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Abstract

The caesium plate-out on Incoloy 800 and the Ni-base alloy
Inconel 617 was investigated. Deposition experiments have
been performed in a high temperature helium circuit using
a vapour pressure controlled caesium source. The experiments
were carried out for 2 0 - 6 0 days at temperatures between
600 and 900 °C under oxidizing conditions.

The following values were obtained for Incoloy 800 at
600 - 800 °C: *

desorption energy: 234 _+ 13 kJ/mole

volume sorption probability: 1.10~6 - 2.10"5

For Inconel 617 a desorption energy of

230 _+ 8 kJ/mole at 700 °C

with a linear increase to

268 _+ 8 kJ/mole at 900 °C

was determined. The preexponential factor of the desorption
constant was set to 1.10 s . The experimental results are
influenced by the in-situ build-up of oxide layers.

The plate-out parameters of Incoloy 800 have been applied
to a long-term experiment in the Dragon reactor (480 days at
680 °C). The calculated results agree very well with the
measurements. Furthermore, the caesium deposition in an
HTR primary circuit has been calculated in order to assess
the sensitivity of the above uncertainty ranges. Due to these
uncertainties, the upper limits of the calculated surface
activites in the primary circuit are about a factor 2 above
the expected values, which is acceptable for design purposes.
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1. Introduction

The deposition of condensable fission products onto the

metallic walls of the HTR primary circuit purifies the

coolant more efficiently than the gas purification plant.

A local overestimation of this plate-out capacity does lead

to conservative values for the radiological exposure from

this component during maintenance, but it also causes too

low predictions for the surface activities downstream,

due to the depletion of the fission products in the coolant.

Furthermore, this overestimation yields optimistically low

values for the coolant gas activity. Consequently, the un-

certainties of the plate-out parameters have to be determined

carefully, because both their over- and underestimation can

lead to nonconservative predictions.

For accident analyses (loss of coolant, water ingress), de-

sorption rates and wash-off fractions of the surface activi-

ties have to be determined. This requires not only knowledge

of the total plate-out activities but also of the fission

product distribution in the wall materials. The latter is

also important for the assessment of decontamination pro-

cesses .

Key elements for plate-out investigations are usually iodine

{wall temperatures below 500 °C) and caesium (wall tempera-

tures above 500 °C). In the following, deposition experiments

with caesium on the high temperature alloys Incoloy 800 and

Inconel 617 are reported. Incoloy 800 and Inconel 617 are

major candidate materials for HTR's for process heat appli-

cations in the temperature regions of 500 - 800 °C and

700 - 1000 °C, respectively. Incoloy 800 is also extensively

used in steam cycle plants such as the THTR-300.
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2. Experimental

2.1 Helium Loop Facility

The deposition experiments have been performed at HRB in

a closed cycle He-loop consisting of:

Heater (43 kW electrical rating)

Hot gas duct (insulated at the inside, water cooled

at the outside)

Sample tube (2.4 m length) with an outer 4 zone heater

(9.6 kW electrical rating) to adjust the axial wall

temperature profile,

Cooler (water cooled tubular heat exchanger with a

cooling capacity of 70 kJ)

Absolute filter (2 micropore (0.45 urn) candle filter

blocks in series),

Circulator (membrane compressor, 100 m3 (STP)/h

He-flow, 4 kW electrical rating),

He purification plant (BTS CuO-catalysator, 2 molecular

sieve beds in series, 10 m3 (STP)/h He-flow)

Caesium-source with temperature control, He-supply

and outer Y -shielding (metallic caesium activated to

0.2 - 2 Ci Cs-134/g) .

The bypass He purification plant extracts the chemical im-

purities CO, CO2, H2f CH4, O2 and H20. A more efficient sink

for H2o is given by the absolute filter whose main function,

though, is removal of caesium from the main stream.

The inner housing of the source device contains 0.5 g metallic

caesium. A predetermined vapour pressure is set by tem-
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perature control of the housing. Helium from a gas cylinder

(3 1 (STP)/h) is led through the inner volume of the source

and carries caesium vapour via a bypass duct (2 m3 (STP)/h)

to the main circuit.

All activity bearing components of the circuit are enclosed

in a glove box.

Typical operational values of the loop are summarized in

Table 1. Fig. 1 shows a simplified flow diagram (only major

valves included) of the deposition circuit.

2.2 Instrumentation

The accumulation of the surface activity on the sample tube

is measured continuously during operation with 4 Nal-detectors,

This on-line measurement is most important, both for the con-

trol of the experiment and for the final evaluation.

The source output is measured discontinuously every 1 - 2 days

by conducting the source flow for 0.5 h through a f -monitor-

ing system. Typical variations of the source rate are between

10 - 20 % of the average.

In order to ensure full efficiency of the absolute filter,

a ft -scintillator monitors the caesium activity of the main

helium flow between the two filter blocks.

The chemical impurities in the helium are measured at various

sampling points by a gas chromatograph and hygrometers.

The sample tube is instrumented with 2 thermocouples at the

inlet and outlet for gas temperatures and with 5 thermocouples

for wall temperatures.
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2.3 Post Operation Measurements

After cooling down the circuit, the sample tube is demounted

and cut into 15 cm long sections. All sections are'y-scanned

with a Ge-Li-detector.

Selected sections are leached with demineralized water at

80 °C for 15 - 50 h. The activity accessible to and soluable

in water is taken as being representative for the adsorptive

fraction of the total surface activity.

The thickness and structure of the oxide layers are determined

by metallographic sections. Further measurements are planned

in order to separate the caesium fraction sorbed by the oxide

phase from the caesium diffused into the bulk material.

2.4 Materials

The Incoloy 800 sample tubes (26.8 and 25 mm outer diameter,

2.9 and 2.5 mm wall thickness) originate from three charges

from two different manufacturers. The Inconel 617 tubes

(25 mm and 20 mm outer diameter, 2 mm wall thickness) belong

to two supply charges. The chemical analysis of the materials

is listed in Table 2.

The sample tubes are installed as delivered in the loop

facility with no specific precautions in respect of surface

conditions. In this way the scatter of the experimental re-

sults includes the variability of sample specimens within

the range of the suppliers' material specifications.
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3. Experimental Results and Discussion

3•1

The operational data of the test runs No. 1 - 5 for Incoloy

8 00 are summarized in Table 3. The surface temperatures ranged

from 590 to 800 °C.

Tests No. 2-4 included 2 desorption intervals with the caesium

source shut off for about 20 % of the test duration. The desorp-

tion kinetics can be followed by this procedure in more detail.

In advance of the deposition runs No. 2-4 the loop with the

sample tube installed was operated for 8-16 days (not included

in the test time in Table 3) without caesium injection in

order to precondition the sample surfaces.

The surface activities listed in Table 3 refer to the off-line

measurement at the end of the experiment. They are not directly

comparable with each other because of different partial pres-

sures and specific activities of the source. To make them

comparable, the axial activity profiles have been normalised
-12linearly to the same caesium partial pressure (p = 5 • 10 bar)us ^

and to the same specific source activity (Cs-133/Cs-134 = 10 ) .

The normalised plate-out profiles are depicted in Fig. 2.

The relation between the curves is not significantly influenced

by the different test durations, because the in-pile measure-

ments showed, that essentially equilibrium surface activities

have been attained in all tests.

The profiles in Fig. 2 demonstrate clearly the expected de-

crease of the final deposition with increasing wall temperature.

The variations between curve 1 and 2 (appr. 600 °C) and between

curve 3 and 4 (appr. 700 °C) indicate the degree of reproduci-

bility of the test conditions and of the sample material. The
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sample tubes for test No. 1 and 2 originate from different

suppliers, which might have contributed to the difference

between both profiles. The shape of the individual curves

in Fig. 2 is partly due to the temperature profile along the

sample tubes, but local variations of the surface conditions

also influenced the deposition profiles.

Table 4 contains the operational data of the Inconel 617

experiments No. 6 - 10 covering surface temperatures from

700 - 900 °C. Test No. 6 (700 °C followed by 800 °C) was a

preliminary test for the determination of an optimum specific

activity of the caesium source. Nevertheless, its first phase

at 700 °C surface temperature can be fully used for data eva-

luation. All Inconel 617 experiments include one desorption

interval (test No. 8 with a second desorption interval

at the end), which typically lasted for 20-30 % of the total

test duration.

The off-line measured plate-out profiles of the Inconel 617

experiments have been normalised to-p_ = 1 . 10 bar and
4 t-s

Cs-133/Cs-134 = 10 . They are shown in Fig. 3. In contrast to

Incoloy 800 no clear temperature dependence can be observed,

partly because the curves of the 8 00 °C tests (No. 9, 8, 6B)

differ significantly from each other. However, it must be

noted, that the lowest 800 °C profile (No. 6B) does represent

the deposition on an oxide layer produced essentially at

700 °C.

Typical values for the water and hydrogen content in the loop

were measured giving partial pressure from 3 to 10 (jbar and

1 to 6 pbar, respectively.

3.2 Post Experimental Surface Analysis

The fraction of the total surface activity accessible to and

soluable in water at 80 °C (water leach) was determined for

tube sections from the front, middle and end regions of the
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sample tubes. The ranges of the measured results are given in

Table 3 for the experiments with Incoloy 800. The highest

water leach fractions were obtained for the low temperature

tests No. 1 and 2. However, the temperature dependence is

not very marked and the results of comparable tests (viz.

No. 3 and 4) scatter by a factor up to 2.

The water leach fractions for the Inconel 617 samples are

listed in Table 4. Extremely low values of 1-5 % are ob-

served for the experiments at 800 °C, whereas the other tests

yield "normal" values between 40 and 60 %. These discrepancies

have to be clarified by further measurements.

The metallographic sections revealed on all Incoloy 800 samples

distinct oxide layers fully covering the surfaces. Their thick-

nesses amounted to 1-2 pm, 2-4 pm and 10-20 um for the 600 °C,

700 °C and 770 °C samples, respectively. In addition, internal

oxidation to a depth of 20 pm can be identified on the 770 °C

sample.

For Inconel 617 only the samples at 800 °C (test No. 8, 9)

and 900 °C (test No. 10) have been investigated by metallo-

graphy. The oxide layers of the 800 °C samples show a strongly

fissured outer contour with some isolated protrusions. The layers

are 2-5 pm and 4-10 pm thick for the samples from test No. 8

(31 d exposure time) and from test No. 9 (60 d exposure time),

respectively. The internal oxidation zones for these two

cases comprise 10 pm and 15 (jm thickness, respectively. The

outer oxide layer of the 900 °C sample has a degraded

appearence. The internal oxidation front attained a depth of

20 pm.

3.3 Data Evaluation

The experimental data have been analysed using the phenomeno-

logical plate-out model described in /I/. This model will be

outlined here in a simplified manner: The essence of the model
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is represented by the mass balance within a microscopic gas

phase layer adjacent to the surface with a thickness of the

order of the mean free path length of the gas atoms. The

following inflow and outflow rates of this layer are taken

into account (in brackets: controlling parameter):

mass transfer rate from the turbulent streaming coolant

through the boundary layer (mass transfer coefficient h),

desorption rate from the adsorped species on the surface

(desorption coefficient^ ) ,

evaporation rate from the species sorbed in the volume

of the wall (solubility),

adsorption rate to the surface (Brownian velocity v),

volume sorption or penetration rate into the wall material

(penetration coefficient 1-6 as a measure for the probabi-

lity that a caesium atom hitting the surface is sorbed

within the volume and can diffuse into the material).

The evaporation rate is set proportional to the surface volume

concentration. Thus, it is correlated with the diffusional

flow into the wall material. The evaporation rate is only im-

portant in case of low solubilities, low diffusivities or

high penetration coefficients. The evaporation rate is neglected

in this analysis. Furthermore, it is assumed that the desorption

coefficient does not depend on the adsorptive surface concen-

tration, that any caesium atom hitting the surface is either

adsorbed on the surface or absorbed in the volume (sticking

probability = 1) and that adsorption is nonactivated. Under

these conditions the steady state values for the adsorptive

surface concentration Sa and for the amount sorbed by the

volume and diffused into the material S-, are given by
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s -
a (I.

where

C : caesium concentration in the flowing helium

t : time at equilibrium

= 1 • 10 1 1 exp (-Q/RT ) s"1

R : absolute gas constant

Ts : surface temperature k : Boltzmann constant

TQ : gas temperature m : mass of caesium atom

Using the above equations, the desorption energy Q and the

penetration coefficient 1-B for Incoloy 800 are derived from

three measurements:

off-line measurement of total surface activity A ,
s

on-line measurement of total surface activity before and

after desorption,

- water leach L

The upper limit for Q is given by the total surface activity

Ag assumed to be due to adsorption only, the lower limit by

the smallest water leach fraction Min(LH n ) . The upper limit

for 1-B is given by the difference between A and Min (LH )
s 2

the lower limit by the smallest surface activity after desorp-

tion. In this way each experiment has been analyzed separately,

The results of the individual tests are then combined to a

general parameter set including uncertainty ranges which

describes all experiments consistently.
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The following parameters were obtained for Incoloy 800 at

temperatures between 6 00 and 8 00 °C:

Q = 234 + 13 kj/mole 1 - 6 = 1 . 10~5 + 1 ' 1 0 ,
~ 9 . 10"6

All Incoloy 800 experiments can be described with the above

parameters. This is demonstrated in Fig. 4a, b, where the cal-

culated time dependence of the local surface activity and

the final axial plate-out profile (computer code RADAX) are

compared with the measurements of test No. 4. The measured

data fall well within the calculated limits.

For the analysis of the Inconel 617 experiments the water leach

fractions have been rejected, because of the large experimental

scatter. Furthermore, test No. 6B was excluded because of its

special temperature history. With the given preexponential

factor of the desorption coefficient (1 . 10 s ) the desorp-

tion energies derived for the different temperatures vary

significantly. However, the results from all Inconel 617

experiments can be represented very closely by a linear

relationship with temperature yielding

Q = 230 _+ 8 kJ/mole at 700 °C

Q = 268 _+ 8 kJ/mole at 900 °C.

The penetration coefficient and its uncertainty range is

determined solely from the variations of the local surface

activities after desorption giving

r6

,-7 '
1 - 0 = 1 . 10"6 + 3 . 10

9 . 10

The comparison of deposition results calculated with these

parameters and measurements is shown in Fig. 5a, b for the

experiment No. 7. During the desorption interval the measured

activity decrease is markedly slower than calculated (Fig. 5a)

The agreement in respect to the final axial plate-out profile

(Fig. 5b) is excellent.
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3.4 Discussion

For an easier data analysis the evaporation from penetrated

species was neglected because the analytical methods and

the restricted parameter range of the experiments do not allow

a detailed analysis of such a process. Even, if this neglect

is not valid for longer deposition times, its influence is

effectively compensated by the lower limit of the penetration

coefficient.

The other important assumption of this evaluation concerns the

" relation between desorption energy and surface concentration.

In several cases other authors observed a decrease of the de-

sorption energy at high concentrations (Temkin adsorption iso-

therms) . The highest surface concentration of the present ex-

periments is 5 • 10 caesium atoms/cm2 (test No. 1,2), i.e.

a ca. 10 % monolayer coverage with an assumed roughness factor

of 10 (real surface/geometric surface). The surface concen-

trations of the other tests lie below this value by about a

factor 10. For these low values the assumption of concen-

tration independent desorption energies appears to be justi-

fied.

The experimental result of a linear increase of the desorption

energy with temperature for Inconel 617 must be regarded as

an empirical relationship for design purposes only. It also

could be described by a strongly reduced, but constant

desorption energy. But in this case the preexponential factor

would have unrealistically low values. Equally unlikely is

the suggestion that the low apparent temperature dependence

is entirely caused by activated adsorption. This would lead

to untypically high activation energies which also would

give rise to adsorption rates much lower than those measured.

Another proposition, that relatively high penetration rates

are counterbalanced by evaporation at an early stage of the
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experiment, could explain the effectively reduced temperature

dependence and some of the extremely low water leach values.

However, this view is contradicted by the kinetics during the

desorption intervals where the majority of the surface concen-

tration is desorbed without a significant loss due to the

diffusion into the wall.

As a result, we favour the hypothesis that for Inconel 617

the desorption energy is a property of the outer oxide layer

(e. g. heterogenuous surface structure) which itself depends

on the temperature at which it has been produced. Consequently,

it is not surprising that the desorption energy changes with

temperature. This hypothesis is supported by the low plate-out

profile of test No. 6B, because it represents virtually the

deposition at 800 °C on an oxide layer formed at 700 °C.

Some of the low water leach values for the Inconel 617 samples

probably can be explained by physical surface conditions which

prevent wetting or by chemical bonds between caesium and the

surface which prevent solution. At any rate, low water leach

values do not necessarily indicate high diffusive deposition

fractions.

Despite the above argument against a highly activated adsorp-

tion, this mechanism with the assumption of a moderate acti-

vation energy could explain the slow activity decrease observed

during the desorption intervals (Fig. 5a). If this activation

energy is added to the "desorption energies" derived above for

Inconel 617, the calculated equilibrium values for the adsorp-

tive surface activities are unaltered, but the desorption rates

are reduced significantly in accordance with the experiment.

The deposition of test No. 7 (Fig. 5a) has been recalculated

with this model using an activation energy for adsorption of

80 kJ/mole and an desorption energy of 230 + 30 kJ/mole

(at 700 °C). The results given in Fig. 6 show an excellent

agreement with the on-line measurements. Thus, this interpre-

tation of the Inconel 617 experiments will not be excluded.
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4. Applications

The plate-out parameters found for Incoloy 8 00 have been

applied to a long-term experiment in the Dragon reactor.

This experiment was already evaluated in /2/, but only pro-

visional data for the caesium partial pressure and theore-

tically estimated plate-out parameters were used.

The Incoloy 800 material of this experiment was installed as

an inner liner in the hot gas duct. It was exposed to the

outlet coolant from the core for 480 days (1973-75) at

680 °C. The Cs-137 partial pressure in the coolant during

this time was measured in-pile /3/ and is illustrated in

Fig. 7a. Figure 7a also shows both the calculated accumulations

of the total Cs-137 surface activity and of the diffusive

fraction. In Fig. 7b the measured and calculated, activities

at the end of the operation are compared showing good agree-

ment. Thus, the Dragon Hot Gas Duct experiment demonstrates,

that the results from the helium loop facility can be applied

for long term operation under realistic HTR conditions.

The plate-out parameters from this work for Incoloy 800 were

also applied to the primary circuit of the THTR-300 in order

to assess the sensitivity of the uncertainty ranges.

Incoloy 800 is used in the THTR-300 for components at the hot

end of the primary circuit, such as the hot gas duct, the re-

heater and the superheater. The downstream components are con-

structed of ferritic materials.

The deposition of caesium in this circuit has been calculated

(code RADAX) using known mass transfer correlations and the

plate-out model as described above. The expected values and

the upper and lower limits for the Incoloy 800 parameters

were applied together with typical plate-out parameters for

ferritic materials.
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The calculated results are shown in Fig. 8. The range of the

Incoloy 800 parameters affects clearly the surface activities

of all components downstream the Incoloy 800 region. The

upper limits cause higher deposition levels on the Incoloy 800

surfaces but lower activities on the ferritic components be-

cause of depletion in the coolant. In most parts of the cir-

cuit maximum and expected values of the surface concen-

trations differ by less than a factor 2. The ratio between

maximum and expected values rises to about 4 in a restricted

area of the superheater only, where the adsorptive fraction

is dominant. This bandwith is more than acceptable for design

purposes.

5. Conclusions

A consistent set of plate-out parameters for caesium on

Incoloy 800 and Inconel 617 has been derived from de-

position experiments in a helium loop facility.

- The good agreement between the calculated and measured

deposition of a long-term reactor experiment demonstrates

the reliability of these parameters for predicting

caesium plate-out in an HTR primary circuit.

- The uncertainty ranges of the parameters cover variations

of operational conditions, material properties and limi-

tations of the plate-out model. Their effect on the acti-

vity distribution in the primary circuit is acceptably

low for design purposes.
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Table 1: Typical Values for the HRB Plate-out Loop

He-Pressure

He-Circuit Inventory-

Mass Flow Rate

Reynolds Number

Mass Transfer Coefficient

Cs Partial Pressure

Wall Temperature

Gas Temperature at the

Absolute Filter

3

80

18

6000-7000

20-30

10-12-10-H

600 - 900

^50

bar

g
kg/h

cm/s

bar

°C

°C

Table 2: Chemical Composition of the Test Materials

c
Si

Mn

P

S

Mo

Cr

Ni

Co

Ti

Al

Cu

Fe

Incoloy

0.038

0.34

0.70

-

0.004

-

19.92

"hi.o

0.43

0.36

0.25

800

0.04

0.29

0.73

-

0.004

-

19.86

31.2

0.88

0.41

0.30

remainder

0.020

0.41

0.81

0.011

0.005

-

21.75

33.39

0.51

0.45

0.07

Inconel

0.063

0.08

0.03

-

0.003

9.10

21.9

54.8

12.0

0.58

1.30

-

0.10

617

0.070

0.21

0.09

0.005

0.005

9.17

21.41

54.10

12.10

0.43

0.96

-

1.29
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Table 3: Deposition Experiments with incoloy 800

Test No, S
°C

T

°C 10 bar

Time

d nCi/cm2
HUO-Leach

%

1
2
3
4
5

620 -
618 -
697 -
693 -
800 -

590
590
707
704
750

627 -
628 -
706 -
720 -
854 -

605
600
668
698
758

3.4
4.1

16
13
1.1

23
43
50
50
27

8 -
4 -
2 -

0.7 -
0.03 -

20
14
4.5
1.5
0.08

48 -
40 -
19 -
38 -
22 -

64
54
22
41
40

Tq: wall temperature at inlet and at outlet of sample tube
1 i inlet - outlet gas temperature
p : caesium partial pressure
A_f Cs-134-activity deposited at the end of the experiment (Cs-133/Cs-134 = 8000 - 12000)

fraction of A accessible to and soluable in water at 80 °CsH2O-Leach:



Table 4: Deposition Experiments with Inconel 617

Test

No.

Ts
°C

TG
°C 10 iJ- bar

Time

d nCi/cm2
H-O-Leach

6 A
B

7
8
9
10

700
800

710-694
808-804
803-799
906-902

725 -
818 -
710 -
823 -
811 -
893 -

691
784
692
785
793
881

1.4
1.4
4.0
2.1

22
2.4
46
31
60
35

0.3 -
0.1 -

5 -
i _

10 -
3 -

0.7a>
0.2
9 .
2a)
25
4

_
1 -
41
-

3 -
40 -

4

5
64

T
s: wall temperature at inlet and outlet, TQ: inlet - outlet gas temperature
PCs:caesium partial pressure
A : Cs-134 activity deposited at the end of the experiment (Cs-133/Cs-134 = 7000 for No. 6
s ' = 700-1000 else where)

I^O-Leach: fraction of As accessible to and soluable in water at 80 °C
a) measured in-pile in advance of final desorption interval
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