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Introduction

The primary circuit of a helium-cooled high temperature

reactor (HTR) is characterized by the following data:

The fuel cladding and the core structures consist of

graphite materials with peak temperatures above 1000 °C.

Temperatures of approx. 550 °C are reached on the steam

generators.

- The coolant is very pure helium. The maximum temperatures

are about 1000 °C.

The high temperatures make it necessary to set high

standards of purity as far as the helium is concerned, since

many impurities.corrode the graphite and metal structures.

This high degree of purity also necessitates the use of par-

ticularly sensitive analysing instruments and a very careful

sampling technique.

The results described in the following are based on fifteen

years of operating experience with the AVR reactor, but, to a

large extent, can be extrapolated to other high temperature

reactors (HTR's).

Impurities

The types of impurities which can occur and their signifi-

cance depend generally on the chemistry of the circuits.

Corroding aspects play a part in the inactive impurities;

radiological aspects should be considered in the case

of radioactive.impurities. Increased activity of fission

products suggests damaged fuel elements.

impurities in the helium of the primary circuit are

caused especially by ingresses of air and water; occasionally

oil leakages can also occur. During normal operation the
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hydrogen penetrates mainly by diffusion from the steam/

water circuit into the helium circuit. If the coated

particles are intact, the fission products in the circuit

are caused by the uranium contamination of the fuel elements.

Tritium is both a fission and an activation product.

In table 1 the most important reactions of the inactive

impurities in the core are compiled in summation equations,

no account being taken of intermediate steps:

2 C + 0 2 CO

H2 + CO

2 CO

CH4

CO + H20

Table 1 : Corrosion reactions in the primary circuit
of a HTR

If only small quantities of impurities penetrate, the chemical

reactions are so quick, especially.at high temperatures, that

it is often only possible to measure the reaction products.

During normal operation the concentrations of helium impurities

are very low.

Table 2 indicates the typical values measured during the

normal operation of the AVR, Dragon, Peach Bottom and Fort

St. Vrain reactors (measurements of Fort St. Vrain at 65 %

power, Ref. / 1 / ) .
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0.5
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-

20

0.05
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1

2

1

-

24

1

2 - 7

0.5 - 1

1 - 3

0.1 - 0.2

-

-

50

Table 2: Helium impurities in high temperature
reactors

Concentrations in vpm

The concentrations are often indicated in microbars, i. e.

in partial pressures.

Measuring instruments

The following measuring instruments and devices are used

tc detect the inactive helium impurities referred to in

table 2 and the radioactive components of the helium:

hygrometers (H2O)

infra-red analysers (C02, CO)

gas chromatographs (H2, CO, C02, CH4, O2, Ar, N2)

- 3-scintillation counter (noble gases, tritium)

Y-spectrometer (noble gases, solid fission products)

copper oxide beds with furnace (H2, tritium)

active charcoal enrichment filters (solid fission

and activation products) '

pressure gas cylinders
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Some of the aforementioned instruments are suitable for

continuous measuring, others only for discontinuous measuring.

AM. equipment is offered by various manufacturers. As regards

hygrometers, suitable instruments based on different measuring

principles are on sale. Gas chromatogrphas can be fitted with

various types of detectors. High frequency ionisation detectors

are particularly suited for trace measurements, especially in

the concentration range under approx. 10 vpm, which is mainly

applicable. However, this type of detector has the disadvantage

that the indication is only linear within relatively narrow

concentration ranges. This drawback can be partly compensated

for by using different sizes of sampling volumes on the gas

chroraatograph itself. The greatest degree of accuracy is,

however, achieved, when the same sampling volume on the

chruinatograph is chosen for cablibration and sampling gas.

Similarly, the calibration gas for the chromatograph should

contain the gases to be measured in the same concentration

range as the sampling gas.

F

A further disadvantage of the high frequency ionisation

detectors are the relatively large fluctuations in sensitivity

under operational conditions. This peculiarity can be offset,

however, by frequent calibration which is not very time-consu-

ming.

The limit of detection of the chromatographs with a high fre-

quency ionisation detector can be adjusted accordingly for

every component to be measured to values <0.5 vpm, for hydro-

gen even to <0.1 vpm. The accuracy of the measurement is

also within several tenths vpm. To achieve such accuracy,

however, every component generally has to be measured in-

dividually. As, on the other hand, such accuracy is not

necessary for operational control, a mean value can be

selected for the chromatograph, so that one measurement
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will suffice for all components. In this case, the detection

limit is at £1 vpm, for N2 and CO S5 vpm. Moisture, for

which higher limits of detection are required, is not

measured by chromatographs.

Gas chromatographs with a heat conductivity detector show a

more constant indication than devices with high frequency

detectors, also a considerably better linearity. This is,

however, connected with a lower sensitivity, which at best

can be increased by enrichment. A particular disadvantage of

this type of detector for measurements in HTR helium is

the similarity of the heat conductivity coefficients of

hydrogen and helium, as a consequence of which hydrogen

measurements are relatively inaccurate. For the purposes

of operational control, in which only a compliance with

the guidelines is required, a heat conductivity detector

suffices, even in the case of hydrogen.

During shutdown periods of the reactor the concentrations

of some impurities can increase from vpm to percentage.

Therefore, suitable instruments must also be available

to determine very large concentrations of impurities.

Table 3 indicates the limits of detection required for the

full-power operation of the AVR reactor and the lower con-

centrations actually reached in the operational measure-

ments.



- 7 -

Impurity Detection limit

required

Actual detection

limit

Measuring

method

H_0 0,5 vpm. 0,1 vpm Goldsmith

hygrometer,

Al2 0 3 -

hygrometer

co2
H2
AR -̂

N2
CH4

CO

N2

Tritium

Rare

gases

Kr 85 s

0,5 vpm

500 vpm

y not specified

0,2 vpm

1 vpm

0,2 vpm

3 vpm

0,3 vpm

5 vpm

3 vpm

10~12Ci/cm3

(S.T.P.)

3,10~11Ci/cm3

(S.T.P.)

3,10~12Ci/cm3

(S.T.P.)

Gas chromato-

graph

enrichment/

liquid scin-

tillation

Ge/Li

detector

enrichment/

Ge/Li detec-

tor

Required and actual detection limit, AVR-Reactor
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Carrier and calibration gases

The accuracy of all gas analyses depends on the quality

of the carrier and calibration gases. Consequently, the

carrier and calibration gases used for gas chromatographs

and infra-red analysers have to satisfy special standards

of purity and accuracy. At present helium is supplied at

a maximum degree of purity of 99.99990 % ("He N 60"), which

generally suffices for operational measurements in HTR's.

Account should be taken of the fact that the composition

of the calibration gases can change whithin a few weeks.

Oxygen e. g., can react with the surface of the steel

cylinder or with the carbon monoxide component of the

calibration gas.

Sampling system

The accuracy of trace analyses depends to a great extent

on the sampling method used. The following points are of

particular importance for the sampling system of a helium

circuit:

- The concentrations of the impurities are very low,

except in the case of accidents.

- Gaseous and solid impurities are adsorbed on the

surfaces of the entire circuit and of the analysis

system.

Special measures should be envisaged in the event of

accidents.

The sampling gas is radioactive.

The measurement of all gas impurities is carried out

in a bypass of a purge gas system. The purge gas flow

should be as large as possible.
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- The pipe used to measure the degree of moisture should

be as short as possible.

Adsorptions on the measuring pipes, which either falsify

the result or are the reason why a reliable measuring re-

sult can only be obtained after a considerable period of

time, occur mainly in the case of polar molecules such as

H20 and C02- The adsorptions are intensified if the

sampling pipes are not made of stainless steel.

In view of its radioactivity the measuring gas must be

collected and fed back into the circuit. This is also

necessary for economic reasons to minimize the helium

losses. Precautions must also be taken to protect against

activity leakages in valves which may not be tight, flow-

meters, the actual measuring instruments or other non-

weldable components, e. g. by encasing the sampling system

or installing it in a glovebox subject to appropriate

monitoring.

Outward and inward leaktightness must be guaranteed.

The tightness of valves can be impaired by dust particles,

embrittiement of sealing etc. Therefore, the leaktightness

must be checked regularly, e. g. by means of helium leak

tests. Twin or triple fittings provide an even greater

guarantee.

To control the reactor, it is not only necessary to carry

out measurements in the primary circuit but also to take

samples in the helium purification system and in auxiliary

circuits. All sampling pipes, however, should be con-

ducted seperately right up to the measuring instruments,

in order to keep the purge times as short as possible

and to avoid, as far as possible, any mixing with the

sampling gas of other measuring points, which constitute

conceivable sources of error.
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A gas analysis should be possible under any reactor condition,

even during shutdown periods when the coolant blowers are

not in operation. For this reason, an auxiliary pump, e. g.

a gas-proof diagphragm pump should be installed in the

sampling system.

Two independent sampling pipes should be installed in the

main circuit.

The requirements to be satisfied by the sampling system

can be summarized as follows:

Continuous purging of the sampling pipes

Adequate flow rate of the sampling gas

- Possibility of sampling in any operating condition of

the reactor

- Important sampling pipes should be redundant

- Sampling gas should be collected in buffer tanks

Ingress of water s

At high temperatures water reacts very quickly with the

graphite of the fuel elements and core structures. Therefore,

in the event of a major ingress of water the reactor has

to be shut down immediately. For this reason it is necessary

to measure the coolant moisture continuously. As a potential

source of a water leakage, every steam generator should be

monitored by several hygrometers. As water can enter the

circuit, however, from other sources, as experience has

shown, the moisture in the primary circuit should also be

measured continuously.

Owing to the high chemical reactivity of the core, it

is difficult to identify a small leak of a few grams of

water per hour. For this reason it is desirable to

measure the hydrogen continously as one of the reaction



- 11 -

products. However, the large sorption capacity of

graphite for hydrogen and a corresponding correction

factor should be taken into account in the hydrogen

measurements.

A well-tested method of measuring hydrogen continuously

is based on an indirect process. The hydrogen is oxidized

to water in a furnace in a copper oxide bed in accordance

with CuO + H, + Cu + H-0 and the water is measured by means

of hygrometers. The values obtained in this fashion on the

AVR tallied well with the results of the gas chromatographs.

As operating experience has shown, it is difficult to

measure the extremely low moisture concentrations of â1

ubar which occur in normal reactor operation. On the AVR

phosphorus pentoxide and aluminium oxide hygrometers

of different manufacturers are used. The disadvantages

of the aluminium oxide hygrometers are relatively large

measuring errors in the lower concentration range, com-

plicated calibration and an ageing of the measuring

cells which makes re-calibration necessary after a few

months time. Furthermore, the measuring cell must be

held at a constant temperature. The phosphorus pentoxide

hygrometers do not have these disadvantages. Due to the

measuring principle applied, no calibration is necessary

for instruments of this type; only the cell constants

have to be checked at regular intervals. The sampling

gas must not contain any substance which also react

with phosphorus pentoxide, e. g. ammonia. For this reason

phosphorus pentoxide hygrometers are not suitable for

primary gas measurements in pebble bed reactors, in which

NH3 is blown into the helium in order to reduce the

graphite/graphite friction during the insertion of the

shutdown rods.
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A phosphorus pentoxide hygrometer suitable for the

special conditions of HTR's was developed at the Dragon

reactor and has produced satisfactory operating results

both at the Dragon and AVR reactors. Basically, it should

be mentioned that the measuring of moisture for HTR's

requires further improvement.

Ingress of Air

At the high temperatures which are reached during normal

operation oxygen reacts so quickly with graphite that it

is virtually only possible to detect the reaction products

carbon monoxide and carbon dioxide, due to the high

temperature mainly carbon monoxide. As in the case of

a water leakage, the reactor must also be. shut down

immediately when an ingress of air occurs. For this

reason continuous measuring of carbon monoxide is

necessary, e. g. by means of an infra-red analyser.

At temperatures below 300 °C when the reactor is shut

down, the oxygen reacts only partly with graphite and

can be measured directly by gas chromatographs. However,

the oxygen and argon are not separated in the molecular

sieve columns generally used in chromatographs. The

argon component can be estimated on the basis of the

nitrogen simultaneously at hand, if the assumption

can be made that the nitrogen existing in the circuit

is only caused by ingresses of air. In that case the amount

of argon is approx. 1 vol % of that of nitrogen. However, a

chemical separation of the oxygen prior to the analysis

with a gas chromatograph yields more accurate results.

A reliable method is oxydation in a copper bed at 400 °C

in accordance with Cu + O -*• CuO. Copper beds of suitable

dimensions are offered as accessory instruments to gas

chromatographs. Thé oxygen concentration in the helium

is obtained from two directly consecutive gas chromatograph

analyses, one of them with an additional copper bed.
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Ingresses of oil

Ingresses of oil are detected by the continuous measuring

of hydrogen. In this context it is easy to distinguish

between oil and water leakages, if the simultaneous

carbon monoxide concentration, which is also measured

continuously, is taken into account. In the event of

a water leakage the carbon monoxide concentration would

also increase.

r

Noble gases

The quickest and most reliable way of measuring the

activity of noble gas is to use the direct method,

i. e. to measure "on-line". As no sudden change in the

activity of noble gas is to be expected, basically, a

y-spectrometer measurement about once a week would

suffice. Experience at the AVR has nevertheless shown

that it is very useful to have an additional continuous

measurement with a p-scintillation chamber which de-

termines the total noble gas activity. This total counting

does not cause much trouble, calibration only being

necessary at large intervals. The activity of most of the

noble gas isotopes in the AVR primary circuit is in the

order of 10~9 Ci/cm3 helium (S. T. P.). Only the activity

of Kr 85 is about three orders less. To determine Kr 85,

which also helps in the detection of possible fuel element

damage, an enrichment in an active carbon trap with the aid

of liquid nitrogen is therefore necessary. A pressure gas

cylinder can also be used for enrichment. Before the

measuring, the more short-lived noble gas isotopes

have to decay for 2 - 3 weeks.
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Solid fission and activation products

The concentrations of the solid fission and activation

products in the helium (Sr 90, J 131, Cs 137, Co 60 etc.)

are approx. six orders smaller than those of the noble

gases and are about 10~ Ci/cm3 helium (S. T. P.). They

can only be measured via enrichment filters in the hot

gas or in the cold gas. A special loop ("Vampyr") was

built on the AVR for measurments in the hot gas. Over

a period of about 4 weeks the solid fission and activation

products from approx. 10,000 m3 of coolant gas were

accumulated in the filter with a flow rate of 15m3 He/h.

A similar loop ("Dracule") was in operation on the Dragon

reactor.

Tritium

All hydrogen compounds, H~, H_O and CH., contain tritium.

As a weak 3-eraltter tritium must be separated from the

other radioactive components of the primary circuit for

measuring purposes. Approx. 25 to 50 litres of coolant

gas are oxidized in a copper oxide bed for this purpose.

During this process the entire tritium contained in the

circuit is converted into tritiated water, which collects

in a bubbler. The water is distilled for purifictaion

purposes. The tritium can be determined in the distillate

by means of B-liquid scintillation.

The tritium concentration in the AVR primary circuit is

approx. 10 ~ 9 Ci/cm3 helium (S. T. P.).

More than 90 % of the tritium contained in the primary

circuit is in the form of tritiated hydrogen. Measure-

ments have shown that the concentrations of tritiated

and total hydrogen are proportional over long periods,

an interesting fact, which is evidently caused by exchange

processes of adsorbed hydrogen and tritium on graphite.

Therefore, once the proportionality factor has been determined.
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the tritium content in the primary circuit can be

established on the basis of the measured hydrogen

concentration.
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Summary :

The chemical and radiochemlcal analyses on high tempera-

ture reactors are mainly trace analyses and require sensi-

tive measuring instruments. In order to detect incidents

at an early stage and to obtain accurate measuring results

within the shortest possible time, it is necessary to set

certain standards as regards the sampling system. In

particular, the delay time from the circuits to the mea-

suring instrument should be as short as possible. The hygro-

meters require further improvement: It would also be

desirable to develop a new device, capable of measuring

the sum of all inactive impurities on a continous basis,

along the lines of conductivity measurements in steam/water

circuits. Such measurements would very quickly indicate

the ingress of another gas in the case of an incident;

the impurity can be identified by the gas chroinatographs

and the other instruments which measure on a continous

basis (hygrometers, infra-red instruments).

Literature

/ 1 / R. D. Brunette, N. L. Baldwin,

Primary Coolant Chemistry of the Peach Bottom

and Fort St. Vrain HTGR's,

GA-A 16163


