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RESUME

De tres petites quantites d'eau lourde tritiee peuvent s'echapper des circuits moderateur et caloporteur
des reacteurs CANDU1 pendant l'entretien et l'exploitation normale. GrSce a une gestion complete du
tritium, on peut limiter les consequences de ces fuites d'eau lourde sur le personnel d'exploitation et
l'environnement. Une technique de gestion utile est l'identification de la source, ensemble de methodes
pour localiser les tres petites fuites d'eau lourde. Cette technique permet a un operateur d'optimiser les
performances de la centrale, en s'adaptant aux changements dans les conditions de la centrale. Diverses
methodes d'identification sont possibles, et notamment la surveillance des dangers locaux, la
cartographie du tritium et la correlation des dangers mesures avec les emissions et les dangers dans
d'autres secteurs. La convenance de chaque methode depend des objectifs de gestion. Dans le present
rapport, on examine chacune de ces methodes et on en etudie les applications.
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ABSTRACT

Very small amounts of tritiated heavy water may escape from the moderator and heat-transport
systems of CANDU1 reactors during maintenance and normal operation. Through
comprehensive tritium management, the impact of this leaked heavy water on operating
personnel and the environment can be controlled. One useful management technique is source
identification, a set of methods for locating very small heavy-water leaks. This technique permits
an operator to optimize plant performance, adapting to changes in plant conditions. Various
identification methods are available, including local-hazard monitoring, tritium mapping and the
correlation of measured hazards with emissions and hazards in other areas. The suitability of
each method depends on the management objectives. In this report, each of these methods is
reviewed and applications discussed.
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1. INTRODUCTION

The current generation of CANDU reactors is both heavy-water moderated and cooled. During
operation, very small amounts of tritium are produced in this heavy water, primarily through an
(n, 7 ) reaction with deuterium. Due to differences in tritium content and chemistry requirements
of the moderator and coolant, the CANDU design separates the heavy water used into two
systems, the moderator system (MS) and heat-transport system (HTS).

Heavy water is an expensive fluid, so the conservation of heavy water is a high priority during
the design and operation of CANDU plants. Much attention is given throughout design,
construction and commissioning to minimizing the loss of heavy water. The MS and HTS are
high-integrity systems designed to minimize heavy-water leaks. Rigorous quality-assurance tests
during construction and commissioning ensure that the migration of heavy water out of these
systems is minimized. As components age, however, very small amounts of heavy water may
escape during normal operation. In addition, under exceptional circumstances larger leaks have
occurred due to various causes. CANDU plants are designed to confine this leaked heavy water
inside station structures and recover it whenever practical. The primary systems involved in this
recovery are the vapour-recovery dryers, heavy-water-collection systems, active-drainage systems
and upgraders. Ultimately, however, the most efficient approach is to prevent heavy water from
leaking out of the MS and HTS. Preventative and corrective maintenance are therefore integral
parts of heavy-water and tritium management in a CANDU reactor.

Heavy-water leakage is often classified as chronic or acute. Generally, chronic leakage refers to
sources that are considered uneconomic to locate or correct, while acute leakage refers to all
others. In practice, the classification of a leak as chronic or acute is highly station specific; a leak
considered chronic by one station may be considered acute by another. As emissions and heavy-
water losses from CANDU reactors are very low, stations usually classify some acute leakage as
chronic. For example, in a survey conducted at the Bruce A station, it was found that chronic
leakage was dominated by correctable acute leaks from a relatively small number of
components.tlJ The so-called chronic leakage rate for a station is therefore partly under the
control of the station operator.

Before a leak can be corrected it must both be detected and located. Leak detection is the act of
establishing that a leak exceeding the station-defined chronic level has occurred. Leak location is
the act of finding the leaking component. In early CANDU reactors, such as Douglas Point,
leakage rates were often high enough to permit visual detection. The CANDU design has
evolved greatly, however, since Douglas Point was designed. In modern CANDU reactors, leaks
during normal operation are rarely large enough to be detected by visual inspection. Fortunately,
much more sensitive techniques are available. In this paper, techniques for detecting and
locating heavy-water leaks into building air are reviewed, with the emphasis on methods for
detecting small leaks with the reactor at full power.



2. TRITIUM ACCUMULATION

2.1 Background

Within a CANDU reactor, the dominate source of tritium is heavy water. Heavy-water leaks can
therefore be diagnosed using moisture (water) measurements, tritium measurements, or some
combination. Before tritium measurement and moisture measurement techniques can be
compared, however, it is first necessary to review the relationship between them.

2.2 Tritium Production Mechanism in CANDU Reactors

Tritium is produced in the heavy-water-filled systems of a CANDU reactor mainly by neutron-
activation reactions (Table 1). Tritium is also produced by ternary fission of 235U, 233U and 239Pu
in the fuel bundles; but this accounts for less than 1% of the total tritium-production rate in
CANDU reactors, and only an insignificant amount of this can migrate into the coolant. In
theory, tritium is also produced by the reconversion of 3He from tritium decay, but experiments
at the Bruce A power station in Canada have shown that 3He does not remain in the moderator
heavy water long enough for this reconversion to be significant

Table 1: Tritium-Production Reactions in Heavy Water

Relative Contribution of Reaction to Tritium Production in Heavy Water
Dominant

2H(n,r)3H
Minimal

6Li(n,a)3H
7Li(n,na)3H

Negligible
10B(n,2a)3H

10B(n,a)7Li(n,na)3H

2.3 Estimated Tritium Accumulation Rates in CANDU Reactors

In a CANDU reactor, most of the moderator volume is contained within the calandria, and about
90% of this is exposed to a large thermal-neutron flux. In contrast, only about 5% of the total
HTS volume is subject to high flux, and the total volume is somewhat smaller. As a result, the
moderator is responsible for approximately 97% of the total tritium produced in a CANDU
reactor.

The production rate of tritium depends on the length of time a reactor operates each year: higher
capacity factors leading to higher tritium concentrations in otherwise identical reactors. The
tritium activity in the HTS and MS can be calculated as a function of station operating time
assuming that there is no mixing between these systems and that there is no tritium-displacement
program. For this case, the tritium specific activity is given by

AT=A0-e
-(A+L/M)-t LNr L/M>t \

) [1]



where AT = tritium activity at time "t" (Bq/kg)
Ao = initial tritium activity (Bq/kg)
% = tritium decay constant (s"1)
L = D2O replacement rate = D2O Loss rate (kg/s)
M = total D2O circulating mass (kg)
N r = tritium concentration in replacement D2O (atoms of 3H/kg)
R = reaction rate, CND<|>C>C (atoms of 3H/kg-s)
C = mass fraction of D2O in core
ND = deuterium concentration in system (atoms of 2H/kg)
<|) = thermal neutron flux (n/cm -s)
c = deuterium thermal-neutron capture cross section (cm2)
c = station capacity factor
t = station operating time (s)

Several of the above parameters depend on the design and operating strategy of the plant being
considered. For a CANDU 6 reactor operating at an assumed average capacity factor of 84%,
Table 2 summarizes typical values, which lead to two simplified equations:

AT = 72.1x[l-e" ( 3 5 2 5 E '9 ) t] inGBq/kgHTS [2a]

AT = 3 300x[ l -e- ( 1 " E - 9 ) t ] in GBq/kg moderator [2b]

Figure 1 illustrates the effect of tritium accumulation on leak detection, as calculated from
Equation [2] and Table 2. Because tritium accumulates in the HTS and MS in a nearly
exponential fashion, the sensitivity of tritium-based detection and location methods similarly
increase. As a result, the sensitivity of tritium-based methods for HTS leaks increases by nine
fold between the first and fortieth years of operation; for MS leaks, the increase is 15-fold. If a
tritium-based method is used, an operator can find a much smaller heavy-water leak at end-of-life
(EOL) than is possible within the first few years of commissioning for the same labour
investment.



Table 2: Parameters Used to Calculate Tritium Growth
Parameter

Ao

X
L «o
M
Nr

R (0

c
ND

c

HTS

0
1.78xlO~V

l ^ x l O ^ k g / s

9.57xl04kg

0
1.43 xlO11 atoms of 3H/kg-s

0.063

6.0 x 1O25 atoms of 2H/kg

0.84

MS
0

1.78xlO"V
5.57xlO"5kg/s

2.62 x 105 kg

4.1 xlO19 atoms 3H/kg(b)

3.64 x 1012 atoms of 3H/kg-s

0.911

6.0 xlO25 atoms of 2H/kg

0.84

(a) Assuming that: all station D2O recovered is returned to its respective systems, MS unrecoverable losses are
made up by taking D2O from the HTS, HTS unrecoverable losses are made up with virgin D2O, a total station
unrecoverable loss of 0.6 kg/h, and a MS unrecoverable loss of 0.2 kg/h.

(b) Unrecoverable HTS losses were assumed to be made up with virgin D2O, whereas those from the MS were

assumed to be made up with HTS water. For the MS under these conditions, Nr ~ A£ IX, where A^ is the

tritium activity in the HTS at saturation.

(c) Based on a mean thermal neutron flux of 1.235 x 1014 n/cm2-s in the coolant and 1.89 x 1014 n/cm2-s in the
moderator at 100% full power.
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Figure 1: Relative Leak-Detection Levels for Tritium and Heavy Water



3. INSTRUMENTATION

3.1 Moisture Detection

Within a CANDU reactor, the dominate source of tritium is heavy water. Leaks can therefore be
diagnosed using moisture (water) measurements, tritium measurements or some combination. In
early CANDU reactors, the primary technologies were based on moisture/21 Leak detection was
accomplished by monitoring the liquid levels in storage and feed tanks or performing periodic
inventories on heavy water. Leak location was based on visual inspection or humidity
measurements. Visual inspection was simplified using moisture-indicating tapes, paints and drop
sheets. In addition, specialized hygrometers were developed to simplify "sniffing" for moisture
leaks. In one study, components were individually isolated and leak rates measured using an
infra-red analyzer.111

The sensitivity of moisture-based leak detection and location methods is dependent on the
configuration of a station and the location of the leak. Leaks greater than 200 g/h can generally
be detected quite quickly by moisture detectors ("beetles") in drain lines or changes in storage-
tank levels. Heavy-water monitors on contaminated-exhaust stacks and various H2O-containing
systems can also detect such leaks, but their higher sensitivity is not usually necessary for such
large leaks. Large leaks are easy to locate by visual inspection, which can reliably locate leaks of
less than 10 g/h.[2]

For detecting and locating small leaks, several moisture-based methods are available. Each
CANDU reactor is equipped with heavy-water-loss monitors on key exhaust stacks. Various
technologies are used, with leak-detection limits down to 0.5 g/h and leak-location limits down
to 0.01 g/h. Humidity monitors (hygrometers) can be used to detect leaks down to approximately
15 g/h, but the sensitivity is dependent on the quantity of light water present. For leak location,
hygrometers are useful to below 1 g/h without a shroud, but can locate 0.001 g/h leaks if the
equipment being surveyed can be shrouded.

3.2 Tritium Detection

As leak rates have declined and tritium-measurement instruments have improved, tritium
measurement has gained importance as a leak detection and location technique. Various
instruments are available, but generally three types are used: bubbler-types, passive samplers and
ionization chambers/31

Bubbler-type analyzers capture tritium by pumping a sample of the gas stream through a tritium-
adsorbing material. After some period of collection, the adsorbent is removed and the tritium
collected measured. Bubblers are the classic analyzer in this type, but filters filled with solid
adsorbents such as silica gel are commonly used. The sensitivity of these methods depends on
the sampling time, sample flow rate, tritium concentration, analytical protocol for measuring
tritium captured by the adsorbent, and background tritium level. Ultimately, this method is
capable of detecting extremely small leaks, measuring down to 2 kBq collected. Using
3 000 GBq/kg and 70 GBq/kg as the nominal, end-of-life (EOL) tritium concentrations in the
moderator system and HTS, respectively, this translates to an EOL leak-detection limit of 7 g/h



for the HTS and 0.2 g/h for the MS.2 For leak-location the limit is lower, but because there is
usually a delay of several hours between beginning sampling and obtaining results, this method is
often combined with other instruments.

Passive samplers (see Figure 2) are similar in concept to bubbler-type samplers, but are much
simpler to use and tend to have lower detection limits. They consist of a liquid-scintillation vial
closed with a modified cap. The vial contains an absorbent liquid that forms an infinite sink for
tritiated water, while a filter in the cap limits the rate at which tritiated water can diffuse into the
sampler. This combination sets the range and sampling time of the passive sampler. As with
bubbler-type methods, the sensitivity of passive samplers depends on the sampling time,
sampling rate, analytical protocol used and background tritium level. Unlike bubblers, however,
the entire collected volume is normally analyzed, rather than a small aliquot. In theory, the
sensitivity of bubblers and passive samplers are similar. As used for leak analysis, however,
passive samplers can be over one-hundred times more sensitive than bubblers. Using the same
conditions as described for bubblers, above, the EOL leak-detection limit would be 0.02 g/h for
the HTS and 0.0005 g/h for the MS. As with bubblers, this method is often combined with other
instruments for leak location.

Plastic
Cap\.

Glass
Scintillation *"v_

Vial ^

Water or
Ethylene Glycol *"

— -

rtju
Filter

Figure 2: Simplified Schematic of a Passive Sampler

Ionization chambers (ICs) are widely used in CANDU reactors to measure airborne tritium.
Currently, the most common instruments are a hand-held unit with a lower detection limit of
approximately 400 kBq/m3 in air, and fixed or cart-mounted unit with a lower detection limit of
approximately 40 kBq/m3 in air. For the same leak-detection conditions used for bubbler-type
instruments, the fixed-ICs provide a lower detection limit of 10 g/h for the HTS and 0.2 g/h for
the MS at EOL. In practice, however, most instruments only achieve the 40 kBq/m3 detection
limit in areas not contaminated with noble gases.3 While less sensitive than bubblers or passive
samplers, ICs provide an almost instantaneous measurement of tritium concentration. As such,
they are well suited to leak location, and complement the other tritium-based methods. Reports

Calculated by assuming a 100 mL/min. sample taken from a 17 000 m3/h stack flow, flowing through a 100 mL
bubbler for twelve hours, with a 1 mL sample from the bubbler taken for analysis using a liquid-scintillation
counter having a 50% counting efficiency.

Instruments are available that can correct for moderate levels of noble gas.



suggest leaks as low as O.OOO1 g/h of moderator can be located with a shroud-equipped
instrument. J

4. ANALYSIS OF DATA

4.1 Local-Hazard Monitoring

The most direct method of detecting and locating a heavy-water leak is local-hazard monitoring.
Leaks are detected by tracking the moisture or tritium content of the air in regions of the station,
treating increases over time as an indication of a leak. Once a leak has been detected, a cold trap
can be used to sample the airborne moisture in the suspect area. By analyzing this sample for
heavy water and tritium, the contributions of moderator and HTS water to the airborne tritium
hazard can be calculated. This helps to identify the leaking system. The leak is then located by
visual inspection or "sniffing" the suspect area with moisture or tritium monitors. The technique
is simple, effective and requires little training. As the leak size decreases, however, the effort
required to locate it increases. Figure 3 shows an example of local-hazard monitoring in a
CANDU reactor.
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Figure 3: Example of Local-Hazard Monitoring in a CANDU Reactor

4.2 Tritium Mapping

Tritium mapping can be used to both detect and localize small leaks, but it is not usually used as
a complete leak-location method. In this method, tritium analyzers (usually passive samplers)
are distributed around an area and the concentration profile of tritium in the area established. In
essence, this consists of drawing lines of constant tritium concentration on a diagram of the area.
Once constructed, the tritium map permits the suspect area to be reduced in size, and can
ultimately be used to locate leaks. Alternatively, local-hazard monitoring ("sniffing") can be



8

used to precisely locate a leak, with tritium mapping being used to refine the area. The Point
Lepreau Generating Station in New Brunswick, Canada pioneered this technique and has
successfully used it to locate extremely small moderator leaks. Leaks can often be detected
within one day of their start, particularly in moderator systems. Since developing this method,
Point Lepreau successfully detected, located and repaired small leaks that had previously been
treated as chronic; that is, the general tritium hazard was known, but the source was considered
unidentifiable. Figure 4 shows an example of tritium mapping in a CANDU reactor.

0 2 4 6 8
Sample Order along Side Wall

(moderator deuteration/dedeuteration area, low near corner, spacing 30 cm)

10

Figure 4: Example of Tritium Mapping in a CANDU Reactor

4.3 Hazard Correlation

Hazard correlation is the general application of statistical methods to analyze measurements of
airborne moisture or tritium. To apply it, hazard measurements must be available from several
adjacent areas over a period of time.4 Classical methods of statistical analysis are then used to
find relationships between hazards in adjacent areas. The simplest technique is the scatter plot,
where hazards in one area are plotted against those in an adjacent area. Other techniques include
calculating correlation coefficients for measured hazards, tritium emissions or heavy-water
losses. As with most statistical methods, its successful application depends on establishing a
reasonable baseline of normal performance; it needs to be used routinely, rather than just during
upset conditions. As with tritium mapping, it is best applied to detecting and localizing leaks,
rather than establishing their exact location. Hazard correlation can be particularly useful for
establishing if a heavy-water leak in an area not accessible on power is the root cause of elevated
hazards in other areas.

4 Airborne-tritium measurements routinely collected by the Health Physics group at most stations are a useful
source of data.



5. DISCUSSION AND CONCLUSION

Leak detection and location technologies have evolved greatly since the early CANDU reactors
were commissioned. The moisture-based methods originally developed for reactors such as
Douglas Point are still used but, owing to design improvements in newer reactors, are less
commonly required. Operators of existing reactors are turning instead to tritium-based methods,
which offer similar or better sensitivity with less effort. The technique of tritium mapping has
proven itself as a cost-effective, highly sensitive method of detecting and localizing leaks. As the
tritium accumulates in the HTS and MS, these tritium-based methods become ever more
sensitive, allowing smaller leaks to be detected and located for the same investment in labour.
This means that tritium emissions and occupational doses due to tritium need not rise in
proportion to tritium concentrations in the HTS and MS. Ultimately, however, the leakage rate
deemed acceptable by a given station is an ALARA5 judgment; the leakage patterns at different
stations will reflect local requirements and perceptions.
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