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1. 0 INTRODUCTION

1.1 Objective

The task objectives are to:

a) determine major pathways for tritium loss during normal
operation of the cooling systems and water detritiation system,

b) estimate operational losses and environmental tritium releases
from the heat transport and water detritiation systems of ITER,
and

c) prepare a preliminary Failure Modes and Effects Analysis (FMEA)
for the ITER Water Detritiation System.

The analysis will be used to estimate chronic environmental tritium
releases (airborne and waterborne) for the ITER Cooling Systems and
Water Detritiation System. The assessment will form the basis for
demonstrating the acceptability of ITER for siting in the Early
Safety and Environmental Characterization Study (ESECS), to be
issued in early 1995.

1.2 Scope of Work

The above objectives will be achieved by:

a) evaluating CANDU nuclear power plant experience with respect
to performance of Moderator and Heat Transport Systems, Heavy
Water Upgraders and Cleanup Systems, and Tritiated Water
Handling Systems, such as the Vapour Phase Catalytic Exchange
(VPCE) Unit of the Darlington Tritium Removal Facility (DTRF).

b) assessing the applicability of CANDU experience to ITER.

1.3 CANDU PWR Moderator and FHT Parameters

In a typical single unit CANDU nuclear generating station, heavy
water (D20) is used both as coolant (Primary Heat Transport (PHT)
and auxiliary systems) and moderator (Moderator and auxiliary
systems). The major components and operating parameters of the PHT
systems are shown in Tables 1-1, and 1-2. There are a total of
eight moderator and auxiliary systems and six heat transport and
auxiliary systems.

The operating pressure and temperature of the CANDU Moderator/
auxiliary systems are 0.7 MPa and 70°C, respectively. There is
significant tritium buildup in the CANDU moderator and auxiliary
systems. The rates of tritium concentration buildup is a function



of station maturity. In a typical station, with the reactor
operation of 10 years, the tritium concentrations in the CANDU
moderator and heat transport systems are about 24.5 Ci/kg and 0.85
Ci/kg, respectively. The tritium concentration and tritium and
heavy water inventories of CANDU PWR are shown in Table 1-3.

The CANDU data for D20 losses, recovery and escape presented here
is based on the operating experience over a ten year period (1983
to 1992).

2.0 TYPICAL CANDU PWR SYSTEM DESCRIPTION

2.1 General

The CANDU reactor is a large, horizontally-oriented cylindrical
tank, called the calandria, which contains the cool, low pressure
heavy water moderator. This tank is penetrated by a number of
horizontal tubes, called fuel channels, which contain the natural
uranium fuel and the pressurized, high temperature heavy water
coolant. This coolant is pumped through the fuel channels,
removing heat from the fuel, and then through steam generators
where this heat is given up to produce steam which is fed to the
turbine. The boilers and coolant pumps are located at each end of
the reactor so that flow is in one direction through one half of
the fuel channels and in the opposite direction through the other
half. A pressurizer maintains the coolant circuit pressure at a
relatively high value of about 10 MPa. High circuit pressure
permits high coolant temperatures which in turn permits the
generation of steam at a high enough pressure to achieve reasonable
turbine cycle efficiencies.

The basic geometric configuration of the major components and
systems is shown in Figure 2-1.

2.2 Fuel Handling System

The fuelling is performed with the reactor at power. Fuel bundles
are inserted into the reactor channel by a remotely operated
fuelling machine. Simultaneously, spent fuel bundles are
discharged at the other end of the channel to another fuelling
machine.

Either machine can load or receive fuel. The direction of loading
depends on the direction of flow of D20 in the channel being
fuelled.
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2.3 Heat Transport and Auxiliary Systems

The major components of the CANDU PWR Primary Heat Transport (PHT)
systems are:

• reactor fuel channel assemblies,
• four steam generators,
• one pressurizer,
• four reactor inlet and outlet headers, plus inlet and outlet

feeders (small diameter pipes).

The heat transport system circulates pressurized D20 coolant through
the fuel channels to remove heat produced by the fuel. The coolant
transports the heat to steam generators which produce steam to
drive the turbine. The pressure in the reactor outlet headers is
controlled by a pressurizer connected to the outlet headers at one
end of the reactor.

The auxiliary systems consist of Pressure and Inventory Control,
Purification, Shutdown Cooling and D20 collection. The Shutdown
Cooling system cools the heat transport system from 177°C down to
54°C, and holds the system at that temperature indefinitely. In
addition, it provides core cooling with heat transport system
drained to the headers for internal maintenance of the steam
generator and heat transport pumps. The system consists of a pump
and heat exchangers at each end of the reactor. It is filled with
D20 and is isolated from the heat transport system by duplicated
valves.

The D20 collection system receives leakage from mechanical
components and D20 sampling flow. It also receives D20 drained from
equipment prior to maintenance. The collected D20 is transferred
to the storage tank for re-use in the heat transport system. The
total heavy water inventory in the heat transport systems is about
190 m3 at a typical isotopic concentration of 98.57%.

2.4 Moderator and Auxiliary Systems

The moderator system consists of two 100% capacity pumps (connected
in parallel) which circulate heavy water through two heat
exchangers cooled by service water. The flowsheet for CANDU PWR
moderator and auxiliary system is shown in Figure 2-2.

The auxiliary systems consist of purification, cover gas, D20
collection and D20 sampling system. The cover gas system purges
helium in the calandria head tank. The D20 collection system
receives heavy water from various collection points. The collected
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D20 is transferred back to the moderator system. The D20 sampling
system takes samples from all of the systems associated with
moderator. The total heavy water inventory in the moderator system
is 236 m3 at an isotopic purity of 99.949%.

3.0 CANDU D2O LOSS AND TRITIUM RELEASE DATA

3.1 Background

The heavy water inventory typically constitutes about 2 0% of the
total capital cost of the station. As a result, the heavy water is
considered and accounted for as a major fixed asset. The D20
accounting system records the movements of all D20 on site.
Physical inventories are performed periodically in order to verify
the accuracy of the accounting system on a continuing basis.

The heavy water escape, recovery and losses are crucial aspects of
tritium control and heavy water management at CANDU stations. In
order to achieve tritium control, it is essential to minimize the
heavy water escape with speed. An efficient D20 recovery is also
important in the reduction of occupational dose and tritium
release. The design of D20 systems and equipment is intended to
minimize D20 losses and both preventive and breakdown maintenance
activities are carried out in a manner consistent with good
conservation of D20.

3.2 Tritium and D2O monitoring in CANDU

All the airborne as well as waterborne tritium releases to the
environment are routinely monitored. The airborne releases are
monitored at the stack, and the waterborne releases are monitored
at the active liquid discharge using effluent monitors. In
addition, D2O and tritium concentrations of the moderator and PHT
systems, recovered heavy water, etc. are also monitored.

The actual escape of heavy water from the cooling and moderator
systems is determined by mass balances. What is measured in the
station is the amount of heavy water recovered and the amount of
new heavy water added. Hence, the escape of D20 is simply the sum
of the recovered water and the new water added, which is
representative of the unrecoverable water (i.e., losses). The
annual average waterborne and airborne tritium releases for a
typical CANDU station are 3248 and 4412 Ci, respectively
(Table 3-4).
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3.3 CANDU Heavy Water Cycle

The heavy water recycling technique is an important issue for the
CANDU station. The use and movement of D20 in a typical CANDU
station is shown in Figure 3-1. The heat transport and moderator
systems are at the centre of cycle. These systems have been
designed to be as leak-tight as possible, but leakage is
unavoidable. Hence, provisions have been made for effective liquid
and vapour recovery. Despite these design measures, a small
fraction of the heavy water inventory needs to be replaced on an
annual bases due to unrecoverable losses.

Escape is the heavy water leaves the systems (cooling, moderator,
auxiliaries, etc.) through a leak, spill, permeation, etc. A
portion of the escaped heavy water is recovered and is processed
for reuse in the reactor. The balance which is labelled as loss,
is unrecoverable, but is not all lost to the environment. Only
some of the unrecoverable heavy water is discharged to the
environment via the active waste management system and the stack.

All recovered D20 that is downgraded is purified by the Ion-Exchange
Cleanup system and upgraded in isotope content prior to returning
it to the heat transport and moderator systems. In the interest of
minimizing tritium dose and emissions, all recovered water is
segregated according to "activity level" as follows:

Low activity < 2 Ci/kg
High activity > 2 Ci/kg

The majority of high Curie-level water recovered originates from
moderator system, as this system typically operates with a tritium
concentration significantly higher than that in the heat transport
system. Hence, the heat transport system is the main contributor
to low Curie-level recovered water. To minimize occupational dose
and environmental releases, the heat transport tritium concen-
tration is normally maintained at about 1 Ci/kg.

Make up to the CANDU station heavy water systems is normally from
the heavy water supply tanks, stainless steel drums, or directly
from the upgraders.

3.4 Heavy Water Escape from CANDU Reactor Systems

Heavy water escape from the Heat Transport and Moderator systems is
part of normal reactor operation. There are three components to
this: chronic escape due to component leakage, sampling etc. ,
escape due to routine maintenance operations, and acute escape due
to incidents, such as equipment failures or operational problems.
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Common sources of chronic and acute D20 escapes are shown in
Table 3.1. Most of the D20 escape from Heat Transport and Moderator
Systems is recovered using both liquid and vapour recovery systems.

Typical average annual D20 escapes (Losses plus Recovery) for the
moderator and PHT systems are 1,380 kg and 24,559 kg, respectively,
as shown in Table 3-2. The average annual D2O escape due to minor
incidents is about 61 kg. These data represent statistical
averages over a ten year period.

The acute escapes are not as easily quantified as chronic escape
since they are usually the result of equipment failure or human
error. The main sources of acute escapes are as follows:

Moderator Purification Maintenance,
Moderator Heat Exchanger Maintenance,
Spent Resin Handling,
Drum Handling,
Emergency Coolant Injection Testing.

3.5 Heavy Water Recovery

3.5.1 Heavy Water Liquid Recovery System

There are four liquid D20 recovery systems. The heat transport and
moderator systems each have recovery tanks for collecting water via
individual leak-off lines from pump seals, valve stem packing, and
inter-gasket leak-off points. The Miscellaneous D20 collection
system is used to recover water from various pieces of equipment.
Finally, the Building Liquid Recovery system is used for recovering
water from sumps and floor areas of all rooms in the reactor
building.

3.5.2 Heavy Water Vapour Recovery Systems

Vapour recovery systems are used in CANDU stations to recover heavy
water from air circulation systems and to reduce airborne tritium
concentration. This reduces occupational dose and environmental
emission of tritium.

The heavy water vapour recovery system comprises a number of dryers
that remove water vapour from areas in the reactor building where
D20 vapour escapes are likely to occur, i.e., Boiler Room/Fuelling
Machine Vault, Moderator Equipment Enclosure and Fuelling Machine
Auxiliary Rooms. These dried areas are kept at a slightly lower
pressure than the other non-dried areas of the reactor building
through the use of purge flow via an exhaust dryer. This
arrangement provides for high recovery of D20 vapour while
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maintaining the air flow from areas of low contamination to high
contamination. The typical CANDU station dryer arrangement is
shown in Figure 3-2.

All recovered water from both the liquid and vapour recovery
systems is downgraded in isotope purity, hence, it is segregated
according to curie content (i.e., low and high) and upgraded prior
to recycling it. Water with less than 0.3% D20 content is not
economical to upgrade and is pumped to the active liquid waste
system.

The average annual quantity of heavy water recovered from the PHT
and Moderator D2O Vapour Recovery Systems is 20,800 kg (PHT), and
1,200 kg (Moderator), for a total of 22,000 kg as shown in
Table 3-2. As there is a chronic air leakage from the boiler
room/fuelling machine vault area into the moderator enclosure, not
all the heavy water recovered from the moderator enclosure can be
attributed to escape from moderator equipment. It is estimated
that up to about one third of the heavy water recovered in the
moderator enclosure can be attributed to the ingress of air from
the boiler room/fuelling machine area (See Table 3-3).

A breakdown of the average annual heavy water recovery for the
enclosures serviced by the vapour recovery dryers is shown in
Table 3-3. The total recovery includes chronic leakage from
components, chronic leakage from fuelling operations, and leakage
due to routine maintenance activities. Figures 3-3, 3-4 and 3-5
indicate the heavy water recovery trends for the three dryer
enclosure areas (Table 3-3). CANDU operating experience indicates
that:

a) In the case of the PHT System, maintenance activities account
for about 40-45% of the total recovery; and chronic leakage
(component leakage plus fuelling operations) accounts for about
55-60%.

b) For the Moderator System, maintenance activities account for
about 70-75% and chronic component leakage accounts for 25-30%
of the total recovery.

Based on the above, the escape sources (component leakage, leakage
due to fuelling operations, and maintenance) are identified in
Table 3-3.

3.6 Heavy Water Losses

Some of the heavy water losses are in the form of vapour and some
in the form of liquid. These losses occur via pathways that are
routinely monitored for D2O (monitored losses), as well as pathways
that are not monitored for D2O (unmonitored losses) . It is noted
that, in this context, "losses" does not signify a release to the
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environment, but heavy water that cannot be recovered. Some heavy
water losses are to the environment while others, for example, are
in areas such as the spent fuel bay, or in the ion exchange resin,
which are not economical to recover. It should also be noted that
all tritium releases to the environment are monitored releases via
the stack and the liquid effluent monitoring system.

The pathways monitored for D20 losses include:

• Stack losses,
• Liquid waste losses,
• Ingress into the Spent fuel bay.

The pathways not monitored for D20 losses include: ventilation
system and D20 management activities in the service building such
as drumming operations, and upgrader vacuum exhaust.

3.6.1 Monitored Waterborne Losses

The liquid waste losses consist of low level liquid wastes (LLLW)
from various collection systems, from decontamination operations as
well as low upgrader isotopic (less than 0.3%) heavy water upgrader
tails. These are discharged via the active liquid waste management
system. The amount of D20 lost is determined by measuring the
tritium activity. The spent fuel bay contains some heavy water
which has been transferred from heat transport system with used
fuel bundles. This heavy water is not recovered since the isotopic
of the used fuel bay is too low to make recovery economically
attractive.

The average annual heavy water losses (monitored) through the
waterborne pathway are 1,557 kg (PHT) and 64.4 kg (Moderator).
(See Table 3-4.)

3.6.2 Monitored Airborne Losses

The stack losses of heavy water arise primarily from the vapour
recovery system purge flow, which is directed to the stack. There
is also a contribution from ventilation flow in areas that are not
served by driers. These losses are directly measured by mass and
isotopic analysis of the moisture collected from the stack gases.

The average annual heavy water losses (monitored) through the
airborne pathway are 270 kg (PHT) and 54 kg (Moderator) . (See
Table 3-4.)
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3.6.3 Unmonitored Waterborne and Airborne D20 Losses

As stated above the term "unmonitored losses" is used to indicate
pathways of heavy water losses that are not routinely monitored for
D20 content. This should not be interpreted to mean that there are
tritium releases that are not monitored. The unmonitored loss of
heavy water is the difference between the known D20 inventory loss
(from the total D20 make up) minus the total accounted for in the
monitored loss pathways.

Unmonitored Waterborne D?0 Losses

The key unmonitored pathway for waterborne losses of D20 is the
steam blowdown from the steam generators. This blowdown is
required to reduce the accumulation of solids in the secondary side
of the steam generator. Deuterium (and tritium) permeate through
the steam generator tubes and exchange with the hydrogen in the
feedwater/steam to form deuterated and tritiated heavy water in the
secondary side. The steam generator blowdown, which is a
continuous process, discharges both deuterated and tritiated water
into the liquid effluent system. While there are no monitors to
measure D20 content in this system, there are monitors to measure
tritium. Hence, the heavy water loss is not monitored, but the
tritium loss is. At a typical blowdown rate of 2 kg/s per steam
generator, and at a tritium concentration of 1 /zCi/kg typical) , the
estimated heavy water loss for the four steam generators is about
294 kg/a. The estimated tritium release from this pathway is about
250 Ci/a.

For the moderator cooling circuit heat exchangers, it is clear that
there should be negligible permeation since the operating
temperature is about 70°C, and no chronic D2O leakage occurs as the
heat exchanger secondary side (cooling water) pressure is higher
than the primary side pressure. Also, no tritium is detected in
the secondary side. The average annual heavy water losses from the
unmonitored waterborne pathway are 294 kg (PHT) and 0 kg
(Moderator) (See Table 3-4).

Unmonitored Airborne D?0 Losses

The D2O losses from unmonitored airborne pathways include:
ventilation system and D20 management activities in the service
building such as drumming operations, upgrader vacuum exhaust, etc.
The average annual heavy water losses from the unmonitored airborne
pathway are 1,638 kg (PHT) and 61.7 kg (Moderator), as shown in
Table 3-4.
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4.0 APPLICATION OF TYPICAL CANDU D2O ESCAPE DATA TO ITER
COOLING SYSTEM

As the ITER reactor will differ significantly from a CANDU, it is
necessary to convert the above data to a CANDU reactor cooled by
light water, and one that does not have on-power refuelling. This
will be referred to as CANDU-X. Then it will be possible to apply
the results of CANDU-X to ITER, taking into account different
operating temperatures and pressures, as well as other differences
in the cooling system design.

Water Leakage for CANDU-X

From Table 3-2, the heavy water escape rate for CANDU is typically
26 Mg/a, of which 22 Mg/a are recoverable. As most of the recovery
(21.2 Mg/a), is from the cooling system (Table 3-3), it is clear
that most of the escape must be from the cooling system. However,
the bulk of the cooling system escape is associated with the on-
power fuelling operation (Table 3-3). Therefore, for CANDU-X,
eliminating the fuelling related escape reduces the total escape by
about 13.3 Mg/a to 12.7 Mg/a. (See Table 4-1.)

The unrecovered heavy water (losses) for CANDU is typically 4 Mg/a.
However, as shown in Table 3-4, some of these losses are associated
with either the on-power refuelling operation, or the ion exchange
de-deuteration. Hence, for CANDU-X, the water losses will be
reduced to about 2.7 Mg/a and tritium releases to about 5 kCi/a.
(See Table 4-2.)

5.0 ITER WATER/AUXILIARY SYSTEMS

The water systems of the ITER reactor considered for liquid and
vapour/gas effluents are:

a) Primary Heat Transport System (HTS) for the Shield Blanket
(SB) System,

b) Primary Heat Transport System (HTS) System for the Divertor
(DV) System,

c) Closed Circuit Secondary Cooling (Cooling Water) Systems for
the SB/DV HTS,

d) Water Detritiation System.
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The auxiliary systems of the ITER reactor considered for effluents
are:

a) Pressure and Inventory Control, Overpressure Protection
Systems, etc.,

b) Water Purification System,

c) Vapour Recovery Dryers,

d) Non-dryer vent systems.

The environmental source terms for the heat transport and water
detritiation systems are based on the design concepts proposed by
the Joint Central Team (JCT)[1]>[2).

5.1 SB and DV Heat Transport System

Two separate primary Heat Transport Systems (HTS), one for the
shield/blanket (SB) and the other for the divertor (DV), have been
proposed for ITER. The basic flow sheet of the Primary Heat
Transfer System and the Cooling Water System is shown in
Figure 5-1. The configuration of the primary HTS including the
water purification system is shown in Figure 5-2. The HTS flow
sheet and configurations are applicable for the shield/blanket as
well as the divertor. The HTS layout for the SB and DV are shown
in Figures 5-3 and 5-4, respectively.

Two design options, a 4-loop and a 12-loop, have been proposed for
the SB and DV cooling systems. The main components of each loop
consist of a circulating pump, a pressurizer, a heat exchanger, a
drain tank and the associated piping, valves and fittings. The
shield/blanket Cooling System is the main cooling system (rated at
23 00 MW) . It transports the heat generated in the shield/blanket
to a heat exchanger in the SB HTS loop. The Divertor Cooling
System is a much smaller system (rated at 23 0 MW) . It transports
the heat generated in the divertors to a heat exchanger in the DV
HTS loop. In the SB and DV loop heat exchangers heat is removed by
a circulating cooling water loop. Heat rejection from the cooling
water loop is accomplished via a cooling tower.

The operating pressure of the SB and DV heat transport loops is
2.2 MPa and the total water holdups are about 818 and 52 Mg,
respectively. The tritium concentrations in water for the SB and
DV loops are 1.0 Ci/kg and 10 Ci/kg, respectively[l].

The Reference SB and DV heat transport loop design parameters are
shown in Table 5-1.



5.2 Water Detritiation System

The environmental source term estimates are based on the Water
Detritiation System design proposed by the JCTp]. The Water
Detritiation System, located in the Fuel Cycle Building,
detritiates the HTS system coolant and waste water streams of the
ITER reactor system. The Water Detritiation System consists of a
Water Distillation (WD) Unit and a Vapour Phase Catalytic Exchange
(VPCE) Unit. The coolant water at a tritium concentration of about
10 Ci/kg is sent to the WD unit at the rate of 102 kg/h,
detritiated to less than 0.5 Ci/kg and returned to the coolant
loop. Waste water at a tritium concentration of 0.1 Ci/kg is sent
the WD unit at the rate of 20 kg/h, detritiated to less than
0.5 mCi/kg and discharged to the environment.

The Water Distillation Unit consists of three vacuum distillation
columns, pumps, reboilers, condensers and associated lines, valves
and controls. The VPCE Unit has two stages, each stage consisting
of pumps, evaporator, superheater, condenser, and associated lines,
valves and controls. The bottom product water from the WD Unit at
a tritium concentration of about 300 Ci/kg is fed to the VPCE Unit
at the rate of about 4.72 kg/h, detritiated by a factor of about 3
and returned to the WD Unit. In the VPCE Unit, tritium is
transferred from the water phase into the hydrogen gas, circulating
at a rate of about 1.6 kg/h. The operating pressures and
temperatures of the WD Unit are 11 to 20 kPa and 320 to 330 K. The
operating pressures and temperatures of the VPCE Unit are 110 to
12 0 kPa and 32 0 to 473 K. The VPCE Unit, the sump and reboiler of
the last WD column, and the interconnecting lines are assumed to
have secondary containment.

5.3 Applicability of CANDU Heavy Water Escape Data To ITER

In a typical CANDU nuclear generating station, the heavy water (D20)
is used both as a coolant (Primary Heat Transport and auxiliary
systems) and as moderator (Moderator and auxiliary systems). The
major components and the operating parameters of CANDU PHT and
Moderator loops are compared with the ITER HTS loops in Table 1-1.
In general, the components of the PHT and moderator systems of
CANDU and ITER are expected to be similar. Some significant
differences are highlighted below:

a) There are a total of eight moderator and auxiliary systems and
six heat transport and auxiliary systems in a CANDU station.
In the case of ITER reactor, there are three auxiliary
systems.

b) The single reactor CANDU PHT has 4 steam generators, one
pressurizer, and two cooling loops, while the Moderator system
has a cooling loop with two coolers (and has no pressurizer).
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The ITER reactor has 4 (or 12) SB cooling loops, and 4 (or 12)
DV cooling loops, each loop with a pressurizer and a heat
exchanger. (The SB and DV loops do not have steam generators) .

c) The operating pressure and temperatures of the CANDU PHT loop
are 10 MPa and 310°C/265°C. The operating pressure and
temperatures of the CANDU Moderator/auxiliary systems are
0.7 MPa and 70°C/46°C. In comparison, the ITER SB and DV HTS
loop operating pressure and temperature are 2.2 MPa and
200°C/150°C. However, the components such as the pumps, heat
exchangers, etc. of the two reactor systems are assumed to be
similar.

d) There is significant tritium buildup in the CANDU moderator
and auxiliary systems. The rates of tritium concentration
buildup is a function of station life. In a typical station,
with the reactor operation of 10 years, the tritium
concentrations in the CANDU moderator and heat transport
systems are about 24.5 Ci/kg and 0.85 Ci/kg, respectively.
The ITER SB and DV loop tritium concentrations are 1.0 Ci/kg
and 10 Ci/kg, respectively. The comparison of tritium
concentration and tritium inventories between ITER coolant and
CANDU heavy water is shown in Table 1-3.

The components and the operating conditions of the ITER Water
Detritiation Systemra are also similar to those of the CANDU
heavy water upgraders and the Darlington Tritium Removal
Facility.

The Air Detritiation System (ADS) proposed for ITER consists
of blowers, filters, recombiners and vapour recovery dryers[3].
The design, size and operating characteristics these
components are expected to fall well within CANDU experience.

Therefore, water escape and tritium release estimates based
on CANDU operating experience can be directly applied in
estimating the water escape from the water systems of the ITER
reactor. The CANDU water escape data, appropriately scaled
to ITER coolant loop conditions and ITER water system tritium
concentrations, are used in deriving the environmental source
terms for the ITER water systems.

6.0 WATER ESCAPE AND TRITIUM RELEASE ESTIMATES FOR THE ITER
REACTOR

6.1 General

The escape of water (vapour or liquid) into the rooms from the
components of the cooling system inside the Tokamak building has
been estimated based on the operating experiences of a typical
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CANDU PWR station. (Escape is defined as the amount of water
leaving the system through leaks, spills, etc.).

For the ITER reactor, all chronic and acute liquid escapes from the
HTS loops are assumed to be collected in the Waste Water Collection
System and processed in the Water Detritiation Systemp]. The
chronic and acute vapour escapes from the cooling system are
handled by the Tokamak building Recirculating Air Detritiation
System (RADS) , and the exhaust flow from the RADS is treated by the
Vent Detritiation System (VDS), which are part of the Emergency Air
Detritiation SystemP].

6.2 Estimation of ITER HTS Loop Chronic Vapour Escape Rate

Discounting the chronic leakage due to the fuelling operations and
maintenance, the chronic vapour escape for the CANDU PWR relevant
to ITER is summarized in Table 4-1. The chronic vapour escape
rates for ITER are estimated in two ways: a) based on CANDU PHT
loop, and b) based on CANDU Moderator loop.

The high pressure part of the loop (1.7 MPa) consisting of
pressurizer, steam generator etc., has fewer components of larger
size. The low pressure part of the loop (< 0.2 MPa) consisting of
purification system, D2O collection etc., has more components of
smaller size. About 50% of the total chronic vapour escape from
the CANDU PHT has been assumed to be from the high pressure
components and the rest from the low pressure components.
Similarly, about 50% of the total chronic vapour escape from the
CANDU Moderator loop has been assumed to be from the higher
pressure components (0.7 MPa) and the rest from the lower pressure
components (purification system, etc.).

For The CANDU PHT Loop (Table 4-1):

Total D2O vapour escape due to chronic component
leakage = 3,800 + 270 = 4070 kg/year

Chronic vapour escape from Low Pressure component
leakage = 2035 kg/year

Chronic vapour escape from High Pressure component
leakage = 2035 kg/year

Number of Loops = 2
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For The CANDU Moderator Loop (Table 4 - 1 ) :

Total D20 vapour escape due to chronic
component leakage = 219 + 54 = 273 kg/year

Chronic vapour escape from
Low Pressure component leakage = 136.5 kg/year

Chronic vapour escape from
High Pressure component leakage = 13 6.5 kg/year

Number of Loops = 1

The chronic escape rate due to component leakage is usually low.
At low flow rates, the flow mode of a liquid through a leak path or
capillary channel will be laminar, and the leakage flow rate is
given byl4]:

Qv = (w/8) X (d/2) 4 X {(P; - PO)/(ML)}

Qm = Qv X P.

Qv = Volumetric Leakage Rate
d = Leak path diameter
L = Leak path length
H = Viscosity of liquid
Pi = Pressure inside the component
Po = Pressure outside the component (ambient)
Q m = Leakage Rate by Mass
px = Liquid Density

Scaling leakage rates from one operating condition to another, and
from one component size to another, is very difficult. A knowledge
of the leakage geometry (i.e., capillary diameter and length) is
required. The leak path diameter (capillary diameter) may vary from
about 0.1 (J to 10 |i. In valves or equipment, leakage may occur via
a single leak path or multiple leak paths. A leak may consist of
many small capillaries as well as one or more larger capillaries,
and the majority of the leak would occur via the larger
capillaries. Therefore, a knowledge of the composition of the
leakage (i.e., number of smaller and larger capillaries
contributing to a certain leak) is also required171. In addition, the
change in the leakage geometry with temperature and pressure
conditions and cycling need to be considered.
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Since the data on the above can only be determined with extensive
component testing, in estimating the chronic water escape rates
from ITER cooling loop component leakages the following assumptions
have been made:

1. The chronic water escape rates from the low pressure components
(Water Collection, Purification etc., Systems) of the ITER
cooling loop are the same as in the case of the CANDU PWR.
(These components are part of systems that are common to all the
cooling loops. Therefore, chronic water escape rates from these
components are independent of the number of cooling loops.)

2. Due to differences in flow rates, velocity, etc. the sizes of
components in ITER cooling loop are expected to be different
compared to CANDU. However, the components are expected to be
of a similar design.

3. The leak path diameter, d, and the number of leak paths for the
ITER components are assumed to be the same as that for CANDU.

4. Qualitatively, leak path length, L, is directly proportional to
the component size (eg., thicker wall vs thinner wall, thicker
packing vs. less packing of valve, etc.)[5]. Since the leak path
diameter is assumed to be constant, the leak rate is inversely
proportional to the leak path length, L. (This means that the
leak rates for smaller components will be higher, i.e., smaller
components require more stringent leakage standard and testing
than their larger size counterparts151. For leak rate estimation,
the pipe size is assumed to be representative of the component
size.)

Based on the above, the chronic water escape rate for the ITER
cooling loops are estimated as follows:

(Qv)rrER = [{(Pi ~ P0)/(ML)}rrER/{(ML)/(Pi - Po) }CANDU] X (Qv) CANDU

The relevant scaling parameters such as the viscosity and
density of H20 and D20, pipe diameter (leak path length) ,
differential pressures and number of loops, as well as the
overall scale factors, are presented in Table 6.1.

a) Based on CANDU PHT Loop: As described in Section 5, the SB
and DV Cooling System for the ITER reactor may have 4 or 12
cooling loops operating at 2.2 MPa, compared to two loops
operating at 10 MPa for the CANDU PWR station. The estimated
total water vapour escape rate for ITER SB and DV loops
based on the CANDU PWR PHT loop escape rates (from monitored
sources) are 2,269 and 2,774 kg/year for the 4-loop option,
and 3,248 and 5,868 kg/year for the 12-loop option, as shown
in Table 6.2.
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b) Based on CANDU Moderator Loop: As described in Section 5,
compared to the ITER SB/DV loops, the CANDU PWR moderator
has one loop operating at 0.7 MPa. The estimated total
water vapour escape rate for ITER SB and DV loops based on
the CANDU PWR Moderator loop escape rates (from monitored
sources) are 797 and 2,222 kg/year for the 4-loop option,
and 3,561 and 10,950 kg/year for the 12-loop option, as
shown in Table 6.2.

6.3 Environment Source Term For chronic Airborne Release

As shown in Table 6.2, the range of chronic water vapour escape
rates for the ITER SB and DV loops (based on CANDU PWR escape rates
from sources monitored for D2O) are as follows:

ITER SB 4-loop option: 797 to 2269 kg/year,
ITER DV 4-loop option: 2222 to 2774 kg/year,
ITER SB 12-loop option: 3248 to 3561 kg/year,
ITER DV 12-loop option: 5868 to 10950 kg/year.

The major portion of the vapour escaping from the components of the
cooling system is captured by the ITER Air Detritiation System
(ADS) dryers, which are assumed to operate at an efficiency of
99.95%, i.e., only 0.05% of the inlet moisture is released to the
environment. Therefore, the chronic vapour loss rate to the
environment from ITER SB and DV loops (based on CANDU PWR escape
rates from sources monitored for D20) are as follows:

ITER SB 4-loop option: 0.4 to 1.14 kg/year,
ITER DV 4-loop option: 1.1 to 1.4 kg/year,
ITER SB 12-loop option: 1.6 to 1.8 kg/year,
ITER DV 12-loop option: 2.9 to 5.5 kg/year.

Airborne losses from unmonitored sources in CANDU PWR PHT and
Moderator Systems are 1638 kg/year and 62 kg/year, respectively
(Table 4-1). These losses are essentially via the Service Building
ventilation system due to D20 management activities, such as D2O
drum operation, analytical laboratory venting, etc. In the case of
ITER, about 20% of the CANDU PWR unmonitored losses are assumed to
be applicable, i.e., in the range of 12.4 to 326 kg/year.

Therefore, the total chronic airborne loss of water from ITER SB
and DV loops are estimated to be in the following ranges:

ITER SB 4-loop option: about 13 to 328 kg/year,
ITER DV 4-loop option: about 14 to 328 kg/year,
ITER SB 12-loop option: about 14 to 328 kg/year,
ITER DV 12-loop option: about 16 to 332 kg/year.
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4-Loop Option: Based on the tritium concentration of the SB and DV
loops of 1.0 Ci/kg and 10 Ci/kg, respectively, the chronic airborne
release for the 4-loop option is expected to be in the range of 153
to 3,608 Ci/year.

12-Loop Option: Based on the tritium concentration of the SB and
DV loops of 1.0 Ci/kg and 10 Ci/kg, respectively, the chronic
airborne release for the 12-loop option is expected to be in the
range of 174 to 3,648 Ci/year.

6.4 Chronic Waterborne Release

No chronic waterborne release is expected from the ITER cooling
water purification system. The effluents from this system, as well
as the other liquid escapes, are expected to be collected and
processed as part of the waste water detritiation. The only
chronic waterborne release from the Tokamak building is expected to
be the bleed, if any, from the recirculating cooling water system
(RCW), due to tritium permeation into the cooling water from the
HTS via the heat exchanger tubes. The tritium permeation rates for
the SB and DV loops have been estimated assuming Inconel 600 tubes
and the heat exchanger parameters listed in Table 5-1. CANDU PWR
experience indicates that the average permeability for Inconel 600
(oxidized in-situ under operating conditions) at 558 K (285°C) is
about 6.9 X lO'8 cm3 (STP) .mm/(s.m2.kPa05)[61. Based on the solubility
data given in the JCT design datam, the tritium permeation rates
for the RCW of the SB and DV loops are less than 0.15 /xCi/s or less
than 5 Ci/year. The average tritium concentration of the RCW is
estimated to be below 12 pCi/kg-H2O. The permeability of clean
Inconel tubes would be about 3 times the oxidized tubes.
Therefore, even with clean tubes, chronic waterborne tritium
release from RCW bleed, if any, is expected to be insignificant.

Since a cooling tower is proposed for heat rejection from the RCW,
the vapour or mist from the tower will cause a small amount of
tritium to be released into air. Based on the water replenishment
rate of 5,000 Mg/h/4-loop(1], the chronic airborne tritium release
from the RCW cooling tower will be of the order of 0.5 Ci/year,
which is insignificant.

The waterborne tritium release from the water detritiation system
is addressed in Section 6.7.

6.5 ITER Cooling System Acute Releases

Acute escapes are not as easily quantified as chronic escapes,
since they are usually the result of equipment failures or human
errors. The acute airborne D20 losses for a typical CANDU PWR would
be of the order of 2 to 3% of total airborne D20 losses. For the
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purposes of this study, acute escapes, and hence acute releases,
are conservatively assumed to be about 5% of chronic (as 99.95% of
the acute escapes are also captured by the ADS).

Based on this assumption, the acute airborne releases from Cooling
System are estimated to be in the following ranges:

4-loop option: 153 X 0.05 = 7.7 Ci/year to
3,608 X 0.05 = 180 Ci/year.

12-loop option: 174 X 0.05 = 8.7 Ci/year
to 3,648 x 0.05 = 182 Ci/year.

The acute waterborne release from the RCW is insignificant.

6.6 Fuel cycle Building

The tritium environmental source term for the Fuel Cycle Building
from the airborne (elemental and oxide forms) effluents (chronic
and acute) have been estimated based on the operating experiences
of the Darlington Tritium Removal Facility (DTRF). The tritium
environmental source term in the Fuel Cycle Building for the
waterborne effluents (chronic and acute) have been estimated based
on the JCT design of the Water Detritiation Systemp].

6.6.1 Waterborne Chronic Release

The waterborne release from the Fuel Cycle Building essentially
consists of the reject from the water distillation column overhead
product (Water Detritiation Systemp]) , which is equal to the waste
water feed rate. From the proposed JCT design m, the reject water
flow rate is 2 0 kg/h at a tritium concentration of about
0.5 mCi/kg. Therefore, the chronic waterborne release from the
Water Detritiation System = 20 x 0.5 x 10"3 x 24 x 365 = 88 Ci/year.

6.6.2 Airborne Chronic Release

The chronic airborne release includes tritium release in the oxide
as well as the elemental form. The data from the DTRF operating
experience has been used as the basis for estimating airborne
chronic releases from the Fuel Cycle Building (FCB). A comparison
of the water processing rates and the tritium inventories of DTRF
and ITER Water Detritiation System is shown in Table 6-3. The
average tritium releases from the DTRF in the oxide form and
elemental form are 1,200 Ci/year and 1,600 Ci/year, respectively,
as shown in Table 6-3. These releases are well within the
allowable limits for the plant.
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Airborne Chronic Release in Oxide Form

In the case of ITER, in addition to the waste water (2 0 kg/h at
0.1 Ci/kg), 102 kg/h of coolant water at about 10 Ci/kg is assumed
to processed in the Water Detritiation System, i.e., 122 kg/h of
water at an average concentration of 8.4 Ci/kg.

The sources of the chronic airborne release from the FCB in oxide
form are expected to be the waste water storage and treatment
system, the water distillation unit vacuum pump discharge,
recombiner discharge, etc. (The VPCE Unit, the sump and reboiler
of the last WD column, and the interconnecting lines are assumed to
have secondary containment). The tritium concentration and feed
rate of the ITER Water Detritiation System are similar to that of
the heavy water upgrader units of CANDU PWR. Based on the DTRF
operating experience, chronic airborne release from the FCB in
oxide form = 1200 x (122/360) x (8.4/20) = 171 Ci/year. Including
purge from the Fuel Cycle Building Air Detritiation System, and
discharge from the recombiner system, about 500 Ci/year of chronic
airborne release in oxide form may be anticipated.

Airborne Chronic Release in Elemental Form

In the DTRF, the chronic elemental tritium release is essentially
from the purge gas of the tritium product draw-off/immobilization
system and from the helium-3 purge from the cryogenic distillation
columns (both purges are intermittent). In the case of ITER, the
product draw-off is assumed to be continuous, and hence routine
purging is not required. Helium-3 buildup is directly proportional
to tritium inventory. Some elemental tritium release can be
expected from the glovebox cleanup system associated with the
various process system gloveboxes (located in the Fuel Cycle
Building), and from the regeneration of the cryogenic adsorbers
(for the gas feeds from fuel processing, water detritiation,
impurity detritiation, etc.) associated with the ISS. These
streams are normally discharged via a recombiner unit, where
elemental tritium is oxidized and the tritium oxide is recovered
either by a dryer or by a cold trap. However, some elemental as
well as oxide forms of tritium can be expected to be released to
the environment.

The tritium inventory in DTRF is about 25 g compared to the
estimated 180 g for the ITER ISS. Tritium release, however, is not
directly proportional to tritium inventory. The components
containing high concentrations of tritium are expected to be inside
secondary containment. With proper design and appropriate
equipment to capture the released elemental tritium, in the case of
ITER, the chronic airborne release of tritium in elemental form is
expected to be about 2,000 Ci/year.
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6.6.3 Fuel Cycle Building Acute Releases

Based on DTRF experience, the acute releases are expected to be
about 25% of chronic:

Acute release in oxide form = 0.25 x 500 = 125 Ci/year

Acute release in elemental form = 0.25 x 2 000 = 500 Ci/year

7.0 ITER TRITIUM RELEASE DUE TO ROUTINE MAINTENANCE

The total estimated average annual D2O escape due to routine
maintenance activities for the CANDU PHT and Moderator System
components relevant to ITER are 4,510 kg/a (about 2.7% of the CANDU
PHT D2O inventory) and 582 kg/a (about 0.25% of the moderator D20
inventory), respectively, as shown in Table 4-2. The maintenance
of the ITER cooling loops are assumed to be similar to that of the
CANDU PHT loop. Therefore, the water escape rates due to component
maintenance for the SB and DV Cooling Loops are assumed to be about
2.7% of the ITER cooling loop inventory. The water inventory per
loop of the SB and DV loops for the 4-loop and 12-loop options are
shown in Table 5-1.

4-Loop Option:

SB Cooling Loop = 4 X 204.5 X 1000 X 2.7/100 = 22,086 kg/a.

DV Cooling Loop = 4 X 12 X 1000 X 2.7/100 = 1270 kg/a.

12-Loop Option:

SB Cooling Loop = 1 2 X 68 X 1000 X 2.7/100 = 22,032 kg/a.

DV Cooling Loop = 12 X 4.4 X 1000 X 2.7/100 = 1,431 kg/a.

Since only 0.05% of this is released to the environment via the
ADS, the total tritium release due to cooling system component
maintenance are as follows:

4-Loop Option:

SB Cooling Loop = 22,086 X 0.05/100 X 1.0 = 11.1 Ci/a.

DV Cooling Loop = 1270 X 0.05/100 X 10 = 6.4 Ci/a.
Total =17.5 Ci/a.
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12-Loop Option:

SB Cooling Loop = 22,032 X 0.05/100 X 1.0 = 11.0 Ci/a.

DV Cooling Loop = 1431 X 0.05/100 X 10 = 7.2 Ci/a.
Total =18.2 Ci/a.

Therefore, the total tritium release due to SB/DV HTS routine
maintenance is expected to be less than 20 Ci/a.

Water Detritiation System:

Based on the DTRF operating experience tritium escape due to
routine maintenance of ITER water detritiation/ISS components would
be of the order of 1000 Ci/a in the oxide form and about 2500 Ci/a
in the elemental form. Since 99.95% of this escape is captured by
recombiners and air detritiation systems, only 0.05% of the escape
is assumed to be released to the environment. Therefore, tritium
release rate due to water detritiation system - ISS component
routine maintenance is estimated to be about 0.5 Ci/a in the oxide
form and about 1 Ci/a in the elemental form.

8.0 FAILURE MODES AND EFFECTS ANALYSIS FOR ITER WATER SYSTEMS

The Failure Modes And Effects Analysis (FMEA) is generally carried-
out:

a) to assess the consequences of generic single failure modes for
each system component, and

b) to demonstrate that no tritium release can occur as a result of
single failures.

The design of the ITER Shield/Blanket and Divertor cooling system
is still at a very preliminary stage. Therefore, an FMEA for the
cooling system has not been performed.

The detailed design of the ITER Water Detritiation is still under
development. Preliminary Process and Instrumentation Diagrams
(P&IDs) and data on some components of the Water Distillation Unit
and the VPCE unit are available. A preliminary FMEA for the ITER
Water Distillation Unit and the VPCE are presented in Appendix A.
This preliminary FMEA is based on the design details shown in the
ITER Flow Diagrams and the ITER EDA Data Sheets, and on the design
and operating experiences of Ontario Hydro heavy water upgraders
and the Darlington Tritium Removal Facility.
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9.0 SUMMARY AND CONCLUSIONS

Environmental Source Terms

The heavy water escape due to chronic component leakage,
maintenance and minor incidents for the typical CANDU PWR primary
heat transport and moderator systems have been compiled based on
operating experience over a ten year period. Discounting
contributions to escape from systems or components that are not
relevant to ITER cooling system, the applicable escape rates have
been scaled to fit the design and operating conditions of ITER.
The environment source terms for chronic and acute tritium releases
via airborne and waterborne pathways have been estimated based on
a tritium concentration of 1.0 Ci/kg for Shield/Blanket Cooling
Loop and 10 Ci/kg for the Divertor Cooling Loop. The operating
experiences of the Darlington Tritium Removal Facility (DTRF) and
the CANDU Heavy Water Upgraders have been utilized in estimating
the environment tritium source terms for the ITER water
detritiation system. The environment source terms for ITER water
systems are summarized in Table 9-1.

Typical CANDU PWR environmental releases are of the order of
8,000 Ci/a. The ITER environmental releases from the cooling and
water detritiation systems are expected to be significantly lower
(up to about 50% lower) , due to the following key system
differences:

a) Fuelling operations of CANDU PWR are not applicable to ITER.
Therefore, escapes from CANDU PWR Cooling Systems during
fuelling operation is not relevant to ITER.

b) ITER has no steam generator and hence tritium release due to
steam generator blow-down is not applicable to ITER.

c) All liquid escapes are assumed to be collected in the Waste
Water Collection System and detritiated in the ITER Water
Detritiation System. Therefore, the only waterborne release is
via the detritiated waste water reject.

Failure Modes and Effects Analysis (FMEA)

A preliminary FMEA has been completed for the Water Detritiation
System and is presented in Appendix A. The results indicate that
generic single failure modes of the major components of the ITER
Water Detritiation System should not result in tritium release.
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TABLE 1-1

COMPARISON OF PROPOSED ITER HTS COMPONENTS WITH CANDU
MODERATOR AND PHT COMPONENTS

Component

Main Cooling Pumps
Number per reactor
Flow (Mg/s)
Head (MPa)
Rated power (MW)

Pressurizer
Number per reactor
Loops/pressurizer
Unit swell vol(m3)
Total swell vol(m3)
Heater capacity (MW)
Diameter(m)
Height(m)
Water volume (m3)
Steam volume (m3)

Steam Generators
Number per reactor
Heat rate (MW)
Tube flow (Mg/s)
Tube area(m2)
Tube diameter(mm)
No. of tubes
Shell diameter(m)
Shell height(m)
Tube inlet temp.(°C)
Tube outlet temp.(°C)
Inlet quality(%)
Feedwater temp.(°C)
Steam temp. (°C)

Heat Exchanger
Number of units
Unit power(MW)
Total power(MW)
% of total power
Feedwater T^'C)
Feedwater T^CC)
Diver tor T^C)
Divertor T^CC)

Piping
Header vel.(m/s)*
Feeder vel.(m/s)*

ITER 4-Loop
Option

SB

4
2.62
0.88
3.45

4
1

4
575
2300

200
150

4.0

DV

4
0.262
1.6
0.65

4
1

4
57.5
230

200
150

4.0

ITER 4-Loop
Option

SB

12
0.873
0.84
1.1

12
1

12
192
2300

200
150

4.0

DV

12
0.087
1.4
0.17

12
1

12
19.2
230

200
150

4.0

CANDU PWR
PHT

4
1.9
1.7
6.0

1
2
45
45
1.0

4
516
1.90
3200
16

3500
2.7
19
309
265
4.4
187
260

6
17

CANDU PWR
Moderator

2
1.02
0.5
0.75

2 x 50%
50
100

69
46

*Single Phase flow
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TABLE 1-2

COMPARISON OF ITER HEAT TRANSPORT MAIN COMPONENTS
WITH CANDU MODERATOR AND PHT MAIN COMPONENTS

COMPONENTS
Main Cooling Pump

Pressurizer

Loops per
Pressurizer

Steam Generator

Heat Exchangers

Operating
Pressure (MPa)

ITER 4-
Loop

SB

4

1

4

0

4

2.2

DV

4

1

4

0

4

2.2

ITER 12-
Loop

SB

12

1

12

0

12

2.2

DV

12

1

12

0

12

2.2

CANDD-PWR
PHT

4

1

2

4

0

10

CANDU-PWR
Moderator

2

0

0

0

2 X 50%

0.7
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TABLE 1-3

COMPARISON OF ITER COOLANT INVENTORY WITH CANDU HEAVY WATER
INVENTORY

COOLANT SYSTEMS
Moderator and Auxiliary
System
Heat Transport and
Auxiliary System
4-Loop
HTS
Option
12-Loop
HTS
Option

Shield/Blanket

Divertor

Shield/Blanket

Divertor

ITER (H2O)

Concentration

Ci/kg

"

0.3

10.0

0.3

10.0

Inventory

—

889

51

887

57.4

Mg

818

47

816

52.8

kCi

"
245

470

245

528

CANDU - PWR (D2O)

Concentration

Ci/kg

24.5

0.85

—

—

—

—

Inventory

236

190

—

—

—

—

Mg

232

152

—

—

—

—

kCi

6738

178

—

—

—
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TABLE 3-1

COMMON SOURCES OF HEAVY WATER ESCAPE IN CANDU PWR

CHRONIC

Pump seals
Valve packing
Fuelling operations
System sampling
Equipment draining for
maintenance
Minor leaks from HX tubes,
swagelok fittings, etc.

ACUTE

Failed welds
Failed ice plugs
Valving errors
HX tube leaks
Pump seal failures
Valve packing failures
Gasket leaks
Failed swagelok or other
mechanical fittings

TABLE 3-2

AVERAGE ANNUAL D,O ESCAPE FOR TYPICAL CANDU PWR

ITEM
Total Recovery From
Vapour Recovery
Dryers
Total Losses
(Monitored and
Unmonitored)
Subtotal

Minor Incidents
(Acute)
Total Escape

PHT
(kg/year)

20,800

3,759

24,559

61
24,620

MODERATOR
(kg/year)

1,200

180

1,380

__

1,380

TOTAL
(kg/year)

22,000

3,939

25,939

61
26,000
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TABLE 3-3

ANNUAL AVERAGE HEAVY WATER RECOVERY ESTIMATE FOR TYPICAL
CANDU PWR

ITEM
Boiler Room & Fuelling
Machine Vault Vapour
Recovery Dryer:

• Chronic Component Leakage
• Chronic Fuelling Leakage
• Maintenance
Fuelling Machine Auxiliary
Room Vapour Recovery Dryer:

• Chronic Component &
Chronic Fuelling Leakage

• Maintenance
Moderator Enclosure Vapour
Recovery Dryer:

• Chronic Component Leakage
• Maintenance
Total Recovery

PHT
(kg/year)

3,800
7,059
8,040

1,320

980

—

21,199

MODERATOR
(kg/year)

—

—

219
582
801

TOTAL
(kg/year)

18,899

2,300

801

22,000
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TABLE 3-4

ANNUAL AVERAGE HEAVY WATER LOSS
ESTIMATE FOR TYPICAL CANDD PWR

SOURCES

Airborne Losses From Sources
Monitored for
Heavy Water are:

• Moderator Dryer Purge
• Fuelling Machine Vault

Purge
• Fuelling Machine Auxiliary

Purge
• Reactor Building

Ventilation Purge

Subtotal

Waterborne Losses From
Sources Monitored for Heavy
Water are:

• Deuteration and
Dedeuteration System

• Vapour Recovery Pumpout
• Upgrader Tails
• Used Fuel Bay Discharge
• Sampling

Subtotal

Airborne Losses From Sources
Unmonitored for Heavy Water

Waterborne Losses From
Sources Unmonitored for
Heavy Water is:

• Steam Blowdown

Acute Losses (Minor
Incidents)

Sub-total

Total Heavy Water Loss

Total Tritium Release

HEAT TRANSPORT
SYSTEM

(Tritium Con.
0.85 Ci/kg)

(kg/a)

160

64.5

45.5

270

342
517
194
497
7

1,557

1,638

294

61

3,820

(Ci/a)

136

55

39

230

291
440
165
422
6

1,324

1,392

250

52

3,248

MODERATOR SYSTEM

(Tritium Con.
24.5 Ci/kg)

(kg/a)

54

54

57

4

3.4

64.4

61.7

_

-

180

(Ci/a)

1,323

1,323

1,396

98

83.3

1,577.3

1,512

-

4,412

4,000 kg/annum

7,612 Ci/annum
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TABLE 4-1

ANNUAL AVERAGE ESCAPE FOR CANDU-X

SOURCES

D-,0 Recovery From:

a.) Vault Vapour Recovery
Dryer
• Chronic Component

Leakage
• Maintenance

h\ Moderator Enclosure
• Chronic Component

Leakage
• Maintenance

Airborne Losses From Sources
Monitored for
Heavv Water are:

• Moderator Dryer Purge
• Fuelling Machine Vault

Purge (50%)
• Fuelling Machine Auxiliary

Purge
• Reactor Building

Ventilation Purge

Waterborne Losses From
Sources Monitored
for Heavv Water are:

• Deuteration and
Dedeuteration System

• Vapour Recovery Pumpout
(50%)

• Upgrader Tails
• Used Fuel Bay Discharge
• Sampling

Airborne Losses From Sources
Unmonitored for Heavy Water

Waterborne Losses From
Sources Unmonitored for Heavv
Water is:

• Steam Blowdown

Acute Losses (Minor
Incidents)

Sub-total

Total Heavy Water Escape

HEAT TRANSPORT SYSTEM

(Tritium Con.
0.85 Ci/kg)

(kg/a)

3,800

4,510

—
—

__

80

0

45.5

342

258
194
497
7

1,638

294

61

11,726

(Ci/a)

3,230

3,833

—
—

__

68

0

39

291

243
165
422
6

1,392

25

52

9,967

MODERATOR SYSTEM

(Tritium Con.
24.5 Ci/kg)

(kg/a)

—

—

219
582

54

—

—

—

57

—
4
—
3.4

61.7

981

(Ci/a)

—

5,366
1,4260

1,323

—

—

—

1,396

—
98
—

83.3

1,512

— —

24,038

L2,707 kg/a
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TABLE 4-2

ANNUAL AVERAGE HEAVY WATER LOSS
ESTIMATE FOR CANDU-X

SOURCES

Airborne Losses From Sources Monitored for
Heavy Water are:

• Moderator Dryer Purge
• Fuelling Machine Vault Purge
• Fuelling Machine Auxiliary Purge
• Reactor Building Ventilation Purge

Subtotal

Waterborne Losses From Sources Monitored
for Heavy Water are:

• Deuteration and Oedeuteration System
• Vapour Recovery Pumpout
• Upgrader Tails
• Used Fuel Bay Discharge
• Sampling

Subtotal

Airborne Losses From Sources Unmonitored for
Heavy Water

Waterborne Losses From Sources Unmonitored
for Heavy Water is:

• Steam Blowdown

Acute Losses (Minor Incidents)

Sub-total

Total Water Loss

Total Tritium Release

HEAT TRANSPORT
SYSTEM

(Tritium Con.
0.85 Ci/kg)

(kg/a)

45.5

45.5

517

7

524

1,638

294

61

2,562

(Ci/a)

39

39

440

6

446

1,392

250

52

2,179

MODERATOR SYSTEM

(Tritium Con.
24.5 Ci/kg)

(kg/a)

54

54

3.4

3.4

61.7

—

119

(Ci/a)

1,323

1,323

83.3

83.3

1,512

2,918

2,681 kg/annum

5,097 Ci/annum
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TABLE 5 - 1

REFERENCE ITER HTS LOOP DESIGN PARAMETERS

Parameter

Flow Rate (kg/s)
Per Loop

Header Dia. (m)

HTS Water Holdup
Per Loop (Mg)

Heat Load per Loop
(MW)

Tubeside (HTS):

Shellside (CW):

Pressure (MPa):
Tubeside

Tube Size (mm):

Heat Transfer
Surface Area (m2)

Shield/Blanket (SB)

4-Loop

2,705

0.967

204.5

575

473/423

343/388

2.2

15/18

5,176

12-Loop

902

0.559

68

192

473/423

343/388

2.2

15/18

1,749

Divertor (DV)

4-Loop

270.5

0.967

11.7

57.5

473/423

343/388

2.2

15/18

539

12-Loop

90.2

0.559

4.4

19.2

473/423

343/388

2.2

15/18

210
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TABLE 6.1

PARAMETERS FOR ESTIMATING ITER CHRONIC ESCAPE RATES

Parameter

Fluid

Ave. Temp (K)

Liquid Viscosity
(cp)

Liquid Density
(kg/m3)

Pipe Dia . (m)

(P rP0) (MPa)

(Qv) ITER/ ( Q V ) CANDU
(As CANDU PHT)

(Qv) ITER/ ( Q V ) CANDU

(As CANDU
Moderator)

(Qm) ITER/ (Qm) CANDU

(As CANDU PHT)

(Qm) TVER/ (Qm) CANDU

( A s CANDU
Moderator)

Ra t io of No.
Loops
(ITER/CANDU-PHT)

Rat io of No.
Loops
(ITER/CANDU-Mod)

CANDU REACTOR

PHT

D2O

5 6 0

0.105

806.5

0.406

9 . 9

Moderator

D20

3 4 3

0.48

1085.8

0.1524

0 . 6

——

ITER SB Loop

4 Loop

H20

4 4 8

0.18

8 9 2

0.967

2 . 1

0.052

1.471

0.0575

1.208

2

4

12
Loop

H20

4 4 8

0.18

8 9 2

0.559

2 . 1

0.09

2.544

0.0994

2.09

6

12

ITER DV Loop

4 Loop

H2O

4 4 8

0.18

8 9 2

0.306

2 . 1

0.164

4.648

0.1816

3.82

2

4

12
Loop

H20

4 4 8

0.18

8 9 2

0.177

2 . 1

0.284

8.036

0.314

6 . 6

6

12

Note:
Qv = Volumetric Leakage Rate
Qm = Leakage Rate By Mass = Qv x Liquid Density
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TABLE 6.2

CHRONIC VAPOUR ESCAPE RATES DUE TO COMPONENT LEAKAGE FOR ITER

ITER
SB/DV
Loops

ITER-SB
4-LOOP

ITER-DV
4-LOOP

ITER-SB
12-LOOP

ITER-DV
12-LOOP

Based on CANDU PHT Loop

High
Pressure

Components
Escape

Rate

(kg/year)

2 3 4

7 3 9

1213

3833

Low
Pressure

Components
Escape

Rate

(kg/year)

2035

2035

2035

2035

Total
Escape
Rate

(kg/year)

2269

2774

3248

5868

Based on CANDU Moderator Loop

High
Pressure

Components
Escape

Rate

(kg/year)

6 6 0

2085

3424

10813

Low
Pressure

Components
Escape
Rate

(kg/year)

1 3 7

1 3 7

1 3 7

1 3 7

Total
Escape
Rate

(kg/year)

797

2222

3561

10950

TABLE 6-3

COMPARISON OP TRITIUM INVENTORIES OF DTRF AND ITER
WATER DETRITIATION SYSTEMS

Water Processing Rate (kg/h)

Tritium Concentration (Ci/kg-water)

CD System Tritium Inventory (g-T)

Tritium Release in Oxide Form (Ci/year)

Tritium Release in Elemental Form
(Ci/year)

DTRF

360

20

25

1200

1600

ITER

122

8 . 4

180
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TABLE 9-1

SUMMARY OF ENVIRONMENT SOURCE TERMS FOR ITER WATER SYSTEMS

SOURCES

Chronic
Airborne
Releases

Chronic
Waterborne
Releases

Acute Releases
(Minor
Incidents)

Releases Due
to Maintenance

TOKAMAK

4-Loop
Option

SB + DV
(Ci/a)

153 to
3,608

< 1

7.7 to
180

< 20

BUILDING

12-Loop
Option

SB + DV
(Ci/a)

174 to
3,648

< 1

8.7 to
182

< 20

FUEL CYCLE BUILDING

Water Detritiation
System/ISS

Oxide
Form
(Ci/a)

500

88

125

< 5

Elemental Form
(Ci/a)

2,000

—

500

< 5
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FIGURE 2-1:
SIMPLIFIED FLOW DIAGRAM OF
CANDD PWR WATER SYSTEMS
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FIGURE 2-2:
SIMPLIFIED FLOW DIAGRAM OF CANDU PWR

MODERATOR AND AUXILIARY SYSTEMS
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DG - Down Graded
RG - Reactor Grade

Airborne D2O Losses-a
Wateroome D2O Losses

MOO - Moderator Heavy Water i
~T • Heat Transport Heavy Water i
:OTS • Incoming/Outgoing Transfer i

System

D2O
Receipts

D2O
- • Shipments

HGD2O

To/From
Tritium Removal
Facility
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- • I

V 1.

H2O Ingress -

Reactor Systems

Heat
Transport
System

Moderator
Systems

Heat
Transport
Upgrader

r T
f DG Recovenes \
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r

High Curie J

\ f
Ion-Exchange Clean Up Systems

Low Curie

f

High Curie

f
1 Clean DG D ^ Storage \

V Low Cune High Curie J
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FIGURE 3-1:
CANDU PWR HEAVY WATER CYCLE
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FIGURE 3 - 3 :
CANDU PWR BOILER ROOM & FUELLING MACHINE AREA D,O

VAPOUR RECOVERY TREND
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FIGURE 3-4:
CANDU PWR FUELLING MACHINE AUXILIARY AREA

D2O VAPOUR RECOVERY TREND
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FIGURE 5-2:
ITER PRIMARY HTS & WATER PURIFICATION SYSTEM111
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FIGURE 5-3:
LAYOUT OF SHIELD HTS 4-LOOP OPTION
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FIGURE 5-4:
LAYOUT OF DIVERTOR HTS 4-LOOP OPTION
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APPENDIX A

FAILURE MODES AND EFFECTS ANALYSIS (FMEA)

ITER WATER DETRITIATION SYSTEM

5 0



APPENDIX A

FAILURE MODES AND EFFECTS ANALYSIS
FOR ITER WATER SYSTEMS

The Failure Modes And Effects Analysis (FMEA) is generally
carried-out:

a) to assess the consequences of generic single failure modes
for each system component, and

b) to demonstrate that no tritium release can occur as a result
of single failures.

The design of the ITER Shield/Blanket and Divertor cooling system
is still at a very preliminary stage. Therefore, an FMEA for the
cooling system has not been performed.

The detailed design of the ITER Water Detritiation is still under
development. Preliminary Process and Instrumentation Diagrams
(P&IDs) and data on some components of the Water Distillation
Unit and the VPCE unit are available1. A preliminary FMEA for the
ITER Water Distillation Unit and the VPCE are presented in Table
A-l and Table A-2, respectively. This preliminary FMEA is based
on the design details shown in the ITER Flow Diagrams and the
ITER EDA Data Sheets, and on the design and operating experiences
of Ontario Hydro heavy water upgraders and the Darlington Tritium
Removal Facility.

1 a) Water Detritiation System Flow Sheet, Issue No.
93.09.07.08.

b) Water Detritiation Columns P. & I.D., Issue No.
93.09.07.08.

c) Feed Evaporators For Isotope Separation P. & I.D.,
Issue No. 93.09.07.08.

d) ITER EDA Water Detritiation System - Pump and
Blower Sizes.

e) ITER EDA ISS - 2000 sec burn/dwell cycle - rev.
Sep. 94 - 1000 Ci/h.
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Table A-l
Failure Modes and Effects Analysis for Major Equipment of

ITER Hater Detritiation System
WATER DISTILLATION UNIT

Eqpt.

Feed
Treatment
System -
Evaporators
Condensers,
Degassers, IX
Columns etc.

Feed and
Liquid Reflux
Pumps (Zero-
leak type)

Vacuum Pumps

Distillation
Columns

Purpose

Provide clean
feed to Water
Distillation
Columns

Feed and
reflux liquid
supply

Distillation
Column vacuum
pump

Water
Detritiation

Failure Mode

Poor Perfor-
mance

failure of
pump, pump
seal, closed
valves

pump
failure,
closed
valves

Loss of
Effici-ency

Effect

High pH,
conductivity,
particulates,
organics etc.

Deterioration of
column
performance

Loss of Feed,
water leak into
pump containment

High condenser
pressure, poor
column
performance

High tritium
level in effluent
water

Detection

Feed Water
quality
monitors

low flow, low
pressure, low
sump level

Condenser
pressure
sensor

tritium
monitor

Mitigation

no safety hazard

interlock to
shutdown process,
relief valves on
pumps, no safety
hazard

interlock to
shutdown process,
System Designed
to withstand max.
pressure, no
safety hazard

Interlock to
initiate total
reflux or safe
shutdown. no
safety hazard.



Table A-l (Continued)
Failure Modes and Effects Analysis for Major Equipment of

ITER Water Detritiation System
WATER DISTILLATION UNIT

Eqpt.

Feed
Evaporator

Reboiler

Feed
Evaporator,
Reboiler

Head
Condenser

Head
Condenser

Purpose

Vapour feed to
Water
Distillation
Columns

Vapour flow
through the
Water
Distillation
Columns

Vapour feed or
boilup to
Water
Distillation
Columns

Condense
column vapour
and provide
liquid reflux

Condense
column vapour
and provide
liquid reflux

Failure Mode

Steam Failure
(control
failure,
blocked valve
etc.)

Steam Failure

Tube Failure

Cooling Water
Failure
(blocked
valve)

Tube Failure

Effect

Loss of Feed
to columns

Loss of
vapour flow
in the column

Steam leak
into process

High
condenser
pressure, low
sump level,
high cold
trap temp.

Cooling Water
leak into
process

Detection

Low column
sump level,
High evap.
level

High level in
column sump,
low column AP

High level,
temp., or
pres.;
mass balance
upset;
ammonia in
product

Condenser
pressure
sensor, sump
level sensor,
CT temp,
sensor

High sump
level, mass
balance
upset;

Mitigation

Interlock to
initiate
total reflux
or safe
shutdown. no
safety
hazard.

Interlock to
initiate
safe
shutdown. no
safety
hazard.

System
designed for
max. steam
pressure, no
safety
hazard

interlock to
shutdown
process, no
safety
hazard

no safety
hazard
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Table A-2
Failure Modes and Effects Analysis for Major Equipment of

ITER water Detritiation System
VPCE UNIT

Egpt.

VPCE
Evaporator

VPCE
Superheater

Catalytic
Exchange
Bed

VPCE
Condenser

VPCE
Condenser

Purpose

Vapour feed to
Catalystic
Exchange

Superheat
H2O/H2 feed to
Catalystic
Exchange

Tritium
transfer from
water phase to
gas phase

Separate water
vapour and H2
gas

Separate water
vapour and H2
gas

Failure Mode

Electric
Heater
Failure

Eiectric
Heater
Failure

Catalyst
poisoning

Cooling Water
Failure
(blocked
valve)

Tube Failure

Effect

Loss of Feed
to Catalystic
Exchange

Loss of VPCE
performance

Loss of
performance

Low water
flow, high
temperature

Cooling Water
leak into
process

Detection

High
evaporator
level

Low
temperature

Performance
monitors

Condenser
temp. & flow
sensors

High level,
flow, mass
balance
upset;

Mitigation

Interlock to
initiate
VPCE
Isolation &
total reflux
of WD Unit,
or safe
shutdown. No
safety
hazard.

Interlock to
initiate
safe VPCE
shutdown. no
safety
hazard.

No safety
hazard

interlock to
shutdown
process, no
safety
hazard

no safety
hazard



Eqpt.

VPCE Feed
Pump
(Zero-
leak
type)

H2
Circulati
on
Compresso
rs

Dryer
Unit
Package

Failure

Purpose

Feed to
VPCE Unit

Circulate
H2 gas
through
VPCE and
ISS

Dry H2 feed
gas to ISS

Table A-2 (Continued)
Modes and Effects Analysis for

ITER Water

Failure Mode

failure of
pump, pump
seal, closed
valves

Compressor
failure,
closed valve,
seal water
failure

Moisture
breakthrough,
Regeneration
failure,
Closed valve

Major Equipment
Detritiation System
VPCE UNIT

Effect

Loss of Feed,
water leak
into pump
containment

Loss of gas
circulation,
failure of
detritiation

Loss of
performance,
plugged inlet
line to cryo-
adsorber

Detection

low flow, low
pressure, low
evap. level

Low gas flow,
high tritium
in return
water

Moisture
monitor,
Regeneration
loop
monitors, low
flow

of

Mitigation

Interlock to
initiate VPCE
Isolation & total
reflux of WD
Unit, or safe
shutdown. No
safety hazard.

Interlock to
initiate VPCE
Isolation & total
reflux of WD
Unit, or safe
shutdown. No
safety hazard.

Interlock to
initiate VPCE
Isolation & total
reflux of WD
Unit, or safe
shutdown. No
safety hazard.
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