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Based on experimental results, it is shown that the formation

of a protective magnetite layer in sodium-heated steam gen-

erators - operated with neutral demineralized water - proceeds

very fast. The stability of the magnetite layer is excellent

even at sudden load changes and at the start-up or shut-down

operation.

1. Introduction

Since 1964 steam generators for the KNK Reactor Project and

for the SNR-300 Fast Breeder Project have been tested in the

5MW Test Facility of INTERATOM. Under the experimental pro-

gramme mainly thermohydraulic investigations have been carried

out, but investigations on waterside corrosion phenomena have

also been included from the beginning.

The characteristic data of the tested steam generators and

the KNK steam generator are shown in Fig. 1. Technical de-

tails of the test units, the 5MW Test Facility and the KNK

Reactor have been published in literature /~l - 4_7; there-

fore , only the design characteristics are given in the follow-

ing:

The KNK steam generator ie of the concentric tube-in-tube

design; a helically coiled steam generator has been inves-

tigated for the SNR Project. The reaction-protected, in-

tegrated steam generator (IDA) permits the operation of a

sodium-cooled reactor without secondary sodium system.

2. Boiler water treatment

Nearly all experiments have been carried out using neutral,

demineralized water in accordance with the values recom-

mended by the VGB for the feedwater of once-through boilers

being operated with neutral water (without addition of

alkalizing agents) /~5_7 (Fig. 2). We see the following

advantages if operating steam generators with neutral water:

- Due to the correlations between electrical conductivity,

pH value and iron-dissolution rate in neutral water, the

presence of dissolved iron (II) hydroxide (i.e. due to

higher corrosion rates) can be detected simply and spe-

cifically by measuring the pH value and the electrical

conductivity.

- In-leakage of impurities (e.g. chlorides) as a consequence

of a small condenser leakage can be detected by measuring

the electrical conductivity what is not possible in case

of alkalized and thus salt-bearing water.

- Informations on the build-up and the integrity of the

protective magnetite layer can be obtained by continuous

measurement of the hydrogen being released due to the

following reactions:
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In case of neutral water systems, this hydrogen formation
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same degree as alkalized water, inasfar as the removal

of dissolved oxygen is concerned: the impurity levels

recommended by VGB allow oxygen concentrations up to

200 ̂ g/1 in the preheater zone and up to 40 ̂ g/1 in

zones with temperatures above 200°C.

- There is no danger of corrosion during plant shutdown

periods in systems being filled with neutral demineralized

water having oxygen concentrations between 100 and 400 jug/1

/4.7.

In the opinion of some experts it is not possible to change

the operating conditions of a steam generator from neutral

to alkalized water without destroying the protective mag-

netite layer. In order to clarify this problem, we have

operated a test steam generator, first using neutral water,

then changing to alkalized water and subsequently changing

again to neutral water. During the transition period only

a slight increase of the hydrogen formation could be ob-

served, but this increase was so small that no noticeable

destruction of the magnetite layer can have occurred.

3. Measuring methods

Measurements have been carried out in accordance with the

schedule given in Fig. 3 in order to control the chemical

compounds of the water-steam system. The hydrogen con-

centration, the electrical conductivity, the pH value and

the oxygen concentration have been determined by us, ap-

plying the following methods:

Hydrogen

Hydrogen was measured by two independent methods yielding

identical results:

- The Cambridge instrument /~7_7 i measuring ranges 0... 20

and 0... 200 /ug H /kg. The measuring range was daily

calibrated by using gas mixtures of known concentrations.

The respective concentration was determined by means of

a gas chromatograph.

A gas-chromatographic method /~8_7; measuring range

0.1... 1,000 y-g H /kg; measuring sequence: five minutes.

Besides hydrogen, oxygen and nitrogen are measured too.

Electrical_conductiyity.

Measurements have been carried out - using a precision in-

strument (company: Wdsthoff) - either directly or behind a

column filled with highly acidic or highly basic ion-

exchange resin. Qualitative informations on the nature

of possibly prevailing impurities (neutralization salts,

acids, bases) can be obtained by an appropriate combination

of the measurements.

gH_yalue

Measurements have been carried out using a precision in-

strument (company: Philipps).

Oxygen

Dissolved oxygen was measured using an instrument based on

the thallium method (company: Siemens) /~9_7; measuring

ranges 0... 17.5, 0... 100, 0... 2,000 /̂ g Oj/1.

Discontinuous chemical analyses of water samples have been

carried out to determine the concentrations of the follow-

ing compounds:

- iron (II) (o-phenanthroline method /~10_7)

- total iron (thioglycolic acid method /~11 7)

- oxygen

- copper.

Experimental results

The experimental data, given subsequently, have been mainly

obtained at the investigations with the reaction-protected

integrated steam generator (IDA). It should be pointed out

that the corrosion behaviour of the other tested steam gen-

erators is very similar to that of the IDA unit; therefore

the respective test results are not given here.
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Fig. 4 shows the analytical values of feedwater and steam

at constant nominal load (4.6 t/h) for ten operating days

following a longer shut-down period.

Particularly interesting is the pattern of the hydrogen

formation, indicating the build-up of a protective magnetite

layer. It shows a steeply falling curve, beginning at a

value of 16 mg/h and falling to approx. 3 mg/h as steady-

state condition after ten days, being equivalent to

= 100 fj.g H_/m h. This value is considerably lower than

the value of about 1,000/xg H
2
/m h applying for conven-

tional steam generators /~12_7.

Electrical conductivity and iron concentrations are sig-

nificantly below the values recommended by VGB. The same

is true for the oxygen concentrations (steam generator

inlet 9... 11 yug/1, steam generator outlet 10... 12 /xg/l).

The pattern of the hydrogen formation over the first 12

hours of the steam generator operation is shown in Fig. 5.

For reasons of stability the steam generator has been

operated at 60 % load in the start-up period. Suitable

readings were only available four hours after the test

started what is due to the instability of the hydrogen

measuring devices. From the curve pattern during the

first hour hydrogen formation rate between 50 and 100 mg/h

can be estimated. The hydrogen formation rate decreases

to a value of about 15 mg/h within ten hours of operation.

Sudden load changes may affect the integrity of the mag-

netite layer due to thermal and mechanical stresses.

However, from the curve pattern of the hydrogen formation

during the load change tests it becomes evident (Fig. 6)

that even under these most unfavorable conditions (load

change rate: max. 60 %/minute) no excessive hydrogen for-

mation could be observed. The same is true for the

hydrogen formation observed at the start-up and shut-

down tests. For that purpose the load of the steam

generator has been increased from the preheating state

up to 60 % load and subsequently decreased to the pre-

heating state about 100 times with a load change rate

of 5 %/minute (time required for 1 cycle: about •» hours).

The hydrogen formation rate as a function of load and

operating time is shown in Fig. 7. In spite of the

frequent load changes, the hydrogen formation decreases

continuously with increasing operation time; a value of

about 3 mg/1 is observed after 3,000 hours at 100 % load;

the same value is already reached after ten days of oper-

ation at constant load (Fig. Ц).

The influence of higher oxygen concentrations on the

hydrogen and iron content was determined experimentally.

Oxygen, in the form of hydrogen peroxide, was charged

into the feedwater storage tank until an oxygen concen-

tration of 80 /ig/1 was reached after 24 hours. During

this dosage period the hydrogen-, the iron(II)-, the total

iron- and the oxygen concentrations before and behind the

steam generator and in the feedwater storage tank have

been measured. The values of the hydrogen and iron con-

centration before and behind the steam generator were

nearly unaffected whereas the value of the oxygen con-

centration increased to approx. 25 -4- 30 /*g/l. Fig. 8

shows the values measured in the feedwater storage tank:

The hydrogen formation rate decreases from 18 mg/h to

7 mg/h, the iron content decreases too. After the com-

pletion of the oxygen dosage the initial levels have been

gradually reached again. These experiments demonstrate

the insensitivity of a steam generator, operated with

neutral demineralized water, in case of oxygen leakages.

5. Conclusions

The measured values for hydrogen and iron concentrations

clearly show that at a steady-state operation of the in-

vestigated steam generator the corrosion rate of the tube

material is nearly zero. Even at the largest prevailing

stresses (quick load changes and start-up and shut-down

operation) no significant increase of the corrosion rate

is resulting. Two facts are to be emphasized when com-

paring conventional and sodium-heated steam generators:
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- Compared to the fossil-fired boilers, the sodium-heated

steam generators cannot be overheated locally because

the maximum sodium temperature cannot exceed the tem-

perature prevailing at the reactor outlet and therefore

an overheating of the material is impossible.

- The heating of the water-bearing tubes is uniform, i.e.

there is no fired surface with higher thermal stresses.

Due to these and other reasons, a sodium-heated steam

generator, arranged in a turbine/condenser cycle, is more

reliable than a fossil-fired power plant if considering

the water/steam circuit what is due to the application

of fully demineralized feedwater and make-up water and

due to the demineralization of 100 % of the turbine con-

densate.

At an operation with neutral water and at turbulent-free

inlet flow conditions and low velocities of flow «1.8 m/s)

an effective protective layer can be formed in the pre-

heater zone and the level of the total iron content can

be maintained below 20 /tg Fe/kg. At continuous operation

a conductivity of <0.15 /tS/cm (measured behind the highly

acidic cation exchanger) can be maintained in the feed-

water and in the superheated steam without any difficulties.

In case of an operation with neutral water, the control of

the chemical conditions of the water-steam cycle can be

reduced to the measurement of the electrical conductivity,

the pH value and the oxygen content whereby continuously

operating instruments can be applied. Thus the major

part of the chemical analyses, required up to now can

be abandoned; after the start-up period the chemical

analyses can be limited to random tests.

At the steam generators, investigated by us, we have never

observed unpermissibly high pressure drops due to deposition

of magnetite or formation of rippled magnetite. Thereby

the operating conditions had been fixed (subcritical steam

conditions, feedwater quality in accordance with the VGB-

recommendations for neutral water systems). One explana-

tion for this fact might be the relatively low heat-flux

density in comparison with fossil-fired boilers.
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K.I . PPR Evaporatoe Leak J. A. Smedley United Kingdom 299
Questions were asked about the PFR evaporator leak and a verbal

presentation was given of the events including those of the last

week before the conference was held.

PFR has three heat removal circuits each one having an evaporator,

superheater, reheater; all separate units. The status of the

system was that circuit No 3 was steaming with 10 MW thermal

nuclear power; No 1 circuit was filled with sodium but with the

evaporator awaiting modification to cure gas entrainment problems

already reported. The leak was in No 2 circuit and was located

in the evaporator unit. The evaporator is rated at 120 MW thermal

at full power and as such is a large unit. The circuit was filled

with both sodium and water for the first time three weeka before

the conference so it was recent history being reported and therefore

any figures quoted should be taken as indicative only.

The history of the steam generator was that it was built at works

to a very high standard and underwent all the usual tests of

strength, inspection of welds and helium leak testing. The steam

generator is of U tube design with a tube plate to which the

boiler tubes are welded, with all the welds in one of two gas

spaces. The inlet and outlet sides are separated by a baffle and

the salient features are illustrated in the attached figure.
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Fig. 8

The unit achieved a leak tightness better than the detection limit

in the helium leak test at works. This limit was assessed as

being less than an equivalent leak of 10 g/s water under steam

generator service conditions. However even though all the steam

generator units passed this test at works a further test was

carried out when the circuits had been completed. The test was

carried out during commissioning after sodium filling and with the

units hot. The method was to introduce a mixture of helium/

argon at 500 pounds/square inch into the water side of the steam

generators and measure the helium concentration in the sodium side

gas spaces of the circuit. The test lasted many days and under

these conditions the sensitivity is such that a leak equivalent to

somewhere between 10 to 10 g/s equivalent water leak could be

detected, ie well down into the microleak region.


