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S U M M A R Y

Humidity measurements on nuclear reactor coolant gases are required for many
reasons, for instance to detect and locate water leakages from the boilers
and to monitor the chemical composition of the coolant for normal operation
and during commissioning and maintenance, and the assessment of the performance
of driers. For leak detection sensitivity and rapid response are important
whereas for routine monitoring drift may be a prime criteria. Some
coolants include methane for chemical control that decomposes to water so
the levels of moisture that normally exist in the coolant vary with reactor
types. No one measurement technique or hygrometer system currently available
can be expected to meet all these requirements and in the C.E.G.B. it has
proved necessary to concentrate on finding a solution to each separately.

Ihis paper reviews C.E.G.B. experience with numerous hygrometer systems
that have been used on both Magnox and AGR coolant gases and highlights
some of the problems that have arisen. New development work in the important
and demanding area of boiler leak detection and location is also included
where a number of new approaches are being investigated, including:-

(i) An improved 'first-up1 system based on coulometric moisture
analysers.

(ii) A differential system based on the piezo-electric. hygrometer.

(iii) A microprocessor controlled system using capacitance probes.

Whilst work on the development of new instruments and the design of approved
systems is proceeding at different locations within the C.E.G.B. it is being
reported, together with the latest operational experiences, through the
C.E.G.B. Chemical Measuring instruments Advisory Group, on whose behalf
this paper is presented.



THE MEASUREMENT OF MOISTUEE IN NUCLEAR COOLANT GASES -

EXPERIENCE AM) NEW DEVELOPMENTS WITHIN THE CEGB

by D. S. Hiorns and M. D. Stallard

1. INTRODUCTION

The measurement of moisture in nuclear coolant gases is an important
operational requirements at CEGB Magnox and AGR power stations. The
principal concern ie that above certain maximum levels enhanced corrosion
of reactor components may occur. Additionally, however, there is a risk
that high moisture concentrations might render failed fuel detection
systems ineffective.

Moisture in the carbon dioxide reactor coolant can arise from several
sources which include the release of that absorbed within the graphite
core, the radiolytic breakdown of methane added deliberately as part
of the coolant chemistry control process in AGR's , and the radiolytic/
thermal breakdown of oil entering the system and boiler leakage. Magnox
reactors operate under essentially dry conditions (̂  10 upm moisture)
but AGR's, by reason of the methane, operate nominally at 300 vpm moisture.
Moisture monitoring is required in both instances to provide a continuous
measure "of the moisture concentration in the bulk coolant gas and also to
detect and locate water ingress e.g. through boiler leakage.

Despite the commercial availability of a wide range of hygrometer systems
experience within the CEGB has shown that too one system is capable of
meeting the identified requirements under all conditions of operation. It
has proved necessary, therefore, to consider and find possible solutions,
(in texTtis of measurement systems), to each situation separately. A specialist
working group has been formed in .this area as part of -the activities
of the C.E.G.B.'s Chemical Measuring Instruments Advisory Group (CMIAG)
which has generic responsibilities in respect of providing advice across
the range of chemical instrumentation used on power stations and also arranges,
where appropriate, evaluation testing of manufacturers equipment to CEGB
Specifications. Its members include representatives from each operating Region
of the CEGB and one from the SSEB.

The information supplied to the specialist working group on moisture measurement
provides the basis for this paper. C.E.G.B. experience with numerous
hygrometer systems used on Magnox and AGR coolant gases is reviewed against
the background of the principal objectives. The results of new development
work in the important area of boiler leak detection and location where several
new approaches are being investigated are also included.

2. PRINCIPAL OBJECTIVES

The principal objectives of measuring moisture concentrations in both Magnox
and AGR coolant gases are, essentially, as follows:-

(i) to provide a reliable indication of the bulk moisture concentration
over the whole operating spectrum.
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ii) to detect and subsequently locate sources of water ingress
e.g. boiler leaks. It is necessary to locate such leaks
quickly so that the faulty boiler can be isolated and permit
continued operation of the other boilers, or if the leak if
so serious that the plant has to be shut down, so that the
remaining boilers can be used for post trip cooling. It is
in any case very difficult to locate a faulty boiler when
the reactor is shut down and restart would be delayed.

To achieve these objectives detailed consideration must be given to both the
sampling system and the means of moisture measurement.

3. SAMPLING FOR THE MEASUREMENT OF MOISTURE

Problems have arisen because of inadequacies in the design and installation
of moisture sampling systems. To a large extent, however, these problems
are plant specific and C.E.G.B. experience has served to emphasise the importance
of such practices as minimising sample line lengths and diameters, using stainless

steel sample pipework and fittings, and incorporating trace heating to avoid
condensation in the lines. Present C.E.G.B. practice is to arrange wherever
possible for fast sample loops to carry the sample from the plant to the
measuring equipment and back, with just a small bleed of sample to the equipment
itself. Sample transit times are thus reduced to the order of 10 seconds. By
sampling after the circulators good mixing is obtained and a head is available
to circulate the sample.

k. MOISTURE MEASURING EQUIPMENT - C.E.G.B. EXPERIENCE WITH VARIOUS
COMMERCIAL HYGROMETER SYSTEMS

*f.l. Coulometric (Electrolytic) Hygrometers

Experience with coulometric hygrometers in both Magnox and AGR
applications has generally been very good. With careful attention
to sample flow rates, readings accurate to * 5% or ± 2vpm (whichever
is the greater) are attainable without the need for further
calibration. Their main limitations are as follows:-

(i) The maximum cell life that can be expected before regeneration
becomes necessary is approximately 250,000 vpm hours. In some
instances failures may be dramatic, i.e. a very high reading due to
a short circuit. More usually, however, the indication that cell
regeneration is required may be less obvious e.g. a general
sluggishness in response. This is particularly true of cells exposed
for long periods to a very dry sample gas (e.g. Magnox Coolant).
For this reason regular checks on the performance of the operating
cell must be carried out.

(ii) Exposure to high concentrations of moisture (above 1000 vpm)
can result in cell failure. This requires them to be isolated in
the event of such an excursion or to be regenerated prior to
reinstatement. In addition most commercially available hygrometers
are limited to continuous operation below 1000 vpm although more
recently a C.E.G.B. designed cell (Connibear I.J. and Bennett F.B. -
Hinkley Point P.S.) has become available which by virtue of the
fact that current densities are reduced by peripheral entry of the
sample gas, is capable of continuous operation up to 3OCO vpm.
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The disc-type design of cell also facilitates easy cleaning

and regeneration.

iii) The speed of response of coulometric hygrometers tends to
vary, partly as a result of the inevitable variations in the thickness
of phosphoric anhydride coating on cells. Their use in a multi-
instrument leak detection system is therefore limited unless a means
of harmonising outputs can be introduced (See Section 5 • 3) •

k.2. Mirror Dew-Point Hygrometers

The advantages of automatic mirror dew-point hygrometers in both Magnox
and AGR applications are their wide range of moisture measurement.; and ' lack
of need for individual calibration. (In fact, hygrometers of this type
are often used as transfer standards). They are therefore most useful
instruments for bulk moisture measurements but have some limitations.
These are as follows:-

i) On Msgnox coolant they are operating at the low extreme of
their range and errors increase significantly below - kO°C dew-point
largely as a result of the difficulty in achieving adequate dew formation
from the small amount of moisture present.

ii) Conversion from dew-point to concentration units requires the
use of published tables * e.g. for calculations on moderator integrity.
For avoidance of water deposition in the reactor however the dew-point
is directly applicable.

iii) Problems may be experienced with other condensibles in the
sample gas. In the extreme this can cause measurement error but is more
likely to increase the frequency with which mirror cleaning is required.
Oil has proved particularly troublesome and in one instance has prevented
continuous operation of the equipment. At Hinkley Point 'B' P.S. (AGE)
however, satisfactory readings are obtained provided mirror cleaning
is carried out as a weekly routine with the system being out of service
for about 5 minutes during this work.

h.~$. Aluminium Oxide Hygrometers

To date aluminium oxide hygrometers have received a poor reputation in
respect of their use'on AGR and Magnox coolants at C.E.G.B. stations.
A major disadvantage is that their calibration (assuming it to be correct
in the first place) tends to drift during operation. This limits
their use as a means of accurately monitoring moisture concentration
or dew-point. The reasons for drift are not fully understood but contamination
of the sensor, e.g. by oil or ammonium chloride, is thought to be a
contributory factor. A further disadvantage is that sensors (some more
than others) exhibit a significant temperature dependency.

Whilst they cannot be regarded as suitable for moisture concentration
measurements per se, aluminium oxide sensors have the advantages that
they are fast to respond and are not affected by changes in sample flow
rate. They are, therefore, potentially useful as "change meters" for the
rapid detection and location of boiler leaks and are being considered
in this light, for use on both Magnox and AGR stations (See Section 5.b)



k.k. The Piezo-electric Hygrometer

Until recently there was little or no experience in the C.E.G.B. with
the Piezo-electric hygrometer. This was a reflection of its relative
complexity and high cost. Additionally it suffers from the same
disadvantage as aluminium oxide hygrometers in that it requires initial
calibration and this must be checked regularly. However, its nature
makes it less vulnerable to contaminants such as oil or ammonium chloride
in the sample gas.

Interest in this type of hygrometer was stimulated by the proposal of
differential system for boiler leak detection and location in AGRs
and a report of work carried out using the instrument in this mode of
operation is given in Section 5.2. At the same time, however, the
equipment was tested on Magnox coolant in the conventional mode and
the results reported were most encouraging. The present view is that,
the need for calibration aside, the piezo-electric hygrometer represents
a satisfactory although costly approach to many of the problems associated
with moisture measurement in Magnox and AGE coolants.

4.5. Infra-red Analysers

Conventional infra-red analysers provide another means of measuring
moisture in gases and have been used on both Magnox and AGE coolants.

The main advantage which they offer is that appropriate wavelength
selection renders them free from interference from other contaminants
in the sample gas, notably oil. Water is not a strong absorber, however,
and the total system for moisture measurement becomes quite complex.
Cells are long (0.5 - 1 metre) and must be operated at elevated pressure
to obtain the required sensitivity. Close control of pressure and
temperature of the sample is also necessary.

The large volume demands high flow rates to purge the cell and keep
the response times down and in seeking optimum sensitivity for
measurements under normal operating conditions the equipment may
saturate on high moisture excursions. Nevertheless satisfactory
performance with a total infra-red system has been reported from
Hunterston 'A1 Power Station (Gardner T, Hunterston P.S. 1981).

5. J1EW DEVELOPMENTS WITH EESPECT TO BOILER LEAK DETECTION/LOCATION SYSTEMS

5-1. Requirements

Whilst the continuous measurement of moisture level on the bulk coolant
gas may provide some indication of the onset of boiler leakage it is
necessary to make separate provisions to allow for the rapid detection
of leaks (especially gross leaks) and provide some indication of their
location. The requirements in this respect are not simple. In the
event of sudden gross leakage the time to reactor shut down will be short.
Added to this the concentration of moisture in reactor coolant throughout
the circuit (i.e. at all monitoring points) will be rising rapidly and
it may be difficult to obtain a clear indication of the source in the time
available. A fast speed of response becomes the main priority.

At the other extreme small leaks that can be contained by the coolant
driers will produce little discernable change in the moisture ^.
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concentration» particularly on AGE codants where the background
concentrations are relatively high and to some extent variable.
(300 vpm ± 50 vpm). Nevertheless there are operational advantages in locating
the source of leak whilst it is being contained but to do so requires
instrumentation with good discrimination.

Table 1 summarises the typical requirements for a boiler leak detection/
location system for an AGR.

TABLE 1

Boiler Leak Detection/Location - Typical Requirements for an AGR system

Size of leak
g/sec

Effect and consequences on
Reactor Operation Requirements

0.1 No significant effect on reactor moisture
concentration

None

0.1-5 Increase in bulk moisture
concentrations may be evident but
can be contained by increasing
flow through driers.

Although no immediate operator
action is required considerable
benefit could be derived by
locating leak whilst still
within this range - would
require a sensitivity of
5 - 3 0 vpm dependent upon size
of leak.

5 - 100 Cannot be contained by driers and
therefore possibility of reactor
trip unless leak can be isolated in
a short period of time.

Leal: location required within
minutes. Sensitivity
requirements 30 to 300 TP111

dependent upon the size of leak

100 Immediate reactor trip on high
moisture levels in reactor coolant.

For leak location in such
circumstances a very fast
response is required.

In the past the problems'of leak detection/location have been approached using
conventional "first up" techniques with varying degrees of success. More
recently, however, three new approaches have been considered each of which
has been the subject of some development work. These are described below.
They are primarily directed at the more difficult AGR situation but may also be
applicable to Magnox reactors.

5.2. A Differential System using the "Piezo-Electric" Hygrometer

The piezo-electric hygrometer is, inherently, a differential analyser although
in its normal level mode of operation it compares the sample with a dry gas
for reference purposes. Its performance when used to compare two gases, nominally
containing 300 vpm moisture (AGR concentrations) was previously unknown and
in order to determine this and obtain information on the long term performance
characteristics of this type of hygrometer in an AGR situation arrangements were
made for testing of a commercial instrument at Hinkley Point 'B' P.S.



In total, over six months testing on AGE coolant gas has been completed with
tiie following results:-

(i) Sensitivity at the 300 vpm level is very good. An indication
of the response corresponding to a 23 vpm change on the reactor
background level isshown in Fig. 2.Sensitivity is, however, a function of
the background level, increasing as the background decreases and vice-versa,
but remains adequate up to the normal reactor trip moisture concentrations.

(ii) Sensitivity does not reduce significantly with prolonged exposure
to AGE coolant gas.

(iii) Speed of response is good being largely determined by the sample
switching time. This was set at 10 sec. for the purposes-of testing
which gave an indication of over 60$ of a change in reading within
20 seconds.

During testing problems were experienced with variable and sometimes excessive
levels of noise. However, the reasons for this were eventually identified
by the manufacturer and overcome by minor modifications to the basic equipment.
The piezo-electric hygrometer is now regarded as a viable option for boiler
leak detection/location on AGEs using differential measurements either across
a boiler or between boilers. In the latter context the equipment is available
with a centre zero option.

5.3- An Improved "First Up" System (Mr. B.D.H. Worker, Hinkley Point P.S.)

At Hinkley Point 'B' AGR P.S. the requirement is to use moisture measuring
equipment to identify leaking boilers on a quadrant basis. The original
provisions, using aluminium oxide sensors, proved to be inadequate and a new
system has now been proposed based on coulometric hygrometers.

The scheme proposed is essentially a "first-up" system with instruments installed
on fast flow sample loops across coolant gas circulator. However, some of the
problems normally associated with this type of system have been overcome using
a purpose designed microprocessor c< ntrolled comparator which compensates
for variations in moisture monitor responses and sample delays. This was
developed on site by the Computer Section of the Station Operations Department.

In brief the functional duty of the micro processor system is as follows:

(i) To monitor four moisture monitoring instruments and to note when
one instrument output diverges from the trend being followed by the
remaining three instruments.

(ii) To delay the readings from any or all of the moisture monitors
to correct for differing sample line delays.

(iii) To detune the response of any or all of the readings to correct
for the differing speeds of response of the detector cells.

(iv) To permit the operator to adjust delays, responses, drift divergence
limit, and divergence time.

(vi) To perform a selection of self test programs to check the operation
of the control programs and signal faults to the main computer system.

Periodic moisture injection into sample lines will enable sampling and instrument
delays to be measured and specified to the computer.
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With the"harmonising " of signals from the coulometric analysers in this way-
it is hoped that leaks giving a rise as low as 10 vpm at the quadrant outlet
will be identifiable.

Preliminary test ing of the hygrometers using a rig has been completed and
arrangements are now in hand for moisture monitoring stations to be installed,
on each quadrant of each reactor.

During the rig testing of coulometric hygrometers it was found that different
instrument response times were a function of the electronics or sample flow
path rather than the condition of the cells

5.2*-- A Differential System based on Aluminium Oxide Sensors.
(J.C.P. Garrett and G.D. Hall. North West Region, Scientific
Services Division)

A switched differential moisture measuring scheme represents an alternative approach
to a "first-up" system and avoids che problem of harmonising outputs. If samples
of gas from two non-leaking boilers are fed via a switching unit to two
hygrometer probes and periodically the gas streams are interchanged then the
differential output of the probes remains constant. This is true even if the
two probes are giving different readings for the same moisture content. On
the occurrence of a leak the differential output swings between two limits
approximately equal to twice the moisture concentration increase resulting from
the leak. This system reduces the need for cells to be closely matched or
have good absolute measuring properties: the criterion for hygrometer probes
used in a differential system are that they should be flow independent and
have a fast response time. Aluminium oxide probes meet both these criteria.

In the system being developed two gas lines are switched between two probes
housed in a constant temperature enclosure. The outputs from each are
approximately matched and backed off against each other. Tests have been
carried out at various moisture differentials and over a range of probe
temperatures in the laboratory and subsequently on plant. Typical results
for a JO vpm differential are shown on a chart recording in Fig. 3. This
differential produces a deflection of approximately h5 scale divisions, the
full response being achieved within 2 minutes. A 20 seconds sample period would
give 68% of the response.

The lower limit of detection is dependent upon the resolution of a small shift
in the base line between leaking and normal conditions. An example of the
base-line stability in the ideal case, i.e. switching of gas from the same source
is displayed in Fig. h. Provided the minimum flow over each probe is not less
than 0.5 l/min and the probes are matched within 20$, base-line stability is
generally with - 1% full scale deflection. This suggests that with a
statistical approach it should be possible to detect differentials of 2-3 vpm
(ingress rates of 0-5 g/sec for a typical AGRJrelatively quickly.

The present intention is to use a differential system of the type described
to monitor pairs of boilers with a normal sample time of several minutes
before changeover of probes. Readings are fed to an A/D converterrin' a -
micro processor system which also controls the stream switching. The system
logic been chosen to provide three levels of alarm. The first is an early
provisional indication of a large leak on a "first-up" type philosophy based
on interrogation of probe signals every 10 sees. This initiates a accelerated
frequency of switching^The second alarm is determined by checking for changes
in polarity of the difference signal. This will indicate a leak down to a
boiler differential of 5 vpm. (It also serves as a check that both probes
are responding correctly.) The third level is reserved for very small leaks
where immediate action is not required and confirmation by operator
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interpretation may be necessary. For this signals are analysed over a number
of switching cycles.

To date preliminary tests in the laboratory and on plant have been encouraging and
a complete prototype system including signal processing is now nearing completion.

6. SUMMARY AND CONCLUSIONS

6.1. C.E.6.B. experience has shown the importance of giving careful
consideration to the design and installation of sample systems for
the measurement of moisture. Practices such as obtaining a mixed sample,
minimising sample line runs, using only stainless steel sample pipework
and fittings, and incorporating trace heating to avoid condensation
must be adopted. Wherever possible it is recommended that fast sample
loops are installed to carry the sample from the plant to the measuring
equipment with a small bleed of sample to the equipment. Sample transit
times can thus be reduced to the order of 10 seconds.

6.2. C.E.G.B. experience with numerous commercially available hygrorreter
systems on Magnox and AGR coolant gases have identified a number of
problem areas leading to the view that no one hygrometer system can be
relied upon to meet all requirements adequately. Several options,
(coulometric, mirror dew-point and infra-red) are now available for the
monitoring of moisture levels in the bulk coolant gas but further
development work has proved necessary in seeking an optimum system for
boiler leak detection and location.

6.3. Of the three boiler leak detection/location systems now being
considered for AGR, the use of the piezo-electric hygrometer now appears
to be a viable proposition. Any system based on this approach is
likely to be expensive, however, and encouraging results obtained to
date with the other two options,comparative or switched differential
systems, suggest that a cheaper approach may soon be available.
Nevertheless, the piezo electric hygrometer has set the performance
standard against which the others must be judged. The same systems are
likely also to be suitable for low moisture (Magnox)coolants .
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"Improved coulometric cell design (Connibear and Bennett).

(a) Disc electrode configuration
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Piezo-electric hygrometer in differential mode
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Differential signal (1)

30 VPM diff (32CË350 VPM)
2.5 min switching I
23°C
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Differential signal (2)

Zero differential 300 VPM
1 min switching
23°C
30 mm/min chart speed
200 MV recorder
0.7 l/min
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