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SAFETY ASPECTS OF THE EMERGENCY FILTER SYSTEM (EFS) FOR NRU REACTOR

ABSTRACT

A description of the NRU emergency filter system is presented, including
operation, testing and hazards. Operation of the NRU EFS reduces the dose
to the thyroid for members of the public and site personnel by a factor of
100. The calculated thyroid doses for off-site and on-site locations for
the current system configuration are 91 and 160 mSv, respectively. An
unavailability analysis was performed on the control system which
recognized subtle problems in the current system. Modifications to the
system result in a system unavailability of 2.0 E-3. A thyroid risk
analysis revealed that these improvements in system availability result in
risk reduction by approximately a factor of three. Improvements beyond the
availability analysis recommendations do not result in substantial risk
benefit for members of the public or on-site personnel.

1. INTRODUCTION

The NRU (National Research Universal) reactor is a 135 MW(t), heavy water cooled
and moderated, vertical channel research reactor. The reactor is located near
Chalk River, 160 km northwest of Ottawa, Canada, at Chalk River Nuclear
laboratories (CRNL) with an 8 km exclusion zone. The reactor is housed in
a standard industrial building. The reactor ventilation system is designed
to maintain the reactor structure at a negative pressure with respect to
the main reactor hall and to provide cooling to a graphite experimental
facility. Air is drawn downward through passages in the graphite before
being exhausted, via two series valves through a filter bank (Building
162). After filtering, the NRU exhaust stream is routed to a fan house
(Building 163) before being exhausted to the reactor stack approximately
one km away.

In 1987, an Emergency Filter System (EFS) was retrofitted to the NRU ventilation
system as part of a safety upgrade. The EFS will remove radioactive iodines and
particulates which could be released from the reactor during a severe accident,
thereby reducing thyroid doses to members of the puMic and site personnel.

This paper contains a brief description of the EFS, and outlines the safety and
reliability issues concerning its design and operation.

2. SYSTEM DESCRIPTION

The EFS building (Building 160) is a two-storey concrete structure with a
metal roof. The upper level, located at ground level, is currently used as
a storage area. The lower level, below grade, houses the 16 filter trains.
It is constructed of 0.9 m thick reinforced concrete walls and ceiling.
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The entrances to the building are locked at all times and access to the
building is controlled by the NRU Senior Reactor Shift Engineer, due to the
potential radiation hazards if the EFS is used. A sign in the NRU control
room indicates if personnel are inside the NRU EFS building at any time.
The building is evacuated in the event of a local condition warranting
initiation of emergency-response plans.

A portion of the exhaust duct from the EFS building was built aboveground
due to physical site limitations and is shown in Figure 1. Concrete
shielding was installed around the aboveground portion of the exhaust duct
from Building 160, and an additional shielding wall was built in Building
102, adjacent to the duct, for the protection of personnel working in the
immediate area.

2.1 Filtration Equipment

The filtration equipment shown in Figure 2 and described in Table I
consists of sixteen parallel filter trains, each with a roughing filter, a
self-contained HEPA (High Efficiency Particulate Air) filter, and a 5.1 cm
bed depth filter loaded with coconut-based charcoal impregnated with
triethylenediamine (TEDA).

TABLE I: Filter Types for NRU EFS.

Filter Type Description

Roughing Medium efficiency disposable roughing

filter.
HEPA Self-contained HEPA filter rated at 99.99% efficiency.

New HEPA filters must conform to CSA Standard N288.3.2
[11].

Charcoal Self-contained 5.1 cm bed charcoal filter containing
90 kg plus of activated and TEDA impregnated
charcoal. New charcoal filters must conform to
CSA Standard N288.3.2 [11].

The roughing filters, HEPA filters, and adsorbers in each train can be removed
for repair or maintenance, after being isolated from the system, without
significantly affecting the system's overall operation.

Leak testing of these filters and adsorbers is done over a five-day period
at six-month intervals and after the filters are replaced. Two types of
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testing are performed. The first type is done at the filter building "In-
Situ". Under the temperature, pressure, and relative humidity during that
day, the HEPA filters are leak tested with an aerosol and the adsorbers
with radioactive iodine to ensure that leakage is acceptable. The
acceptance criterion for the HEPA filter is less than 0.03% penetration for
a polydispersed dioctyl phthalate aerosol (DOP) and less than 0.5%
penetration of molecular iodine for the carbon adsorbent.

The second type of testing checks the retention characteristics of the
carbon adsorbent in the laboratory under specified conditions. The
acceptance criterion is less than 3% penetration for methyl iodide.

2.2 Isolating Valves

Two normally closed valves, connected in par-.ill el (Figure 2), isolate the EFS
from NRU's normal ventilation pathway. Two normally open valves, connected in
series to NRU's normal ventilation path, shut when the EFS comes on-line to
redirect ventilation flow to the EFS. The series/parallel arrangement allows
the NRU EFS to be placed on-line in the event of a single valve failure.

All four valves are butterfly valves (92 cm in diameter) that are actuated by
double-acting air cylinders with four-way solenoid valves (V-2 shown in
Figure 3). The EFS is placed on-line either automatically if high
radiation fields exist at the gamma radiation monitor, or manually if the
emergency push button is pressed in the NRU control room. A reset push
button will return the system to the normal configuration.

Operation of the series valves is identical to the parallel valves shown in
Figure 3 with cylinders "A" and "B" reversed. Air is supplied from the
reactor building. The series valves are located in a nearby valve pit
(Manhole #3).

2.3 Instrumentation

The single gamma-radiation monitor consists of two components: the gamma
monitor and the remote probe unit. The remote probe unit is located in the
NRU ventilation exhaust plenum and consists of a scintillation crystal
coupled with a photomultiplier tube. The output from the probe is a 0 to 1
mA signal that is proportional to the logarithm of the gamma-field
intensity. The gamma monitor range covers two decades and monitors fields
from 0.10-10 mGy/h with a 1 s response time and an accuracy of + 50%. All
instruments and relays are operated by Class 2 power .

Class 2 power* Uninterrupted, highly reliable, 60^ v. ^-phase 60-cycle
power.
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2.4 Klaxon and Flashing Warning Sign Operation

A local area gamma monitor is installed in the EFS filter area to alert
personnel of high radiation fields in the building. The gamma monitor
range varies from 0.1 - 10 mGy/h, and the instrument will alarm at
1.0 mGy/h. Klaxons are located in three areas and flashing warning signs
are installed at the east and south entrances to the building and in the
center of the filter room. These klaxons and flashing warning signs become
disabled on loss of Class 3A power . Currently, these klaxons and flashing
warning signs are actuated when the NRU EFS is placed on-line. This
situation is unsatisfactory and modifications are being made to ensure that
klaxons and flashing warning signs are actuated on high-radiation instances
only.

3. SYSTEM OPERATION

3.1 Normal Operating Conditions

The EFS, during normal operation, is isolated from the NRU ventilation system by
the two closed parallel valves.

In the event of high gamma-activity readings in the NRU exhaust air, as
measured by the gamma-radiation instrument, the two series valves
automatically close and the two parallel valves open, diverting the NRU
exhaust stream from the reactor through the EFS (emergency state) before
being sent to the fanhouse (Building 163) and the reactor stack. The
emergency push button may be used to manually engage the EFS as required.

The electrical controls for the valves are located in the NRU control room.
Valve-position indicating lights are also located in the NRU control room,
an NRU auxiliary room, and in the EFS building. Pneumatic controls are
located near the valves in the EFS building and in Manhole #3.

There are no reactor trips associated with the system. However, should high
activity be measured on the gamma-radiation instrument, an alarm will
annunciate in the NRU control room when the effluent air activity increases
to its high alarm setting (2 mGy/h) and the building will be automatically
placed in the emergency state. Normal radiation fields are approximately
0.1 mGy/h.

For maintenance purposes, the EFS can be placed on-line using valves V-l, V-3,
and V-4 (Figure 3).

2
Class 3A power: Reliable, 600 V, 3-phase, 60-cycle power, subject to

brief interruptions, supplied from a transformer and backed by two diesel
generators, which start automatically on a power failure with one
automatically picking up the Class 3A load.
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3.2 Abnormal Operating Conditions

3.2.1 Loss of Power

Loss of Class 4 power will result in the parallel valves remaining in the
closed position and the series valves open. The emergency state can be
achieved by manually depressing the emergency push button in the NRU
control room or automatically by actuation of the gamma-radiation
instrument.

In the event of a Class 2 power failure, electrical relays de-energize, placing
the system on-line. Once Class 2 power is restored, the reset push button must
be depressed to return the system to the normal configuration.

3.2.2 Loss of Instrument Air

In the event of a loss of instrument air, administrative procedures require the
cFS to be placed on-line manually via the emergency push button. This will
ensure the system's availability should an emergency occur under this
condition. There.1 is one air reservoir per valve that allows each valve to
be cycled open/closed four times. When air pressure returns, the system
will be taken off-line by pressing the "reset" push button located in the
NRU control room.

3.2.3 Fire Hazards

There are two possible causes of fire in the charcoal adsorbers. The first
cause is that the charcoal becomes overheated above its ignition temperature
(340°C) due to the decay heat of the adsorbed radioactive isotopes. Fire
protection is afforded by a bi-irstal heat detector installed in the outlet
plenum and a building sprinkler system both set to actuate above 74°C and alarm
at the plant Firehall. Fire water is connected to the outlet plenum and must be
manually valved in by opening an isolation valve located at the north end of the
EFS building behind a 30.5 cm cement wall. Water level is indicated by a
standpipe in the filter outlet header.

The second possible cause is an external source which provides heat for
ignition, such as fuel or hydrogen. Use of flammable material in the
building is controlled administratively to prevent this type of hazard from
occurring. Water for the sprinkler system is available at all times
without the requirement of manual valving.

Class 4 power: AC power with hydro-electric power commission source
reliability and includes loads such as 2400 V motors, lighting, and
experimental facilities.
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3.2.4 Earthquake Hazards

The entire shielded filter absorber area is anchored on bedrock to provide
positive resistance to seismic events. An analysis [9] has been done to ensure
that the building and its associated ducting can withstand the seismic intensity
under the specifications of the CAN-3 N289.3-M81 [10] for a Design Basis
Earthquake with a 1000-year return period, using horizontal bedrock
accelerations of 0.22 g and a frequency spectrum typical of the CR.NL site.

4. DOSE REDUCTION CALCULATIONS

The NRU worst-case accident doses are re-calculated taking credit for the
NRU EFS. These calculations have been done for both off-site and on-site
locations for various weather stability categoric; with the appropriate
effective stack height for the postulated worst-case accident for NRU. The
worst-case condition for off-site doses is Category F weather [14] for an
effective stack height of 81 m at a distance of 10 km in the westerly
direction from the stack. On-site doses were calculated at the CRNL
parking lot for Category B weather [14] for an effective stack height of
102 m. Off-site and on-site doses Hi'or to and after installation of the
EFS are shown below.

TABLE II: Off-site and On-site Thyroid Doses Prior to and After
Installation of the EFS (APPENDIX 1).

SOURCE TERM OFF-SITE ON-SITE CREDIT FOR
1-131 THYROID THYROID EFS
(GBq) DOSE (mSv) DOSE (mSv)

1.5 E7* 9100 16 000 NO
1.5 E5** 91 160 YES

* Assumed 1-131 released to ventilation system was 12.5% of total inventory.
** Assumed 99% efficiency for NRU EFS based on the relative humidity of the

NRU exhaust stream being <70% and 5% conversion to methyl iodide during the
NRU worst-case accident.

1 rem = 10 mSv
1 curie = 37 GBq ,
1.5 E7 = 1.5 x 10'
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4.1 Radiation Fields On-Site

No one outside Building 160 should receive whole body exposures from the direct
gamma fields in excess of the CRNL administrative level. However, radiation
fields inside the shielded room in Building 160 would be very high in the event
of a major NRU accident. Controlled access to the building reduces the
likelihood of personnel being inside the EFS building in the event of a major
NRU accident. However, personnel access is required approximately ten days per
year for filter testing and alternatives are currently being reviewed in
attempts to ensure personnel can evacuate safely and minimize the time spent in
the EFS building.

5. System Availability

The EFS is a standby system which requires positive action to place it in the
on-line state (emergency condition). Due to its important safety role, a
reliability analysis [12] was performed to predict the probability that the
system would come on-line, as required, during a reactor accident.

The analysis is based on the premise that the EFS must come on-line (emergency
condition) automatically in the event of an accident. Therefore, the analysis
does not account for possible operator action to switch the system on-line
(emergency condition) manually if the automatic switchover equipment fails. The
analysis addresses the unavailability contribution caused by failure of the
control system which switches the EFS on-line. This analysis is sufficient to
reflect the total system availability since the unavailability contribution of
other mechanical components, such as ducting and the regularly tested filters,
is minor in comparison to the unavailability contribution of the control system.
This analysis models equipment failures, service (electrical and compressed air)
failures, and human errors during control system maintenance, but not common
mode failures.

When the analysis was initially completed, the system unavailability was
predicted to be 2.0 E-2 (availability of 98%). This was less than the 1.0 E-3
unavailability (availability of 99.9%) common to most safety related systems on
site. This result was, to some extent, expected since the system used
non-redundant gamma-radiation monitors. In addition to this deficiency, the
analysis uncovered the following more subtle problems, which had not been
recognized prior to the analysis:

1. The system test did not test for a low-probability internal leak failure
mode of butterfly valves. Failure to test these valves over the life of
the system was a substantial contributor to system unavailability.

2. Maintenance procedures, maintenance check-off sheets and a maintenance
checkout test had not been developed. This resulted in a high human error
contribution to system unavailability.
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3. Valve actuator pneumatic supply circuits were inadvertently
cross-connected. These cross-connections were partially defeating
redundancy features built into the valve actuators (Figure 3b).

To correct the problems identified by the analysis, redundant gamma-radiation
monitors were installed, a test for internal leaks in the butterfly valves was
developed, a post-maintenance checkout test and check-off sheets were developed,
and the valve actuator pneumatic supply circuits were modified to eliminate
cross-connections (Figure 3).

The system unavailability was re-calculated for the modified system and
determined to be 2.0 E-3 (availability of 99.8%). As discussed in Section 6.0,
this was deemed to be satisfactory to meet the EFS safety objectives.

6. THYROID RISK ANALYSIS

The risk to members of the public and on-site personnel in terms of potential
thyroid doses is discussed below to determine the risk reduction associated with
the operation of the NRU EFS.

Initial preliminary safety-analysis studies for an NRU loss of coolant accident
indicated a frequency of 5.4 E-4 [13]. The calculated unavailability for the
original EFS system is 2.0 E-2, and 2.0 E-3 for the modified system. With this
information, the off-site and on-site risks to the thyroid were determined for
the original and modified systems and are shown below in Table III.

TABLE III: Off-Site* and On-Site* Risks Associated with Operation of the NRU
EFS Based on Original System Unavailability and Modified System
Unavailability

System Unavailability Off-site Thyroid On-site Thyroid
Risk**(mSv/a) Risk**(mSv/a)

1.0 (EFS
2
2
1

not
E-2
E-3
E-3

avail able)
(original design)
(modified design)
(safety system)

4.9
1.5
5.9
5.4

E-l
E-2
E-2

8.6
2.6
1.0
9.5

E-l
E-l
E-2

* Risk to the whole body is not included in these calculations.
** See Appendix 2 for sample calculations.

From a risk perspective, it is evident that operation of the NRU EFS
significantly reduces the risk to the thyroid of the public and on-site
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personnel. It is also evident that there is not a large risk benefit gained by
members of the public or on-site personnel if the unavailability is reduced
below the future estimated value of 2.0 E-3.

7. CONCLUSIONS

A description of the NRU EFS,including the operation, hazards and testing, has
been presented. Modifications to the EFS resulting from the unavailability
analysis were discussed.

Operation of the NRU EFS reduces the potential dose to the thyroid for members
of the public and site personnel by a factor of 100. The calculated doses for
off-site and on-site locations for the current system configuration are 91 and
160 mSv, respectively.

A thyroid risk analysis revealed that reducing the system's unavailability from
2.0 E-2 to 2.0 E-3 results in risk reduction by a factor of approximately three
for members of the public and site personnel. Further reductions in the
system's unavailability do not result in significant additional reductions in
risk.
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APPENDIX 1: Calculation of Off-site and On-site Thyroid Doses Prior to
and After Installation of the EFS.

3
Thyroid Dose = Source Term (Ci) X Dispersion Coefficient (s/m ) X Dose
(rem) Conversion Factor (rem m /Ci s)

Source Term Dispersion
1-131 Coefficient
(Ci) [4] (s/m3)

OFF-SITE

4.1 E5

4.1 E3**

ON-SITE

4.1 E5
4.1 E3**

1 rem = 10

3.0 E-6***

3.0 E-6***

7.0 E-6****
7.0 E-6****

mSv

Dose Conversion
Factor 7

[5] (rem nf/Ci s)

740 (Infant)

740

560 (Adult)
560

Thyroid
Dose
(rem)

910

9.1

1600
16.0

Credit
For
EFS

No
Yes

No
Yes

** Assumed 99% efficiency for the EFS based on the relative humidity of the
NRU exhaust stream being <70% and 5% conversion to methyl iodide during the
NRU worst-case accident.

*** Assumed a short-term release, category F weather, and an effective stack
height of 81 m based on a distance of 10 km from the stack.

**** Assumed a short-term release, category B weather, and an effective stack
height of 102 m based on a distance of 1 km from the stack.

Doses include other isotopes of iodine assumed to be present in the same ratio
as that in equilibrium for a CANDU fuel[5].
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APPENDIX 2: Calculations for Table III.

*Off-Site Risk (Thyroid) = [F. r r T n F M T x U F T I T F R Off-Site Dose ]
ACCIDENT FILTER (J . F m e r Efficiency)

+ ^ACCIDENT X Off-Site D0Se X (1 - UFILTER^

where: FArrTDEN" = Frequency of NRU worst-case accident [13]
=5.4 E-4/yr

UFILTER = U n a v a i l a b i l i ty of tne NRU EFS (Original Design)
= 2 E-2

Off-site Dose = Dose calculated in Section 3.1
=9.1 rem

EFS Efficiency = 99% (See Table in Appendix 1 and associated notes)

*Off-Site Risk (Thyroid) = [(5.4 E-4/a) x (2 E-2) x 9.1 rem 1
(CURRENT SYSTEM) (1 - 0.99)

+ [(5.4 E-4/a) (9.1 rem)(l-2 E-2)]
= 9.8 E-3 rem/a + 4.8 E-3 rem/a
=1.46 E-2 rem/a

1 rem = 10 mSv

*0ff-Site Risk (Thyroid) = 1.5 E-1 mSv/a

*0n-Site Risk (Thyroid) = [FflrrTnFWT x U F n T F 0 x On-Site Dose ]
(CURRENT SYSTEM) AU.IULNI hiLitK (1 _ F i U e r Efficiency)

+ ^ACCIDENT x On"Site Dose x V - UFILTER>]

where: On-site Dose = Dose calculated in Section 3.1

= 16 rem
= [(5.4 E-4/a) x (2 E-2) 16 rem 1

(1 - 0.99)
+ [(5.4 E-4/a) x (16 rem)(l-2 E-2)]
= 1.7 E-2 rem/a +8.5 E-3 rem/a
= 2.6 E-2 rem/a
= 2.6 E-1 mSv/a
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With modifications made to the system, the overall unavailability is reduced to
2 E-3, and the off-site and on-site risk to the thyroid is:

* Off-Site Risk (Thyroid) = [F. r r T n r M T x U M n n x Off-Site Dose 1
(MODIFIED SYSTEM) ALLIULNI nuu (1 _ m t e r Efficiency)

+ ^ACCIDENT x Off-Site Dose x (1 - U F U T U R E)]

where: ^unr) = Unavailability for the modified system

= 2 E-3
= [(5.4 E-4/a)(2 E-3) 9.1 rem 1

(1 - 0.99)
+ [(5.4 E-4/a)(9.1 rem)(l - 2 E-3)]
= 9.8 E-4 rem/a + 4.9 E-3 rem/a
= 5.9 E-3 rem/a
= 5.9 E-2 mSv/a

*0n-Site Risk (Thyroid) = [FflrrTnnjT x U M n n x On-Site Dos 3 ]
(MODIFIED SYSTEM) Atnutm nuu (1 _ Filter Efficiency)

+ [FACCIDENT X On-Site Dose x (1 • UFUTURE)]

= [(5.4 E-4)/a 2 E-3) 16 rem 1
(1 - 0.99)

+ [(5.4 E-4)/a (16 rem)(l - 2 E-3)]
= 1.7 E-3 rem/a +8.6 E-3 rem/a
= 10 E-3 rem/a
= 1.0 E-l mSv/a

1 rem = 10 mSv
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