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Introduction 

The f i s s ion - and activation products in the primary circuits of HTR's belong 

to the essential factors for the security of the plant during the normal 

work and in the case of accident. The deposition of these products on the 

components of primary c i rcu i ts , special ly their diffusion in the wall material, 

can cause a more or less intense contamination of the components and play a 

decisive role in the solving of such problems as inspection, servicing and 

repair . 

The knowledge of f i ss ion product [ FP ] behaviour in the primary c i rcui t of a 

HTR is an essential requirement for the estimations of the ava i l ab i l i ty of 

the reactor plant in normal operation, of the hazards to personnel during 

inspection and repair and of the potential danger to the environment from 

severe accidents. 

In the Insitute for Reactor Components of the KFA Jülich, much theoretical 

and experimental work was done /1 bis lo/ , with the aim to c la r i fy this 

complex problem. In this paper we would l ike to report some essential results 

of these investigations with special attention to the poss ib i l i ty of extra

polation of these results for long periods of time. 

Theoretical principles and model 

Starting from a systematic analysis of the elementary processes which can 

influence the transport of FP and dust particles in helium, the interaction 

of FP and dust with the surfaces of the components and the interaction of 

FP with the dust part ic les , a physical and mathematical Eodel has been 

developed by Iniotakis in the Institute for Reactor Components of the KFA 

Jülich /5,8,9,1о/. 

This model is shown schematically in Fig . 1. 

S c h e m c t c riustration of transport and deposition mechcnisms 
tor fission products and dust pcrt icles 

Fig. 1: 

The transport and plate-out mechanisms identif ied are : 

1. Macroscopic transport of FP and dust particles in the bulk of the 

flowing stream. 

2. Microscopic transport of FP and dust particles perpendicular to the 

wa l l . The adhesive forces which have a macroscopic range are taken into 

account. 

3. Reflection of FP and dust particles on the wa l l . 

4. Adsorption of FP and dust particles on the wal l/reversible process/. 

5. Diffusion of FP into the wall material / irrevesib le process/. 



6. Desorption of FP and dust part ic les from the wa l l ; the influence of 

condensation effects on the desorption energy is considered. 

7. Evaporation of FP from the wall as a result of local condensation in 

the bulk material immediately at the surface, as a result of evaporation 

of the wall material i t s e l f or as a result of erosion. 

8. Coll ision of dust particles with FP. Adsorption, dif fusion, desorption 

or evaporation of FP on or from the dust can occur. 

9. Strip off of the dust part ic les by shear stresses. Furthermore, the 

growth rate of oxide layers and the influence of this on the diffusion 

of FP are taken into account. 

As no signif icant amounts of dust were found in our loop experiments until 

now, i t s influence wi l l not be considered in our particular case. 

The transport of FP to the wall is characterised by the mass-transfer number 

"h" which includes such factors as flow conditions, the temperature of the gas 

and the binary diffusion constant in the gaseous phase. 

The interaction of the FP with the wall is described by several parameters: 

the sticking probabil ity " o i . " , the penetration coeff icient "1 -ß" , the desorp

tion constant "iJ" " and the diffusion constant "D" of considered FP on, or in 

the wall material. 

Considering di f fusion; i t must be differentiated between the diffusion in 

the oxide layer ( i f present) and the diffusion in the bulk material. Moreover, 

the surface properties of the material l ike the roughness, represented by the 

roughness factor " X " , or general properties, l ike the so lub i l i ty of the FP 

in the material represented by the so lub i l i ty "0^ , " , must be taken into 

account. 

The whole problem is extremely complex and can be described only with more 

than 2o non-linear partial di f ferential equations. For the case of low dust 

concentrations i t was possible to establish the Laplace-transform of the 

analytical solution. For the inverse transformation, which is not possible 

in the conventional way, Iniotakis developed further the method of Papoulis 

and successfully applied i t for the discussed problem. 

On this basis the calculation code "PATRAS" (without considering the presence 

of dust) was developed; now the calculation code "PATRAS-S" (with considera

tion of dust) i s t being developed. 

The calculation code PATRAS enables the calculation of the transport and 

deposition of FP with, or without mother ac t i v i t i e s , for open or closed reac

tor c i r cu i t s , with arbitrary sources, for normal run and for some cases of 

accident. 

Many deposition experiments (Vampyr, Saphir, Dragon) were evaluated using 

special procedures based on the model and the code PATRAS mentioned above. 

The theory was confirmed through the evaluation and pre-calculation of many 

KFA experiments. 

In order to c lar i fy the open questions and for completing the existing 

experimental data, more investigations were planned and carried out, basing 

on the existing theory. The experimental procedures were developed to f i t 

the requirements connected with the solution of this task. 

Experimental procedures 

The tubes from Saphir and Vampyr experiments were cut into lo cm long pieces. 

Their diameter ranged from 2o to 35 mm. The hot gas duct from the Dragon 

reactor was cut into r ings , lo cm high. These rings were sub-divided in 

such way, that s l ight ly curved samples, lo x lo cm were obtained. 

The samples were analyzed by -spectrometry for active FP, using self-made 

standards of the same geometry and material . 

After the 5f-spectrometric analysis was done, the samples were surface 

leached; for some samples 2M nitr ic acid was used for this purpose, other 

were surface leached using water at dif ferent temperatures, with, or without 

ultrasonic treatment. 



Next to the surface leaching, the oxide layer was removed, in most cases in 

two steps: in the f i r s t step a very weak attack was ^one, in the second step 

the total removal of the oxide layer was accomplished. 

Final ly , after the removal of the oxide layer, layers of the bulk material were 

taken off e lect ro lyt ica l ly . The thickness of the removed layers was determined 

by chemical analysis of resulting solutions or by weighing the samples before 

and after treatment. 

Before applying the e lectrolyt ical removing ( in the anodical polishing mode) 

to the radioactive samples, a comprehensive study of the process was under

taken for each a l loy and each shape of sample on non-radioactive objects. I t 

was found that, under defined conditions, layers suf f ic iently paral lel to the 

original surface were removed. The resolving power of the equipment used for 

measuring the thickness was 1 urn for 1 scale d iv is ion. The total depth 

removed in many steps amounted to loo ^m or more. 

Al l resulting solutions were again analyzed by -spectrometry; after each 

chemical or electrochemical treatment, the res t -act iv i t i es of the samples 

were determined and the corresponding balances ver i f i ed . 

Results 

In this paper results from following experiments wi l l be considered: 

1. The f ac i l i t y for investigation of metal foi l isolations was bui l t in 

the hot gas duct of the Dragon reactor. After the shut-down of this 

reactor the poss ib i l i ty was given to investigate the plate-out behaviour 

of FP on the duct materials: Inconel 625, AISI 316, AISI 347, Incoloy 8oo 

and DIN 4981. The effective deposition time was approximately 5oo days, 

the temperature about 7oo °C. The deposition took place at approximately 

isothermal conditions and turbulent gas flow. This experiment wi l l be 

dealt with here under the name Dragon hot duct. 

2. The second experiment considered here, from which some selected results 

wi l l be presented, was performed in the loop Saphir of the reactor 

Pégase in Cadarache. The presented results originate from the б and 11 

runs of the se r ies , in which f e r r i t i c steel 15 Mo 3, stainless steels 

4541 and 4961, Inconel 625 and Nimocast 713 LC were examinated. The 

deposition took place in the temperature range from 8oo 0 to 9o °C (from 

turbulent gas flow. 

3. The third experiment was performed in the f a c i l i t y Vampyr of the AVR 

reactor in Jülich. The results reported here originate from the 12, 19 

and 2o runs of the ser ies , in which Titanium and f e r r i t i c steels 15 Mo 3 

and St 35.8 were examinated. The deposition took place in the temperature 

range from 9oo 0 to loo 0 C ( from turbulent gas flow. 

Some essential working data of the above mentioned experiments are given in 

the Table 1. 

EXPERIMENT 

DEPOSITION 
TIME 

GAS FLOW GAS 
TEMPERATURE 

Cs-137 

EXPERIMENT 

DAYS G/S ° C 

PARTIAL PRESSURE 
BAR 

ACTIVITY DEPOSITED 
fi Ci/см-

DRAGON HOT DUCT j 49o 16oo 7oo 7.7 lo"15 0.3 - o.l 
PÉGASE об 7o 12.1 82o-39o o.oo6-o.oo2 
PÉGASE 11 155 lo 32o-39o 2.2 1о" ь 0.7-0.2 
VAMPYR 12 34.2 0.7 8 7 0 - 7 5 2.1 lo-" o.ol5-o.oo3 
VAMPYR 19 11.3 0.7 370-85 6.7 10 - -L5 0.6 -0 .05 

VAMPYR 2O 27.3 0.7 o7o-8o 4.3 lo"13 0.3-0.o3 

T a b l e 1 

OPERATION DATA OF T H E EXPERIMENTS 
I R B - 8 0 - 1 1 / K 

Table 1: Operation data of the experiments. 

The f i r s t column gives the deposition time, the second the gas flow, the 

third the range of gas temperatures along the test tube, the fourth the 



partial pressure of Cs-137 at the beginning of the test tube, and the l a s t 

the range of deposited specific act iv i t ies of Cs-137. The differences in 

the parameters of various experiments are remarkable. 

In the case of Dragon hot duct, the theoretical precalculation of the expected 

deposition and diffusion of F.P. on and in the materials present was of 

special interest because of the long running time at about 7oo °C and because 

the plate-out behaviour of these materials was not yet examined. The opportu

nity was also given to compare the theoretical predictions with the results 

of later investigations; this in turn gives the impression about the degree 

of uncertainty for the pre-calculation of reactor circuits done on the basis 

of uncomplete material data sets . 

The plate-out specific data of the materials used were estimated on the 

basis of their composition, l a t t i ce structure and the knowledge of deposi

tion mechanisms. The behaviour of these materials in the primary gas atmos

phere of the Dragon reactor was also considered. From our own previous work 

and from foreign publications, we posessed the informations about diffusion 

constant in similar materials and about the decrease of concentration of 

Cs-137 in Incoloy 8 0 0 at 8 0 0 °C. 

In Fig. 2 the expected course of deposition of Cs-137 for two dif ferent 

sources is given. 
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Fig. 2: hot gas duct of the Dragon experiment 

The band A i l lustrates the expected deposition for a source of 3,3 x lo 
3 4 3 

Atoms/cm , the band В for a source of 5,7 x lo Atoms/cm . The shaded surfaces 

demonstrate the uncertainty of the predicted values resulting from the 

uncertainty of material data. The strength of the real source is not known, 

but a greater probabil ity was expected for the weaker one. The results 

obtained much l a te r , confirmed this assumption. 

Beside the deposition pro f i l e s , the predetermination of the diffusion prof i les 

and decontamination factors for Cs in and for different construction materials 

was done. 

In Fig. 3 the comparison is done between a theoretical ly predetermined and 

the experimentally, in the Institute for Reactor Components, found diffusion 

•profi le of Cs-137 in Incoloy 8 0 0 from Dragon hot duct. 
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Fig. 3: 

The experiment confirmed well the theoretical calculations. 

Both experiments: Dragon hot duct and Pégase-11 included Inconel 625; 

moreover the steels AISI 347 and AISI 316 from Dragon hot duct are similar 



to the steel 4541 from Pégase-11. I t was self-suggesting to check the theo

retical predictions relating the f ide l i ty of extrapolation over long periods 

of time and broad ranges of partial pressure through comparison of both 

experiments. For this reason, the same data sets were used for Inconel 625 

and steel 4541 in the evaluation of both Pégase-11 and Dragon hot duct expe

riments. 

The set of data for Nimocast 713 LC was obtained by application of special 

evaluation procedures and experimental values obtained from two of total 

thirteen segments present. 

In Fig. 4 a comparison is given between the deposition prof i les of Cs-137 and 

Cs-134 along the deposition tube of the experiment Pégase-11. The continuous 

l ine represents the course of deposition as calculated on the basis of theory, 

the points given the experimentally found values. The dotted curve represents 

the wall temperature along the tube. At the bottom of the f igure , a schematic 

view of the deposition tube is given. In positions marked ".K" the tube was 

bend four times under 9o 0 or 18o 0 angles. 
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Fig. 4: 

The picture i l lus t ra tes the influence of the material on the deposition of 

Cs in the high temperature zone. This influence is due principal ly to the 

different so lub i l i t i e s of Cs in the materials. In addition, for Inconel 625 

and stainless steel 4541 the influence of temperature is noticeable. I t 

results from the temperature dependence of the so lub i l i ty . The adsorptively 

bound component of Cs activity is also temperature dependent. In the low 

temperature zone the flew conditions are dominant fcr the course of depo

s i t ion ; for this reason the positions of the bends on the tube can be seen 

on the deposition curves. 

As the result of comparison, an excellent agreement between theory and expe

riment has been found. 

In our investigations special attention was paid to the behaviour of FP in 

the case of diffusion into the wall material . The clearing of this question 

is an essential condition for evaluation of the decontamination poss ib i l i ty 

of HTR construction materials. 
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In Fig. 5 the diffusion prof i le of Cs-137 in Nimocast 713 LC is given. On the 

abscissa, the penetration depth in um, and on the ordinate the Cs-137 act iv ity 
3 ' 

in ^jCi/cm are given. The stepped curve represents the experimental resu l ts . 

The curves 1/ and 2/ are precalculated on the theoretical bas is . From the 

evaluation of this one and other similar experiments a data set resulted for 

the diffusion constants in the oxide layer and in the bulk material , as well 

as for the growth of the oxide layer. 

The influence of the oxide layer , and consequently, of the oxidation rate , is 

of primary importance in the case of Cs dif fusion. A compact oxide layer 

creates a considerable diffusion barr ier for Cs. The thicker and more compact 

the oxide layer, the less Cs can penetrate into the bulk material. The 

destruction of the oxide layer e .g . through erosion, reduces i ts protection 

effect against Cs dif fusion. 
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Fig. 6: 

Final ly , in Fig. 6 the comparison is given between the precalculated and the 

experimentally determined diffusion prof i les of Cs-137 in Inconel 625 froa 

the experiment Pégase-11. The agreement between experiment and theory is very 

good; further, i t can be seen from the shape of the curves, that the oxide 

layer wi l l influence the decontamination of UTR materials, at least regarding 

the decontamination from Cs. The thickness and the rate of build-up of this 

layer depend from the composition of the primary gas atmosphere. I t fo l lows, 

that the composition of the cooling gas in the primary c i rcu i t and his oxida

t ive properties are important for the future decontamination from Cs. 

During investigation of some Vampyr experiments, Cs-137 deposited on f e r r i t i c 

steel and on titanium was tested for i t s behaviour against the action of water. 

In Fig. 7 the dependence of the decontamination factor f for Cs-137 

deposited on f e r r i t i c steel at 555 °C from the time of water treatment 

at room temperature, is given. The l as t point, on the end of the dotted 

curve, gives the value of the decontamination factor after complete removal 

of the oxide layer by chemical treatment. The shape of the curve allows the 

assumption, that the water treatment takes of f only this part of Cs-137 

which is deposited on the surface by adsorption. I f this assumption i s 

correct, the amount of Cs-137 Teachable by water must depend from the kind 

of material and from the deposition temperature. 
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The Fig. 8 gives the proof for this assumption. 

The diagram gives the dependence of the surface decontamination factor for 

Cs-137 on f e r r i t i c steel and titanium from the deposition temperature. The 

decontamination was done in this case by a long term treatment of each sample 

with water at 8 0 ° C A dist inct jump on the curve on the joining point between 

steel and titanium can be observed. I t proofs the differences in the adsorp

tion capacity of steel and titanium for Cs-137. 
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I f the deposited act iv ity is not water soluble, the choice of a corresponding 

reagent guides to equal results . This case is considered in the Fig . 9, where 

the surface decontamination factor for Ag-llom on titanium is given, depending 

from the depos tion temperature. 

The diagram represents the results from the investigations on the Vampyr-12 

experiment. The points are experimental results obtained by surface leaching, 

done by washing the samples with 2M nitr ic acid at room temperature in an 

ultrasonic bath, during 1 hour. The leached act iv i t ies were analyzed by 

>Ç -spectrometry. The contiuous l ine represents the course of the decontami

nation factor as calculated in advance. The calculation was done with the 

code PATRAS, using the data from the Vampyr experiment (1-5 = o,o4 « , Q = 5o 

kcal/Mol). Below 5ao °C about 8 0 % of the Ag- l lo m ac i t i v i ty was leached out; 

at higher temperatures the decontamination factor goes strongly down. The 

agreement between theory and experiment is good. 
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Fig. 9: 

The Fig. lo gives the course of deposition of Ag-llom along the titanium tube 

from the experiment Vampyr-12. 
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At temperatures higher than 85o °C ß-titanium is present, with the la t t ice 

structure dif ferent from the one of cl -titanium, stable below this temperature. 

This change in the material property is reflected in the course of the depo

sit ion prof i le of Ag-llom in the hot zone of the tube where the diffusion 

process dominates. The penetration coeff icient is in ß-titanium considerably 

higher than in d -titanium, which causes the jump on the curve. With decrea

sing temperature the surface adsorption starts to dominate and the temperature 

influence is more remarkable. Below 55o °C the flow conditions start to 

dominate, because the desorption can be neglected here, as compared with 

the adsorption. The Ag is bound in this low-temperature zone on the surface, 

by adsorption; at higher temperatures, starting from 55o °C, the diffusion 

of Ag in the bulk material begins to be remarkable. 

After the theoretical considerations have been confirmed by the experiment, 

the efforts were made to apply these coonsiderations to predict the behaviour 

of di f ferent construction materials during deposition of radioactive products 

and the expected consequences for the future decontamination. An example of 

such consideration is given in Table 2. 

T„ Pel INCONEL 625 ТТЛ NIMOCAST-713 LC IHCOLOY-8OOH 

95o 22o 23o - 33o 49o - 8oo 38o - 67o 
85o 16° 17o - 25o 36o - 59o 23o - 47o 
75o llo 12o - 175 25o - 41o 21o - 34o 
65o 7o 75 - llo 16o - 27o 13o - 23o 
55o 5 15 - 25 6o - So 4o - 65 

Table 2: 

THE MATERIAL DEPTH С UJH] NECESSARY TO REMOVE,FOR REACHING 
A DECONTAMINATION FACTOR BF " 2oo 
(Cs-137. REACTOR WORKING TIME 7 YEARS, NON OXIDIZING 
ATM05PHERE) 

IRB80-04/05 

The values in the table indicate the layer thickness to be removed during 

decontamination. They are normalized for deposition of Cs on different con

struction materials at different temperatures as to yie ld a decontamination 

factor of 2oo. As basis for calculation, a non-oxidizing atmosphere in the 

primary circuit and a working time of 7 years were taken. For Nimocast 713 LC 

the lower values, for Incoloy 8 0 0 H and TZM the higher values seem to be more 

probable. 

The similar calculation for Ag-llom delivers much higher values. The whole 

problem of decontamination depends from many factors. I f the gas atmosphere 

in the primary c i rcuit was oxidizing, and dense oxide layers are present, 

re lat ive ly thin layers of material must be removed, at least concerning the 

decontamination from Cs. In the opposite case, considerably thicker layers 

must be removed. 

I t is to note, that the oxide layer has a much less preventing power against 

diffusion of such nuclides as Ag-llom, Eu-154 or Sb-125 which were invest i 

gated in this Insitute too. 

Summary 

As conclusion, i t can be stated, that on the basis of Iniotakis model i t was 

possible to calculate successfully dif ferent experiments in a wide range of 

source strength, temperature and working time. 

The poss ib i l i ty of reasonable extrapolation was proven, and many values 

could be precalculated; these values were confirmed by the experiment. 

These results jus t i fy the anticipation, that this model can be successfully 

applied for postulations concerning the behaviour of the FP in primary 

circuits of HTR's. 

The necessary data sets must be enlarged and actualized by further experimen

tal work. 
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