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ABSTRACT

Since 1969, components of the KNK facility, the first

sodium cooled nuclear power plant in the Federal Republic

of Germany, have been cleaned both by the alcohol and

the wet gas techniques. This paper outlines the experience

accumulated in the application of these methods, especially

in cleaning steam generators and fuel elements. Some

preliminary results are indicated of the attempt to clean

a cold trap from the primary circuit of the KNK facility.
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I. INTRODUCTION

Maintenance and repair work in sodium cooled nuclear power

plants starts with the removal of radioactive and non-

radioactive sodium, respectively, from the components to

be treated. This preliminary step is necessary for the

following reasons:

- Exclusion of the hazard of sodium fires.

- To facilitate component handling.

- For visual inspection.

- For the safe storage of components which can no longer

be used.

- To allow repair work to be carried out on the components.

- In case of radioactive components, for decontamination,

which is not possible without prior removal of the sodium.

- To remove the sodium from core components, such as fuel

elements and control rods, before temporary storage in

a water pool and reprocessing in a reprocessing plant,

respectively.

Extensive experience in the removal of sodium from radio-

active and non-radioactive components, respectively, has

been accumulated since 1971 in the KNK facility, the first

sodium cooled nuclear power plant in the Federal Republic

of Germany. KNK was first equipped with a thermal core of

58 MWth and 21.4 MW electric power (KNK I). The plant went

critical for the first time on August 20, 1971. After

extensive test operation it was shut down on September 2, 1974

for conversion into a reactor with a fast core of the same

power (KNK II). Because of the more stringent requirements

imposed and the need for backfitting measures, this conversion

was not completed before September 1977. KNK II went critical

for the first time on October 1O, 1977. Presently, the plant

is in its commissioning phase. The implementation of a

comprehensive experimental program is to be started in the

spring of 1978, after 100% power will have been attained.

The techniques of cleaning sodium-wetted components applied

in the KNK facility are based on the following preconditions:

- The sodium must be removed as completely as possible.

This applies in particular to more complicated component

geometries and to narrow gaps.
i

- Cleaning must proceed gently enough to allow the cleaned

components to be reused, especially also in view of the

high reliability required of reactor components.

- Spent fuel elements and other core components must be

cleared of sodium to such an extent that subsequent

storage in a water pool is possible without any risk

and the cleaning process does not give rise to any

cladding failures.

- The amounts of liquid and gaseous effluents and other

waste accumulating as a result of cleaning must be

minimized as far as possible.

- The technique employed for cleaning should be applicable

to both radioactive and non-radioactive components.

- Cleaning and subsequent decontamination of sodium-wetted

components should be carried out in the same facility,

if possible.

In the light of these conditions the alcohol method and the

steam-inert gas method are used in KNK. In some special

cases, such as cleaning cold traps, sodium is removed by

melting in a preceding step. The alcohol method is used to

clean small parts, while all other components, including

core internals (fuel elements, control rods, etc.) are

cleaned by the steam-inert gas method. In specific cases,

both methods have also been applied to large components
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which could not be removed from their locations for cleaning

purposes (steam generators, cyclones). The experience

accumulated in these processes will be outlined below, and

some problems of requalification of cleaned components in

KNK will be treated at the end.

II. CLEANING BY MEANS OF ALCOHOL

The alcohol method is used to clean small components. The

components cleaned so far include

- grab tools for handling core components,

- valves up to NB 25, especially those equipped with

bellows,

- primary sodium sampling vessels,

- secondary sodium sampling vessels following removal by

melting,

- plates of check and control valves up to NB 2OO.

Alcohol cleaning is carried out in a mobile cell (Fig. 1),

which contains two steel tanks of 50 1 each and a water

pool equipped with a mobile ultrasonic generator for sub-

sequent cleaning. One of the two steel tanks is always used

for cleaning radioactive, the other for non-radioactive

components (Fig. 2). For protection against fire the cell is

surrounded by a shroud of metalized asbestos fabric. The

exhaust air and the offgases are passed into the exhaust air

stack through aerosol and absolute filters. Both tanks can

be inertized with nitrogen. Only those components can be

cleaned whose dimensions do not exceed 0.55 m x 0.35 m

x 0.35 m. Methanol is the preferred alcohol employed. In

this alcohol, the disadvantage of a low boiling point and

the toxicity of methanol vapors is offset by the advantages

of a high reaction rate and high solubility of the reaction

product (sodium methylate). Major improvement has been

achieved by adding solid carbon dioxide ("dry ice") to the

alcohol before and during the cleaning process. "Dry ice"

improves the removal of the heat of reaction and cools

and inertizes, respectively, the ignitable alcohol vapor-

air mixture over the alcohol surface. Before the cleaning

process, the alcohol is mixed with "dry ice" until a

continuous layer of white mist has formed over the surface

level of the alcohol. Then the part to be cleaned is quickly

dipped into the alcoholic solution (Fig. 3). As long as there

is a violent generation of hydrogen, "dry ice," which is

generated out of liquid CO, in the cell, is added continuously.

As soon as the generation of hydrogen has died down, the

tanks are closed and inertization by "dry ice" is replaced

by nitrogen. This is followed by cleaning by means of

ultrasonic equipment and fully demineralized water where,

again, the addition of "dry ice" adds to the safety.

Inertization by "dry ice" also allows safe cleaning of

those components which, in addition to sodium and sodium

oxide, carry a gray, substoichiometric sodium oxide layer

which is pyrophoric in air. Without inertization by means

of "dry ice" the methanol vapor-air mixture will ignite

immediately.

The following components have so far been cleaned by this

technique:

- Sodium sampling vessels

The sodium sampling vessels of the primary and secondary

sodium sampling system have been cleaned by this technique

more than 100 times without causing any defects in the

bellows of the two valves of these vessels. 30 grams of

sodium had to be removed per vessel. Cleaning of each

vessel, including subsequent cleaning by ultrasonic

techniques, takes 4 to 6 hours.

- Plates and stems of the KNK primary control and isolation

valves

In order to prevent the sensitive sealing faces (coated
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with Colmonoy-6) from being damaged, and to guarantee

quick requalification, these plates and steins were

cleaned by the alcohol method. This had to be performed

at dose rates of 500-600 mrems/h. 30-100 g of sodium

per valve plate were removed.

- Grab tools for core component handling

Since the quality of the inert gas in the refueling

machine is not good enough to allow the generation of

sodium oxide to be neglected during handling processes,

these systems tend to fail regularly as a result of

excessive sodium oxide formation. Since the tools must

be ready for operation again at short notice, they are

also cleaned in alcohol.

- Rupture disks from the steam generator safety system

Prior to regular inspections of rupture disks these

components must be cleared from sodium so as not to

endanger the weld between the disk ring and the rupture

membrane. This procedure is carried out only by the

alcohol method. 250-300 g of sodium had to be removed

per rupture disk.

3OO g of sodium has been the maximum amount so far

removed per component by means of alcohol. Experience

has shown that there should always be a 100-fold excess

over the amount of alcohol stoichiometrically necessary.

Large components have been cleaned with alcohol in the

KNK facility only in one specific case so far. Both KNK

steam generators are made of double coils of ferritic

1OCrMoNlNb9iO steel. The inner tube carries water and

steam, respectively, the outer one carries sodium in

a countercurrent flow. Each steam generator has 29 tube

coils. In September 1972 a leak occurred in one of the

steam generators [11 in which approx. 1OO kg of sodium

were discharged to the water-steam side through a leak

in the inner tube approx. 1 mm in size. While the

defective tube coil was cut out and cleaned by the wet

gas technique, the rest of the unit had to be cleaned

in situ. In order not to endanger the spacers between

the inner and the outer tubes, we decided in favor of

a two-stage alcohol cleaning process followed by rinsing

with water (Fig. 4). Each tube coil was inertized with

nitrogen and, with the hydrogen content continuously

measured, carefully filled first with i-propanol and

methanol and, finally, with fully demineralized water.

Cleaning one tube coil took approx. two hours; hence,

the whole action was completed after four days without

major difficulties. 6OO 1 of alcoholate solution were

produced. When the steam generator was returned into

service, two tube coils were found to be plugged on the

sodium side. These pluggings did not resolve before three

months of operation at a sodium temperature of 773 K.

In alcohol cleaning in the KNK facility, 250 1 of radio-

active methyl alcoholate solution are produced per annum,

plus 300 1 of non-radioactive alcoholate solution. This

small amount has not been reason enough so far to plan

for a recovery of the alcohol. The non-radioactive

alcoholate solution, together with other solvent waste,

is shipped to the North Sea by special vessels where it

is burnt. The radioactive alcoholate waste mixed with

other solvent wastes is incinerated in an incineration

plant for radioactive waste of the Karlsruhe Nuclear

Research Center. Initially, a plant designed for solid

waste had been used for this purpose in which 1O-2O m /a

were incinerated in limited campaigns. Right now an

incineration plant (Fig. 5) specially designed for solvents

is used which can handle 20 kg/h. The increasing amounts

of solvent produced will require the plant to be enlarged

to 6O kg/h in the near future.
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III. EXPERIENCE IN CLEANING BY THE WET GAS TECHNIQUE

In the KNK facility, large components, including core

internals, are cleaned by the wet gas technique. The design

of the plant and the sequence of cleaning steps are

described in more detail in [2]. A schematic diagram of

the washing system is shown in Fig. 6. Up until January 1978,

420 washing processes were carried out, 150 of them involving

radioactive components, especially core components in

connection with the complete removal of the KNK I core in

the period December 1974 to February 1975. Initially, the

washing processes were controlled through the hydrogen

content in the offgas and by means of acoustic measurements

through microphones installed in the washing tanks. Because

of the high background noise, acoustic monitoring was found

to be impossible. The hydrogen content in the offgas, given

a response time of 15 seconds between a sodium-steam reaction

and the hydrogen, turned out to be a suitable control

parameter by which to operate the washing process. A maximum

of 24 kg of sodium has so far been removed per washing process.

When handling quantities of this order it is necessary to

maintain a minimum amount of nitrogen of 50 kg/h during the

steam phase. The cleaning process is strongly influenced by

the geometry of the component to be cleaned. Fig. 7 shows the

sequence of washing steps and the generation of hydrogen in

a KNK I fuel element, which is typical of a gentle process

operation designed for components of simple geometries. The

bulk of the hydrogen is generated in the steam phase. Sub-

sequent rinsing in fully demineralized water does not result

in any hydrogen generation.

Fig. 8 shows the wet gas cleaning process demonstrated by

a shutdown rod of the secondary shutdown unit of the KNK I

core. The complicated geometry of this component, with its

many narrow gaps, showed such strong hydrogen generation,

even when being rinsed with water, that the aqueous phase

had to be supplemented by feeding large amounts of nitrogen.

Cleaning other KNK I core components with narrow sodium-

filled gaps, such as the outer moderators, proceeded in

a similar way. In the thermal KNK I core, these outer

moderators had been open double walled tubes of 3 m length

with zirconium hydride filling and sodium bonding between

the zirconium hydride and the inner tube wall. The first

of a total of 66 outer moderators cleaned with wet gas

ruptured over its entire length when flooded with fully

demineralized water (Fig. 9). The washing technique for

the following outer moderators was modified in such a way

that the steam phase was only followed by spraying with

fully demineralized water, which avoided immersion of the

component in water.

These examples quoted from our experience indicate that

it is necessary to closely adapt the process to each

component to be cleaned.This requires manual process control.

We do not regard automation of this process as an advantage.

Problems were also encountered in offgas filtration. For

reasons of corrosion, sintered metal candle filters made

of Inconel-6OO were used to remove the NaOH-bearing aerosols

from the offgas of the wet gas cleaning system. These filter

candles plugged up after 1O wet gas washing procedures, so

a separate cleaning system had to be built for them. Cleaning

experiments showed that the pressure drop of plugged filters

could be reduced only to 50%. After 10 wet gas washing

processes on core components the gamma dose rate of the

filter candles rose to 1-1.5 r/h, which could be reduced by

only 50% in an attempt to clean the candles.

As the number of wet gas cleaning procedures on radioactive

components rose, contamination of the washing system increased

considerably. An undesirable activity sink turned out to be
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the offgas condenser with Its aftercooler for radioactive

liquid effluents. This component, which was designed as a

slab condenser,showed an increase in the gamma dose rate

to 2.3 r/h (Fig. 1O) due to °Co and Mn, which materials

adhere to the baffles as particulate activity. Attempts

to decontaminate this inaccessible component have failed

so far.

IV. EXPERIENCE IN CLEANING FUEL ELEMENTS BY THE WET GAS

TECHNIQUE

Between December 1974 and February 1975 the complete KNK I

core (thermal core) was unloaded, cleaned of sodium by the

wet gas method and shipped to the Marcoule Reprocessing

Plant of the C.E.A. for reprocessing. The fuel elements

(Fig. 11) had burnups between 38OO and 6700 MWd/te, depending

on their positions in the core. There had been no fuel

failure till the end of KNK I operation. The following

criteria had to be met in cleaning the fuel elements:

- The washing process was not to give rise to any fuel

element damage. By definition, those fuel elements were

regarded as "non-defective," whose diameters differed

from specifications by not more than 4% and whose lengths

deviated by not more than 50 mm, and which only had

defects resulting in fission gas leakages ("gas leakers").

- Before being temporarily stored in the reprocessing plant

the fuel elements had to be free from sodium.

The activity of the last washing water should be
-3S, 3.7 x 10 7 s"1 m"3 ( 1O~3 Ci m ) and should not

exceed this level after flooding of the shipping cask in

the reprocessing plant.

The amount of radioactive liquid effluent generated should

be kept as small as possible. The KNK facility has no

systems to treat radioactive liquid effluents. This liquid

effluent is being handled by the Karlsruhe Nuclear Research

Center. In-plant storage capacity is 20 m . Because of

technical defects, the guaranteed acceptance of 2O m /d

had to be cut down temporarily to 2 m /d.

Unloading of the fuel elements began three months after

shutdown of the reactor. Each fuel element was first placed

into an observation station in which the fuel element was

separated from the inner moderator. From this station the

fuel element, which now consisted only of 44 fuel rods and

7 spacers, was moved into the sodium washing system. Only

one fuel element could be cleaned per washing process. The

steam phase was carried out as described in 12), but with

the difference that also after the maximum amount of steam

had been reached, a nitrogen fraction of 15% was retained.

There were two possibilities for the rinse in fully

demineralized water necessary after the end of the steam

phase:

(1) Filling the washing tank with water, circulating the

washing water and subsequent pumping into the dump

tank. In this process the fuel element is completely

immersed in water.

(2) Spraying the fuel element while, simultaneously, pumping

the liquid effluent into the dump tank. In this process

the fuel element is not immersed in water.
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Experience has shown a combination of the two techniques

to offer the best results. The washing process was controlled

by means of liquid effluent samples whose pH, conductivity,

alkalinity (to calculate the amount of adhering sodium) and

composition of the radionuclides removed were determined.

On the average, it took ten hours to wash a fuel element.

The accurate timetable is shown in Fig. 12.



No damage occurred in any of the 66 fuel elements during

washing. The amounts of sodium removed per fuel element

varied between 26 and 74 g. In one case, 1OO g of sodium

adhered to a fuel element. It should be mentioned that this

is the amount of sodium adhering to the fuel elements before

the beginning of the washing process. The amount of sodium

was higher right after removal from the core. After three

rinses, the activity in the washing water had decreased to

< 18 x 107 s~1 m~3 (= 5 x 10~3 Ci • m"3) for 68% (= 45 fuel

elements). Table 1 shows a distribution of the necessary

number of rinses over all 66 fuel elements.

Table 1: Breakdown of rinses in washing the KNK I core.

Table 3: Activity on the surfaces of the cladding tubes

of KNK I fuel elements (10 -1 cm )
23

Nuclide

5 1cr
54Hn
58Co
5 9Fe
65Zn

1 8 2Ta
60Co

Bulk gamma a c t i v i t y

Act iv i ty

4.8
8.5
6.3
2.2
3.3

15.5
6.7

47.3

Number of fuel elements

45 (= 68.2%)
13 (= 19.7%)
6 (= 9.1%)
2 (= 3.O%)

Number of rinses

3
4
5
7

Table 4: Radionuclides in the KNK primary sodium and in

the washing water of KNK I fuel elements

Table 2: If -acitlvity of
waste water versus number
of flushings

Activity (10'sec 'm 1 !
Number of
fuel elements

[max.
15 j min.

lavwaoe

(•max.

13 < min.
leverage

I" max
6 jmin.

[average

1 Hushing

87.7
20.7
496

95.5
407
66.2

929
499

.673

spraying

64.7
3.7

237

46.9
163
322

67.0
14 8
414

MlusNng

15.5
1.1
41

248
26
89

IS 5
8.5
14.4

3 flushing

22
0.4
0.7

70
II
33

133
26
55

d flushing

E
3.0
0.7
IS

4.1
30
3.3

5i flushing

—

E
23
0.4
15

KNK primary sodium

2 2Na
6 5 Zn

11OmAg
54Mn

1 8 2 T a
1 2 4 S b

_

—
_

_
6O

Co

Washing water

2 2Na
6 5 Zn

_
54Mn

1 8 2 T a

58co
51

cr
5 9 F e
9 5 Z r / 9 5 N b

60C O



Table 5: particle compo-
sition of KNK I fuel element
cleaning waste water

Nudide

51 Cr
95 Nb
58 Co
5"Mn
' " T o
60 Co
6 5Zn
59 Fe

fotal-j-Activity

Waste Watei
unfiltered

52
05

too
155
292
126
41
33

800

Activity (107 sec 'm 3 )
filtered

[0,45)jm membrane filter)

15
01
04
11
3.7
0.4
37

1 = 0.2%)
= 6.2%)
= 0 37.)
= 067.)
= 137.)
* 047.)
= 877.)

—

It (=14 7 . )

Fig. 13 shows the decrease of the bulk gamma activity, the

pH-value and the conductivity in the washing water as a

function of the number of rinses. All 66 fuel elements

exhibited a similar behavior. The number of rinses required

per fuel element, and the activity removed per fuel element,

were randomly distributed over the core and did not show any

dependence on burnup, the maximum cladding temperature, or

the amount of sodium washed off. The fission products found

in the washing water, arranged by rising concentrations,

were 95Zr/95Nb, 59Fe, 65Zn, 51Cr, 6 0Co, 58Co, and 1 8 2Ta.

Fig. 14 shows the drop in concentration of the radionuclides

encountered as a function of the number of rinses. Table 2

shows the dependence on the number of rinses of the gamma
2

activity in the washing water. The activity removed per cm

of fuel element surface (calculated with an active rod length

of 134O mm and a rod diameter of 9.5 mm) is shown in Table 3.

The sources and the possible reactions of formation of the

radionuclides encountered in the primary circuits of sodium

cooled breeder reactors are described in [31.

A comparison of the radionuclides found in the primary

sodium of KNK with those found in the washing water of the

KNK I fuel elements is listed in Table 4.

More than 98% of the radionuclides found in the washing

water had particle diameters of > 0.45 um (Table 5).

V. CLEANING KNK II FUEL ELEMENTS

In cleaning KNK II fuel elements the higher afterheat

(planned burnups of 70,000-80,000 MWd/te) and the different

design of the fuel assemblies, compared with KNK I, must

be taken into account. In KNK I the fuel rod assemblies

had been accessible for direct steam cleaning after

disassembly of the inner and outer moderators. In KNK II

the fuel rods with their spacers are enclosed in a hexagonal

box (Fig. 15). This is a very unsuitable geometry for

purposes of steam-inert gas cleaning, which adds to the

hazard of consequential damage arising from a sodium-

water reaction. Moreover, six elements of the central test

zone contain Pu-U mixed oxide as fuel. Depending upon the

burnup, temporary storage in our sodium-cooled temporary

storage facility up to a maximum of six months is necessary

before the sodium can be removed. The planned cleaning

procedure depends on the previous operating history of the

fuel elements. Three modes of operation can be distinguished:

(a) Fuel elements not suffering from any defects in their

previous in-pile history.

After cooling they are cleaned by the wet gas method.

Throughout the steam phase a fraction of 15* nitrogen

is maintained. After the end of the steam phase the

element is sprayed without being immersed in water.
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(b) Fuel elements with minor defects ("gas leakers"). They

are cleaned by the wet gas method with a maximum of

2O-3O* of steam In the steam-nitrogen mixture. This

is followed by careful spraying with fully deminerallzed

water.

(c) Fuel elements with major defects (sodium-fuel contact).

After removal from the sodium cooled temporary storage

facility, blowing with argon in the refueling machine

Is not followed by a washing step, but by transport

to a hot cell and disassembly of the bundle into its

rods. Subsequent cleaning of non-defective single rods

is then carried out by means of the wet gas method.

It is being investigated whether vacuum distillation could

represent a meaningful alternative for KNK II fuel elements

with major cladding defects [4).

VI. CLEANING A COLD TRAP FROM THE KNK PRIMARY CIRCUIT

Towards the end of KNK I operation a cold trap from the area

of the radioactive primary circuit had to be removed for the

first time. The cold trap had been operated for 19,600 h

(= 2.27 a) at an average flow of O.5 m h .It had been

designed for a flow of 1 m h . The heat exchanger and the

cooling zone constitute one integral unit (Fig. 16). The

maximum dose rate at the level of the filtration zone was

7OO mr/h when the cold trap was removed. Gamma-scanning by

means of Ge(Li) detectors and multichannel analyzers
6 ° C l
1 lom

determined 54Mn, 65Zn, 1 8 2Ta, and 22Na as radionuclides 15]

In addition, there is llv""Ag, which was not assessed in gamma-

scanning because of the high Compton background.

The cold trap is cleaned in three phases:

Phase 1: Removal of the contents of the cold trap by

melting at 553 K.

Phase 2: Separation of heat exchanger zone and filtration

zone.

Phase 3: Cleaning the filter zone by the wet gas technique.

Phase 1 has meanwhile been finished, phases 2 and 3 will be

carried out in the spring. The melting step was carried out

in the 5 m tanks of our wet gas cleaning system (Fig. 17).

The cold trap was dumped into the washing tank by means of

a sodium collection vessel. The cold trap was heated to

553 K for three days by means of nitrogen and an electric

trace heating system. The sodium content of the cold trap

was 83.3 kg. 32 kg = 38.4% were removed from the cold trap

by melting. Considerable amounts of tritium were detected

in the offgas. The activities removed were:

25

1 1 O mAg: 2.25 x 103 s'1 cf1

65Zn: 1.53 x 103 s"1 g~1

1 8 2Ta: O.16 x 1O3 s"1 g~1

(= 61 nCi/g Na)

(= 41 nCi/g Na)

(= 4 nCi/g Na)

It was not possible to remove Co and Mn from the filtration

zone by means of melting.

VII. SUMMARY AND CONCLUSIONS

Extensive experience in cleaning small and large components

by means of the alcohol method and wet gas cleaning has been

accumulated in the KNK facility over eight years. Additional

work will be carried out to improve the cleaning of fuel

elements and cold traps.

Experience in cleaning defective fuel elements and fuel

elements with burnups specific to breeder reactors still

needs to be collected. In this connection it is also necessary

to improve the filtration of the radioactive liquid effluent

samples in order to minimize the amount of radioactive waste

generated.



For the operator, cleaning and re-use of cold traps from

radioactive primary circuits still involve the following

open problems:

- Conversion of sodium waste into a form capable of

ultimate storage.

- Removal of tritium and other volatile nuclides, such

as Cs, from the cold trap.

- Cleaning of large cold trap systems with the shielding

problems taken into account.

The author would like to thank Messrs. J. Schindewolf and

U. Grumer of Kernkraftwerk-Betrlebsgesellschaft and Mr.

Hempelmann of the Decontamination Department of the Karlsruhe

Nuclear Research Center for their assistance in compiling

this report.
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Fig.2: alcohol washing cell
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Fig.8: cleaning process of
the KNK 2 shut-off rod
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Fig.1o: 9^-dose rate on the
condenser after 14o washings
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Fig. 12: time requirement for
moist gas cleaning of KNK I
fuel elements
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Fig.13:\t,ph and
activity of fuel
element washing
solutions

Fig.14: water acti-
vity decrease of a
fuel element after
5 washings
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Fig.15:KNK II fuel
element (test zone)
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Fig.17: cold trap
before melting out
in the cleaning plant

Fig.16: KNK
primary cold trap


