all the above mentioned restrictions, the penetration concept

of PATRAS in combination with realistic penetration coefficients (data

of LAMINAR-Loop /18/) may be taken as a rough method for estimation of

volume effects during plate out, in particular of their influence on

the shape of plate out profiles ; this is especially true for low con-

centrations in the solid, where saturation effects ('solubilty'), which
are not sufficiently known, play no role . The general applicability of
a penetration model in the above given sense (i .e . a semiempirical mo-
del) is demonstrated by a number of the SPATRA calculations using the
penetration option ; part of these calculations are given in this chap-
ter and in chap . 3 .2 and app . G of this report .

Considering plate out models in general, one should bear in mind, that
there are still some uncertainties (as described in chap . 3 .3) which
cannot be explained by existing models .
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Appendix G : EXAMINATION OF VAMPYR-II PLATE OUT CURVES AND FILTER DE-

VICES

The VAMPYR-II plate out experiment of the AVR is described in /60/ . It

takes hot Helium gas of the AVR primary circuit and leads the gas

through an Incoloy 800 tube (inner diameter 14 mm), containing an In-

conel 617 slab of 9 mm diameter (length 3 .6 m) . It covers temperatures

between 400°C = 673 K and 725°C = 998 K (in run 04 the temperatures

were between 395°C = 668 K and 660°C = 933 K) ; experimental times and

core exit temperatures are given in fig . G-3 ; the flow rate is 0 .014

Nm3/s at a total pressure of 1 .08 MPa . Detailed results are documented

in some internal reports /83/ . In VAMPYR-II, a new kind of fission pro-

duct filters, based on the penetration mechanism, were also tested be-

hind the plate out section . Unfortunately, as shown below, these fil-

ters did not work properly in particular for Cs (although a sequence of

5 filters was used) ; the activity in an additional last (conventional,

low temperature) filter was not measured and so a complete fission pro-

duct balance cannot be made . A rough estimation of the total amount of

fission products entering the test section in comparison with that,

measured in VAMPYR-II, indicates, that the first is about a factor of _<

1 .1 larger for Ag-110m than the later, but that this factor might be in

the range of 1 .5 (run 01) up to 5 (run 02) for Cs-nuclides ; balance er-

rors are smaller for Ag in all runs due to a strong Ag-sorption in the

plate out section . However, comparing the integral measured Cs-amount

of VAMPYR-II-O1 with corresponding values calculated from VAMPYR-I-42

hot gas data, the first are by a factor of about 1 .7 larger ; also for

Ag-110m VAMPYR-II-01 leads to larger hot gas concentrations than VAM-

PYR-I-42 . This inconsistency (which is enlarged by the above given ba-

lance errors to a factor of about 2 to 2 .5) might be taken as an in-

dication of the size of the error with respect to the hot gas concen-

tration of nuclides in the AVR . For VAMPYR-II-02 and -04 no parallel

VAMPYR-I results are available .

Whereas silver plate out shows normal behaviour as explained by fig . 6,

Cs plate out is unusual : The overall plate out is small and there is

practically no temperature dependence of the plate out except for the

very low temperature part (s . fig . G-1 for Incoloy 800 in run O1) . In

case of Inconel 617 /60/ the plate out curve remains completely flat,

also in the low temperature range . One possible interpretation of this

behaviour is the influence of dust on Cs plate out (although dust pre-

sent in VAMPYR-I did not lead to remarkable deviations from normal



plate out behaviour on stainless steel) : The amount of graphitic dust

in the AVR primary circuit is comparatively high .
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In order to prove the assumption, that dust might lead to the unusual

plate out behaviour, dust filter were installed in front and behind the

plate out device /93/ . The shape of the plate out profiles, however,

remained unchanged, although the first filter retained more than 90
of the gas borne dust found in this run 04, indicating, that dust is
not the main reason for the unexpected cesium plate out . Fig . G-2 shows
the distribution of 3 nuclides (Ag-110m representative for 'normal'
plate out behaviour, Co-60 representative for dust borne nuclides and
Cs-137) : Whereas silver is mainly found in the plate out section and
cobalt mainly in the first dust filter, cesium penetrates bath equ i p-
ments and is found in the second dust filter (behind the plate out sec-
tion), which has a lower temperature than the first one . A similar be-
haviour has been observed several years ago in the COMEDIE-loop /80/,
where 'normal' plate out was found for silver but small plate out with
low temperature dependence for cesium on high temperature alloys ; also



here, most of cesium was found in the filter behind the plate out sec-
tion . Fig . G-3 shows the distribution of Cs-137 on the different parts
of VAMPYR-II-O1, -02, and -04 .
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There is no reasonable interpretation for this behaviour of cesium in

the moment on the basis of the plate out data published up to now: Fig .

G-1 contains postcalculations of the plate out curves with the PATRAS

model/data set (performed by INTERATOM /82/) and with SPATRA consider-

ing LAMINAR Loop data (the Cs-source was calculated from the integral

Cs-amount found in VAMPYR-II, multiplied by a factor of 1 .5 because of

the insufficient working fission product filters) . Whereas PATRAS, due

to its high penetration assumption (,up=7-10-4) leads to a very high

plate out in the high temperature , part, SPATRA with its 2 orders of

magnitude smaller penetration coefficient (1 .0 " 10-5 ) fits the plate out

curve well in this range, but fails in the low temperature part . The

high temperature range shows an approximately temperature independent

sorption coefficient (defined in chap . 3 .3 resp . /84/) of about 0 .05,

which indicates absorption/penetration, compatibel with the above SPA-

TRA assumption . One should bear in mind, however, that in case, that

the Cs-source is still larger than assumed here, a smaller penetration

coefficient will be estimated, because the penetration coefficient

shows an inverse proportionality to the source intensity for these con-

ditions . A reasonable fit for the whole plate out profile is possible

with SPATRA, if the desorption enthalpy of cesium is reduced by 55

kJ/mo7 to about 180 kJ/mol ( ,ffp unchanged at 1 .0 . 10-5 ), as indicated in

Fig . G-1 ; this decrease of desorption enthalpy shifts the strongly tem-

perature dependent ad/desorption equilibrium range to lower tempera-

tures . Similar interpretations of these plate out curves have been per-

formed by HRB /81/ on the basis of their low temperature plate out ex-

periments in the LAMINAR-Loop : At 440°C = 713 K, a lower desorption en-

thalpy than in high temperature experiments was observed ;, considering a

temperature dependent desorption enthalpy, the cesium plate out in

VAMPYR-II-01 can be explained fairly well ; however, as the SPATRA cal-

culation indicates, a reasonable fit can be obtained with only one

(low) desorption enthalpy, too . One should bear in mind, that this suc-

cessful postcalculation with SPATRA is not a sufficient argument for

the general applicability of the simple penetration model for long term
Cs plate out under normal operation conditions : As mentioned in App . F,
a diffusion controlled absorption process might show pronounced differ-
ences in time behavior of absorption ; these differences, however, could
be diminished by inclusion, parallel to diffusion controlled absorp-
tion . Additional experiments with prolonged plate out period are there-
fore necessary in order to clarify this question (such experiments were



planned in VAMPYR-II, but could not be performed due to AVR final shut

down .

Looking on the amount of cesium removable by water leach, this in-

creases from about 25 % in the high temperature range to about 75 % in

the low temperature range, as postexaminations revealed . Following the

above given interpretation of the plate out curves, these values should

be 0 % resp . <_ 98 %: This is, because in the high temperature part only

absorbed (penetrated) cesium occurs, for which no contact with liquid

water has to be assumed ; in the low temperature part adsorption domi-

nates and water should wash off nearly all cesium it contacts due to

the high solubility of all cesium compounds in water ; however, it was

already shown in chapter 3 .3, that water does not reach all adsorbed

cesium. The discrepancy here probably means, that there is no simple

relation between wash off rate and ad- resp . absorption character of

the plated out cesium, although the general tendency (increasing wash

off fraction with decreasing temperatures) is the same for both, exper-

iment and model calculation . PATRAS model/data, which strongly overes-

timate the penetrated fraction, accordingly underestimates the amount

of cesium that can be washed off . This is only partly (in the low

temperature range) compensated by the extraordinary high desorption en-

thalpies in PATRAS ; nevertheless this means, that former analyses with

PATRAS concerning cesium release in HTR water ingress events /39/ tend

to underestimate corresponding source terms .

For Inconel 617 the desorption enthalpy of cesium has to be reduced to

<_ 165 kd/mol in order to fit the VAMPYR-II-01 curve . Cs-balance errors

seem to be larger in runs 02 and 04 in comparison with run 01 : This can

be deduced from the fact, that in runs 02 and 04 the relation of Cs in

filters to the amount in the plate out section is significantly smaller

than in run 01, although loading of the plate out section does not show

anomalities (s . fig . G-3) . If the same source rate as in run 01 is as-

sumed for run 02 very similar results are obtained in evaluations with

SPATRA ; this assumption however means an increase of of the source rate

in comparison with that calcualted from the integral Cs-amount in test

sections and filters by about a factor of 5 . For run 04 (which was per-

formed at significantly smaller core temperatures, s . fig . G-3) a post-

calculation similar to run 01 is possible, if the same relation of pla-

ted out to integral source activity as in run 01 is assumed, which

leads to a source correction factor of about 3 . There are only minor

differences between between the shapes of run 01 and runs 02 and 04 :
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Examinations of the latter indicate, that the desorption enthalpy of

cesium on Incoloy 800 might be still smaller than 180 kJ/mol. Also, the

differences in surface coverage of slab and tube with Cs are slightly

more pronounced in the high temperature part (with Inconel 617 slab ha-

ving the smaller coverage) than for run 01 . With respect to run 02 one

should bear in mind, however, that besides the above mentioned large

problems with the mass balance, there were a nitrogen ingress during

operation and handling problems in postexamination of this run, which

might enlarge the experimental error . Further experimental work is ne-

cessary in order to explain these experimental results respectively the

low desorption enthalpy under these conditions .

With respect to the penetration problem (see App . F) one should bear in

mind, that cesium plate out in VAMPYR-II can be explained only with

penetration coefficients of <_ 10-5 , which is very low in comparison

with /75/ ; however, due to the small desorption enthalpy, these pene-

tration coefficients nevertheless influence significantly the plate out

behaviour in the high temperature branch of VAMPYR-II .

Some information about silver plate out in VAMPYR-II in addition to

that, already given in fig . 6 for Inconel 617 will be outlined here :

The desorption enthalpy of silver on Incoloy 800 was estimated from run

VAMPYR-II-01 to be about 255 kJ/mo1, i .e . 15 kJ/mol higher than for In-

conel 617 . The other two VAMPYR-II runs which can be evaluated quanti-

tatively with respect to Ag (02, 04) lead to similar desorption en-

thalpies for both metals . However, there are some differences in the

penetration coefficient between the different experimental runs : For

run 01 the penetration coefficient is in the range of _< 10-6 (and was

consequently neglected in the SPATRA evaluations presented in fig . 6),

whereas runs 02 and 04 indicate slightly higher penetration coeffi-

cients, which, however still remain <_ 10-5 .

The general interpretation of VAMPYR-II with respect to penetration/-
absorption given here finds also support in evaluation of the fission
product filters of VAMPYR-II : Behind the plate out section there are 5

fission product filters consisting on stainless steel 4541 and operat-

ing at temperatures of 300 - 400°C = 573 - 673 K; the fission product
filters were designed on the basis of the penetration model /94/, tak-
ing credit of high penetration coefficients ; i .e . significant plate out
by penetration was assumed to be the general working mechanism . A clear
indication of sufficient working efficiency of that filters is a strong
decrease of their fission product burden in direction of flow. This was
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not observed for cesium in runs 01 and 02 (instead, an increasing Cs-
burden was found in direction of flow, see fig . G-4) ; as mentioned
above, the amount of Cs entering the filter device and not retained
there might be very large .

VAMPYR-II-02; Retention in "penetration
based' fission product filters (fpf)
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For Ag, a better retention was observed in all runs, which was, how=

ever, about 30 % per single filter (average value) and therefore still

far from being sufficient . Co-60, which is clearly dust borne, shows a

decreasing concentration in direction of flow in these filters ; this

means, that dust depletion behaves different from Cs-plate out and may

be taken as an additional indication, that Cs is mainly not dust borne .

Run 02 contained an empty dust filter box in front of the plate out

section ; a remarkable Co-60 (dust) depletion was found in this box . In

run 04 a slightly decreasing Cs-concentration in flow direction was ob-

served for the first 4 filters, followed by a significant reincrease in

the last filter ; this behaviour was also found for Co-60 and Ag-110m .

The conditions in run 04 are-not typical due to the fact, that the gas-

concentrations of Cs in the fission product filter section are smaller

than in the other runs ; this is partly due to the lower core tempera-

ture and partly due to a dust filter : Interestingly, the single dust

filter between plate out section and fission product filter device in

run 04 had at least about the same filter efficiency for Cs than the 5
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fission product filters in total (see . fig . G-2), although Cs is -as

mentioned above- obviously not dust borne . Alltogether, the

(penetration based) fission product filter efficiency was at least much

smaller than expected on the basis of data in /75/, but in some cases

nearly non existent ; run 04 also indicates, that in searching of a fis-

sion product filter operating at temperatures > 300°C = 573 K (in par-

ticular for mainly non dust borne Cs) it seems to be more effective to

rely on the well known dust filter equipments than on special penetra-

tion based devices .

With respect to the Code SPATRA, the evaluations of the VAMPYR-II ex-

periment together with those of VAMPYR-I may be taken as a partial val-
idation .
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