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Moniteurs d'eau lourJe à infrarouge :

éL.11 actuel, aspect économique et possibilités d'avenir*

par

G. F. Lynch
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Résumé

Un important programme visant à réhabiliter les moniteurs d'eau
lourde in situ et à établir leur fiabilité commence à donner des résultats
tangibles. Après avoir déterminé les caractéristiques et le comportement
en service des analyseurs de D2O à infrarouge fabriqués par Barringer
Research Limited, des systèmes de surveillance bases sur ces instruments
ont été installés et mis en service dans des réacteurs et des usines d'eau
lourde. Une dizaine de systèmes de ce genre fonctionnent donc actuellement
de façon fiable JL_n situ.

La p] :J frappante indication de leur performance a été la détection
de cinq fuites d'eau lourde dans la centrale Bruce, dont quatre étaient assez
importantes pour justifier l'arrêt des réacteurs pour fin de réparation.
La sensibilité et la stabilité des détecteurs de fuite ont été démontrées
par le fait qu'ils peuvent facilement détecter une fuite n'augmentant que de
8 ppm la teneur en deuterium de l'eau naturelle employée pour le
refroidissement.

On a établi une politique de maintenance fondée sur des contrats
passés avec le fabricant des instruments, pour être sûr qu'ils fonctionneront
de façon sûre à long terme. Le personnel sur place a si peu à faire pour
assurer le fonctionnement de ces détecteurs de fuite que leur aspect
économique est parfaitement justifié.

Des essais au laboratoire et des expériences jin situ ont permis
d'identifier des particularités conceptuelles qui faciliteraient l'emploi des
analyseurs et qui les rendraient moins sensibles aux conditions environne-
mentales. On a terminé l'étude conceptuelle d'un nouvel instrument qui
dépendrait moins des services locaux et qui tolérerait mieux les conditions
régnant dans les centrales CANDU et dans les usines d'eau lourde. On a passé
un contrat pour le développement de cet instrument.
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ABSTRACT

An intensive program to rehabilitate and establish the
reliability of on-line heavy-water monitors is now showing tan-
gible results. After determining the operating specifications
and characteristics of the infrared D2O analyzers manufactured
by Barringer Research Limited, monitoring systems based on
these instruments were installed and commissioned at reactors
and heavy-water plants. Ten such systems are currently operating
reliably in the field.

The most dramatic indication of their performance has
been the detection of five heavy-water leaks at Bruce GS, four
of these being sufficiently large to warrant shutdowns for
repairs. Readily detecting a leak which increased the deuterium
concentration of natural cooling water by only 8 ppm shows how
sensitive and stable the leak detectors are.

A maintenance policy based on contracts with the
instrument manufacturer has been formulated to ensure long-term
reliable operation. First-line maintenance and other operating
commitments by site personnel are so low that the economics of
these on-line systems is readily justified.

Laboratory tests and field experience have identified
design features which would make the analyzers more convenient to
use and less sensitive to environmental conditions. The con-
ceptual design of a new instrument which is less dependent on
station services and more tolerant of plant conditions has been
completed. A contract for development has been issued.
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1. l^CKIPTiON OF THE I NFRAREC ANALY ZERS

I.1 Introduction

Heavy water is a major component of the capital cost of

CANDU* reactors, and if leaked, can add significantly to the cost

of electric power. Because of its economic importance, accurate

•nethods are required for determining the isotopic concentration

of water samples ever the entire range of D2O concentrations.

These analytical measurements can be divided into two basic cate-

tories, viz.

- chemical laboratory analysis of grab samples, and

- on-line monitoring of process streams.

Although on-line isotopic analyzers are complex, they offer ad-

vantages over manual sampling in specific applications, viz.

- continuous rather than discrete monitoring,

- reduction in staff work-loads,

- operational convenience, and

- cost saving.

At present, on-line DjO monitoring offers the greatest

benefits in applications where isotopic measurements at the

extremes of the concentration range are needed, i.e. around

natural and reactcr grade isotopic values.

In 1962, a detailed appraisal of methods for isotopic

analysis of liquid samples identified infrared absorption spec-

trometry as the most practical approach for plant instruments [1].

The precise determination of the infrared absorption spectra of

water [2], led to the development of a suitable spectrometer.

Subsequent to the basic research and the development of labora-

tory models at Chalk River Nuclear Laboratories (CRNL), the

analyzers were engineered and developed by Barringer Research

Limited (BRL) [3].

*CANDU: Canada Deuterium Uranium
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The currently available Barringer Series 400 heavy-

watar liquid analyzers are the result of this program. These

are fully automatic instruments for real-time analysis of

isotopic mixtures in the ranges 0-200 ppm, 0-2% and 99-100% D2O.

The concentrations and applications for which the analyzers have

been used are shown in Table I. The leak detectors (0-200 ppm)

.ttonitor the isotopic concentration of light water from the

moderator and primary heat transport system heat exchangers to

detect the leakage of heavy water from these systems. The leak

detectors alarm if deviations from the natural D20 concentration

are detected, thus warning the station of heavy-water losses

arising from heat exchanger or boiler tube failure. The product

and tails monitors are normally used for continuous analysis of

process streams at reactors and heavy-water plants, and can be

used for automatic control where appropriate.

By 1974, eleven DjO liquid analyzers were installed but

only two were operating, and the new stations required reliable

instruments. A collaborative development program involving CRNL,

BRL and Ontario Hydro was initiated in 1975 to ensure satisfac-

tory site operation of monitoring systems based on these instru-

ments. The aims of this program were to

- identify and solve the technical problems which

were causing instrument failures,

- ensure satisfactory operation of the systems on

the long term,

- assess the operation of the existing system designs,

and

- identify areas where potential improvements could

be made.

The first part of the program led to instrument and

sampling system modifications and the generation of detailed

sample and environmental specifications which must be met to

ensure reliable field operation [4] (see Section 2).



TABLE I

Barringer Series 400 Infrared Analyzers

for On-Line D^O Monitoring

Instrument n ^ "
9 l Applications

Designation D/(D+H) r^

Leak Detector 0-200 ppm* -Heavy-water leak detection
at power reactors

Tails Monitor 0-2% 'Process control and
monitoring of reactor
upgraders

Product Monitor 99-100% -Moderator isotopic moni-
toring
• Primary heat transport
system isotopic monitoring
•Reactor upgrader product
monitoring
•Heavy-water plant finish-
ing unit product monitor-
ing.

*1 ppm = 1 part per million = 0.0001% pmole/mole
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The main aim of this report is to document the opera-

ting experience to date, review the performance of the twelve

field installations and describe potential areas for improve-

ment. However, to provide sufficient background information

for this. Sections 1.2 and 1.3 briefly describe the principles

of operation and the present system designs.

1. 2 Principles of Operation

The analyzers are infrared spectrophotometers which

compare the sample transmission at two distinct wavelengths.

The dual wavelength measurement makes the analysis independent

of absolute sample transmission and hence minimizes the sensi-

tivity to contaminants or variations of the infrared source

strength.

There are three stable species of water: H20, D20

and the hybrid HDO. In the liquid phase they equilibrate

quickly and at 30°C the equilibrium concentrations of the

molecular species are governed by the equation [5]

[HDO]2

-5 . B , ( 1)[D20][H20]

where the brackets represent the molar concentration of the

enclosed species. Thus, at low concentrations of D20 in H20,

or of H20 in D20, most of the minor species exist in the form

of HDO molecules. Despite this, the concentration is tradition-

ally quoted in terms of the amount of D2O which would be present

if all the HDO were resolved into H2O and D2O.

Hence, for most analyses, the concentration of HDO in

either an H20 or a D20 matrix must be determined. As shown in

Figure 1, the infrared absorption spectra of these three mole-

cules (in the range 1-10 Mm) are markedly different. At a

wavelength of 3.9 pm, the absorption length of HDO is about

3 x 10~6 m and that of H2O is about 9 x 10~
5 m. The large dif-

ference in absorption lengths makes this wavelength suitable

for measuring concentrations of HDO in H2O and is selected tor

leak detectors and tails monitors.
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FIGURE 1

INFRARED ABSORPTION SPECTRA OF LIQUID D 20, HDO AND H20

IN THE RANGE 1-10 yrtl

The absorption length is the distance energy
travels before it is attenuated by a factor e.
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Referring ayain to Figure 1, it can be seen that at

2.9 ;.m there is considerable difference between the absorption

lengths of HDO and D.,0. This wavelength is therefore suitable

for the measurement of HDO in the presence of D,>0 and is the

wavelength used in the product monitors.

In practice, it is impossible to maintain the trans-

mission characteristics of the optical paths of these instru-

ments sufficiently stable for long-term reproducibilLty and

high detection sensitivity. For example, films of dirt on

filters and sample cell windows affect the transmission, and

deterioration of the infrared source and detector affect the

absolute signal. Therefore, the transmitted intensity of the

sample wavelength (either 3.9 IJITI or 2.9 pm) is compared with a

reference signal that has passed thrrugh the same optical path.

This reference signal is measured at a wavelength where the

absorption lengths for HDO, D20 and H2O are approximately

equal, so that the reference signal is independent of concen-

tration. For the HDO-in-H2O measurement this wavelength is

at 3.6 ytn , while for the HDO-in-D2O measurement it is at 2.6 pm

(see Figure 1).

An important consequence of operating at these wave-

lengths is that, since the dominant species have absorption

lengths of 1.0 mm (D20) and 0.1 mm (H20), thin sample cells

(0.1 to 0.3 mm) must be used. This strongly influences the

design of the instrument and dictates the need for clean water

samples.

1.3 Barringer Series 400 Instrument Designs

The complete analysis system consists of three

distinct units:

- the infrared spectrometer,

an electronic processor to convert signals from the

spectrometer into a form suitable for display,

recording, and driving alarms, and
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a sample delivery system which supplies suitably

clean water from the process stream to the

spectrometer.

The salient features of each of these parte are described below.

Figure 2 illustrates the principle of using rotating

band-pass interference filters, to select the wavelengths

from an incandescent source for transmission through a thin

sample of water. One filter passes the sample wavelengths (i.e.

at 2.9 pm for product monitors or 3.9 ym for leak detectors and

tails monitors). The other filter passes the reference wavelengths

(i.e. at either 2.6 or 3.6 pm, respectively). The PbSe infrared

detector generates pulses proportional to the amount of energy

transmitted. The ratio of the pulses at the sample and

reference wavelengths is related to the HDO content of the

sample.

Two factors are of overriding importance in the

instrument design:

contaminants in the water, and

the temperature of the water being measured.

Effects of contamination are minimized by eliminating contami-

nants from the input sample. This is a problem with most

process instrumentation but is particularly important for

analyzers using optical techniques. The need for scrupulously

clean samples puts severe constraints on the type of sample

clean-up systems which are required. The sample temperature is

important because the infrared transmission coefficient is

extremely temperature sensitive. In fact, at a wavelength of

3.9 v:t the temperature coefficient of absorption is equivalent

to approximately 100 ppm per °C [6]. This temperature sensi-

tivity has been minimized in two ways. Suitable sample and

reference infrared filter pairs are matched so that the tem-

perature effects are compensating. In addition, the tempera-

ture of the entire assembly is controlled to within 0.1°C. This
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is achieved by means of a cooling-water regulating circuit

which closely controls the sample and cell temperatures and

protects the assembly from ambient and input-water temperature

changes.

Though less serious than impurities in the water,

contamination in the ambient air also absorbs infrared radiation.

The most important component is water vapour and a dry air

flush of the spectrometer maintains the ambient humidity at an

acceptably low level.

Following Beer's Law, the intensity of radiation, I,

transmitted through a water sample, can be expressed as

LHDO D 20 /J

where IQ = incident radiation intensity,

t = thickness of the water sample, and

L = absorption length of the appropriate water

species at the wavelength of interest.

Thus, electronic processors based on logarithmic amplifiers

linearize the response of the analyzer and provide =•. direct

output in D2O concentration. Provision is made in the design

to compensate for the small non-exponential behaviour that is

encountered in practical instruments. This deviation from

Beer's Law arises from the finite filter transmission width

of 0.1 um as compared to the idealized monochromatic source

used in the derivation of Beer's Law. Processors which use

logarithmic amplifiers and incorporate these correction

factors are used in the wider range product and tails monitors.

However, for the leak detectors, the very narrow concentration

range permits a linear approximation to the exponential and

the ratio of the signals transmitted by the sample and reference

filters is displayed directly. The leak detector processor is
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y more stable than processors with logarithmic

amplifiers and thus the precision and accuracy required for

leak detection is achieved.

Sample delivery systems have been developed for the

instruments currently in service. In general, each application

is unique and requires a specialized sampling and clean-up

system. However, development work at CRNL has been devoted

to testing sampling system components which can be adapted to

specific applications. Considerable success has been achieved

in sample clean-up by using filters with a self-cleaning action

based on a flushing flow.

Each sample delivery system has provisions for instru-

ment calibration. Since the output of the analyzer has been

linearized, only a simple two-point calibration procedure is re-

quired to set the zero and gain of the electronic processor. Thus,

facilities are available for introducing a "spiked" calibration

standard either on a once-through basis for leak detectors or

by a recirculating loop for product and tails monitors.

2. SPECIFICATIONS

2 .1 Performance Specifications

The accuracy and precision that can be achieved with

the Barringer Series 400 instruments is shown in Table II.

However, to meet these targets the instruments must be operated

in an environment and with the station services described in

Section 2.2.

The calibrations of the two wide-range instruments

have been set so that the best absolute accuracy is in a range

which1 straddles the normal operating range. These accuracies

can be maintained by routine calibration using the two-point

calibration procedure provided by the sample delivery system.
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TABLE II

rKkFOhMANCE SPECIFICATIONS FOR BARRINGHR SERIES 400 INFRARED ANALYZERS

Range D/(D+H)

Normal Operation

Resolution

Absolute Accuracy

LEAK
DETECTOR

0-200 ppm

145-150 ppm

1 ppm

±10 ppm
(120-200 ppm)

TAILS
MONITOR

0-2%

0.1-0.3%

0.001%

±0.01%
(0.0-0.5%)
±0.05%

PRODUCT
MONITOR

99-100%

9J.'7-99.9%

0.001%

±0.005%
(99.65-99.95%)
+0.02%

(0.5-2.0%) (99.00-99.6L .
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The ultimate accuracy which can be achieved depends

on the availability of precisely measured calibration standards.

There is no absolute standard for deuterium concentration. The

instruments are calibrated against Canadian Secondary Standards

supplied by CRNL.

The precision of 0.002° in the measurement of the

secondary standards is the major limitation to the accuracy of

the product monitors. If higher precision standards were

available, the accuracy of the product monitor could approach

the value of its resolution (i.e. 0.001%) over its normal

narrow operating range. Over the broad range of the instrument,

the accuracy is limited by assuming the concentration is linear

with signal outP' '-.. A typical calibration curve for a product

monitor is givei. n Figure 3.

A similar situation occurs for the tails monitor.

However, when the tails monitor Is used in an upgrader instal-

lation, the accuracy required is less than the inherent capa-

bility of the instrument. The values of accuracy listed in

Table II for the tails monitor are those required for appli-

cation to the reactor upgrader. As can be seen from Figure 4,

the instrument's performance is actually better than these

figures indicate.

For the leak detector the accuracy is limited by

instrument stability and noise. In practice, with weekly

calibration, the instrument drifts are typically +5 ppm.

Although this would appear to limit the minimum alarm setting

to approximately 160 ppm (i.e. about 10-15 ppm above the

natural deuterium concentration levels), the use of a reference

water sample in a routine sequence can be used to indicate

excess deuterium concentrations of a few parts per million in

a sample stream. The leak detectors at the power reactors are

used to monitor several light-water process streams by auto-

matically sampling each stream in turn. The reference water
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FIGURE 3: TYPICAL CALIBRATION CURVE FOR PRO JCT MONITOR

The top part of the figure indicates the deviation -ie instrument output
from the linear response and includes the accuracy .• ^. ;fications, shown as
broken lines.
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from the linear response and includes the accuracy specifications, shown
as broken lines.
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sample is introduced by adding it to the sequence of streams

which are monitored. The sample stream selection can be pro-

grammed and each stream is measured for 10 minutes before

switching to the next stream in the sequence. Although this

provides discrete rather than continuous monitoring, the fre-

quency of measurement of about once per hour is still much

better than can be expected from manual sampling.

The response time of the instruments is of the order

of three minutes. This includes the time needed for the sample

entering the spectrometer to reach equilibrium in the cell and

the response time of the electronics. The overall response

time of the complete monitoring system depends on the time to

deliver the sample to the analyzer from the process. Since

each sample procurement and clean-up system is unique, it is

meaningless to quote average system response times.

2.2 Station Service Requirements

To maintain the performance of the instruments within

the specifications described in Section 2.1 requires strict

control of operating and environmental parameters. Table III

specifies the input sample conditions required for accurate

analysis. Should these conditions not be met by the sample

taken from the process stream, then it is the role of the sample

delivery system to provide the interface. The tolerances given

for the recommended operating sample temperature and flow indi-

cate how much these parameters can vary without degrading the

instrument's stability specifications. The instruments are not

sensitive to sample pressure. However, the sample pressure

must be controlled to maintain the sample flow within ±20% (see

Table III) .

The station service requirements are listed in Table IV.
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TABLE III

REQUIRED SAMPLE CONDITIONS FOR

BARRINGER SERIES 4 00 INFRARED ANALYZERS

Parameter Range
Recommended

Value

Pressure, pe

Temperature

Flow Rate

pH

Particulates

Oils

Dissolved Gasses

12-350 kPa

10-50°C

5-15 ml/min

5-9

<10 yltl

<10 ppm

Less than required for effer-
vescence at 30°C under the
given sample pressure

170 kPa

20 ±10°C

10 .t2 ml/min

7
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TABLE; IV

STATION SERVICE REQUIREMENTS FOR

BARRINGER SERIES 400 INFRARED ANALYZER;":

Electrical

Lino Voltage (single phase)

Option A 115 V +10%

Option B 230 V ±10%

Line Frequency

Option A 60 ±0.5 Hz

Option B 50 +0.5 Hz

Power Consumption < 750 W

Air Purge

Temperature Set Point = Ambient

Temperature Control ±5 degrees

Flow Rate 2 ±1 L/min

Dew Point < -20°C

Cooling Water

Temperature

Pressure,pe

Flow Rate

Particulates

Oils

Ambient

Temperature Set Point 15-30°C

Temperature Control +5 degrees

Relative Humidity < 95%

18 ±7°C

170 kPa (100-340 kPa)

150 ±25 mL/min

< 20 pm

< 10 ppm



- 18 -

2.3 MajLn_tenance and Operating Requirements

With over ten instrument-years of experience at reactors

and heavy-water plants, a routine maintenance and operating

strategy has been developed to ensure reliable long-term

operation. This field experience has shown that these infrared

analyzer systems are typical of analytical equipment which

requires maintenance personnel with specialized training. For

this reason the maintenance strategy includes

a contract with BRL to cover routine maintenance,

instrument upgrading, and a call-out provision

for repair, and

first- .-"ine mainisnance, including calibration, by

trained site personnel.

A training program is currently being established for tne site

staff.

Experience has shown that the maintenance and operating

requirements are strongly dependent on the sample delivery

system. The analyzers themselves are very reliable and, pro-

vided sample flows can be maintained, the systems can be

operated unattended for periods of several weeks. In practice,

the Bruce GS leak detectors (which have the most complex

sampling system) require a manpower commitment of only 12 hours

per month per monitoring system. As the sampling system problems

are resolved, the routine workload decreases.

3. OPERATING EXPERIENCE

3.1 D?0 Leak Detection Systems

Nine leak detectors are currently operating or \re

scheduled to be commissioned this year (see Table V ) . Apart

from a temporary experimental installation at NPD GS (now re-

moved) , all of the operating instruments are at Bruce GS. Each

reactor has two leak detectors. One of these monitors the

boiler water systems and the other, the service water from

various heat exchangers.
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TABLE V

CURRENTLY OPERATING D2O LEAK DETECTION INSTRUMENTS

Location and Application Commissioning No. of Leaks
Date Detected

Bruce GS

Unit 1 Boiler Water February 1977
Service Water February 1977 1

Unit 2 Boiler Water January 1976 2
Service Water January 1976 1

Unit 3 Boiler Water November 1977
Service Water November 1977

Unit 4 Boiler Water November 1978
Service Water November 1978

NPD GS Boiler and Service
Water September 1977 1
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Thi.- bo! lor-,-.jjtt'r analyzer monitors sample streams from

rh> f'.i'jr nreheaters and the two stream drums together with a

reference stream (see Figure 5). Tn addition to the moderator

heat exchangers shown in Figure 5, the service-water analyzer

monitors the light water from heat exchangers on

- the bleed cooler,

- the maintenance cooler,

- the gland cooler,

- the degassing condenser,

- the moderator purification system,

- the two sample coolers, and

- a reference sample stream.

The commissioning date of each system and the number of

leaks detected to date are also listed in Table V. In order to

later discuss the economics of leak detection (see Section 4),

the operating experience with these instruments is discussed

in greater detail.

The first leak was detected in the sample cooler on

Unit 2 in July 1977. The leak, which was registered by the

infrared analyzer as an excess deuterium concentration of 8 ppm,

was equivalent to a heavy-wat^r loss rate of only 1 g/h.

Following detection, a manual sample was taken and laboratory

analysis confirmed the instrument reading. Since the D2O loss

rate was so small, no remedial action was taken and the leak

rate gradually diminished over a period of a few days. Although

in this case the heavy-water loss was insignificant, the inci-

dent demonstrated the sensitivity of the instrument in a power

reactor environment.

The first major incident, which occurred on November 25,

1977, was the detection of a leak in the bleed cooler of Unit 2.

The service-water analyzer detected a step change of 24 ppm in

the deuterium concentration of the high pressure recirculating

water from the bleed cooler and annunciated an alarm in the
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control room. This reading was in close agreement with the

value of 26 ppm determined by subsequent laboratory analysis

of a grab sample. After detecting the leak, the analyzer was

used as a diagnostic tool to locate the faulty component. The

leak was estimated at 10 kg/h and was severe enough to warrant

a complete system shutdown to make a repair. The faulty bleed

cooler was removed and replaced by one from Unit 4, which was

still under construction.

The next leak was detected by the boiler-water monitor

on Unit 2, which alerted the station to a boiler tube leak on

31 December 1977 at 08:00- The subsequent laboratory sample

analysis confirmed the leak at 10:00. With the excess deu-

terium reading of 30 ppm, the heavy-water loss rate was estimated

to be 6 kg/h and the unit was shut down for repair on 1 January

1978. Four boiler tubes were plugged, the reactor was started

up on 10 January 1978 and was operated at low power (less than

600 MW) for two days with no signs of further leaks.

On 13 January 1978, after the reactor power was taken

above 600 MW, the on-line analyzer detected a second leak and

alarmed at 05:00. Laboratory analysis confirmed the presence

and magnitude of the leak which was estimated to be 3 kg/h. The

station continued to operate, closely monitoring the leak rate.

Since the boiler water is essentially a closed system, such a

heavy-water leak continuously increases the isotopic concentra-

tion of the light water. Consequently, the concentration even-

tually rose above the upper limit for the instrument (200 ppm),

forcing the station to make frequent analyses of grab samples.

CRNL responded to this situation by designing a range change

feature for the analyzer. The range change was implemented on a

similar instrument at CRNL showing that it was possible to in-

corporate a range selector switch to increase the standard range

ô r 100-200 ppm* to a new range of 100-1100 ppm. On the new wide

range the output was non-linear to the extent of 110 ppm at

1000 ppm. However, this was considered acceptable and a BRL repre-

sentative installed the range change in the Bruce instrument on

30 January 1978.

*Earlier Series 400 leak detectors had a range from 100-200 ppm.
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The use of the analyzer with the expanded range formed

the basis for satisfying an AECB*requirement for close monitor-

inq of the system during operation with the leaking boiler

tube-s. This was considered a significant step forward in the

station acceptance of these analyzers as useful and reliable

ins trumen ts.

The reactor continued to operate with the leaking

boiler tubes until, on 1 February 1978, the analyzer showed

that the leak rate had increased to 16 k,g/h. At this time the

unit was shut down and the tubes repaired.

The latest significant leak at Bruce GS occurred on

1 March 1973 when the service-water monitor on Unit 1 registered

30 ppm above normal, and alerted the station to a 14 kg/h heavy-

water leak in the bleed cooler. Once again laboratory analyses

confirmed the leak and the faulty cooler was replaced by a

spare unit.

The final leak listed in Table V occurred at NPD GS.

The infrared D2O leak detection system was installed at NPD

for experimental purposes and was not intended to be part of

the regular station instrumentation. However, it has been

informative to review the instrument charts prior to and during

the boiler leak in January 1978 and compare these with the

station records for the same period. The following conclusions

were reached.

a) The first indication of the boiler-water leak came

from the on-line infrared analyzer which showed that

the boiler feedwater had a D2O concentration greater

than 200 ppm on 26 January 1978 at 09:00- This

occurred two hours before the first indication from

the routine analysis of a grab sample. Grab samples

were taken only three times per week. Although the

leak occurred close to the time for a routine sample,

this was fortuitous.

*Atomic Energy Control Board
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b) The present BRL Series 400 infrared analyzers are

five tiaes more sensitive than the on-line tritium-

in-water monitor at NPD was at the time of the leak.

c) The calibration of the infrared analyzer was consi-

derably more stable than the tritium-in-water monitor.

In addition to the leak detectors described above,

there are eight systems at Pickering GS. These instruments,

were switched off soon after station commissioning because of

problems in maintaining adequate samples flowing through the

spectrometers. The Bruce experience shows that these technical

problems can be solved. Based on a design review by CRNL, BRL

have submitted a proposal to refurbish and recommission the

Pickering systems. However, no action will be taken this year

to put these systems back in operation.

BRL is currently manufacturing six Series 400 leak

detection systems for the CANDU 600 MW reactors. The systems,

similar to Bruce GS,will be installed at Cordoba, Gentilly-2,

and Point Lepreau generating stations. The Wolsung design has

provisions for similar systems which will be ordered soon.

3.2 Product Monitors

The five product monitors which have been commissioned

and are operational at field installations are listed in Table VI

along with their commissioning dates. All but one of these is

providing useful data.

Shortly after commissioning the analyzer on the finish-

ing unit at Glace Bay HWP, the plant operating procedure changed.

The final product of this unit now has an isotopic concentration

of only 94% D/(D+H) as compared with the design value of

99.75% D/(D+H). Since the product concentration is outside the

present range of the analyzer, the instrument remains disconnected

from the process.

Although the spectrometer itself is designed to analyze

liguid streams, the Bruce HWP "B" finishing unit product monitor
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TABLE VI

OPERATIONAL PRODUCT MONITORS

APPLICATION
COMMISSIONING

DATE
MANPOWER
COMMITMENT

WR-1 (Wt-.'RE) * Moderator Isotopic Monitor 1973 2 h/month

NRU (CRIJL) Evaporator Drain Tank Monitor Aug. 1976 8 h/month

Glace Bay HWP Finishing Unit Product Monitor Oct.1976

Douglas Point GS Heat Transport System Monitor Jan.1976 5 h/month

Bruce HWP "B" Finishing Unit Product July 1977 12 h/month
Monitor/Control

*Whiteshell Nuclear Research Establishment
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is used to sample a vapour stream from near the bottom of the

tower. For this application, the sample delivery system is

designed to extract the vapour from the "F-2" tower, condense

it, pressurize the liquid to 170 kPa, and deliver it to the

spectrometer. Sampling the vapour stream eliminates the need

for sample clean-up facilities. However, the condensate ex-

traction pump has been unreliable, accounting for the higher

maintenance requirements (see Table VI). Action has been taken

to improve the reliability of this system.

Shortly after commissioning, the analyzer was connected

to the process control system to automatically control the tower

draw-off rate. Process instabilities, such as variable feed

rate and concentration, produce variations in the D^O concen-

tration in the tower which the analyzer follows closely and

accurately. Six weeks of operation in the automatic mode indi-

cated deficiencies in the overall control philosophy and the

analyzer was returned to play a monitoring role only.

Figure C is a photograph of this product monitor

complete with the vapour sampling system. The two stainless

steel tanks at the top are the sample condensers which produce

the liquid sample which is pumped into the spectrometer for

analysis. The glass reservoir at the top is part of the system

used for calibration of the instrument.

The Khiteshell, Douglas Point and CRNL monitors arc now

considered to be reliable instrumentation. Calibration drifts

are minimal and calibration checks have been reduced from the

recommended weekly schedule to monthly (or even less frequently).

Site estimates of the manpower commitments to maintain the ana-

lyzers within specifications are acceptably low (see Table VI).

The history of the operating product monitors demon-

strates clearly the dramatic reduction in maintenance and opera-

ting requirements with site experienco (see Figure 7).

In addition to the product monitors listed in Table VI,

there are two ether units in existence. One is on the Lummus
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ui-r-n-idor at Pickorinc; GS and has been out of operation for

S'Vi.ra! years. The othu-r, which is scheduled for commissioning

-.;:•. : r.r iTu-jc: c;:; moderator upgrade;- later this year, has been

');jor;iting satisfactorily at CRNL for almost a year.

The liquid sample from the Lummus upgrader contains a

fine suspension of magnetite and varying amounts of oil in the

1-10 ppm range. These contaminants caused serious sampling

problems which ultimately led Pickering Operations to remove

the product monitor from service. CRNL has tested a Union

Carbide ultrafiltration device (a UCARSEP flushing filter) in

a test loop which simulates the Pickering conditions, showing

that a sample clean-up system can be designed. Efforts to in-

corporate these ideas at Pickering are currently in progress.

The Bruce GS upgraders are distillation units designed

by Sulzer Brothers. Although these units produce product samples

which are potentially cleaner than the Lummus design, it has been

decided to use a vapour sampling system similar to that at Bruce

HWP "B" to monitor the final product, thus minimizing sample

clean-up problems. A schematic diagram of the moderator up-

grader at Bruce GS is shown in Figure 8, indicating the location

of the product monitor in the process. Because of the extreme

temperature fluctuations (8-45°C) in the upgrader towers, the

analyzers will be installed in environmental enclosures which

control conditions to meet the specifications of Section 2.2.

3.3 Tails Monitors

There are currently no tails monitors in field applica-

tions. One instrument is operating in the development labora-

tory at CRNL, where it has been subjected to a comprehensive set

of environmental and performance tests to determine its speci-

fications. This instrument, along with the product monitor

mentioned in Section 3.2, is scheduled to be installed later

this year at Bruce GS on the moderator upgrader. The location

of the tails monitor in the process system is also shown in
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i-'iuuro r.. The present design calls for the tails monitor to

ultimately be used for closed loop control of the upgrader.

The sample for the tails monitor is being taken from

the condenser at the top of the first distillation tower.

This liquid sample, being a condensed vapour, will be clean

enough to feed directly to the spectrometer.

The product and tails monitors for the moderator

upgrader at Bruce GS are regarded as the prototypes for the

application of on-line infrared analyzers to power reactor

upgraders.

4. ECONOMICS OF ON-LINE INFRARED ANALYZERS

An economic analysis of the potential savings which

are possible by using on-line monitoring equipment has limita-

tions for two reasons. Firstly, it is difficult to assign a

monetary value to intangible benefits, such as operational

convenience. These benefits must therefore be excluded.

Secondly, the analysis depends greatly on the assumptions that

are made; these can be subjective. However, provided the

assumptions are clearly stated, cost/benefit analyses can be

generated. Two approaches have been taken in this report,

a) calculation of the value of undetected heavy-water

leaks, and

b) calculation of the manpower required to provide

adequate D20 monitoring through chemical analysis,

4.1 Potential Heavy-Water Savings

For an analysis of the bleed cooler leaks in Bruce GS

Units 1 and 2 (see Section 3.1) the following assumptions are

made.

i) The infrared analyzer samples the bleed cooler streams

every hour.
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ii) Without the analyzer the bleed cooler would be

manually sampled once per week. (This is the normal

schedule at Pickering and is used at Bruce GS if the

analyzer is out of service.)

iii) There is no indication of the leak by any other means.

..v) The heavy-water leak occurs midway between sampling

times.

v) The current price for heavy water is $250/kg.

For the bleed cooler heat exchanger leak on Unit 2

the heavy-water loss rate was 10 kg/h. Using the assumptions

above,the cost of the heavy water saved was in excess of

$200,000. For the leak ±n Unit 1, the heavy-water loss rate

was 14 kg/h and the cost saving was in excess of $280,000.

Whan the two boiler-water leaks are added to these values, the

estimated savings at Bruce GS in a four-month period exceeds

$500,000.

Although one can debate some of the assumptions, it

is generally accepted by the station staff at Bruce GS that the

cost of the leak detectors has already been covered by the

heavy water saved.

4.2 Comparison of Operating Costs

For the case of leak detectors which sample six

process streams every hour, an alternative comparison can be

made on the basis of providing equivalent protection by manual

sampling. Even though the instruments provide hourly samples,

several hours pass before the station reacts to leak alarms.

Thus,the comparison is based on manual sampling once per shift.

For an economic comparison of the annual operating costs for

the four-reactor station with two on-line instruments per

reactor, the following assumptions are made.

i) Capital cost of eight on-line analyzers and sampling

systems at Bruce GS is $400,000.
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is four hours per day.

iii) For manual sampling, a technician takes 30 minutes

to extract and analyze each sample.

iv) Maintenance of the laboratory equipment requires

one hour per day.

v) Manpower costs, including overhead, are $30,000 per

man-year.

vi) The capital cost of the laboratory equipment is not

included since it would be retained as a back-up

for the on-line analyzers.

On this basis, the annual operating costs of the complete on-

line analysis system is $70,000. This figure includes 10% of

the capital cost of the system plus the cost of the instrument

maintenance contract. The comparative cost for the manual

sampling is $160,000. Thus, for the leak detectors at Bruce GS,

there is a saving of approximately $100,000 per year in

operating expenses.

For the case of product monitors, the NRU evaporator

drain tank analyzer is used as the example. This instrument

has eliminated the need for the laboratory analysis of three

to four grab samples per shift. At an estimated total cost of

$20 for the analysis of a grab sample, this corresponds to a

saving in excess of $70,000 per year. In addition to the

financial saving, it has been shown that the use of the on-line

analyzer has increased the evaporator process rate by 50%.
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o . A R E A S F O R I M P R O V E M E N T

j.l Lower Alarm Threshold for Leak Detectors

The base line stability of the present leak detector

instruments limits the set point of the leak alarm to a

minimum D:.O concentration of 160 ppm. Since this could

correspond to an excers deuterium concentration larger than

15 ppm, a significant heavy-water leak could be present

without the station being alerted. To circumvent this situa-

tion, a differential alarm is being developed to monitor the

difference between the reference stream and the various

sample streams, rather than monitoring an absolute concentra-

tion. It is anticipated that this will reduce the practical

alarm threshold to an excess D20 concentration of about 5 ppm.

5.2 Increased Range for Product Monitors

The present operation of Glace Bay and Port Hawkesbury

Heavy-Water Plants produces an isotopic concentration of the

final product from the finishing unit of 94% D/(D+H). This

is outside thn range of the existing product monitors. To

monitor 94% D/(D+H), it is necessary to redesign the spectro-

meter to operate at lower infrared wavelengths. A laboratory

version of such an instrument is currently being assembled.

5.3 Increased Range for Teak Detectors

During the boiler-tube leak at Bruce GS, the need for

a "--ak detector operating up to 1000 ppm was established. In

addition to alerting the station to the leak, the monitors

determined the point at which heavy-water upkeep exceeded re-

placement power costs, thus signalling the time to shut down

for repair.

The extended range feature was implemented at Bruce

in a temporary manner. Further design work to incorporate high

D2O alarms and recorder output on the expanded range is required,
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l.aliora'ory tostrf and ficl<- experience have identified

' ;::ssi.- -ii.siqii iL'-'itures which arc mo-r-,1 sensitive to the environ-

ri'.-iit-ai extremes. A development program which overcomes some

of the fundamental limitations oi. the existing Series 400

designs has been initiated to produce an instrument which «rill

be more tolerant of the plant environment, less dependent on

station services, and yet remain simple to maintain. The new

design aims to improve the accuracy and precision specifications

and, more importantly, to improve the reliability over the

existing design. To do this the new design will reduce the

effects of ambient humidity, ambient temperature, ageing of

the source, and will eliminate, or relax, the specifications on

- process instrument air,

- cooling water, and

- environmental enclosures.

The key features of the new design are:

i) smaller size to reduce the optical air path by a

factor of 20, tlms minimizing the ambient humidity

effect;

ii) direct drive motor to eliminate the belt drive and

rotor bearings which have been unreliable in the

Series 400 instruments;

iii) quick change sample cell to simplify routine cell

cleaning;

iv) redesigned preamplifier with wider bandwidth to

improve instrument accuracy; and

v) thermoelectric heaters and coolers to eliminate the

need for cooling water.

A contract for the further development of this concept at BRL

has been issued and work is proceeding at CRNL.



6. CONCLUSIONS

With over ten instrument-years of operating experience,

infrared spectrometry has now been established as a viable

approach to on-line monitoring of the D2O concentration in

process streams at CANDU power reactors and heavy-water

plants. The recent field experience with the Barringer

Series 400 instruments has demonstrated that the technical

difficulties encountered with the earlier installations at

Pickering GS can be overcome and that, with appropriate main-

tenance, these monitors can be operated reliably on the long

term. A suitable maintenance and operating strategy incorpora-

ting a contract with the instrument manufacturer has been

developed to meet the requirements of the stations.

The application of these systems to heavy-water leak

detection at Bruce GS highlights the economic benefits of the

infrared analyzers. It has been estimated that as much as

$500,000 worth of heavy-water would have been lost in a four-

month period had Ontario Hydro depended on manual sampling and

chemical analysis.

Because of the recent performance record, the analyzers

are now well accepted by station and plant operating personnel,

and by the AECB as adequate monitors to permit full power opera-

tion while small heavy-water leaks are present.

Although there are areas where further improvements

are possible, the successful application of these instruments

to on-line process monitoring represents a significant milestone

in an instrument development program which spans twenty years.



- 37 -

7 ACKNOWLEDGEMENTS

The author would like to thank the members of the

Infrared Monitor Working Party who collectively contributed a

great deal to the present level of success achieved in this

program. The assistance of site personnel, Paul Pollak at

Bruce GS and Barry Moore at Bruce HWP in particular, is also

appreciated.

For the preparation of this report, the contributions

of V.H. Allen, W.J. Holtslander, A.J. Stirling and R.H. Wiens

are gratefully acknowledged.



- 33 -

8. REFERENCES

[1] J.G. Bayly, R.J. Booth and W.H. Stevens, "An Improved
luxated Method oh Mo nitoning Heavy (Vate.n" , ISA Trans. 4_,
315-319 (1962) .

[2] J.G. Bayly, V.B. Kartha and W.H. Stevens, "T/ie Kb ion.pt I on
Spectra 0(5 Liquid H20, HW

 anc^ ®?0 &*om 0.1 vm to 10 vm:l,
Infrared Physics 3_» 211-223 (1963) .

[3] V.H. Allen and J.G. Bayly, "On-Linz Hzavy-Watzn Mo ni
Ba&e.d on the. Ab&oKption o j$ ln{,n.atie.d Enz>igy", IEEE Trans.
Nucl. Sci. NS 23(1) 317-320 (1976).

[4] R.H. Wiens and G.F. Lynch, "Improved ln&t>ru.me.ntat'Lon ion.
the On-Line. Vo.te.nmina.tion o& the, liotopic Vanity o{ Watzn
in the. Huc.le.an Indu&tny". Presented at the CNA Annual
Conference, Montreal, June 1977.

[5] I. Kirshenbaum, "Phijiica.1 Pn.opzn.tizi and Analyiii o i
Heavy Wate.n.". McGraw-Hill, New York (1951).

[6] M. Ceccaldi and M. Riedinger, "Efa&e.t do. Te.mpe.natu.ne. iun
lei Sandzi de. Va£e.ncz dz HVQ dani, L'Eau a L'Etat Liquide.
ei a L'Etat Solide, Conizqu.znc.zi Poun L' Anatyiz dz L'Eau
Loundz pan Abionption Infina-Rougz", Rapport CEA-R No.2463,
Aout 1964.



The International Standard Serial Number

ISSN 0067-0367

has been assigned to this series of reports.

To identify individual documents in the series
we have assigned an AECL number.

Please refer )o the AECL- number when
requesting additional copies of this document

from

Scientific Document Distribution Office
Atomic Energy of Canada Limited

Chalk River, Ontario, Canada

KOJ U0

Price - S4.00 per copy

1115-78


