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FOREWORD

Ventilation and air cleaning systems are necessary parts of the design of 
nuclear facilities, but successful handling and retention of the radioactive waste in 
gaseous form from abnormal operation at nuclear power plants present special 
challenges to design engineers.

The IAEA sponsored a Co-ordinated Research Programme (1983-1988) on 
Retention of Iodine and Other Airborne Radionuclides in Nuclear Facilities during 
Abnormal and Accident Conditions. The gradual developments in radioactive 
gaseous waste treatment and the extension of the technology to the more complex 
and severe accident conditions have been followed by the IAEA, and this report was 
prepared with the objective of summarizing existing experience in the field.

The management of airborne radioactive waste from nuclear facilities during 
normal operation is the subject of several other publications in the Technical Reports 
Series.

An Advisory Group Meeting on Handling and Retention of Airborne Radio
nuclides at Nuclear Power Plants during Abnormal Operation, held in Vienna from 
16 to 20 October 1989, presented information on the experience and programmes 
in IAEA Member States and prepared a comprehensive report on the state of the 
art of the design and operation of equipment and facilities, with essential recommen
dations for further development.

The original draft of the report was prepared by the consultants V. Friedrich 
of the Institute of Isotopes of the Hungarian Academy of Sciences, Budapest, and 
P. Meddings of Nuclear Electric pic., Gloucester. The same consultants finalized 
the report after the Advisory Group Meeting.

The IAEA wishes to express gratitude to the participants of the meeting, 
especially to the Chairman J.L. Kovach (USA) and to the consultants. The officer 
responsible at the IAEA was G.R. Plumb from the Waste Management Section of 
the Division of Nuclear Fuel Cycle and Waste Management, with contributions at 
later stages by W. Baehr and V. Tsyplenkov, also from this Division.
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Although great care has been taken to maintain the accuracy o f information contained 
in this publication, neither the IAEA nor its Member States assume any responsibility for 
consequences which may arise from its use.

The mention o f names o f specific companies or products (whether or not indicated as 
registered) does not imply any intention to infringe proprietary rights, nor should it be 
construed as an endorsement or recommendation on the part o f the IAEA.



CONTENTS

1. INTRODUCTION ..........................................................................................  1

2. SOURCE TERMS ..........................................................................................  1

2.1. Accident spectrum ...............................................................................  1
2.1.1. Design basis accidents ...........................................................  5
2.1.2. Severe accidents .....................................................................  6
2.1.3. Examples of accidents ...........................................................  6

2.2. Normal operation and source terms for minor accidents .............  9
2.3. Source terms for DBAs ...................................................................... 16
2.4. Source terms for severe accidents ...................................................  19

2.4.1. In-vessel heat-up and meltdown ..........................................  24
2.4.2. Mass and energy flow into the containment .....................  24
2.4.3. Release of fission products into the containment ..............  24
2.4.4. Behaviour of the molten material outside the vessel .......  25
2.4.5. Thermodynamics of the containment ..................................  25
2.4.6. Fission product behaviour in the containment ..................  25

3. DESIGN PRINCIPLES .................................................................................  28

3.1. Retention strategies .............................................................................. 28
3.1.1. Containment ............................................................................  28
3.1.2. Confinement ............................................................................  29
3.1.3. Containment venting systems for severe accidents ...........  29
3.1.4. Control room ventilation .......................................................  30

3.2. Generic design approach ....................................................................  31
3.2.1. Hazards ..................................................................................... 32

3.2.1.1. Internal hazards ...................................................... 32
3.2.1.2. External hazards ....................................................  33

3.3. Design of ventilation and air cleaning systems ..............................  34
3.3.1. Functional requirements ........................................................  34
3.3.2. Requirements for process equipment .................................. 36
3.3.3. Testing ......................................................................................  37

4. CONTROL OF AIRBORNE CONTAMINATION
IN DESIGN BASIS ACCIDENTS ......................................................  38

4.1. Containment and confinement designs ..............................................  38
4.2. Design of engineered safety features for gas cleaning ..................  41
4.3. Component design ...............................................................................  44

4.3.1. Demisters ................................................................................  44
4.3.2. Particulate filters .................................................................... 46



4.3.3. Iodine adsorbers .....................................................................  55
4.3.3.1. Examples of iodine adsorber designs .................  56

4.3.4. Performance limitations of filters .......................................  64

5. CONTROL OF AIRBORNE CONTAMINATION
IN SEVERE ACCIDENTS .........................................................................  69

5.1. Design of containment venting systems ..........................................  69
5.1.1. Swedish Filtra system and multiventuri

scrubber system ......................................................................  71
5.1.2. French sand bed filter ...........................................................  74
5.1.3. German PWR and BWR containment venting systems ... 75
5.1.4. Canadian emergency filtered air discharge system ..........  78
5.1.5. Other containment venting systems ..................................... 81

5.2. Performance limitations of containment venting systems ............... 83
5.2.1. Effects of hydrogen bum ...................................................... 83
5.2.2. Radioiodine removal ..............................................................  84
5.2.3. Direction of the condensate flow .........................................  85
5.2.4. Generation of submicrometre aerosols .............................  85
5.2.5. Selection of test aerosol ........................................................  85
5.2.6. Overall system design ...........................................................  86

6. EXPERIENCE AND TRENDS ..................................................................  86

6.1. Experience under abnormal conditions ........................................... 86
6.2. Trends and developments ................................................................... 89

6.2.1. Advanced air cleaning systems ............................................ 89
6.2.2. HEPA filter systems ..............................................................  92

6.2.2.1. Improvement of HEPA filter cells:
metal fibre and sand bed filters .........................  93

6.2.3. Iodine adsorber systems ........................................................  95
6.2.4. Other new iodine trapping methods ..................................... 96
6.2.5. Extended use of normal off-gas treatment .........................  97
6.2.6. Noble gas decay equipment .................................................  97

7. CONCLUSIONS AND RECOMMENDATIONS ...................................  101

APPENDIX. TESTING OF OFF-GAS CLEANING EQUIPMENT
FOR NUCLEAR POWER PLANTS ..........................................  103

REFERENCES ........................................................................................................  I l l

CONTRIBUTORS TO DRAFTING AND REVIEW .......................................  117



1. INTRODUCTION

The ventilation and air cleaning processes used in nuclear facilities under 
normal operating conditions are well established and their status has been widely 
reviewed. However, the ventilation and air cleaning processes under abnormal or 
accident conditions are much less developed and require further investigation, since 
there is only very limited experience to derive source terms for these operating con
ditions. The need for adequate containment to prevent widespread dispersal of 
radionuclides through gaseous emissions in accident conditions at nuclear power 
plants is a major challenge for reactor design engineers. Loss of containment 
integrity can, however, be reduced through design measures to that its occurrence 
is very unlikely even in the event of a very severe accident.

In some countries controlled venting of the reactor containment is used, with 
off-gas treatment to prevent containment failure by overpressure in case the cooling 
measures are insufficient. This additional off-gas treatment has recently attracted 
attention, and it is recognized that the decisions about when, where and how to vent 
and to treat off-gases have to be finely balanced. The demands on the off-gas waste 
treatment system are rigorous; so far, it has been decided to install filtered venting 
systems in PWRs and BWRs in France, Germany, Sweden and Switzerland, with 
variants of these systems applied in some reactors in the USA.

This report surveys the design principles and strategies for mitigating the con
sequences of abnormal events in nuclear power plants by the use of air cleaning sys
tems. Equipment intended for use in design basis accident and severe accident 
conditions is reviewed, with reference to designs used in IAEA Member States.

2. SOURCE TERMS

2.1. ACCIDENT SPECTRUM

In surveying nuclear accident source terms it is necessary to characterize the 
accidents that lead to releases of radioactive material of varying nature and amount.

Classification of nuclear accidents can be performed on a deterministic basis, 
defining the accident levels according to the failure scenarios and the associated con
sequences. Following this approach, the IAEA and NEA have jointly prepared and 
recently published an international nuclear event scale (INES) [1] giving consistent 
terms for the safety significance of events reported from nuclear power plants, which 
can be used for prompt communication to the public. The seven accident levels are 
presented in Fig. 1.

The spectrum of accidents to be accounted for during the design and to be 
reviewed in the licensing processes has been characterized on a probabilistic basis.
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BELOW SCALE 
NO SAFETY SIGNIFICANCE

FIG. 1. Basis for the international nuclear event scale.

The approach based on a probabilistic safety assessment (PSA) has been used for 
many years by nuclear power plant safety system designers, regulators and licensing 
authorities. A typical classification of this kind is shown in Fig. 2 [2].

The terms used in the deterministic and probabilistic approaches are inter
related; generally, design basis accidents (DBAs) correspond to the on-site impact 
and defence-in-depth degradation criteria of INES, and accidents beyond the DBA 
correspond to criteria for off-site impact. However, according to the current design 
practice, the more quantitative terms of the probabilistic classification are used in this 
report.
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Fifth level: Off-site emergency response ^

FIG. 4. Relationship between physical barriers and defence-in-depth protection levels [3].
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2.1.1. Design basis accidents

Design basis accidents are selected to probe the design of the plant protection 
systems. A series of different accidents must be investigated to confirm that the most 
problematic examples have been included and that all variations of the relevant 
parameters have been taken into account. Typical DBAs are those involving a sudden 
increase in the power generation (reactivity induced accident, control rod malfunc
tion) or a sudden decrease in the core cooling capability (loss of coolant accident 
(LOCA) or loss of flow). At impact levels lower than those assumed for DBAs, 
releases from the fuel are limited and the source terms for releases to the environ
ment should be negligible.

FIG. 5. Pathways for releases to the environment under DBA conditions.
A — direct gasous leak to the environment,
B — total gasous leak to the annular space,
C — gaseous leak to the annular space filtration system,
FI — annular space filtration system,
E — recirculation flow,
G — flow to the stack filtration system,
F2 — stack filtration system,
H — liquid leak to the auxiliary building,
I  — gaseous activity from the liquid leak,
J  — gaseous leak from the primary containment to the auxiliary building,
F3 — filtration system of the auxiliary building,
SI — safety injection system,
SP — spray system.
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The relationships of the accident spectrum to the design and operating features, 
with regard to physical barriers and defence-in-depth protection levels, are summa
rized in Figs 3 and 4 [3]. Engineered safety features (ESFs) and operating controls 
should reduce the probable frequency of such events at nuclear power plants to not 
more than typically 10~6 per year, and measures for mitigating the consequences of 
severe accidents are aimed at further reducing this value by at least a factor of ten. 
Engineered safety features are ordinarily held in a stand-by mode in the plant and 
put into operation during emergency situations.

The pathways for releases to the environment for a typical reactor system 
under DBA conditions are illustrated in Fig. 5 [4], For the case of a successfully ter
minated design basis LOCA, it is postulated that only a limited fraction of fuel will 
fail, if any. The estimated fraction of radioactivity released to the primary contain
ment is assumed to leak outside at the design leak rate or to be released through the 
stack after filtration. If a secondary containment is provided, the leakage from the 
primary containment is collected, filtered and released through the stack. Since the 
radioactivity leaking from the fuel is very small, the induced radioactivity contained 
in the primary coolant can be important in such situations. In BWRs, for instance, 
the steam line break accident (LOCA, postulated to be a consequence of a break in 
one steam line) is an accident for which the source term is the maximum activity in 
the coolant, as assessed in the technical specifications.

2.1.2. Severe accidents

Accidents beyond the DBA are referred to as severe accidents. During severe 
accidents the containment either fails or is bypassed. Loss of containment may arise 
from failure to ensure a leaktight boundary or as a result of damage occurring during 
the event. Typical examples are accidents that lead to overpressurization of the con
tainment or to core damage. In the latter case the core damage subsequendy results 
in hot core materials penetrating the containment structure.

While the majority of severe accidents are likely to be initiated internally, 
certain accident sequences may start as a result of an external event, notably a 
major earthquake.

2.1.3. Examples of accidents

The accident scenarios concerning major releases to the environment from 
reactors convincingly demonstrate the importance of physico-chemical phenomena 
to the source term. A summary of the releases from the Windscale (1957), Three 
Mile Island (1979) and Chernobyl (‘core destruction’) (1986) accidents [5] is given 
in Table I.

The Chernobyl accident gave rise to the largest accidental release of radioactiv
ity from a nuclear power plant so far. All the noble gases and large fractions of the
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inventories of volatile fission products were released. Three barriers to radionuclide 
release failed, and a fourth barrier — the reactor containment — was not provided 
by design. In the Windscale and Chernobyl accidents, there was no reaction of radio
nuclides with water, whereas in the accident at Three Mile Island, which had a reac
tor containment, a major part of the released activity was retained in the water.

The collective effective dose equivalent commitments (CEDEC) from the 
Chernobyl accident have been summarized by UNSCEAR [6] and are listed in 
Table II.

TABLE I. FISSION PRODUCT RELEASE TO THE ENVIRONMENT 
AFTER ACCIDENTS

Windscale 1 Three Mile Island 2 Chernobyl 4

Thermal reactor power (MW) -2 5 0 2720 3200

Reactor type Graphite/air Water Graphite/water

Containment No Yes No

Accident Fire Partial core melt Criticality + 
partial core melt

Atmosphere Dry Steam Steam/dry

Release to the environment (Bq)

Noble gases 1.1 X 1016 -4  x 1017 - 2  x 1018 (133Xe)

I 7.4 x 1014 6.3 x 1011 (10'5%) 1.3 x 1018 (20%)

Cs 2.2 X 1013 '  Below 2.9 x 1017

Te 5.9 x  1013 - detection 3.2 x 1017

Sr 3.3 x 10"  ̂ limit 2.0 x 1017

TABLE II. COLLECTIVE EFFECTIVE DOSE 
EQUIVALENT COMMITMENTS FROM CHERNOBYL

Isotope
CEDEC 
(man • Sv)

CEDEC per unit release 
(man-Sv/Bq)

137Cs 430 000 6 x 1 0 12

134Cs 120 000 3 x 10’12
131 j 37 000 1 x KT13

Others 20 000 —
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TABLE EQ. VOLATILE RADIONUCLIDES AND AEROSOLS UNDER 
NORMAL OPERATING CONDITIONS

Classification
Representative

isotopes
Half-life

Production
mode

Noble gases 37 Ar 35 d 36Ar (n,7)
41 Ar 1.83 h 40Ar (n,7)

83Krm 1.86 h Fission products
85Krm 4.4 h
85Kr 10.7 a
87Kr 76 min
88Kr 2.8 h
89Kr 3.16 min
13,Xem 11.99 d
133Xem 2.23 d
133Xe 5.3 d
135Xem 15.3 min
135Xe 9.16 h
137Xe 3.84 min
138Xe 14.2 min

Halogens 131I 8.1 d Fission products
I32j 2.3 h
133j 20.8 h
135i 6.7 h

Tritium 3h 12.3 a Ternary fission
2H(n,7)
10Be(n,a)7Li
7Li (n,na)
10B(n,2a)

Carbon-14 14c 5730 a 14N (n,p)
170(n,a)
13C(n,T)

Activation gas 13n 9.96 min 160(p,a)
formed from water 150 2.1 min 160(n,2n)
and atmosphere 16n 7.1 s 160(n,p)
constituents 19o 27 s 180(n ,7)

35s 87.5 d
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TABLE III. (cont.)

Classification Representative
isotopes

Half-life
Production

mode

Aerosols “ Co 5.2714 a Activated corrosion
58Co 70.82 d products
51Cr 27.702 d
54Mn 312.12 d
59Fe 44.496 d
65Zn 243.9 d
95Zr 64.02 d

89Sr 50.53 d Fission products
“ Sr 29.1 a
124Sb 60.20 d
132Te 78.2 h
134Cs 2.062 a
136Cs 13.16 d
137Cs 30.1 a
140Ba 12.752 d
141Ce 32.501 d

2.2. NORMAL OPERATION AND SOURCE TERMS FOR
MINOR ACCIDENTS

During normal reactor operation, fission products from the fuel enter the 
coolant if the cladding is defective, and fission products from uranium traces with 
activated corrosion products contribute radioactivity to the coolant. Activation gases 
are also formed in the primary coolant. The radioactive inventory of the coolant and 
the release pathways from LWRs during normal operation were examined in detail 
in an earlier technical report [7].

Important volatile radionuclides and aerosols are listed in Table HI [7]. The 
radioactivity inventory in a typical nuclear power plant (LWR, 1 GW(e)) is given 
in Table IV [8],

The largest fraction of the radioactivity inventory in a nuclear power plant is 
associated with the fission products in the fuel. The induced radioactivity in struc
tural materials and in the coolant is only a minute fraction of the total radioactivity, 
and its relative importance decreases with increasing severity of the transient or 
accident.

9



TABLE IV. TYPICAL RADIOACTIVITY INVENTORY FOR A 1 GW(e) 
NUCLEAR POWER REACTOR (LWR)

Location
Total inventory (Ci)* Fraction of core inventory (Ci)*

Fuel Gap Total Fuel Gap Total

Corea 8.0 x 109 1.4 x 109 8.1 x 109 9.8 x 10_1 1.8 x 10-2 1

Spent fuel
storage pool 1.3 x 109 1.3 x 107 1.3 x 109 1.6 x 10'1 1.6 x 10“3 1.6 x 10 '
(max.)b

Spent fuel
storage pool 3.6 x 108 3.8 x 106 3.6 x 108 4.5 x 10~2 4.8 x 10'4 4.5 x 10-2
(av.)c

Shipping caskd 2.2 x 107 3.1 x 105 2.2 x 107 2.7 x 10-3 3.8 x 10-5 2.7 x 10-3

Refuelling6 2.2 x 107 2 x 105 2.2 x 107 2.7 x 10"3 2.5 x 10'5 2.7 x 10'3

Waste gas 
storage tank — — 9.3 x 104 -  -  1.2 x 10'5

Liquid waste 
storage tank — — 9.5 x 101 -  -  1.2 x 10~8

* 1 Ci = 37 GBq.
a Core inventory based on activity j  h after shutdown.
b Inventory of j  core loading; i  core with 3 d decay and core with 150 d decay.
c Inventory of j  core loading; ^ core with 150 d decay and i  core with 60 d decay.
d Inventory based on 7 PWR or 17 BWR fuel assemblies with 150 d decay.
e Inventory for one fuel assembly with 3 d decay.

The main part of the inventory, namely fission products accumulated in the 
fuel during plant operation, is retained by the following barriers:

(a) The fuel matrix,
(b) The fuel cladding,
(c) The reactor coolant system (primary system),
(d) The containment or confinement.

In the case of an accident the first three barriers are assumed to fail partly or 
totally, depending on the severity of the accident.

The reactor containment will capture radioactive gases and aerosols that have 
penetrated damaged barriers. The primary containment atmosphere may also contain
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water droplets originating from condensing steam. The resulting airborne radio
activity in the post-accident environment will depend in large measure on the type 
of accident and on the operation of the ESFs for the containment.

Typical gaseous effluent pathways with estimated iodine releases for PWRs 
and BWRs during normal operation are shown in Figs 6 and 7. Currently, for models 
applied in the USA in the preparation of source terms for normal operation, two 
design bases are used — a conservative basis for which a conventional cladding 
defect model is applied and another basis for which it is assumed that 1 % of the fuel 
rods are defective. The chemical and physical characteristics of the normal operating 
source terms (aerosol particle size distribution and chemical form of radioiodine) are 
of equal importance for the specification of other aspects from the standpoint of 
process design.

In CANDU reactors the fission product formation and the releases from defec
tive fuel into the primary coolant under normal operating conditions are similar to 
those in LWRs.

However, different source terms for normal operation result from on-power 
refuelling (release of fission products from defective fuel) and from a higher rate of 
formation of the neutron activation products 3H and 14C. Sources of 14C are the 
heavy water moderator and the air, nitrogen or carbon dioxide annulus gas systems. 
The estimated 14C production rate is about 3 x  1013 Bq per 1000 MW(e)-a.

The tritium concentration in the moderator increases with time owing to deu
terium activation, which reaches 3.7 X 1011 Bq/kg in about three years and approx
imately 1.85 x  1012 Bq/kg after 30 years. The tritium content of the coolant is 
usually lower because the coolant fraction within the reactor is smaller since it is 
replaced by fresh heavy water at a higher rate.

The pathways and stages of the removal of gaseous radionuclides in CANDU 
reactors are shown in Fig. 8. Noble gas radioisotopes are collected from the primary 
coolant cover gas and from the spent fuel transport system.

The release of radioiodine from spent fuel stored in the water pool is reduced 
by addition of hydrazine. Tritium oxide vapour is collected from the atmosphere by 
heavy water recovery units in the primary coolant and moderator systems.

The accident release terms of CANDU reactors are different from those of 
PWRs owing to the difference in the structural concepts as well as in the operational 
and safety features.

The high integrity of the magnesium alloy and the stainless steel fuel cladding 
results in very small amounts of fission products being normally present in the 
coolant of Magnox reactors and of advanced gas cooled reactors (AGRs). The prin
cipal source of gasbome radioactivity is neutron activation of the carbon dioxide 
coolant, graphite moderator and shield air. The early Magnox reactors have a steel 
pressure vessel inside a concrete biological shield. Air is used to cool the concrete, 
and this consequendy gives rise to a significant 41Ar source term. The later Magnox 
reactors and the AGRs have water cooled concrete pressure vessels and hence their

11
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FIG. 6. Gaseous effluent pathways with estimated iodine releases for a typical 1 GW(e) PWR 
during normal operation (1 Ci = 37 GBq).
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TABLE V. SPALL ABLE OXIDE OF THE 
ACTIVATED FUEL CLADDING IN AGRs

Nuclide
Component activity 

per fuel stringer (GBq)a

Chromium-51 6.2 x 103

Manganese-54 2.0 x  102

Cobalt-58 2.1 x 102

Iron-59 1.0 x 101

Cobalt-60 4.5 x  10'

Tantalum-182 8.8 x 10'

Iron-55 3.9 X 10'

Nickel-63 3.5 x 10’

a Assuming 24 GW-d/t irradiation and 28 d decay; the total 
mass of oxide is estimated as 196 g per stringer.

air activation source terms are not significant. Activation and corrosion of the 
graphite moderator and the fuel element sleeve on the AGRs give rise to a major 
source of 35S, 14C and 3H in the coolant. The activation of the stainless steel clad
ding and fuel stringer components also results in a significant activation product 
source term [9].

A typical isotopic inventory for the oxide layer of the activated fuel cladding 
in AGRs is given in Table V [9],

Discharges of coolant are filtered before release to the environment in both 
Magnox reactors and AGRs. In addition, deliberate discharges of coolant are passed 
through iodine adsorbers in AGRs. These plant provisions serve to reduce the dis
charge source term with regard to the coolant inventory source term both during 
normal operation and in abnormal situations.

Areas within the AGR buildings that may become contaminated have a filtered 
ventilation system that is designed to prevent the spread of contamination within the 
buildings. The extracted air is discharged through high efficiency particulate air 
(HEPA) filters. Reactors with concrete pressure vessels have a continuous leakage 
of carbon dioxide coolant of a few tonnes per day, which, since there is no shield 
cooling air, is swept up and discharged with the ventilation air.

Consideration of the source terms and release pathways for liquid metal cooled 
fast breeder reactors (LMFBRs) is relevant only for design concepts in view of the 
early stage of development and exploitation. Gaseous waste treatment norm ally 

involves argon cover gas because some volatile fission products, particularly tritium,
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FIG. 9. Possible off-gas treatment system o f LMFBRs.

will be released from the fuel during normal operation. Escape of iodine through the 
fuel cladding will be prevented by the reaction of iodine with the primary coolant 
to form sodium iodide.

The possible gaseous waste arisings and the off-gas treatment system of 
LMBFRs are illustrated in Fig. 9. When considering off-gas treatment during acci
dents, it is necessary to include sodium fires and sodium-water reactions in addition 
to the situation in PWRs.
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2.3. SOURCE TERMS FOR DBAs

The pathways for releases to the environment under DBA conditions are illus
trated in Fig. 5. It must be confirmed that the event sequence to be probed in the 
design of nuclear power plant protection systems, i.e. the ESFs, covers the extreme 
variations in the relevant parameters, such as sudden increases in the power genera
tion or sudden decreases in the core cooling capability.

The off-site source term is derived from the pretreatment term, with conserva
tive account of the retention of particulate and molecular fission products (except 
noble gases) in particulate filters and iodine adsorbers of the gaseous effluent treat
ment system. Direct exposure of the public to radioactivity that has accumulated in 
the gaseous effluent filters is limited by the shielding.

The accident scenarios and fission product release terms differ, depending on 
the reactor type, because of the dissimilarity in the structural concepts as well as in 
the operational and safety features. However, in order to verify in particular the con
tainment design, with regard to the siting criteria, it is common practice to postulate 
on a conservative basis the levels of degradation during an accident, assuming in the 
analysis some failure of ESFs, i.e. a failure of the emergency core cooling system 
(ECCS) leading to conditions of partial or total core melt.

The status of US source term analyses to be used in the preparation of regula
tory guides for reactor design basis and siting accidents (as well as for more severe

TABLE VI. VALUES OF THE US REGULATORY GUIDES FOR FISSION 
PRODUCT RELEASES FROM FUEL PELLETS AND FAILED FUEL RODS

Accident Fission products released from fuel pellets (%)

Noble gases 85Kr Iodine

LOCAa (RGs 1.3 and 1.4) 100 100b 100c

Rod ejectiond (RG 1.77) 10 10b 10

Fuel handling (RG 1.25) 10 30 10

a The RGs 1.3 and 1.4 [13, 14] specify releases from the containment that imply releases 
from the fuel pellets. 

b Not singled out from other noble gases in RGs 1.3 and 1.4.
c Because of plate-out in the core and in the containment, it is assumed that only 25 % can 

leak from the primary reactor containment.
For non-molten fuel. For the molten fuel fraction (if any), the release values are the same 
(100%) as those assumed in RGs 1.3 and 1.4.
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accidents leading to containment failure) was discussed mainly in 1975 [8, 10], 
1982 [11] and 1985 [12]. A summary of the US Regulatory Guide (RG) values for 
releases from fuel rods is given in Table VI.

According to the US Nuclear Regulatory Commission (USNRC), RGs 1.3 and 
1.4 [13, 14], the US design basis source terms for accidents include the following 
points:

(a) It is assumed that 25 % of the equilibrium radioactive iodine inventory from 
maximum power operation of the core is available for leakage from the 
primary reactor containment. Of this, 91% is assumed to be in the form of 
elemental iodine, 5% in particulate form and 4% in the form of organic 
iodides.

(b) It is assumed that 100% of the equilibrium radioactive noble gas inventory 
from maximum power operation of the core is immediately available for 
leakage from the reactor containment.

The temperature and pressure for the ESFs are those corresponding to a large 
LOCA. The design basis radiation corresponds to the 100% noble gas and 25% 
iodine source terms for the containment atmosphere. Another 25% of iodine and 1 % 
of all solid (non-gaseous) fission products are added to these values, which constitute 
the radiation source term for liquids in the primary coolant system or the containment 
sump. The fission products are assumed to remain in the water phase within the con
tainment, and neither aerosol formation nor leakage of the solids is assumed. These 
assumptions are intended to provide a conservative design basis for ESFs. For the 
whole duration of a DBA, the containment is assumed to maintain its integrity, so 
that the demonstrated design basis leak rate of the containment is not exceeded during 
the accident.

Safety analyses for GCRs identify fault sequences that could result in partial 
or total loss of coolant, with subsequent damage to the fuel. Other fault sequences 
cause a breach of the cladding and result in subsequent fuel overheating. For Magnox 
reactors, fuel channel blockage leading to a channel fire is a postulated accident. The 
faults occurring during accidents which are identified as being most significant for 
AGRs involve the dropping of irradiated fuel, either into the reactor core during 
removal of the fuel or outside the reactor core during buffer storage or during dis
mantling of the fuel assembly. It is recognized that in any of these events there is 
the potential for loss of fuel integrity, with subsequent release of fission products. 
If U 02 at significantly elevated temperatures comes in contact with oxygen, U3Og 
fine particulate material will be formed.

The DBAs lead to the release of fission products and fuel residues in gaseous, 
vapour and particulate forms. It is anticipated that radioiodine could be present in 
several forms, notably as elemental vapour, as organic iodine compounds and also 
as condensed or particulate material. Typical values for the ‘puff release of iodine 
resulting from the failure of one fuel pin are given in Table VII (Ref. [9]).
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TABLE VH. PREDICTED IODINE RELEASES 
FROM ONE FUEL PIN3

Nuclide
Activity in ‘puff 

release (GBq)

Iodine-129 5.1 X lO-6

Iodine-131 1.3 X 101

Iodine-132 1.2 x 101

Iodine-133 8.8

Iodine-134 2.0

Iodine-135 4.5

a Assuming 24 GW-d/t irradiation.

TABLE VIII. CONDITIONS ASSUMED TO BE MOST CHALLENGING 
TO ACSs IN LWRs

Temperature 
Humidity 
Activity 
Pressure 
Fire hazard 
Particulate loading 
Hydrogen reactions 
External atmospheric force 
Seismic events
Deterioration (ageing, poisoning, etc.)
Excessive pressure differential

1 Ci = 37 GBq

When calculating the pretreatment source term for AGR accidents, account is 
taken of the fission product fraction remaining within the fuel matrix, the retention 
of caesium in the fuel/cladding interspace of fuel pins with punctured cladding, and 
the deposition of particulate and molecular fission products (except noble gases) on 
the surface of the primary circuit and, to a limited extent, in the plant outside the 
reactor.

The OECD/NEA set up a group of experts on air cleaning in accident situa
tions; this group met many times from 1979 to 1985 [15] and considered power reac
tors and other fuel cycle facilities including fuel reprocessing plants. Table V m

200°C
100% r.h. + free water 
3 kCi
Equal to containment design pressure
Potential exists
Potential exists
Potential exists
Potential exists
Potential exists
Potential exists
Potential exists
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gives a summary of the conditions assumed to be most challenging to air cleaning 
systems (ACSs) for various containments and water reactor types.

The NEA group emphasized the importance of the following steps:

(a) Identification and adequate description of the relevant accident scenario;
(b) Reduction of the high grade of conservatism necessary for the use of the

available rough data;
(c) Identification of the endangered components (of ACSs).

2.4. SOURCE TERMS FOR SEVERE ACCIDENTS

There are many possible scenarios for severe accidents because of the variety 
of possible failure combinations, leading to large differences in thermodynamic con
ditions. However, the basic knowledge of the behaviour of LWRs in severe accidents 
has reached a level that is sufficient to develop accident management measures 
covering a broad spectrum.

Severe accidents with core degradation may result from a hypothetical com
plete failure of the systems designed to cope with accidents. Typical event sequences 
in severe accidents are listed below (see Ref. [16]).

Direct bypass. The initiating event causes the containment to fail or to be 
bypassed. Examples include strong earthquakes, steam generator tube ruptures and 
check valve failures, which cause the primary system inventory to be released out
side the containment.

Failure to isolate. The containment isolation system fails to provide a leaktight 
boundary.

Overpressure before core meltdown. Failure to remove heat from the contain
ment as fast as it is produced in the core region causes the containment to fail through 
steam overpressurization. The emergency core cooling system may subsequently fail 
because the coolant in the pumps cavitates or because large structural deformation 
damages the cooling lines.

In-vessel steam explosion. An explosive interaction between molten core 
materials and water in the lower plenum of the rector pressure vessel destroys the 
vessel and causes the containment to be breached.

Ex-vessel steam spike. The containment fails as a result of rapid pressurization 
by steam when the molten core penetrates the reactor vessel and is rapidly cooled 
by water in the reactor cavity or on the containment floor.

Hydrogen burning. A widespread hydrogen deflagration, or a local detonation, 
causes containment failure at any time during an accident if the hydrogen concentra
tion is sufficiently high and flammability conditions are attained.
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TABLE IX. SUMMARY OF ACCIDENTS INVOLVING CORE MELTING

Reactor
type"

Probability
per

reactor*

Time
of

release
(h)

Duration
of

release
(h)

Warning 
time for 

evacuation 
(h)

Elevation
of

release
(m)

Containment 
energy 
release 

(106 Btu/h)'

Fraction of core inventory released*

Xe Org. I I Cs-Rb Te-Sb Ba-Sr Rub Lac

PWR 1 9 X 10’7 2.5 0.5 1.0 25 520d 0.9 6 x lO'3 0.7 0.4 0.4 0.05 0.4 3 X 10“3

PWR 2 8 X l t r 6 2.5 0.5 1.0 0 170 0.9 7 x 10‘3 0.7 0.5 0.3 0.06 0.02 4 X 10 “3

PWR 3 4 X 10"6 5.0 1.5 2.0 0 6 0.8 6  X 10‘3 0.2 0.2 0.3 0.02 0.03 3 X 10“3

PWR 4 5 X 10'7 2.0 3.0 2.0 0 1 0.6 2 x 1 0 3 0.09 0.04 0.03 5 x 10“3 3 x 10~3 4 X lO"4

PWR 5 7 X Hr7 2.0 4.0 1.0 0 0.3 0.3 2 x 10‘3 0.03 9 X 10-3 5 X 10'3 1 x  10“3 6 x lO"4 7 X 10“5

PWR 6 6 X 1 0 6 12.0 10.0 1.0 0 N.A. 0.3 2 X 10“3 8 X 10^ 8 x  W 4 1 X 10 3 9 x  10‘3 7 X 10“5 1 X 10“5

PWR 7 4 X 10“5 10.0 10.0 1.0 0 N.A. 6 x  10 3 2 X 10“5 2 x 10“5 1 x 10'5 2 X 10“5 1 X 1 0 6 1 x  10-6 2 X 10'7

PWR 8 4 X 10'5 0.5 0.5 N.A. 0 N.A. 2 X 10‘3 5 X 10”6 1 x 10-4 5 X 10^ 1 X 10-6 1 x 10“8 0 0

PWR 9 4 X 10-4 0.5 0.5 N.A. 0 N.A. 3 X 10-6 7 X 10“9 1 X 10‘7 6 x 10-7 1 x 10‘9 1 X 1 0 11 0 0

BWR 1 1 X 10“6 2.0 2.0 1.5 25 130 1.0 7 X 10'3 0.40 0.40 0.70 0.05 0.5 5 x  10‘3

BWR 2 6 X 10"6 30.0 3.0 2.0 0 30 1.0 7 X 10~3 0.90 0.50 0.30 0.10 0.03 4 x 10‘3

BWR 3 2 X 10“5 30.0 3.0 2.0 25 20 1.0 7 X 10-3 0.10 0.10 0.50 0.01 0.02 3 x 10-3

BWR 4 2 X 10”6 5.0 2.0 2.0 25 N.A. 0.6 7 X 10-4 8 x 10'4 5 X 10‘3 4 X 10“3 6 x 10'4 6 X 10"* 1 x 10-4

BWR 5 1 X 10-4 3.5 5.0 N.A. 150 N.A. 5 x  10"* 2 X 10-9 6 X 10‘u 4 X 10‘9 8 X 10‘12 8 x 10“14 0 0



a The isotopes used in the study and the background for the isotope groups and release mechanisms are given in Appendices VI and VII of Ref. [8]. 
Category 1 (PWR 1/BWR 1) is a violent core melting associated with steam explosion. In category 2 (PWR 2/BWR 2), core melting causes 
ESF failure and containment rupture by H2 burning or steam overpressure. In category 3 (PWR 3/BWR 3), the core melts, with partial success 
of removal systems before the containment fails by late overpressure. In category 4 (PWR 4), melting occurs in a containment that is not properly 
isolated and in which there is no ESF operation. The same assumptions hold for category 5 (PWR 5/BWR 4), but ESFs are assumed to be 
operating. In categories 6 (PWR 6) and 7 (PWR 7), the molten core reacts with concrete at the bottom of the containment. Releases before concrete 
melt-through are reduced by ESFs only in case 7. In categories 8 (PWR 8) and 9 (PWR 9/BWR 5), the core does not melt. In category 9, 
the containment behaves as assumed in the design, while in category 8 a degraded leak rate is assumed.

b Includes Mo, Rh, Tc, Co.
c Includes Nd, Y, Ce, Pr, La, Nb, Am, Cm, Pu, Np, Zr.
d An energy release rate lower than this value applies to part of the period over which the radioactivity is being released. The effect of lower energy 

release rates on the consequences of an accident is found in Appendix VI of Ref. [8].
* 1 Btu = 1.055 X 103J.



Long-term overpressurization. The containment fails as a result of gradual 
overpressurization due to steam and non-condensables while the molten core attacks 
the concrete basement of the reactor cavity.

Thermal degradation. Thermal radiation from the hot core materials in the 
reactor cavity and/or hot gases from the decomposition of concrete raise the tempera
ture of the containment structure beyond the point where integrity can be maintained. 
Leakage paths through containment penetration seals may develop.

Basemat melt-through. The hot core materials melt through the concrete 
basemat.

Direct containment heating. The hot core materials are divided into finely dis
persed particles reacting rapidly with the containment atmosphere.

The notable systematic safety study, the Rasmussen reactor risk study [8] per
formed in 1975, provided the methodology for treating accidents from a realistic 
and probabilistic view (probabilistic risk assessment). The release categories were 
related to core melt sequences on the basis of different physical processes and com
binations of ESF performance (see Table IX).

The Rasmussen methodology has generally remained valid, despite more 
recent assessments that have taken account of improved reliability data and activity 
release mechanisms. During the Three Mile Island accident, the source term was 
much lower than that predicted. Experimental work on the containment behaviour 
under accident conditions was also carried out, and a recent reassessment was under
taken by the USNRC and associated laboratories [17].

The German risk study on severe PWR accidents (Phase A) was published in 
1979 [18], presenting probabilities and consequent fission product source terms for 
different accident sequences. These investigations were continued and extended 
using new experience and new model calculations. The results of the German risk 
study (Phase B) were published in 1990 [18].

Another simulation work showed that for many accident sequences the source 
terms are lower. In static and dynamic studies the reactor containment was shown 
to be stronger [19]. The ultimate failure pressure was found to be 2.5 times higher 
than that of the design, assuming good quality control practices (see Table X). More 
recent work, using a one-tenth scale model of the Sizewell B prestressed concrete 
containment vessel, has shown that the vessel can withstand a pressure that is 
2.45 times higher than the design pressure of 0.345 MPa [20]. This satisfies the 
UK regulations, which require that the containment should be able to withstand a 
pressure of not less than twice the design pressure. The first failure was assumed 
to occur not in the containment itself but in the floor of the test structure. In the actual 
plant, the foundation will be much stronger than that assumed in the model and there
fore the experimental studies give a conservative value. The tests served to validate
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TABLE X. CALCULATED STRENGTH OF CONTAINMENT SHELLS

Plant Type Material Volume 
(9 x  103m3)

Predicted 
failure pressure 

(lb-in2(g))

Design 
pressure 

(lb • in2 (g))

St. Lucie Large, dry Steel 2.5 95c 44

Cherokee Large, dry Steel 3.3 116° ?

Perry Mark in Steel 0.28-1.2b 100c 45

WPPSS Mark II Steel 0.25-0.15b 133c 45

Browns Ferry Mark I Steel 0.16-0.12b 117° 56

Zion Large, dry Reinforced
concrete

2.7 134“ 47

Surry Large, dry Reinforced
concrete

1.8 119“ 45

Sequoyah Ice conditioning Steel3 1.3 50“ 12

Limerick Mark II Reinforced
concrete

0.25-0. l b 140“ 55

Grand Gulf Mark III Reinforced
concrete

0.27-1.4b 60“ 15

Indian Point Large, dry Reinforced
concrete

2.6 126e 47

a Prestressed concrete secondary shell. 
b Wetwell and drywell volumes. 
c Predicted for actual failure.
“ Predicted 1% yield. 
e Predicted yield.

the analysis code for the prediction of the non-linear behaviour of the full scale con
tainment; they were the first to be carried out for this type of containment.

When the failure pressures are higher, there is more time for natural passive 
mitigating processes. Deposition of aerosols will occur on surfaces within the 
primary system and the containment. Mathematical modelling previously neglected 
physical and chemical processes leading to retention of fission products.

In a comprehensive review [21] the following scenario for severe accidents 
was developed: Severe accidents with core degradation may result from a complete 
failure of the systems designed to cope with accidents. Considering only PWRs, the 
initiating events can be divided into two groups: those directly affecting the primary 
circuit (leaks or LOCAs) and those in which the heat removal is interrupted via the 
secondary circuit (transients).
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2.4.1. In-vessel heat-up and meltdown

In a transient sequence the pressure in the primary circuit may be enhanced, 
whereas a LOCA sequence would result in ambient pressure. If operator actions 
aiming at recovering failed functions are not successful, the residual water will 
evaporate. After the water level has reached the core region, the decay heat will heat 
up the fuel rods. If in any part of the core the fuel rod temperature exceeds 1200°C, 
melting begins, supported by zirconium oxidation, which leads to hydrogen forma
tion and to faster core heat-up.

The course of the accident after melting of a certain amount of core material 
is difficult to predict in detail. The molten material may be relocated in lower parts 
of the core, but this may lead to blockage of the coolant channels. After remelting, 
the material may flow down more or less instantaneously into the residual water of 
the lower part of the reactor pressure vessel (RPV), where it may be quenched, 
giving rise to a steam spike and to further hydrogen production. Steam explosions 
during the quenching process cannot be ruled out, but they are expected not to breach 
the RPV. If no flooding occurs, the in-vessel sequence finally leads to a dry RPV 
and to the molten core material at the bottom breaching the RPV at low pressure or 
melting through the RPV wall.

Analysis of core heat-up and meltdown can be performed with a number of 
generic codes.

2.4.2. Mass and energy flow into the containment

In a LOCA, depressurization of the primary circuit leads to steam release into 
the containment before the development of severe conditions. Later, and also in the 
transient sequence, the heat from the core will be transferred via steam into the con
tainment until the complete water inventory of the pressure retaining boundary is 
evaporated; this is connected with steam spikes, depending on the melting process.

During heat-up and meltdown, the water-metal reaction produces the non- 
condensible gases H2, CO and CO2 , which are also released. Depending on the 
meltdown process, part of the zirconium will be chemically reduced during the 
in-vessel phase, and up to 800 kg of hydrogen will be released into the 
containment [22],

2.4.3. Release of fission products into the containment

Starting with the breach of the fuel rods, fission products will be released. In 
the period up to the core meltdown, beginning 30-40 min after the water level has 
reached the upper core edge and ending after another 30 min, nearly all volatile fis
sion products (noble gases, alkali metals and halogens) will be released from the fuel, 
together with part of the semi-volatile fission products (tellurium and alkaline earth
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metals) and of the structural material (silver), and transported with the gas flow 
towards the leakage point of the primary system. Most of the released material 
(except the noble gases) will condense and reach the containment as aerosols. 
Because of the long residence time of the fission products within the primary circuit, 
a plate-out on the surfaces will reduce the source term.

2.4.4. Behaviour of the molten material outside the vessel

After the molten material has penetrated the vessel, possibly accompanied by 
a steam spike, the ex-vessel phase of the accident begins.

If water is available, the molten material may finally be deposited on the base- 
mat, where it can be cooled. The decay heat will be removed by evaporating water, 
which will condense on the containment walls. Part of the heat will thus be used to 
heat up the structures, another part will leave the containment through the steel shell 
(PWR) and the remaining part will heat up the atmosphere together with airborne 
fission products inside the containment. Thus the pressure in the containment will 
rise continuously. If, on the other hand, the molten material cannot be cooled com
pletely, the underlying structure will be heated up. The core material will interact 
with the concrete of the basemat. Erosion of the concrete will consume a large frac
tion of the decay heat, but the gases from concrete decomposition will be partly 
reduced when they pass the melt, which results in additional release of steam and 
gases into the containment.

There are uncertainties regarding the long term prediction of the melt 
behaviour and the release of fission products [23].

2.4.5. Thermodynamics of the containment

Mass and energy flow into the containment during the in-vessel and ex-vessel 
phases has an impact on the containment that is due to the release of steam, H2, CO 
and C 02.

Hydrogen may burn before the containment atmosphere interacts with steam 
and may thus give rise to a pressure peak [24]. The thermodynamics of the contain
ment can be analysed by computer codes, for example WAVCO [25], In the long 
term the pressure in the containment will rise, with the level depending on the vent
ing procedure used.

2.4.6. Fission product behaviour in the containment

Fission products are released from the concrete and possibly from droplets that 
are carried over from the evaporating sump. Aerosols are depleted on the walls of 
the containment mainly by sedimentation and washed out to the sump.
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In BWRs the airborne aerosols are minimal because of the pool scrubbing 
effect of the wetwell.

The iodine chemistry in the containment is complex owing to the different oxi
dation levels. Because of the presence of hydrogen it is assumed that most of the 
iodine is released from the primary circuit as iodide. The remaining small amount 
of iodine will be distributed between the water and gas phases. It is expected that, 
in the long run, most of the iodine will be in the sump as dissolved iodide or as 
insoluble Agl. After about three days there will be no significant amounts of airborne 
fission products from the core degradation phase [5].

From the above scenario it is clear that the development of source terms for 
severe accidents is complex and subject to significant uncertainty. The importance 
of the progression of the accident and the inclusion of all removal mechanisms in 
the codes are discussed in the report NUREG-1150 [26]. Further information relat
ing to probabilistic safety methods, calculational codes and supporting experimental 
work can be found in Ref. [27],

A study at ORNL has contributed to the understanding of the importance of 
chemical factors in fission product release, but it has also highlighted many 
unresolved problems [28]. Fission product release from overheated fuel has been 
reviewed and the characteristics summarized. Krypton and xenon are considered to 
be contained within the void regions in elemental form and iodine probably as Csl. 
Caesium appears in various additional forms, including elemental caesium in 
equilibrium with condensed phase caesium uranates. Antimony has been observed 
in elemental form. The release of tellurium is inhibited by its reaction with Zircaloy, 
up to 1300°C, but subsequently, above 1300°C, it is released as SnTe.

Once the cladding integrity is lost, the chemistry of fission products during 
their transport in the reactor cooling circuit depends upon the hydrogen/water ratio. 
New species involve construction materials for circuit and control rods. When fission 
products escape from the coolant and enter the reactor containment, the chemical 
environment changes from a reducing state to an oxidizing one. Hydrogen burning 
or energetic dispersal of finely divided particulates from the molten core may occur. 
Thermal decomposition of Csl has been demonstrated in the presence of an alumina 
aerosol, but the effects of dispersal of molten core debris into an air environment 
have only been conjectured. Energetic dispersal may occur as a result of reactor 
vessel melt-through during the time when the circuit is at elevated pressure. Data 
for the interaction of the molten core with concrete are very limited.

Codes such as CORSOR and VANESA can be used to predict the mass and 
fractional release both into the vessel and from it during fault sequences. Studies for 
specific nuclear power plants are discussed in Ref. [29],

Attention is still focused on studies of iodine because of its particular radiologi
cal significance and the occurrence of complex chemical species. For hypothetical 
core melt accidents it is often assumed that the entire core inventory of radioiodine
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Temperature (C°)

FIG. 10. Release o f krypton, iodine and caesium from irradiated fuel into 
the water-steam atmosphere.

will be released into the containment atmosphere. The computer code TRENDS [30] 
has been developed to model the general iodine behaviour in reactor containments.

Under accident conditions, iodine can occur in different chemical forms, from 
elemental iodine and inorganic compounds (such as Csl) to organic iodine com
pounds, each of which exhibits a different characteristic behaviour. The presence of 
water, either in liquid form or as steam, favours the occurrence of inorganic salts 
or of ionic products of their solutions because of their low volatility at the tempera
tures in the containment; thus, the major portion of iodine released from the reactor 
core can be effectively retained in water reactors by natural physical and chemical 
mechanisms. Consequently, the extent of iodine release under accident conditions 
may be very different in different reactor types [5],

The behaviour of iodine in an assumed PWR core meltdown accident was 
studied at ORNL, using spent LWR fuel rod segments. The results showed that 
increased iodine release begins at about 1400°C and is completed after a short period 
of time when the temperature has reached >  1900°C. The release behaviour of 
heated caesium is almost identical with that of iodine (Fig. 10) [5].

The experience gained from the Three Mile Island 2 (TMI-2) accident con
firms predictions that chemical reactions determine the behaviour of iodine during 
severe reactor accidents. A major fraction of 131I was found in the sump water of 
the reactor building in the form of I" ions, and only a relatively small fraction was 
found in the reactor building atmosphere [31].
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3. DESIGN PRINCIPLES

3.1. RETENTION STRATEGIES

Mitigation of the consequences of abnormal plant operation and DBAs involves 
the use of ESFs to ensure control of the reactor, protection of the site personnel and 
control of the release of radioactivity to the environment. The most important use 
of these safety features is in the control of the pressure increase in the reactor 
environment and in the primary circuit, the provision of additional cooling capacity, 
and — especially in the case of water cooled reactors — the control of the hydrogen 
buildup following the water-zirconium reaction. Mitigation strategies vary insofar 
as they use a diversity of safety features or similar components in different system 
designs, depending upon the type of the reactor. The objectives of mitigation strate
gies are as follows:

(a) Basically to limit the extension of the main sources of possible airborne radio
activity and to prevent contamination of the surroundings. This retention 
strategy is based on the reactor containment or the confinement. The retaining 
systems are generally designed for DBAs.

(b) To provide ESFs for removing airborne radioactivity from the above men
tioned sources during all phases of an accident. The cleaning systems are 
designed for accidents up to the DBA and for severe accidents.

(c) To ensure the habitability of control rooms for accidents up to the DBA and 
for severe accidents.

In this report, the terms ‘containment’ and ‘confinement’ for reactors are 
equivalent with regard to the retention of radioactive materials. ‘Containment’ is 
used when retention is achieved by a solid barrier. ‘Confinement’ is used when reten
tion is achieved by other barriers and by gas treatment systems.

3.1.1. Containment

The use of barriers to limit or prevent the spread of radioactivity throughout 
the power plant is fundamental in dealing with fault situations, and the use of a 
containment is essential in providing substantial radiological protection to operators 
and in effectively reducing the releases from the facility. The required standard of 
leaktightness of a building structure, in cases where this forms the containment bar
rier, depends upon the magnitude of the potential level of airborne contamination. 
The greater the potential contamination level in accident conditions, the higher the 
standard of leaktightness required. The contamination level during abnormal condi
tions is a function of the particular fault sequence, the materials released, the prevail
ing conditions and the level of control necessary to limit the release during the event.
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In buildings where the airborne contamination level can be high during DBA condi
tions, the structure must be engineered to have a high standard of leaktightness. The 
actual standards of leaktightness should be determined by a hazards assessment.

The design of containments intended to withstand abnormal conditions giving 
rise to elevated internal pressures (either long term overpressures or transient pres
sure pulses) requires the use of special civil and mechanical engineering practices. 
The normal method of construction is to use conventional civil engineering designs 
of stressed containments with a minimum number of penetrations.

The primary containment has to be designed so that it can withstand the pres
sure and thermal loadings imposed during DBAs. To minimize the potential for 
untreated discharges to the environment, a secondary containment is often provided. 
The secondary containment or confinement can be either total or partial; a partial 
secondary containment is normally designed to collect leakage from the area of 
greatest leak potential. This is generally the area containing major penetrations 
through the physical barrier of the primary containment. Secondary confinements 
should be designed to operate at subatmospheric conditions to ensure that leakage 
from the primary containment is collected and treated before discharge. The prin
ciples presented earlier relate also to the design of subatmospheric containments and 
the design of secondary systems.

3.1.2. Confinement

Confinement enclosures are typically not pressurized, or else they can be pres
surized so that the pressurization levels are lower than those of containments. Details 
are considered further in Section 4. The operational air cleaning volume can be 
increased or the unfiltered air flow can be treated by filtration in an accident. This 
can be done directly or through suppression pool quenching. In some cases the exter
nally located nuclear air treatment system (NATS) can be remotely removed and/or 
replaced by additional filtering equipment.

In most cases the confinement is only equipped with recirculation components, 
but sometimes both recirculation and exhaust modes are used. The confinement 
NATS is typically equipped with similar components.

3.1.3. Containment venting systems for severe accidents

As a result of an accident sequence including core meltdown as well as core
water and core-concrete reactions, there may be a continuous rise in the containment 
pressure, which could lead to containment failure after a certain period (several 
hours or a day). In order to protect the containment against overpressurization and 
to obtain a stable final state, a controlled pressure relief system should be designed. 
Sweden as the first country, and recently also Canada, Germany and France, 
announced designs and completed plans for post-accident venting. Several designs
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of a filtered vented containment are being considered in the USA, as well as in 
Finland, Italy and Switzerland. The existing designs of containment venting systems 
vary significantly in the design of the systems and in that of components. Some of 
these systems are based on high capacity, robust components that were developed 
and applied in earlier nuclear facilities (not in power reactors) or in the non-nuclear 
pollution control industry. Other venting systems use a combination of conventional 
air cleaning devices and nuclear grade air cleaning components. Regardless of the 
type of containment venting system used, some general criteria have to be fulfilled:

(a) The decision of whether the venting should be initiated automatically or manu
ally depends on the time available, the required reliability of the system and 
the access to the valves.

(b) The components should be mechanically robust and resistant to pressure and 
heat.

(c) The system should provide a heat sink and should have the capacities of par
ticulate filtration (including aerosols) and vapour/gas retention (especially for 
various forms of iodine).

According to the present state of the art, the retention of noble gases cannot 
be achieved at realistic costs.

3.1.4. Control room ventilation

In the case of accidents up to the DBA and in severe accidents the habitability 
of the plant control room must be ensured. Thus, the control room ventilation system 
is an ESF. It consists of two main units: (1) An air conditioning unit is employed 
during normal operation, using a small fraction of fresh air and treating the main part 
of the flow by recirculation. (2) An air cleaning unit is provided for accident situa
tions in order to remove radioactivity likely to come from outside the building. 

Three modes of operation are considered for the control room ventilation:

(a) A once-through ventilation system operated with positive pressure provided by 
filtered input air;

(b) Recirculation of air through filters without the use of additional input air (no 
pressurization is possible and thus in-leakage may occur);

(c) A combination of (a) and (b), i.e. recirculation of air through filters and the 
use of additional filtered input air.

A further design requirement, particularly for the control room, is the need to 
protect the control room personnel from chemical and toxic substances that may be 
present in the vicinity of the plant.
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3.2. GENERIC DESIGN APPROACH

The need to ensure safety in a nuclear power plant must be recognized at all 
stages, from the initial design to the final decommissioning. The basic design 
approach for ACSs treating gasbome radioactivity arising from faults of the reactor 
systems should include a number of steps:

— Systematic identification and detailed analysis of the operating conditions to 
determine the functional requirements of an ACS.

— Provision of a segregated, diverse and redundant ACS to perform safety 
functions.

— Use of high standards of design and manufacture appropriate to the safety clas
sification of the ACS (using design codes as applicable, reinforced by quality 
assurance and independent checking to ensure that the standards are met).

— Systematic design development in which failure modes of plant components 
having a safety role are identified and the failure incidence is reduced to an 
acceptably low level.

— Demonstration of the adequacy of the ACS provisions by performance, relia
bility and integrity analyses (including consideration of common mode 
failures), as well as examination of the tolerance with regard to the single 
failure criterion, and performance of appropriate studies of fault situations sup
ported by research and development, where relevant.

— Paying attention to the plant layout and design in order to minimize the radia
tion exposure of plant staff in normal operation and to limit the extent of 
possible radioactivity releases in abnormal situations.

— Provision of multiple containment of radioactive substances, where 
appropriate.

— Performance of an appropriate series of commissioning tests to provide confi
dence that the ACSs have been manufactured and installed in accordance with 
the design intent and are capable of carrying out the required operations.

— Adoption of a systematic programme of testing, maintenance and in-service 
inspection according to documented procedures.

— Provision of control, indication and alarm facilities as well as employment of 
trained operators having the necessary skills, supported by documented rules 
and procedures, to ensure adequate ACS surveillance at all times.

— Provision of facilities for a systematic environmental monitoring throughout 
the power station lifetime.

— Use of approved operational modification and emergency procedures for 
ACSs.

— Monitoring of the ACS behaviour throughout the station lifetime to anticipate 
faults and to confirm that the reliability assumptions are correct.

— Taking into account the decontamination and decommissioning of ACS parts 
or of integral ACSs.
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— Use of a formal design documentation system to ensure proper control of all 
aspects of the engineering design. All documentation should be prepared on the 
basis of a strict quality assurance programme, covering verification, issue, 
modification, accountability, etc.

Redundancy and diversity of components and systems should be provided as 
necessary to meet the reliability requirements. With regard to availability, the design 
should take account of the maintenance requirements. Stronger confidence in a sys
tem can be obtained by the application of common cause failure (CCF) or common 
mode failure (CMF) frequency limits and of single failure criteria. A systematic 
approach to these matters throughout the design period can substantially reduce the 
probability of a CCF. The design approach should include the identification of the 
performance envelope to cover all plant operating conditions and hazards, the selec
tion of appropriate design margins, and the consideration of failure modes to ascer
tain the requirements for equipment segregation and hazard qualification. The 
formalized procedure should include a design assessment, preferably using failure 
mode survey checklists.

3.2.1. Hazards

In this report the term hazard is used to describe phenomena — natural or man- 
made — that are safety related since they have the potential to cause faults or to 
damage the plant and structures. Individual hazards are grouped into two main 
categories: internal and external.

Since any of the internal or external hazards may have the potential to cause 
damage to safety related systems, it is necessary to evaluate the consequences of the 
hazard, in each case, and to formulate a design approach that will ensure compliance 
with the safety criteria.

3.2.1.1. Internal hazards

The following hazards are generally considered in the design of safety related 
nuclear ACSs:

Fire. Although a fire is not necessarily responsible for the release of radioac
tive material from the containment, it can lead to degraded operating conditions 
giving rise to radioactive releases. In this case the challenge to the ACSs is caused 
by high temperature, high dust loading (unbumed and combustion aerosol particles) 
and condensation of corrosive substances.

Explosion. This hazard includes both hydrogen and steam explosions inside the 
containment. The challenge to the ACSs results in a very rapid pressure transient 
(shock wave).
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Release o f  water, steam and corrosive substances. To take care of water 
releases the ACSs must be installed in such a way that flooding is made impossible. 
Vapour condensation may result in corrosion and must be avoided. Steam releases 
may lead to condensation and droplet formation on the existing aerosol particles. 
Chemical substances may lead to corrosion and in some systems may interfere with 
the air cleaning processes, for example in the case of iodine treatment by poisoning 
of a charcoal adsorbent.

Mechanical impacts. Debris originating from disruptive failure of pressure 
vessels or rotating machinery, or from dropped or impacting loads can lead to partial 
or total degradation of the operating performance of an ACS.

Mechanical dynamic stress. Vibrations applied to an ACS for a period of time 
may result in leakages due to partial disassembly of the system.

3.2.1.2. External hazards

The sources of these hazards are external to the power plant and include both 
natural phenomena and man-made occurrences. The following hazards concern the 
off-gas treatment system and are generally considered in the design of the nuclear 
power plant:

Earthquakes. Depending upon the amplitude, earthquakes can severely affect 
the performance of ACSs, for example through component disassembly, filter defor
mation and blower shutdown.

Tornadoes and explosive substances. These events, which are characterized by 
rapid pressure transients, result in shock wave propagation inside the ventilation 
network. Their main effect is damage to the aerosol filtration media.

Extreme ambient temperature. The consequences of freezing for the ACSs 
could concern air intakes. Particularly, long term freezing can lead to plugging of 
air intakes by ice.

Noxious substances. These substances can directly affect the performance of 
ACSs (see the third item of the section on internal hazards). Of particular importance 
are ventilation systems with air recirculation that can be used to ensure habitability 
of the control room in situations where noxious substances are released.

The design should include both preventive and protective features to achieve 
the necessary level of assurance. The principal defence against hazards is often 
provided by segregation and layout zoning, and an assessment is undertaken by con
sidering the design basis hazards within the zones.

For ACSs, the strategy derived from the risk analysis may result either in 
specific designs of components making them better suited than those with classical 
designs to withstand severe operating conditions, or in the installation of protective
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devices with the aim of mitigating abnormal operating conditions. Although external 
hazards differ widely in their nature and potential consequences, a common design 
approach is used, as far as is practicable, to combat the risks.

3.3. DESIGN OF VENTILATION AND AIR CLEANING SYSTEMS

3.3.1. Functional requirements

While physical barriers are generally used to provide the basic containment, 
a ventilation system can enhance the confinement efficiency. The ventilation system 
should be designed such that it prevents the spread of contamination from individual 
zones within the plant to other zones that are unaffected by an accident. Where 
appropriate, the system should also be designed to collect contaminated substances 
during the event and to process the contaminated air, either by recirculation in the 
plant or by a controlled discharge to the atmosphere while maintaining confinement. 
These fundamental requirements are fulfilled by the application of the following 
general principles:

(a) The direction of the flow of air or gases should be from the cleanest areas to 
areas where contamination may occur during a fault situation.

(b) If the fault analysis shows that significantly different levels of contamination 
may arise in different areas of the power plant, measures should be taken to 
segregate them and to use separate ventilation and treatment systems.

(c) The inlet gas velocity through openings in barriers (either designed or acciden
tal) should be selected to be sufficiendy high to limit the escape of particulate 
materials as far as is practicable. Velocities in the range of 0.5-1.0 m/s are 
generally considered appropriate for this function.

(d) The system should be capable of maintaining an inward flow of air through all 
potential leakage paths to the atmosphere under all normal and fault conditions, 
within the design basis of the plant. The effect of external conditions, particu
larly wind induced pressures, should be considered when ensuring that the per
formance requirements of the system are met.

From the above it is clear that the provisions for the gaseous effluent treatment 
plant shall be designed to deal with both normal operation and abnormal situations. 
Systems designed to function during abnormal situations are often referred to as 
ESFs.

The design of the basic off-gas treatment system for accident conditions is 
similar to that provided for the processing of gaseous effluents during normal opera
tion. The plant should have the capability to reduce particulate and airborne radio
iodine emissions for a range of input gas conditions. This basic system is widely 
adopted for the treatment of gaseous effluents arising from DBAs in commercial
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nuclear power plants, althouth there are numerous variations between the reactor 
systems.

The off-gas treatment system should be designed primarily for the protection 
of the on-site personnel and of the public outside the plant, but it should also play 
an important role in the control of the reactor plant during an accident. The exhaust 
filtration and adsorption equipments are the principal components within the treat
ment system. The design of these components is discussed in later sections.

The exhaust ventilation system should be designed to collect and process all 
inlet air reaching the affected plant area, including in-leakage, under the conditions 
prevailing during abnormal operation. In the design, the functional requirements of 
the plant should include the operational requirements after control of the initiating 
fault event. Due account should be taken of both the need for continued ventilation 
and the predicted condition of the filtration and adsorption equipment subsequent to 
the fault.

The required decontamination factor (DF) for a filtration system will be deter
mined by carrying out an analysis of the release requirements in normal and accident 
situations to meet the appropriate site specific safety criteria. When designing the 
system, account should be taken of leakage across the filter installation and of any 
decreased efficiency of the unit under extreme accident conditions. Whenever prac
ticable, the filtration system should be designed to avoid situations where the cleanup 
system has to operate in conditions that give rise to a degraded performance.

Although high theoretical DFs can be attributed to the components of the 
exhaust treatment system, it is not appropriate to consider such levels when undertak
ing a safety analysis. In practice, the theoretical values are reduced by system leak
age, effects of the operating conditions and the practical statistical limits associated 
with in situ testing. Where high DFs are required, the overall value can be taken as 
the product of the DF values from the individual stages. However, under abnormal 
conditions it may be necessary to assume that the first stage filter is not functioning 
or has been destroyed. The maximum DF that should be used in the design is the 
value which can be assumed after consideration of the uncertainties associated with 
the in situ test sampling procedure, the analytical method and any performance 
degradation under extreme accident conditions. Generally, it is appropriate to con
sider a DF of only 100-200 for a single-stage in situ tested HEPA filter, even though 
such a filter has a theoretical DF of 2000 (99.95% efficiency).

The filtration and adsorption equipment should be positioned in the process 
system upstream of the fans so as to maintain the system under negative pressure and 
to keep the fans free from significant contamination. The filter and adsorber equip
ment should be situated in a plant area separate from the fan units. The location of 
the filters in separate rooms provides some measure of assurance that integrity will 
be maintained and is therefore recommended.

The filtration equipment should be designed to allow fully contained exchange 
of contaminated filters and adsorber materials. Despite this provision, the rooms in
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the plant may become contaminated and should therefore be designed such that they 
are free from dust traps; they should also be finished using materials that can be 
readily decontaminated. The rooms should be large enough to permit filter and 
adsorber change operations and to facilitate decontamination activities. To deal with 
severe accident situations the possible use of temporary shielding should also be 
considered.

The processed gas is generally discharged to the atmosphere via an exhaust 
stack to ensure adequate dispersion of the residual contamination. The acceptable 
height and location of the stack for a given plant should be decided by considering 
the anticipated activity in the discharge, the dispersion characteristics as determined 
by site specific factors, including the pathways for activity transfer to the food chain, 
and the occupational radiological situation. Re-entrainment of the exhaust gas during 
all conditions should be avoided. The efflux velocity should also be considered in 
order to ensure that the exhaust gas is adequately projected into the atmosphere to 
prevent downflow on the lee side of the stack. Generally, the stack height is required 
to be not less than 2\ times the height of the tallest building in the immediate 
vicinity, and efflux velocities of 15 m/s give adequate dispersion.

3.3.2. Requirements for process equipment

Water removal. Demisters are used to remove free moisture from the contami
nated gas/air stream by impingement of the droplets on the collection surfaces and 
subsequent drainage. The most common types used in the nuclear industry are knit
ted mesh packed beds. Demisters are often provided upstream of the filtration equip
ment to protect the particulate filters, since they do not function in the presence of 
free moisture. Charcoal adsorber beds for the retention of radioiodine also have to 
be protected from free moisture. Furthermore, the trapping efficiency of charcoal 
is an inverse function of the relative humidity of the influent gas stream. To ensure 
satisfactory performance of the system, heaters are often used to control the relative 
humidity of the gas stream feed to the charcoal bed. In order to lower the relative 
humidity, heaters have to be installed in front of the HEPA and iodine filters.

Filtration. It is established practice to deploy prefilters in front of the primary 
HEPA filters to significandy increase the life of the downstream HEPA filter during 
both normal and abnormal operating conditions. HEPA filters are normally used to 
achieve effective particulate removal from gas streams.

Spark arrestors may be located upstream of particulate filters to protect them 
from gasbome burning debris. The spark arrestors function as a sieve and, conse
quently, they should be fitted so that the passing particles can bum out before they 
arrive at the filter medium. The required distance upstream will depend on the air 
velocity in the duct and should be such as to provide a burnout time of at least two 
seconds. The need for provision of spark arrestors should be established by safety 
assessment.
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Particulate filters, especially HEPA filters, can be clogged rapidly in fire situa
tions by the combustion products. The limitations of filtration equipment under such 
conditions should be considered during the safety assessment and design period.

Adsorption. A charcoal bed adsorber is the most common means of retaining 
iodine and gaseous iodine components. The charcoal used in nuclear power plants 
is normally impregnated with either potassium iodide (KI) or triethylenediamine 
(TEDA) to improve its effectiveness. The charcoal is utilized in specially designed 
units (typically 50-100 mm deep trays in older plants); more recently, it is used in 
deeper beds, which are recommended because they have a greater capacity and there
fore the capability to adsorb poisons and trace impurities that impair the ability of 
the beds to trap radioiodine. Modular iodine traps, sized to be compatible with stan
dard HEPA filter housings, are commercially available.

Details on the design and performance characteristics of HEPA filters and 
charcoal bed adsorbers are presented in later sections of the report.

Other processes. Although power reactors, notably water reactors, are often 
provided with equipment for control of the release of inert gases during normal oper
ation, it is not general practice to include this equipment in ventilation discharge 
treatment systems to reduce the level of such contaminants. The techniques provided 
to reduce inert gas discharges normally apply the principle of delayed holdup, using 
either tanks or adsorption beds of activated charcoal, to benefit from the decay of 
nuclides of short half-lives. A significant reduction in the release of all radioactive 
inert gases, with the exception of krypton-85, can be achieved using the delay 
principle.

3.3.3. Testing

To be able to achieve the required performance level, the individual compo
nents within the filtration system have to be put to a test; the methods used for such 
a test are outlined in the Appendix.

For each stage of HEPA filters, test points should be provided where a test 
aerosol can be injected such that a fully mixed flow of air/gas and test agent arrives 
at each filter in the installation. Sample points should permit representative sampling 
of the air/gas stream before and after the filters. Because of the need for these sam
ples to be fully representative and because of the practical difficulties to achieve this 
condition, even when using purpose designed mixing and sampling devices, it is 
imperative that due consideration be given to this requirement at the beginning of 
the design stage. Detailed design of the test facilities is of considerable importance 
if meaningful results are to be obtained. The requirements for filter and adsorber 
testing are discussed in later sections.
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4. CONTROL OF AIRBORNE CONTAMINATION 
IN DESIGN BASIS ACCIDENTS

4.1. CONTAINMENT AND CONFINEMENT DESIGNS

In the case of nuclear power plants with LWRs, isolation is usually provided 
by the reactor containment. It consists of a low leakage metallic or concrete structure 
that surrounds the reactor pressure vessel and the primary coolant piping and equip
ment. It is designed as a high pressure full containment to withstand the pressure 
increase resulting from the depressurization of the reactor coolant system and from 
any energy due to nuclear excursions.

In BWRs and in more recent PWRs a secondary confinement is provided; this 
may be close to the primary containment, forming a restricted annulus, or it may 
extend to buildings in which other systems are located. These buildings are the reac
tor building in the case of BWRs and the auxiliary building in the case of PWRs. 
The secondary confinement systems are designed to provide holdup, treatment and 
controlled release points for the radioactivity escaping from the primary contain
ment. The secondary confinement is maintained under negative pressure by a ventila
tion system. Under accident conditions the exhaust from the secondary confinement 
may be recirculated to the primary containment.

shutdown system safety injection

FIG. 11. Schematic o f high pressure containment for a typical PWR.
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FIG. 12. Schematic o f pressure suppression containment for a typical BWR.

FIG. 13. Early concept for the confinement o f WWER-440 (PWR).
1 — reactor (primary confinement), 2 — secondary confinement; 3 — tertiary confinement 
(pressure suppression building); 4 — passive spray system; 5 — scrubber pool; 6 — one-way 
valve; 7 — recirculation filter system (a — HEPA filter, b — iodine filter); 8 — iodine filter; 
9 — vent stack; 10 — exhaust ventilator.
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FIG. 14. Improved concept for the confinement ofWWER-440 (PWR).
1 — reactor (primary confinement); 2 — secondary confinement; 3 — tertiary confinement 
(pressure suppression building); 4 — water condenser; 5 — one-way valve; 6 — passive spray 
system; 7 — recirculation filter system (a — HEPA filter, b — iodine filter); 8 — iodine filter; 
9 — vent stack; 10 — exhaust ventilator.

High pressure full containment (shown schematically in Fig. 11 for a general
ized nuclear power plant) is widely used for PWRs [32]; a partial pressure suppres
sion containment (Fig. 12) is used for BWRs [33].

Figure 13 shows an early concept for the confinement of WWER-440. The 
reactor vessel is placed in a 10 000 m 3 concrete vault (secondary confinement) 
which has a design pressure of 0.15 MPa. In the case of an accident, the steam-gas 
mixture would enter the 10 000 m 3 pressure suppression building (tertiary confine
ment) through the scrubber pool; the design pressure in this building is also 
0.15 MPa. The pressure suppression building is isolated from the reactor vault by 
a check valve after the passive spray system is activated by pressure buildup. Both 
the suppression pool and the passive spray system contain hydrazine and sodium 
hydroxide additives. The 10 000 m3/h recirculation and the 80 000 m 3/h exhaust 
air treatment systems are used for additional control of airborne contaminants and 
pressure before or after the activation of the pressure suppression building.

It is assumed that the confinement pressurization will last approximately 
10-12 min, after which time the confinement will be at lower than ambient pressure.
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During the pressurization regime the leak rate from the confinement is estimated to 
be about 10% per day.

Figure 14 shows an improved concept for the WWER-440 confinement struc
ture. The level of this improvement is between that for the previous design and that 
for the improved concept. The reactor is located in a primary confinement of 
10 000 m 3. The design pressure of the secondary confinement is 0.35 MPa. In the 
case of an accident the steam-vapour leakage is scrubbed in a manner similar to that 
used in the previous concept, but the size of the pressure suppression chamber is 
40 000 m 3, and the scrubber system is similar to that of the ‘ice condenser’ con
cepts. The design pressure of the tertiary confinement is 0.25 MPa. The isolation 
philosophy is the same as that applied in the previous design. The leaktightness of 
the confinement is significantly improved so that the leak rate is 0.3-0.5% per day. 
The improved confinement design contains recirculation and exhaust air treatment 
systems of the same sizes as those of the previous concept and operated in a similar 
manner.

The primary means of retaining the coolant in carbon dioxide cooled reactors 
of the Magnox and AGR types is a robust pressure vessel primary circuit. In the 
earlier types of Magnox stations the pressure vessel is made of steel and is sur
rounded by a substantial concrete biological shield. Air is used to maintain the tem
perature of the concrete of the biological shield within an acceptable range. The later 
Magnox reactors and AGRs utilize a prestressed concrete pressure vessel cooled by 
water circulating through pipework within the concrete structure. The design and 
integrity of the pressure circuits is such that they provide a containment for normal 
operation and for DBA conditions. In more recent stations, a limited secondary con
finement is also provided, since minor leakage from the primary circuit is collected 
and filtered by the building air cleaning and ventilation systems.

The multi-unit containment system designed for the CANDU reactors is 
described in the next section.

4.2. DESIGN OF ENGINEERED SAFETY FEATURES FOR GAS CLEANING

As discussed in the previous section, primary and secondary containments or 
confinements are always equipped with systems having the primary functions of 
cooling, decreasing the pressure and condensing steam in emergency situations 
(these functions are denoted ESFs). The secondary function of these systems is the 
removal of airborne contamination from the containment atmosphere by scrubbing 
of particulates and absorption of gaseous radionuclides, and this function is often 
improved by using chemical additives in the spray water or the pressure suppression 
pool. However, the primary functions of these systems are beyond the scope of this 
report and, therefore, ESFs other than ACSs (emergency core cooling system, con
tainment pressure suppression system and condensers and suppression pools) are not 
discussed here. Reactors considered in detail are the main commercially developed
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types, i.e. the PWR (France, Germany, Russia, USA), the BWR (Germany, USA), 
the CANDU reactor (Canada, India) [34] and the AGR (UK).

Atmospheric cleanup systems are included in the ESFs in the design of nuclear 
power plants to mitigate the radiological consequences of a postulated DBA. The 
mitigating action of ESF atmospheric cleanup systems is limited to iodine and par
ticulate aerosols released in accidents, since the removal of fission product noble 
gases by these systems is negligible. An ESF atmospheric cleanup system operating 
inside the primary containment is generally designed as the primary system, and a 
system operating outside the primary containment (under post-accident conditions, 
which are generally less severe) is designed as the secondary system.

The ESF atmospheric cleanup systems consist of some or all of the following 
components: dampers, moisture separators, heaters, prefilters, HEPA filters, iodine 
adsorption units, fans and associated ducts, motors, valves and instrumentation. The 
purpose of dampers in ESF atmospheric cleanup systems is to isolate the components 
from air or gases in order to extend the service life of the filtration and adsorption 
media.

The principal purpose of the moisture separator is to remove entrained water 
droplets from the inlet gas stream, thereby protecting the HEPA filters and adsorbers 
from water damage and plugging. Moisture separators may serve several other 
potentially important safety functions in accident situations, such as shock attenua
tion, fire protection and particulate overload protection.

Heaters are normally located after the moisture separators in the cleanup sys
tem and are designed to heat the incoming stream, reducing the relative humidity 
upstream of the HEPA filters or adsorbers and preventing trapping of moisture from 
the air by the filters and adsorbers. This minimizes the retention of moisture on the 
charcoal beds and promotes the long term retention of radioiodine, minimizing the 
potential for early activity release.

Prefilters and HEPA filters are installed to remove particulates. Prefilters 
remove the larger airborne particles from the gas streams and prevent excessive load
ing of the HEPA filters. The HEPA filters remove the fine discrete particle matter 
and prevent fouling of the adsorbers. The adsorbers remove radioiodine (elemental 
iodine and organic iodide) from the air stream. HEPA filters located downstream of 
the adsorption units collect charcoal fines and provide additional protection against 
particulate release in the case of failure of the upstream HEPA filter bank.

The fan is usually the final item in the atmosphere cleanup system. This loca
tion is advantageous in that upstream components in the system operate at less than 
atmospheric pressure, which minimizes the potential for leakage of radioactive 
material to the surroundings.

All components of the ESF atmospheric cleanup systems are designed for 
reliable performance under accident conditions. The design of these components 
should be based on the anticipated range of operating parameters (temperature, pres
sure, relative humidity and radiation levels) during the postulated DBA. The design
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FIG. 15. Schematic arrangement o f a typical reactor stand-by gas treatment system.

TABLE XI. ACCIDENT CONDITIONS ASSUMED FOR THE DESIGN OF ESF 
ATMOSPHERIC CLEANUP SYSTEMS

Accident conditions
Atmospheric cleanup systems

Primary Secondary

Pressure surge Results of initial Generally less than that
blowdown of the primary system

Maximum pressure (Pa(g)) 4.137 x  105 Atmospheric

Maximum temperature of influent 137 82
(°C)

Relative humidity of influent 100 plus condensed 100
(%) moisture

Radiation level
For airborne radioactive materials 104 103a

(Gy/h)
For iodine buildup on adsorber 107a 107a

(Gy)

Airborne iodine concentration
(mg/m3)

For elemental iodine 100 10
For methyl iodide and 10 1
particulate iodine

a These values are based on the source term specified in the USNRC RGs 1.3 [13] or 
1.4 [14], as applicable.
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of the adsorber is based on the concentration and relative abundance of various forms 
of iodine. The ESF atmospheric cleanup systems should be designed for redundancy, 
since they are installed for the purpose of reducing the dose during accidents. The 
redundant ESF systems should be physically separated so that damage to one system 
does not cause damage to the second system. All components of the system should 
be designed according to the guidelines for seismic categories. In the mechanical 
design of ESF systems, particular consideration should be given to the high radiation 
levels that may be associated with buildup of radioactive material on the components 
of ESF systems.

To maintain the radiation exposure in operating and maintenance areas as low 
as is reasonably achievable, ESF atmospheric cleanup systems and components 
should be designed to control damage and to facilitate maintenance, inspection and 
testing, as specified in the guidelines.

A schematic arrangement of a typical reactor stand-by gas treatment system for 
use during DBAs is shown schematically in Fig. 15. The redundancy requirements 
are fulfilled by the provision of a 100% stand-by system. This basic treatment system 
is widely adopted for the treatment of gaseous effluents arising from DBAs in com
mercial nuclear power plants; however, there are variations in details between the 
different reactor systems.

The radioactive contaminants to be removed can be classified into particulate 
aerosols, volatiles, semi-volatiles and gaseous components. The exhaust gases must 
be treated before discharge, and it may be economic to utilize special equipment to 
remove particular contaminants from the gas streams before they are diluted by 
larger flows from less contaminated areas.

For illustrative purposes, the accident conditions assumed for the design of 
ESF atmospheric cleanup systems in US LWRs are given in Table XI.

4.3. COMPONENT DESIGN

Among the components constituting the air cleaning part of the ESFs, those 
which are most effective in the retention of radioactive materials are demisters, 
aerosol filters and iodine adsorbers; these are discussed here in detail.

4.3.1. Demisters

The function of a demister is to remove from the air stream droplets of liquids 
as distinct from solid particles. Demisters generally consist of a mesh of fine wire 
or wire plates, i.e. a system of vertically mounted corrugated plates through which 
the gas flows horizontally. Liquid droplets of a size of more than a few micrometres 
bump onto the wire mesh or wire plate as the gas flows through the demister. The 
droplets then coalesce and drain by gravity from the mesh or the plate at a point 
where the resulting liquid is collected.
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4.3.2. Particulate filters

Prefilters [35] are designed to remove coarse particles; in addition, they can 
provide some protection for the downstream components in the case of fire and pres
sure shocks by acting as baffles and fire screens [36]. Prefilters with the same overall 
external dimensions as HEPA filters are commercially available. Dry panel type, 
50 mm deep fibre glass prefilters are generally used as air cleaning ESFs in nuclear 
power plants.

HEPA filters. Because of the frequent need to filter large volumes of gas, for 
example 50 000 m 3/h, a large surface of filter medium is required if the design effi
ciency and the design pressure drop are to be achieved. The most commonly used 
technique is to fold the filter medium back and forth into pleats to form a filter with 
an extended surface. The individual pleats are usually separated using a corrugated 
space-bar. The filter medium is sealed into a rigid case, using cements, sealants and 
sometimes fibre pads. This case is provided with sealing gaskets on both sides in 
order to allow leak-free mounting in a purpose designed filter housing. The most 
commonly used general filter designs (HEPA filters) are shown in Figs 16 and 17.

There are various designs of filters that can be applied for a range of standard 
flow rates. Some filter dimensions for the most common flow rates are given in 
Table XII [37].

TABLE XH. NOMINAL FILTER DIMENSIONS AND FLOW RATES

Rectangular filters Cylindrical filters

Air flow rates Height 
(m3/h) (mm)

Width
(mm)

Depth*
(mm)

Air flow rates 
(m3/h)

Height
(mm)

Diameter
(mm)

45 203 203 78 10-30 140 125

85 203 203 150

215 305 305 150

850 610 610 150 10-50 150 147

1700 610 610 292 1700 335 518

3000 610 610 292 3400 624 518

3400 610 610 292

a The depth does not include the thickness of the gaskets. The gaskets are normally 
6 mm thick and are applied on one or both sides of the filters.
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TABLE Xm. CHARACTERISTICS OF SOME FILTER MATERIALS

Filter materials
Continuous
temperature

(°C)

Fire
resistance

Water
resistance

Filter media
Plastic 60 Poor Good
Glass fibre, standard 500 Good Fair
Glass fibre, water retardant 500 Good Good
Ceramics 1000 Good Good

Separators
Plastic 60 Poor Good
Kraft paper 100 Poor Poor
Aluminium 300 Good Good
Ceramics 1000 Good Good

Frames
Reinforced plastic 60 Poor Good
Wood, board, plywood 100 Poor Fair
Fire retardant wood 100 Fair Fair
Steel 500 Good Good
Ceramics 1000 Good Good

Adhesives
Rubber base 70 Poor Good
Plastic base 250 Fair Good
Silicate furnace cement 500 Good Good
Ceramics 1000 Good Good

Gaskets
Rubber 70 Poor Good
Neoprene 100 Poor Good
Mineral fibre 500 Poor Good
Ceramics 1000 Good Good

The most commonly used filter media include glass fibres, perchlorovinyl 
fibres, cellulose acetate fibres, plastic fibres and ceramics. For the construction of 
filter cases, wood (plywood or particle board), plasters or steel are generally used. 
Aluminium, kraft paper, plastic, stainless steel and glass fibre wires are used as 
space-bar materials. The sealants are generally rubber based, epoxy resin, silicone, 
polyester, plastic compounds, silicates or refractory cements. A similar range of 
materials, including rubber, neoprene, Teflon, silicone rubber and glass fibres, is 
used for the gaskets.
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TABLE XIV. SPECIFICATIONS FOR FLAME RESISTANT, HIGH 
TEMPERATURE AND CHEMICAL RESISTANT FILTERS

Type Medium Separators Frame Adhesive Gasket
Maximum

temperature2
(°C)

Flame
resistant

Glass
paper

Aluminium Fire
retardant
wood

Self-
extinguishing 
(rubber base)

Rubber,
neoprene

100

High
temperature

Glass
paper

Aluminium Steel Silicate 
cement or 
mechanical 
sealing

Mineral
fibre

400

High
temperature

Stainless
steel
fibre

None Steel Welding Special 500

Chemical
resistant

Glass
paper

Plastic Reinforced
plastic

Epoxy
resin

Neoprene 75

a For continuous operation the temperature should be lower than specified.

Because of the wide range of materials and designs available, it is essential that 
the filters are carefully specified in order to perform correcdy under the onerous con
ditions prevailing during an accident. Characteristics of some of the more common 
filter materials are given in Table XIII.

HEPA filters are generally produced commercially to meet the requirements 
of the material or utility specifications. Typical specifications relating to such equip
ment are listed in Table XIV [38].

When designing a system and selecting filter components, the following 
parameters should be considered: flow capacity; penetration/efficiency; pressure 
drop; dust holding capacity; resistance to extremes of pressure, humidity, fire and 
temperature; mechanical properties; and irradiation.

Detailed information on the performance characteristics of HEPA filters can 
be found in the IAEA Technical Report No. 325 [38]. HEPA filters should be tested 
by the manufacturer to guarantee the efficiency of the filter medium and the assem
bled filter insert.

Recent investigations have shown that HEPA filters could degrade under cer
tain conditions of service. A decrease in the structural properties of the filter medium 
has been observed, but definitive information on filter lifetimes is not available. Fac
tors such as temperature, radiation, vibration and chemical effects may contribute
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FIG. 18. Parallel battery o f canister housings.

FIG. 19. Housing for HEPA filter packs.
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to the ageing process and could result in reduced filter strength and operational safety 
under accident conditions.

Filter housings. Filters are generally installed in nuclear power plants either 
in canister housings or in ladder frames.

Canister housings. Standard rectangular filter inserts of 500 or 850 L/s and 
circular filter inserts of 500 or 950 L/s can be used together in individual canister 
housings (arranged in series, or in parallel, or in both ways) to form the required 
filter installation. The number of housings is usually restricted to a maximum of ten; 
these canister housings are arranged in parallel. A typical parallel battery of canister 
housings is shown in Fig. 18. Each housing can be isolated for the purpose of 
changeout. If the system has four or more filters in series, the additional flow 
imposed on the remaining units when one filter is isolated can normally be accommo
dated. If less than four filters are used, then an additional filter (one more than 
required by design) should be installed. If the housings are designed with sufficient 
space between the inlet and outlet headers, they can be individually tested in situ. 
Several designs of housings are available for both rectangular and circular filter 
inserts. The overall penetration of the canister housing and the filter insert depends 
critically on the efficiency of the seal between the filter insert and the canister hous
ing. For rectangular filter inserts the seal is made using a gasket (silicon rubber, 
neoprene or glass fibre) that is attached to the filter insert. The insert is fixed so that 
the gasket is compressed against the housing seal face using cam bars or screw actua
tors; a housing for HEPA filter packs is illustrated in Fig. 19. After a long period 
of service, filter gaskets tend to settle and the seal becomes less efficient. To over
come this tendency the gaskets should be clamped by means of springs in order to 
maintain constant pressure on the gaskets. Clamping'devices should be located on 
the ‘clean’ side of the filters.

Figure 20 shows a circular filter insert and canister housing. In this case a 
silicone rubber lip seal is used between the filter insert and the housing spigot. This 
circular insert has very low leak rates compared to those of a rectangular insert, and 
no clamping of the gaskets is required. For either type of housing/insert, the filter 
inserts can be changed using standard bag change techniques, if required (see 
below).

Circular filter inserts are easier to bag out than rectangular ones, particularly 
if the housing is under slight suction and if puncture of the bag is less likely. Circular 
inserts are also more suitable for drum disposal.

Canister housings with a small filtered vent line should be used to minimize 
bag suction during changeout of the filter inserts, since there may be a slight leakage 
from the isolating dampers.

Ladder system. Filter inserts are installed in a carefully fabricated frame (see 
Fig. 21), which forms one wall of the concrete or steel enclosure of the power plant.
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#
FIG. 22. Details o f the filter changeout system.

A large number of filter inserts can be mounted in one housing. It is important that 
rectangular deep pleat filter inserts are arranged in the ladder system with the pleats 
in a vertical position to avoid sagging or slumping of the pleats. In a system using 
rectangular inserts, effective location and clamping devices are required to obtain a 
good seal. Circular inserts are self-locating and no clamping is required to obtain a 
good seal. When rectangular inserts are used, the workers have to wear pressurized 
suits during changeout of the inserts.

Filter changing. Filters must be conveniently replaceable, without the risk of 
contamination of workers and the environment. This is generally achieved by using 
a changeout procedure within a containment. The housing is filtered with a special 
spigot containing two profiled grooves. Containment is provided by plastic bags that 
are attached to the housing via the spigot, using tensioned cords, bands or clamps. 
The provision of a double groove arrangement allows complete containment to be 
achieved during the filter removal and replacement operations. Venting of the 
housing and of the changeout bag is achieved by using a small auxiliary HEPA filter.
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During filter replacement the housing can be brought under atmospheric pressure via 
a three-way valve in the venting system to facilitate the transfer of the filter into the 
bag. The venting system can also be used to vent die bag before it is sealed, and the 
downstream volume of the housing can be flushed after filter replacement to reduce 
the probability of activity transfer downstream of the filter unit. The filter changeout 
system is shown in Figs 22 and 23.

4.3.3. Iodine adsorbers

The design of iodine adsorbers has to be such that a guaranteed minimum trap
ping performance or a guaranteed DF is achieved. The minimum DF value will be 
less than the actual design value, which should be chosen to allow for ageing and 
poisoning of the activated charcoal. The design DF value should be such that an 
economic and practical service life of the iodine adsorber is achieved.

The adsorber should be designed on the basis of the full range of temperature 
and humidity values that may be encountered in the most extreme DBA conditions. 
The maximum operating temperature should be considered carefully because the 
trapping performance depends on the temperature, since organic charcoal 
impregnants (e.g. TED A) have limited thermal stability, and the charcoal may 
undergo spontaneous ignition at elevated temperatures. The performance of activated 
charcoal is critically dependent upon the humidity of the influent gas, which 
increases the relative humidity and thus affects the performance. The maximum rela
tive humidity (r.h.) to which the charcoal may be exposed should be controlled. For 
design purposes it is recommended that the performance be calculated on the basis 
of 98% r.h., even though the operation may be limited to a lower value.

The performance of an iodine adsorber depends strongly on the gas flow rate. 
The principal criterion is the residence time, which is the ratio of the charcoal 
volume to the volumetric flow rate. The trapping performance improves with 
increasing residence time; in general, this should not be less than 0.5 s and 
preferably it should be equal to or more than one second. The gas velocity through 
the bed is of secondaiy importance and should also be considered. In addition to con
sidering the effect of the flow rate on the trapping performance, due consideration 
should be given to the gas flow, which should be uniform across the face of the 
adsorber and which should be limited in order to prevent the release of unacceptable 
quantities of charcoal dust from the unit. Special engineered features should be used 
to reduce these effects.

The design of iodine adsorbers should take account of the pressure of the gas 
in the bed and of the pressure head available to drive the gas through the system.

The bed should be sized to trap the total quantity of iodine, taking into account 
all iodine isotopes and species that could be present during the most serious DBA. 
The loading capacity limit used for design pruposes should be conservative and 
should depend upon the type of activated charcoal used. It should be noted that the
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values used relate to new charcoal; limited data are available for aged and poisoned 
materials.

The anticipated frequency of use and the duration of operation should also be 
considered. This is particularly important since the activated charcoal is subject to 
ageing by oxidation and to poisoning by adsorption of impurities. Adsorbers will be 
subject to ageing even when they are not in service, but poisoning is generally 
associated with the operation of the unit.

The following aspects should also be taken into account in the design of iodine 
adsorbers:

— Ease of replacement of the activated charcoal;
— Dose commitment during handling of activated charcoal;
— Bed geometry;
— Potential sources of the assumed leakage or bypassing;
— Provisions for taking representative charcoal samples;
— Requirement to load at maximum bulk density without the presence of dust;
— Physical stability of the bed in service;
— Compatibility of construction materials;
— Fission product heating during a DBA;
— Instrumentation;
— Isolation requirements for maintenance;
— In-service testing requirements.

4.3.3.1. Examples o f  iodine adsorber designs

Design details for iodine adsorbers that are currendy used in nuclear power 
plant exhaust systems are given.

Deep beds. In the construction of deep beds, a vertical arrangement is typically 
used, with provision for charcoal replacement. High DFs can be obtained, but 
usually they are associated with large pressure drops. Deep beds have the further 
advantage that strongly adsorbed poisons such as oil and solvent vapours will be 
retained in the first few layers of granules, so that the bulk of the deep bed can act 
as an effective trap. Deep beds are normally used when a long trap life is required; 
where practicable, they are preferred. Whatever the geometry of the trap, it should 
be such that all potential sources of internal leakage as well as bypassing of the 
charcoal bed are eliminated. Special attention should be given to the quality of the 
sealing arrangement for installation of modular adsorbers within filter housings.

Charcoal beds with a vertically downward gas flow are preferred. Horizontal 
flow through the charcoal bed can be satisfactorily employed, but provision of 
special engineered features is required in order to prevent internal leakage (see, for 
example, Fig. 24). Vertical upward flow is not recommended, primarily because of 
the risk of fluidization of the charcoal granules.
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FIG. 24. Typical cross-flow packed bed filter for radioiodine removal. 
(By courtesy o f Kemforschungszentrum Karlsruhe.)

Modular traps. Two typical examples of modular traps are shown in Fig. 25. 
Modular charcoal adsorbers of both deep and shallow bed geometry are available as 
commercial units, and some designs are suitable for use in contaminated air ventila
tion systems. Although a range of modular adsorber designs exists, those having the 
same case geometry as standard HEPA filters should be preferred, since they can 
be installed within conventional filter housings fitted with containment facilities for 
bag replacement.

Another type of modular trap, with a honeycomb type charcoal restraint sys
tem, is shown in Fig. 26. Special design features and manufacturing procedures are 
used to make charcoal case seals and to avoid settlement of adsorbents, which would 
prevent the formation of bypass routes during the whole filter lifetime. The charcoal 
is loaded into submodules that are located in the external case. Each submodule has 
an outer mesh screen to retain the charcoal granules. Within the submodules the 
charcoal is loaded into cellular honeycomb layers that prevent movement and setde- 
ment of the granules as well as charcoal attrition in service. The honeycomb layers 
are arranged asymmetrically with respect to the adjacent layers in order to eliminate 
the possibility of formation of internal leak paths.

Double-bed systems. Single-bed and double-bed types of modular charcoal 
filters (Figs 27 and 28) have a similar trapping performance, but the double-bed 
filter provides an approximately fourfold reduction in the pressure differential.
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FIG. 25. Typical examples o f modular traps.



HONEYCOMB MEOIUM

FIG. 26. Modular trap with a charcoal restraint system.

SEALING GASKET SUBMOOULE

FIG. 27. Single-bed modular charcoal filter.
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FIG. 28. Double-bed modular charcoal filter.

Guard beds can be placed in front of the iodine adsorption unit to reduce the 
effect of poisons. Trace organic species poison the activated charcoal; they can be 
removed from ventilation air streams by adsorption on simple charcoal beds located 
before the main trap, whereby the lifetime of the adsorbent is extended. The guard 
beds can be of a simple design and there is no need for the special features required 
for the main trap. The design of guard beds should be such as to allow regular 
exchange. They can be charged with any type of activated charcoal; unimpregnated 
coconut based charcoal has been found to be adequate. Further details for the design 
of iodine trapping systems can be found in Refs [7, 36, 39, 40].



FIG. 29. Charcoal filter housing used at Kemforschungszentrum Karlsruhe.

An advanced system of this type is shown in Figs 29 and 30. In this filter sys
tem the air flows first through the lower filter bed, which functions as a guard bed, 
and then through the upper filter bed. The lower bed is separated from the upper one 
by a special barrier slide. When the charcoal material of the lower bed is exhausted, 
it can be drained off. Subsequently, the charcoal material of the upper bed is allowed 
to move into the lower bed through the opened barrier slide. After this, the upper 
filter bed is refilled with new charcoal material [41]. This filter system has the 
following advantages: high safety achieved by the use of double beds; easy main
tenance achieved by minimizing the moving parts; low leak potential due to gastight 
sealing of the housing orifice [6]; high loading capacity for removal of poisons in 
the first section of the bed and, consequently, savings in charcoal that amount to 
more than 50% as compared with single-bed filters; and reduction of the quantity 
of radioactive waste.
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FIG. 30. Outline o f the filter housing shown in Fig. 29.

Bulk loaded iodine adsorbers. A typical design of iodine adsorbers installed 
in the latest AGR stations is shown in Fig. 31. In these adsorbers, gas passes down
ward through the charcoal, which is supported by layers of mesh wire plates. Mesh 
wire plates are put on top of the charcoal layer to achieve a uniform flow through 
the bed. These plates are made of supported woven steel mesh and are interlocked 
to prevent irregular movement of the plates, while accommodating any settlement 
of the charcoal bed.
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Gas outlet

FIG. 31. Typical arrangement o f iodine adsorbers.
1 — pressure vessel, 2 — charcoal sampling point, 3 — vessel support leg, 4 — charcoal, 
5 — charcoal bed support, 6 — wire mesh, 7 — segmented diffuser/restraint,
8 — inlet diffuser, 9 — magnesium silicate sphere, 10 — segment stiffener/handle.

The charcoal is contained within a pressure vessel. Gas enters the vessel 
through an inlet on the side of the vessel, near the top, and then passes through a 
removable gas flow diffuser. The function of this diffuser is to change the direction 
of the gas flow from horizontal to vertically downward and to bring about an even 
flow distribution at the top of the vessel by transporting the gas to the outlet at the 
bottom of the vessel.

Pressure vessels are designed in accordance with detailed national codes, and 
certain optional design features of the codes have been specified by performing a 
fatigue analysis.

A seismic analysis intended to demonstrate the capability of the pressure vessel 
to withstand an earthquake has been performed for the vessel and the internal parts 
of the structure.

The minimum mass of charcoal loaded in each bed is set at 250 kg and is based 
on an adsorption capacity of 50 fig/g; the bed can adsorb 12.5 g of methyl iodide 
without a reduction of the DF of the bed. The adsorption capacity and the DF of the 
charcoal are larger for elemental iodine than for methyl iodide.
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In determining the bed size, certain other conditions should be fulfilled in order 
to ensure correct utilization of the charcoal:

— The average gas velocity through the bed should not be higher than 0.6 m/s;
— The bed depth should not be less than 0.3 m;
— The time for gas to pass through the bed should not be less than 0.5 s.

In addition, the pressure drop in the bed is constrained to a certain value since 
an excessive pressure drop could degrade the performance of the system in which 
the iodine adsorber is located. The adsorbers are designed for 12/18 mesh charcoal, 
but it is intended to use 8/12 mesh charcoal because it gives a smaller pressure drop.

Fine charcoal dust in the storage drums of new charcoal is removed during its 
transfer from the drum to the pressure vessel, using purpose built dedusting 
equipment.

The system pipework is cleaned before the charcoal is loaded into the vessel. 
The charcoal is put in drums, which are brought to a point adjacent to the vessel to 
be loaded. The charcoal is transported from the drums into the vessel and freed from 
dust during this operation. The loading is carried out so that maximum packing is 
achieved and subsequent settlement of the bed is reduced. The bed is loaded with 
a specified mass (250 kg) of charcoal rather than with a specified volume. The inter
locking petal plates are put on top of the charcoal bed, the flow diffuser is bolted 
in position and the top cover is secured. Then a leak test of the pressure vessel is 
carried out.

After the loading of new charcoal, gas is passed through the bed at the maxi
mum operating flow rate, density and velocity, and samples are taken downstream 
to check that no significant quantity of charcoal dust is emanating from the bed.

The iodine adsorbers with bulk loaded beds have provisions for taking charcoal 
samples from the bed. These samples can then be tested to determine the degree of 
ageing of the charcoal.

4.3.4. Performance limitations of filters

In the whole nuclear power industry and in other industries strong efforts have 
been made to investigate the efficiency of the air cleaning equipment regarding the 
removal of radioiodine and radioactive aerosols under accident conditions. The 
IAEA Co-ordinated Research Programme on the Retention of Iodine and other Air
borne Radionuclides in Nuclear Facilities during Abnormal and Accident Condi
tions, which began in 1983 and finished in 1988 [42], involved ten Member States. 
It followed earlier programmes in this field [43], In 1979, an OECD/NEA Group 
of Experts on Air Cleaning under Accident Conditions was established. These inter
nationally co-ordinated studies have contributed progressively to the definition of 
anticipated accident modes and the reduction of limitations in system and component 
design.
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HEPA filtration. The following conclusions were made by the participants of
the IAEA Co-ordinated Research Programme [42]:

(a) The particulate removal efficiency of glass fibre filter media does not vary 
when they are exposed to high temperatures (up to 120°C) or to humidities 
below about 95% r.h.

(b) Static exposures of HEPA filters at temperatures of up to 200°C and for a time 
of up to eight hours do not cause performance deterioration, as found by testing 
after cooling.

(c) HEPA filters can perform for long periods in wet atmospheres when they are 
preceded by moisture separators.

(d) Comparison of the test results showed no contradictions when the tests were 
performed on the same kind of filter media under ambient conditions.

(e) Commercial HEPA filters have similar DFs for different test particles in both 
dry and moist atmospheres [44],

(f) The tearing resistance of HEPA filter papers can be greatly reduced in high 
humidity environments [45].

(g) There is reasonable experimental knowledge of the particle loading capacity 
and pressure differentials for the relevant loading capacities [46-49].

(h) The existing test methods for HEPA filters are designed only for ambient con
ditions, and not for realistic testing under high temperature and high humidity.

TABLE XV. AVAILABLE DATA ON THE PERFORMANCE OF 
HEPA FILTERS*

Operational parameters
New filter media Aged filter media

Normal Accident Normal Accident

Pressure differential VG F F NE

Vibration G G NE NE

Humidity/free water F F NE NE

Chemicals P P NE NE

Radiation G F P NE

Temperature G P NE NE

Loading capacity G F P NE

a VG is very good, G is good, F is fair, P is poor and NE is non-existent. 
Little is known about any combination of extreme values of these parameters.
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The available information on the performance of HEPA filters was also sum
marized by the OECD/NEA experts (see Table XV) [35]. They concluded that 
experimental data on the behaviour of HEPA filters are needed to establish the limits 
of fission product confinement at the extreme conditions in nuclear power plants.

Demisters. Demisters are possibly the most underrated components of ACSs, 
since in the only evaluation under accident conditions (the Savannah River Plant rod 
drop accident) the installed demisters removed more than 90% of the particulate 
load.

The use of demisters alone may not be adequate for removal of the total aerosol 
load during an accident, but their use in combination with HEPA filters can be very 
important. The use of stainless steel demisters ahead of HEPA filters probably pro
vides significant shock attenuation as well as protection against fire, overload and 
damage by free water. Currently, very few of these advantages are quantified. 
Insufficient attention may have been given to possible radiation damage of neoprene 
filter gaskets and other ACS components under accident conditions.

Activated charcoal adsorbers. With regard to the operation of charcoal 
adsorbers under accident conditions, the following conclusions were made by the 
participants of the IAEA Co-ordinated Research Programme [42]:

(a) Effect of high temperature at low r.h. values: (i) KI/KOH coconut charcoal 
under dry air conditions gives a constant iodine and methyl iodide removal efficiency 
up to 100°C; (ii) KI charcoal is efficient up to 180°C; (iii) Charcoal impregnated 
with TEDA performs well up to 100°C under dry conditions.

(b) Effect of high temperature at high r.h. values: (i) All granular types of 
charcoal have a high capacity for removal of water vapour at high r.h. values, and 
the consequent loss of the methyl iodide removal efficiency can be reduced by the 
addition of chemical impregnants. (ii) The removal efficiency of KI charcoal 
decreases progressively with increasing r.h. However, when an impregnant is used, 
sufficient efficiency is maintained even at 98% r.h. at ambient temperature, (iii) The 
efficiency of KI/KOH coconut charcoal decreased from close to 100% to 98% at 
90°C when the test conditions were changed from 20°C to 90°C at 97% r.h. 
(iv) KI charcoal was found to have a slightly increased performance at higher tem
peratures. (v) The initial efficiency of charcoal impregnated with TEDA was con
stant, independent of humidity, up to 70°C and 90% r.h. However, the ageing rate 
greatly increased above 50°C (see next paragraph).

(c) Ageing: The deterioration of the performance of KI charcoal due to its 
exposure to moist air is slow under normal conditions of <50% r.h. At higher 
humidities, ageing of KI charcoal can be rapid; therefore, its use for continuous 
operation in high humidity air is not advantageous with regard to the filter lifetime. 
For charcoal impregnated with TEDA the ageing rate is slow at high humidities 
below 50°C, and it is now the preferred adsorbent for ambient air environments in
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power stations in the United Kingdom. Above 50°C, the rate of ageing of charcoal 
impregnated with TEDA increases rapidly with increasing r.h ., either because of dis
continuation of the vapour phase of the impregnant or because of conversion of 
TEDA to a less efficient compound. Continuous use of TEDA impregnated charcoal 
at high r.h. above 50°C is not favoured.

(d) Poisoning: Poisoning is defined as the adsorption of air pollutants, with 
subsequent loss of the methyl iodide adsorption efficiency. A wide variety of organic 
iodides has been found on charcoal filters taken out of service after continuous opera
tion. Using xylene as a representative organic iodide, it was shown that adsorption 
of 5 wt% of xylene reduced the K  values1 of both KI charcoal and TEDA impreg
nated charcoal by five units. Although the effects of ageing and poisoning are not 
additive, their combined effect is greater than the added effects of the two processes. 
This loss of efficiency is too large for an economic filter life even with TEDA 
impregnated charcoal, and it is necessary to use guard beds with unimpregnated 
charcoal or deep beds for filters in continuous use.

(e) Effect of bulk condensation on KI charcoal: Bulk condensation of moisture 
on charcoal leads to a rapid decrease in the CH3I removal efficiency because of 
washout of the impregnant.

(f) Effect of irradiation: Exposure of coconut shell charcoal to gamma radia
tion from 2.8 x  104 Gy to 8.4 X 10s Gy had no effect on the subsequent methyl 
iodide removal efficiency.

(g) Adsorber unit behaviour: Evaluation of prototype units of impregnated 
charcoal, under exposure to high temperature and humidity (90°C, 90% r.h.) over 
a period of 8 h, showed a marginal decrease in the CH3I removal efficiency. The 
effect was interpreted as being due to the adsorption of moisture from the flow of 
high humidity air.

These evaluations were part of a programme for the development of fixed 
beds. Experimental results obtained under dry air conditions with high CH3I inlet 
concentrations are not immediately applicable to high humidity conditions, since 
changes occur in the chemistry of the surface area.

Further work is recommended to develop iodine adsorbing materials with an 
extended operating life for conditions of high humidity above 50°C. The currently 
available kinds of charcoal impregnated with TEDA are limited to applications up 
to 50°C at high humidity.

It has been demonstrated that fibrous carbon materials have high hydro- 
phobicity with good iodine retention. It is recommended that further work be carried 
out to exploit this feature in order to develop more robust adsorbents.

1 Definition of the K  value: K  =  (log DF)//, where DF is the decontamination factor
(i.e. the ratio of the inlet and outlet gas concentrations) and t is the gas residence time (in
seconds) in the adsorption column.
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Further investigations on TEDA losses from granular charcoal materials are 
also recommended.

Means for prevention of surface oxidation should be investigated for fibrous 
charcoal materials and for other materials to extend the operating life of KI charcoal 
in moist air operating conditions.

The OECD/NEA experts [35] reported that, in spite of the very extensive 
studies on iodine adsorbers, there are still problems to be solved. The primary and 
well analysed species of iodine are elemental iodine and methyl iodide; traces of 
other species that have been identified are di-iodomethane, vinyl iodide and iodo- 
benzene. Previously, several investigators identified an iodine chemical species as 
HOI in the vapour phase, whereas other investigators confirmed its presence in the 
liquid phase but not in the vapour phase. Current data indicate that the presence of 
HOI in the vapour phase under various postulated accident conditios is very unlikely. 
There are virtually no test data on other possible compounds, such as HI or higher 
oxyacids of iodine.

An evaluation of all accident conditions and of the appropriate iodine chemistry 
for the production of vapour phase components is required.

The OECD/NEA experts evaluated test methods used by various countries and 
reported an unsatisfactory correlation of the results for identical samples.

The seriousness of poisoning has been evaluated mainly under non-accident 
conditions, for which it has been found that guard beds or deep beds offer significant

TABLE XVI. AVAILABLE DATA ON THE PERFORMANCE OF 
CHARCOAL BASED IODINE ADSORBERS®

Operational parameters
New charcoal Aged charcoal

Normal Accident Normal Accident

Pressure differential VG G G G

Vibration VG (USA) 
P (others)

VG (USA) 
P (others)

NE NE

Humidity/free water VG VG F P

Chemicals (poisoning) P P P P

Radiation VG VG VG F

Temperature VG G F P

Loading capacity VG F F P

a VG is very good, G is good, F is fair, P is poor and NE is non-existent. 
Little is known about any combination of extreme values of these parameters.
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protection. However, the only actual accident in a reactor with iodine impregnated 
charcoal in the filter systems of the auxiliary building and the fuel handling building 
was the TMI-2 accident.

Current knowledge regarding charcoal based iodine adsorbers is summarized 
in Table XVI. For other types of iodine adsorbers, such as those with silver treated 
materials, the knowledge is more limited.

5. CONTROL OF AIRBORNE CONTAMINATION 
IN SEVERE ACCIDENTS

5.1. DESIGN OF CONTAINMENT VENTING SYSTEMS

Public risks arise mainly from core meltdown accidents with concurrent con
tainment failure due to excess pressure. These risks can be avoided if the contain
ment is vented before the containment failure pressure is reached. Containment 
venting will have a minimum effect on the environment if a filtered containment 
venting (FCV) system is used, which releases only non-condensable gases.

----- -- Primary circuit transport
— ► Containment transport 
RPV = Reactor pressure vessel 
SG = Steam generator

FIG. 32. Possible fission product release pathways in severe PWR accidents.
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TABLE XVH. FRACTIONS OF RISK8 ATTRIBUTABLE TO VARIOUS 
CONTAINMENT FAILURE MODES IN LWRs

Containment 
failure mode

Peach 
Bottom 
(Unit 2)

Grand 
Gulf 

(Unit 1)

Calvert 
Cliffs 

(Unit 2)

Surry 

(Unit 1)

Sequoyah 

(Unit 1)

Oconee 

(Unit 3)

(1) Direct bypass cb c c 0.20 0.18 0.15

(2) Failure to isolate c c c c c c

(3) Pre-core meltdown 0.71 0.98 0.01 0.07 c c
overpressure

(4) In-vessel steam c c c 0.01 0.01 c
explosion

(5) Ex-vessel steam spikea 0.01 c 0.54 0.02 c c

(6) Hydrogen burning c 0.01 0.44 0.61 0.76 0.84

(7) Long term overpressure 0.28 c 0.01 0.01 0.06 c

(8) Thermal degradation c c c c c c

(9) Basement penetration c c c c c c

a The risk measure used here is the population dose per year. 
b The letter c indicates contributions of less than 0.01.

The potential origins of severe accidents in LWRs and other reactors as well 
as the possible fission product release pathways are examined in detail in Sec
tion 2.1. These pathways in severe PWR accidents are illustrated in Fig. 32.

The older deterministic approach of examining all potential fault sequences, 
for which the designer has to make judgements, is now being complemented by sys
tematic probabilistic methods, such as event and fault tree analyses, which utilize 
numerical data. To assess the consequences of a fault and to ascertain the value of 
mitigation options, it is necessary to have an understanding of the sequence of events 
during an accident. Although this sequence can often be predicted using the deter
ministic approach, probabilistic analysis can also be of value, especially if there are 
divergent options.

Since the FCV system has to operate during severe accidents and since it has 
to maintain consistent performance, it is necessary to adopt high standards of design 
and quality assurance measures.

The fractions of the risk attributable to various containment failure modes for 
six different LWRs in the USA are listed in Table XVII [16]. This table shows that 
the relevant modes are those listed under (3), (5), (6) and (7); the effects of most 
of these modes can be mitigated by using the FCV system.
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For accidents in LWRs in which the containment is not intact, the FCV system 
will have a limited effect on the consequences of the accident unless a blower with 
auxiliary power is provided. Damage to the containment can be caused by both exter
nal events (aircraft crashes, earthquakes, etc.) and internal factors (incomplete con
tainment isolation, etc.). It should be noted that an FCV system will not limit the 
consequences of a LOCA and of basemat melt-through [SO].

Containment venting systems for PWRs, BWRs and HWRs have been 
designed and established or are under consideration in several countries.

The main elements of current designs of FCV systems are either gravel/sand 
beds or metal fibre HEPA filters, which are sometimes used in combination with 
other conventional air cleaning devices, such as venturi scrubbers, demisters, HEPA 
filters and iodine adsorbers.

5.1.1. Swedish Filtra system and multiventuri scrubber system

The first system that is in operation was built at B&rsebeck to serve two 
BWRs [51]. The system is designed for 24 h full automatic operation without any 
outside intervention. It consists of two main parts:

(1) Vent lines connected to the two reactor containments; each of the vent lines 
contains a rupture disc, which opens at a preset value before overpressurization 
damage of the containment can occur.

(2) A gravel bed filter for the removal of particulate and condensable radioactivity 
in the steam-gas flow escaping from the containment after the rupture disc has 
opened.

The design pressure for the B&rsebeck containment is 0.5 MPa. The rupture 
disc is set to open automatically at 0.65 MPa. (The data indicate that a 0.15 MPa 
overpressure of the containment would not cause containment leaks.) A separate, 
manually operated, shut-off valve is installed downstream of the rupture disc to 
permit reisolation of the containment, if necessary.

The actual filtration plant consists of a gravel bed comprising a concrete 
cylinder (40 m height, 20 m diameter, 1 m wall thickness) of 10 000 m3 volume, 
filled with 15 000 t of 25-35 mm diameter quartzite gravel.

The entering steam condenses while flowing down on the colder gravel 
packing, and the condensate trickles downward ahead of the condensation zone. The 
10 000 m3 of gravel in the bed is based on a conservative estimate of die size 
required to condense all of the steam flowing out of either reactor containment for 
a period of 24 h after a severe accident.

The venting system and the gravel bed are purged with nitrogen to prevent 
hydrogen burning (and also to prevent biological growth on the system while it is 
in stand-by mode). A schematic diagram of the B&rsebeck Filtra venting system is 
shown in Fig. 33.
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Reactor building

Reactor 
containment

- Stack

Outlet line ^  area 0.01 m2

Reactor /  vessel

Gravel filter: 
Volume 
10 000 m3 
d = 20 m 
h = 40 m 
Stone size 
25.35 mm

Shutoff valve

FIG. 33. Schematic drawing o f the filtered venting system (Filtra) o f the 
Bdrsebeck reactor containment.

A multiventuri scrubber (MVS) system has been selected for the other ten 
Swedish nuclear power reacctors, consisting of seven BWRs and three PWRs [52], 
The process functions of the MVS system, i.e. water scrubbing and packed bed 
filtration, are integrated into a single unit, which can be located in the vicinity of 
BWR and PWR containments.

The MVS system consists of the following major process units: a system for 
automatic (or manual) pressure relief, a venturi scrubber array, a pool for iodine 
absorption and a liquid droplet separator. The process equipment is located in a 
stainless steel lined concrete pressure vessel.

The design data of the MVS system are as follows:

BWR PWR

Filter vessel volume (m3) 250 430

Design pressure (MPa) 0.3 0.4

Total volume (m3) 180 270

Inner diameter (m) 7 7

Gravel bed volume (m3) 8 9

The pressure relief of the containment achieved by the MVS system is similar 
to that of the B&rsebeck Filtra concept in that both automatic (at 0.65 MPa) and
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FIG. 34. Concept o f the Swedish multiventuri containment venting system.

manual venting can be actuated. The pressure relief pipe from the containment enters 
the water filled chamber and, at the bottom of the pool, is divided into horizontal 
distributors which feed the individual venturi pipes. Each exhaust pipe in the multi
venturi unit has one venturi nozzle. The pressure drop across the venturi pipe is 
determined by the height of the water between the pipe outlet and the top level of 
the scrubber pool. The gas acceleration in the venturi nozzle leads to pressure reduc
tion so that scrubbing pool water (solution) is drawn through holes into the nozzle. 
This creates a dense cloud of droplets that act as a ‘filter’ for solid aerosol particles 
(Fig. 33).

The design allows chemicals to be added to the scrubbing solution in order to 
enhance elemental iodine removal. Sodium hydroxide and sodium thiosulphate have 
been specified for use in the Swedish system.

Water droplets entrained in the gas after its passage through the scrubber pool 
are removed by a small gravel bed (8 m3 for BWRs and 9 m 3 for PWRs) before the 
scrubbed vent gas is passed through the station stack. The gravel bed is drained back 
into the pool.

The concept of the Swedish multiventuri containment venting system is shown 
in Fig. 34 and a scheme of this system is shown in Fig. 35.
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FIG. 35. Scheme o f the Swedish multiventuri containment venting system.

5.1.2. French sand bed filter

In France, the safety philosophy for nuclear power plants is that a reduction 
of the risk of a containment failure by a factor of ten is sufficient for considering 
the environmental impact of any release to be acceptable. This reduction can be 
achieved with relatively simple sand bed filters. A typical containment venting 
system [53] consists of the following parts:

— A carbon steel pipe (350 mm diameter) penetrating the containment, with two 
isolation valves in series, located as close to the containment as possible.

— An orifice plate to permit gas depressurization and lowering of the relative 
humidity.

— A sand bed filter with a 316 stainless steel vessel of 4 mm wall thickness. The 
design pressure is 0.13 MPa and the operating pressure is 0.11 MPa. The tank 
diameter is 7.30 m and the height is approximately 3.5 m. The weight of the 
empty tank is 12 000 kg and that of the filled tank is 92 000 kg.

— A system gas conditioning unit.
— Pipework for connections.
— A radiation monitoring device.
— A release duct (400 mm) inside the main station duct.
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Sand bed diameter: 7.31 m 
Sand diameter: 0.6 mm
Bed height: 80 cm From

FIG. 36. Sand filter for venting o f French PWR containments.

To ensure that the design conditions are met, the gas distribution within the 
downflow sand bed is controlled by an inlet deflector plate, and a sheet of Kevlar 
screen is placed 500 mm above the sand bed. The open area of the Kevlar screen 
is 29 m2 and the face area of the sand bed is 42 m 2. The sand bed is 800 mm deep 
and the average particle diameter is 0.6 mm.

The sand bed is supported by a fibreglass lattice with 0.3 mm mesh size; below 
the lattice there is a 200 mm layer of expanded clay. The sand bed, and the network 
or collection pipework, containing 0.3 mm strainer holes, are supported by a light 
weight concrete structure.

The outlet gas collecting network is equipped with a torus type drain in the 
collector system. Pipes to and from the vessel are connected by 300 mm long flexible 
Kevlar connectors. The oudet pipework is 400 mm in diameter.

The pipes and the sand filter are insulated (80 mm thick) and enclosed by stain
less steel. The sand is dried for loading and kept dry by a continuous 500 m3/h flow 
of HEPA filtered dry air. The system is shown in Fig. 36.

5.1.3. German PWR and BWR containment venting systems

Several types of containment venting systems are being installed in German 
BWRs and PWRs. The designs have been developed in accordance with the national 
design criteria [54, 55].

(a) Atmospheric containment venting (used mainly in PWRs)

The first installations in Germany were based on LAF II stainless steel 
demister elements developed at Kemforschungszentrum Karlsruhe. These elements 
were used as prefilters, after which a droplet separator and a HEPA grade stainless 
steel filter were placed.
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In the direction of flow, the density and the fibre diameter of these elements 
are as follows:

Density (kg/m2) Fibre diameter (mm)

2.5
1.5
1.5
1.5

30
22
12
8

The filter systems using atmospheric containment venting are located down
stream of a control valve or a restricting orifice, and only a rupture disc is located 
in the containment.

A typical flow diagram of the FCV system in a German PWR is shown in 
Fig. 37. Systems with flow volumes of up to 30 000 m 3/h have been constructed. 
The typical dimensions of a 35 m2 surface area filter are: length 7 m, width 2 m 
and height 5.3 m.

Because these filter units utilize the superheat generated by the full pressure 
differential between the containment pressure and the ambient environment pressure, 
there is very limited condensation in the atmospheric venting system and it is con
sidered to be a dry filter system.

(b) ‘Sliding pressure ’ filter units (PWRs)

Because of the requirement to reduce the size of the venting system and to keep 
the vented flow uniform, the throttle orifice is located downstream of the filter unit 
in the design of the so-called ‘sliding pressure’ aerosol filter.

The filter is inside a stainless steel pressure vessel with a design pressure of 
1.1 MPa and a maximum operating pressure of 0.63 MPa. The vessel height is 5 m

Rupture disc Stack

Removable 
pipe fitting Filter

Confinement Reactor auxiliary building

FIG. 37. Flow diagram of the FCV system in a German PWR.
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FIG. 38. ‘Sliding pressure ’ filter unit, type Siemens.

and the diameter is 3 m. A typical filter unit is shown in Fig. 38. The ‘sliding 
pressure’ filter units have been developed for installation both inside and outside the 
containment, as shown in Figs 39 and 40.

(c) Combination o f  a multiventuri scrubber and an aerosol filter (BWRs)

The filter unit is situated in a pressure vessel (8 m high, 4 m diameter, stainless 
steel, 1.1 MPa) containing an array of venturi scrubbers. These scrubbers are sub
merged in 27 m 3 of a solution of 0.5% sodium hydroxide and 0.1% sodium thio- 
sulphate. The function of the venturi scrubbers is similar to that of the Swedish MVS 
system units. In the design of the Siemens AG Untemehmensbereich KWU the 
venturi array is installed at the bottom of the pressure vessel. The top of the vessel 
contains the hexagon shaped bank of stainless steel demister/HEPA filter units the 
material of which is similar to that of atmospheric filters. A multiventuri scrubber 
unit is shown in Fig. 41.

The flow diagram of an FCV system in a BWR is shown in Fig. 42. The unit 
is normally isolated and filled with nitrogen. The system also includes a check valve 
to prevent backflow of the off-gas (especially oxygen) when the containment cools 
down.

77



Stack

5.1.4. Canadian emergency filtered air discharge system

The Canadian emergency filtered air discharge (EFAD) system [56] has been 
introduced first at the Darlington power station of Ontario Hydro, which has four 
CANDU 850 MW(e) reactors. The system is designed to protect the plant contain
ment from the short term effects of a LOCA and from the effects of several scenarios 
of the early phases of a severe accident. The design is fully redundant and has provi
sions for partial or full recycle of the vented air as well as full containment venting. 
The EFAD system operates in conjunction with the systems in the vacuum building 
and is shown in Figs 43 and 44.
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Droplet separation 
and micro-aerosol 
filtration section

Return pipe

Scrubber section

Containment venting
Venturi scrubber unit

FIG. 41. BWR venturi scrubber unit (Siemens AG).

Vent 
stack ‘

Scrupper unit

Drain
connection

FIG. 42. BWR filtered containment venting system (Siemens AG).
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Fuelling facilities Fuelling machine head Fuelling facilities
Auxiliary area west Removal area Auxiliary area east

building

FIG. 43. Containment venting system o f the CANDU Darlington nuclear power plant.

FIG. 44. Cross-section o f the CANDU vacuum building at the 
Darlington nuclear power plant.
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The vacuum building is linked by pipework with the general plant containment 
enclosing the reactors, and a fuel loading/unloading tunnel links the four reactor 
units. The vacuum building has an internal volume of 105 m3, equivalent to the 
internal volume of the plant containment. Under normal operation, the vacuum 
building is isolated from the plant containment by a valve; a slight underpressure is 
maintained in the plant containment, and a ‘vacuum’ is maintained in the vacuum 
building (pressure 7 x  103 Pa).

In the event of a LOCA, in any of the reactors, the release of steam into the 
containment causes the containment isolation valves to close automatically. A 
vacuum is then induced in the vacuum building, which becomes isolated from the 
external atmosphere, and the isolation valve linking the containment with the vacuum 
building opens. Within the vacuum building, there are water sprays which cool and 
condense the steam. In the event of a full break of the heavy water inlet pipe in the 
reactor vessel, the plant containment can be brought to below atmospheric pressure 
within less than one minute and kept at this level for several hours.

The EFAD system is designed for use in post-accident situations to maintain 
depressurization of the containment. It includes redundant ACSs isolated by protec
tion screens. Air can be taken in either from the plant building itself or through a 
vacuum pump outlet of the vacuum building. The air filtered by the system can be 
partly or totally recycled or transported to the plant stack for discharge. Each ACS 
consists of (a) a moisture separator to prevent damage of downstream filters; (b) a 
conventional glass fibre HEPA filter retaining particles of < 0 .3  diameter with 
a minimum efficiency of 99.97%; (c) an impregnated activated carbon iodine 
adsorber; (d) a second HEPA filter; and (e) an air compressor.

Whereas the operation of the vacuum building is initially passive, manual oper
ation and the use of power sources are required for operation of the EFAD system. 
This system has been designed to cope with DBAs; its suitability for handling acci
dents beyond the DBA has not been evaluated. In particular, the following effects 
have not been evaluated: medium and long term problems of water condensation and 
storage; inflammable gas combustion; and the efficiency and life of air cleaning com
ponents under severe accident loads.

5.1.5. Other containment venting systems

At present, FCV systems are installed only in Canada, France, Germany and 
Sweden; however, several design options are under consideration in Finland, Italy 
and the USA. The US optional designs for both PWRs and BWRs include 
gravel/sand bed filters, stainless steel media filters similar to those of German design 
and water filled scrubber heat sinks (in some cases followed by conventional HEPA 
filters and iodine adsorbers). In Italy, an extensive investigation has been performed 
on the utilization of the existing ESFs and the off-gas processing systems in the case 
of severe accidents. These systems are the reactor building purge system, the stand-
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TABLE XVni. REVIEW OF CONTAINMENT VENTING SYSTEMS

Country System DF
Estimated cost 

(US $)

Sweden (D Column filled with gravel 1 000 (aer. + I2) 25 x 106

Sweden (D Multiventuri scrubber 1 000 (aer. + I2) 5 x 106

France (I) Sand bed filter 10 (aer.) 1 x 106

Germany (D SS fibre filter 10 000 (aer.) 0.5 x 106

Germany (S) Scrubber 
+ SS fibre filter

10 000 (aer.) 
100 (I2)

3 x 106

Canada (D Vacuum building 
+ EFAD system 100 x 106

Italy (S) Stand-by gas treatment 
+ off-gas treatment

100 (aer. + I2) 
expected (minimum)

Russia (S) Steam jet ejection 
+ special high temperature 
absorber

1 000 (aer.)
1 000 (I2)

100 (org. iodide)

a This review of existing data and various designs of containment venting systems is based 
on Ref. [16]. (I) stands for installed and (S) for studied or designed.

by gas treatment systems and the augmented off-gas system [57, 58]. A unique find
ing of this evaluation is that a modification of the existing ACSs could make them 
suitable for use in several accident sequences without the need to provide separate 
dedicated equipment. Furthermore, the use of these systems under conditions of high 
aerosol loading could significantly improve the overall DF.

In Finland, according to the results of an accident analysis, it has been pro
posed to equip the two BWR units with both filtered and unfiltered venting systems 
similar to those in the Swedish BWRs; however, the actual venting system has not 
been selected.

Performance and cost estimates for the existing designs of containment venting 
systems are given in Table XVm.

Containment venting systems in AGRs. According to the design safety criteria 
used in assessing the design of AGRs, no special provisions are required for acci
dents beyond the DBA, since the probability of such accidents in AGRs is very low. 
AGRs are provided with containment venting systems to control releases to the 
environment during DBAs associated with the reactor, the auxiliary systems and the 
fuel handling plant. The feasibility of including additional systems to provide further
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treatment of the coolant and the contaminated air for accidents of very low 
probability has been studied, but it was not found necessary to provide additional 
gaseous cleanup equipment.

5.2. PERFORMANCE LIMITATIONS OF CONTAINMENT
VENTING SYSTEMS

While a considerable amount of data are available for certain components of 
FCV systems, most of the data have been obtained either from operating experience 
with ACSs in various fuel reprocessing facilities or from laboratory or pilot plant 
simulations. Very few data are available on the long term behaviour of FCV systems 
under severe post-accident venting conditions.

5.2.1. Effects of hydrogen burn

Several of the proposed designs of FCV systems provide some space for 
expansion of burning hydrogen, while experimental data indicate that strong packing 
of gravel (high surface to volume ratios) greatly decreases the possibility of hydrogen 
ignition and not only the effects of a detonation. Another factor regarding these 
effects is that the design stress of materials with regard to containment of detonations 
is considerably higher than that for normal pressure retention because of the 
extremely short time of exposure of the materials to high pressure during detona
tions. Design stress values of approximately 160% of the normal values have been 
found to be completely satisfactory. The use of diluents also has to be better under
stood. Current data show that CO2 rather than nitrogen may be the best inert diluent 
to prevent hydrogen explosion.

The minimal effect of hydrogen deflagration or detonation has been confirmed 
only for the Swedish Filtra system design. Tests were performed with H2-air 
mixtures; the diluent effect of steam, which can also slow down the hydrogen burn, 
was not considered.

While deep gravel beds are expected to withstand the effects of a hydrogen 
detonation, very little is known about the effects of unrestrained shock waves on sand 
filters of small particle size. Movement of the sand particles may release trapped 
activity and/or result in partial channelling of wet sand beds.

An investigation of the hydrogen detonation in BWR noble gas delay beds 
containing activated charcoal did not show degradation of particulates; it must, 
however, be realized that the transfer of particulate activity to the gas phase may not 
have been observable because of the masking effects of the transformation of the 
activity of the adsorbed noble gas to the gas phase.

The temperature rise in a packed bed flow system due to hydrogen burn is not 
considered to be significant. For example, after hydrogen detonation within the
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charcoal the temperature of a 20 000 kg charcoal bed rose by only 16°C from 
14°C to 30°C.

5.2.2. Radioiodine removal

Experiments performed for the Filtra project revealed the following effects of 
iodine retention on packed granular beds:

(a) 80% overall removal efficiency at a flow rate of 3 X 10"5 g/min,
65% overall removal efficiency at a flow rate of 1 X 10"4 g/min,
17 % overall removal efficiency at a flow rate of 2 X 10“3 g/min,
at 98-100% r.h., with a velocity of 2.4 cm/s through a 1500 mm sand bed,
under equilibrium conditions (after breakthrough of iodine).

(b) A change of the velocity from 2.4 cm/s to 0.6 cm/s at a flow rate of 
2 x  10~3 g/min increased the iodine removal efficiency from 17% to 34%.

(c) An increase of the relative humidity from 30% to 100%, under identical 
conditions, decreased the iodine removal efficiency from 70% to 60%.

(d) An increase of the temperature from 21 °C to 100°C, under identical 
conditions, decreased the iodine removal efficiency from 70% to 50% (no 
equilibrium was achieved).

(e) A threefold increase of the sand diameter from 1.4 X 2.0 mm to
4.2 X 5.6 mm decreased the iodine removal efficiency, under identical 
conditions, from 65% to 40%.

Studies of deposited iodine repartitioning of an initially wet but later dried out 
sand bed have not been performed. However, extensive conversion of iodine to 
water soluble iodide forms has been observed for wet sand conditions.

Experiments of relatively short duration (about 5 h) to test the iodine removal 
efficiency of a packed gravel bed used in the Filtra project have been reported. Other 
data indicate that ‘aged’ iodine deposited in particulate form can be transformed to 
the gas or vapour phase and migrates in the flow direction. It is therefore recom
mended that tests of the iodine removal efficiency should be conducted during the 
whole design period of the venting system and not during shorter periods in model 
experiments. Further information on the iodine removal efficiency of sand beds is 
only available from one incompletely described experiment, in which a limited 
iodine removal efficiency was found in both wetted and unwetted sections of the 
sand bed.

In the absence of better data for gravel/sand bed radioiodine decontamination 
it is recommended to use known, well established radioiodine adsorbents for removal 
and retention of the vapour phase or for potential transformation to the vapour phase 
after the initial deposition of radioiodine.

For the use of adsorbents, which can be carbon based materials or silver 
treated non-carbonaceous materials, several critical factors have to be considered:
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— The stability of the impregnant for methyl iodide under the relevant tempera
ture and flow conditions;

— The need to avoid iodine desorption temperature and ignition conditions for 
carbonaceous adsorbents;

— The fact that silver impregnated adsorbents can act as hydrogen-oxygen 
recombiner catalysts and can initiate hydrogen explosion, and that none of 
these adsorbents work well in flooded (>100%  r.h.) systems.

For carbonaceous adsorbents a much larger particle size (4-8 mm) than is 
usual for conventional short term adsorbers should be considered. The use of larger 
particles in deep beds may result in a wider distribution of iodine and thereby help 
to avoid problems of decay heat and ignition temperature.

The heat of water adsorption initially superheats the adsorbents, and for 
several hours it may not be possible to obtain a water equilibrium. However, this 
superheat will lower the relative humidity of the adsorbent and result in the initial 
iodine decontamination efficiency being much higher than that after the sorbent 
reaches its 100% r.h. equilibrium.

5.2.3. Direction of the condensate flow

Most of the operating experience for packed granular bed filters has been 
obtained with upflow beds, in which the condensate trickles down in the counter-flow 
direction. The Filtra design is the first major nuclear industry application of a down- 
flow system in which the condensate flows in the area before the condensation zone 
of the packed bed, and the salts dissolved in the condensate and deposited on the 
gravel surface can dry out further down in the condensation zone. The re- 
entrainment effects of a dried out gravel bed may have been investigated for the 
Filtra design, but such studies have not been reported.

5.2.4. Generation of submicrometre aerosols

Venturi nozzles create conditions identical with those obtained with the well 
known Laskin nozzle, which is used to generate submicrometre aerosols. The perfor
mance of any downstream filtration component should be evaluated under the aerosol 
loads generated by multiventuri scrubbers.

5.2.5. Selection of test aerosol

In several of the design experiments leading to the construction of full scale 
systems, the selected aerosol was a water insoluble, non-hygroscopic material 
(quartz, iron oxide, calcium oxide, etc.). It is expected that the aerosol removal 
efficiency of several systems will be significantly different for water soluble salts and 
water insoluble particulates.
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5.2.6. Overall system design

The flow volume during containment depressurization is not very large (large 
flows are postulated only for filtering of already failed containments) and, therefore, 
the use of conventional air cleaning components — demisters, pressure wave 
resistant (possibly stainless steel) HEPA filters and properly designed radioiodine 
adsorbers — should be considered. The cost of these elements in addition to that of 
the heat sink and the major bulk filtering sand/gravel beds is less than 5%.

The automatically activated FCV system should always have manually oper
ated secondary valves that can be used to isolate the system if automatic actuation 
is accidental or if it is advantageous to discontinue further venting.

Placement of small volume stainless steel fibre filters or even small gravel/sand 
bed combinations in sublevel, water cooled enclosures for easily controllable 
temperature operation should be considered as a possible means of reducing the plant 
size. The use of external pressure suppression pools followed by gravel/sand beds 
or other demister type filters also has to be evaluated.

Use of irrigated demister type primary filtration elements (which can regener
ate during operation), requiring only a gravity fed external water source, could also 
be a cost effective way to reduce the size of FCV systems. Such units could regener
ate while in service, whereby their collection capability would be increased.

Although conventional gravel/sand beds are designed for long term 
(> 4 0  years) low velocity operation, it has been found that packed granular beds can 
be operated at high velocity for short periods, as in the case of containment venting.

6. EXPERIENCE AND TRENDS

6.1. EXPERIENCE UNDER ABNORMAL CONDITIONS

A Group of Experts on Air Cleaning in Accident Situations, established by the 
OECD/NEA in 1979 [35], concluded that a DBA, which may have the worst effects 
on the primary loop of a reactor, may not be the worst accident with regard to the 
ACSs, and the conventional DBA concept for establishing the most serious 
challenges for ACSs is not a conservative one.

Air cleaning systems consisting of conventional components such as demisters, 
HEPA filters and charcoal adsorbers may be able to withstand the effects of a DBA 
as long as the protection systems are working. However, HEPA filters in particular 
may reach the limit of the design capability.

Appropriate performance of such ACSs, even under DBA conditions, can only 
be maintained if a number of protective devices are operational. Items such as the 
isolation valves have to function perfectly, HEPA filters have to be protected from

86



widely changing conditions, iodine adsorbers must not be poisoned and motor 
blower packages have to be capable of maintaining the design air flow through the 
ACS. Thus the operation of ACSs during a DBA is predicted on the basis of the relia
bility of the whole system and of any component, including interlocks, protecting the 
ACSs from the harmful effects of a DBA. Such ideal interfacing of components is 
rarely attained in practice. For example, many ACSs are designed to withstand DBA 
conditions, but these systems may have interconnecting ducts that are incapable of 
withstanding the accident conditions. Failures will inevitably occur, either because 
the faults were not detected and remedied before the accident or because they 
occurred as a result of the accident. The majority of these failures have been 
observed in related equipment, not in process components of the ACSs, and they 
could severely limit the design efficiency of ACSs.

Therefore, one of the major problems encountered is the lack of control of the 
entire design structure of ACSs. The reliability evaluation of ACSs should start from 
the intake point and include all components, even the devices not connected with 
filtering which affect the operation, such as humidity controls, heaters, dampers, fire 
control systems, drains, motor blowers and all control equipment connected with the 
discharge point of the system.

The factors that limit the knowledge of the performance of HEPA filters under 
various accident conditions can be grouped into three areas:

(1) The performance of a new unit, i.e. the as manufactured capability (the test 
requirements of national standards, for example, vary widely).

(2) The effects of ageing, as caused by normal operation, which may degrade the 
performance of the filter and its ability to withstand deviations from the norm; 
ageing can also take place in stand-by equipment.

(3) Situations that may be specific to an accident scenario, such as smoke loading 
and chemical effects.

The test methods used in various countries have been developed to suit particu
lar laboratory conditions, but there is often no good correlation between the results 
obtained with identical samples. It is difficult to evaluate the removal efficiencies for 
various iodine species within the accuracy claimed by many researchers when the 
DFs obtained in various laboratories differ by orders of magnitude in the case of 
experiments with similar geometry and nominally identical conditions.

Another problem is the applicability of data obtained for stable methyl iodide 
in the evaluation of the removal of radioactive methyl iodide. Because of isotope 
exchange, even in the case of amine impregnated charcoal, no correlation between 
tests with CH3- 127I and tests with CH3- 131I for nuclear applications can be 
established.

There is only limited experience with testing and quality control of certain sys
tems under the postulated DBA conditions. This may lead to large discrepancies 
when the iodine adsorber systems are used under real accident conditions.
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Extensive testing of demisters has been performed in Germany and in the USA. 
However, all of the test programmes were for qualification, and only very incom
plete quality control or design/operation criteria are available.

In spite of the very limited information on demisters as compared with data for 
HEPA filters, which are extremely numerous, it can be said that demisters are proba
bly the most underrated components of ACSs. In the only evaluation performed for 
accident conditions (the Savannah River Plant rod drop accident) the installed 
demisters removed more than 90% of the particulate load. This value would proba
bly have been higher if the installation had been periodically inspected (and/or 
tested), as is common for HEPA filter and iodine adsorber banks.

Currently, very few of the probable advantages of frequent inspection of 
demisters have been quantified. No tests other than that of the possible protection 
from free water damage for demister-HEPA filter combinations have been per
formed to evaluate the quantitative protection that is possible under accident 
conditions.

Most of the information on the performance of advanced ESF components, 
such as stainless steel fibre filters and some iodine adsorbers, as well as on other con
tainment venting components has been obtained in experiments conducted under 
simulated accident conditions.

With reference to the stand-by gas treatment system, a report by the US 
Nuclear Regulatory Commission [59] identified the potential common cause failure 
or degradation mechanisms that are a direct result of design deficiencies or of inade
quate testing and maintenance procedures in conjunction with actual practices. This 
report suggested certain actions to ensure: (a) that the loss of power for control sys
tems does not result in an automatic trip of the related train; (b) that the single failure 
criterion is satisfied during installation, as required by the design; and (c) that over
temperature protection for electric heaters is properly applied.

This USNRC report also contains suggestions concerning maintenance and 
testing activities. In general, the safety related ACSs are affected by the following 
typical causes of malfunctions:

— Improperly installed instrumentation,
— Inadequate quality control,
— Inadequate testing of systems after modification,
— Inadequate procedures and training of personnel,
— Spurious activation of fire suppression equipment causing uninhabitability of 

the control room or non-operability of the filter systems,
— Inadequate alignment of fans or other equipment causing loss of positive 

pressure in the control room,
— Failure of control room cooling causing failure of the control instrumentation.

Valuable evidence on the behaviour of iodine adsorbers was obtained during 
the TMI-2 accident [60], As a result of the accident, radioactivity was distributed
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within the plant and 55 % of the radioactive iodine in the fuel was released to the out
side of the vessel. A large part of the iodine was retained by the containment and 
only 7 % of it escaped to the auxiliary building and the fuel handling building from 
where it was released to the environment after filtration.

It was postulated that at the time of the accident four filter systems were in 
operation, two in the auxiliary building and two in the fuel handling building. 
However, the evaluation of the adsorbent from these systems indicated that not all 
of them were operating; some of them may have been turned on after 131I was 
present in the building area.

A sample was taken from the adsorbers about 15 days after the accident and 
it was found that, although in general the adsorbers reacted sufficiently well to the 
accident, only one adsorber system showed the predicted efficiency of 99.9%. It was 
also evident that the flow rates on the two parallel adsorber systems in the fuel 
handling building were not equally distributed.

6.2. TRENDS AND DEVELOPMENTS

6.2.1. Advanced air cleaning systems

Future trends and developments of ACSs will be closely connected with new 
reactor concepts in the case of LWRs. The intended emphasis on inherently safe 
reactors or on advanced LWRs means that passive systems for gaseous release will 
be developed to provide the desired efficiency for retention and handling of airborne 
radioactivity. New Resigns of standard reactors are in a stage of rapid evolution and 
it is not yet possible to discuss the related trends.

However, the main efforts are directed towards reducing the residual risks 
associated with hypothetical severe accidents in nuclear power plants including 
LWRs, HWRs and GCRs of traditional design. The role of ACSs has changed; they 
are now required for controlled containment venting during accidents — a task that 
was not anticipated in previous designs. At present, the trends and developments are 
as follows:

(a) For severe accident conditions the ACSs should be mechanically designed for 
passive operation and should have robust components in order to withstand 
high pressure shocks, high temperature, high humidity and radiation.

(b) The reliability of ACSs in DBAs and other possible accidents is being 
increased in order to ensure their performance under post-accident conditions; 
new filter and adsorber materials or techniques are being developed to meet 
these demands.

(c) The possible use of existing, non-safety-related systems (e.g. off-gas treatment 
systems) under post-accident conditions is considered.
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Many new developments regarding particulate filtration in nuclear facilities are 
discussed in detail in the IAEA Technical Report No. 325 [38]. The retention of 
iodine and other airborne radionuclides in nuclear facilities during abnormal and 
accident conditions was investigated by ten laboratories in the frame of a co
ordinated research programme sponsored by the IAEA; the results and conclusions 
of this programme are summarized in IAEA-TECDOC-521 [42].

Much information on the trends and developments of ACSs for severe acci
dents has been presented in recent publications that give detailed descriptions of the 
range of systems and report on particular improvements of reactor spray systems. 
In the USA, experimental measurements of the spatial drop size distribution for a 
proposed improved reactor spray system array have been conducted to characterize 
this distribution at various vertical distances below the tips of the spray nozzles [61]. 
The tests are significant because of the widespread application of sprays in contain
ment or confinement systems of nuclear reactors.

Treated gas outlet

FIG. 45. Jet ejection filter o f the WWER-1000 accident venting system.
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FIG. 46. Sorption filter o f the WWER-1000 accident venting system.

The effectiveness of water sprays for the removal of gaseous and particulate 
fission products from air was studied experimentally in the Savannah River reactors 
(USA) to determine the efficiency of existing and proposed spray systems in the 
cleaning of the reactor room air after a hypothetical severe accident [62]. The system 
can be used both for iodine scrubbing, which is affected by the pH value and the drop 
size, and for aerosol removal, which is influenced by the air flow rate in the reactor 
room.

Investigations are also in progress regarding the use of heat pumps (Brayton 
and Rankine cycle) for heat removal and/or condensation during containment venting 
both in Canada and in the USA [63],

Experimental work has been carried out on the development of a filter system 
that can be used during accidents in nuclear power plants with WWER-1000 type 
reactors [64], The filter system consists of two stages. The first stage (Fig. 45) is 
designed for aerosol retention and is based on the jet ejection effect. An associated 
device for the prevention of liquid entrainment is envisaged. The second stage 
(Fig. 46) allows removal of elemental and organic species of radioactive iodine and
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TABLE XIX. PARAMETERS OF THE WWER-1000 CONTAINMENT 
VENTING SYSTEM

Total aerosol mass released into the containment (t) 3.0

Average diameter of particles (/im) 0.5

Total activity of 13II released into the containment (Ci)a:

— in aerosol form 7.6 x 108 (95%)

— in volatile form 4.0 x 106 (5%)

— elementary iodine 3.2 x 106 (4%)

— organic iodine 0.7 x 106 (1%)

Temperature of steam-gas mixture (°C) up to 200

Design pressure of venting system actuation (MPa) 0.5

Mass flow rate through the filter (kg/s) 20

Design containment leak rate (%/d) 0.3

Time of filter actuation (h) 2.0

Dust capacity (kg) -300

Decontamination factors:

— aerosols >1000

— elementary iodine >1000

— organic iodine >100

a 1 Ci = 37 GBq.

aerosols from steam-gas mixtures by means of sorption and filtration with a special 
sorbent (Thermoxid, which is a synthetic material comprising low solubility inor
ganic compounds and which is produced in the form of durable spherical granules 
that can withstand severe chemical, thermal and radiation effects).

Laboratory investigations show a very high retention efficiency of the 
WWER-1000 filter system for elementary and organic forms of iodine (the DF value 
is higher than 1000 at flow rates of 10-30 cm/s, a sorbent layer of 50 cm and 
temperatures of up to 150°C) and for an amount of steam in the steam-air mixture 
of up to 75 vol. % (Table XIX).

6.2.2. HEPA filter systems

The conditions upstream of ACSs in accident situations may cover a wide 
range of temperatures, humidities, pressures, airborne particulate loadings and
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radiation levels. To alleviate the challenge to HEPA filters and iodine adsorbers, a 
variety of components can be installed upstream of the ACS, including passive 
devices such as droplet separators and roughing filters, as well as active devices such 
as heaters and condensers. Pressure relief valves can also be used. The costs of such 
components are included in the direct capital expenditure, but there are additional 
costs for the associated monitoring and control equipment as well as for the subse
quent operation and maintenance. Moreover, additional equipment may lead to addi
tional modes of failure.

A simpler and more reliable solution would be an ACS incorporating filters 
that are intrinsically able to withstand accident conditions, as opposed to present day 
HEPA filters, which tolerate only a limited range of temperatures, pressure differen
tials and particulate loadings and which are also sensitive to free water and steam. 
The following points have recently been listed [65] as causes of failure under condi
tions of high flow rate and/or high pressure differential: (a) ballooning of individual 
pleats near the casing and subsequent rupture (filters with conventional full depth 
pleats), (b) lack of panel stability and shearing at vertical studs (mini-pleat filters), 
and (c) slippage between core and casing (metal cased filters with highly packed, 
prefabricated cores).

6.2.2.1. Improvement o f HEPA filter cells: 
metal fibre and sand bed filters

New issues of ANSI/ASME N 509 [66], describing the construction of nuclear 
ACSs, and of ANSI/ASME N 510 [67], describing in-place testing of installed 
nuclear ACSs, were published in 1989. The ASME Committee on Nuclear Air and 
Gas Treatment has reused and extended the AG-1 code for the design of air treat
ment, air handling and air cleaning components.

Three basic lines of development are currently being pursued:

(a) Improvement of the conventional HEPA filters by using materials that are 
better suited at higher temperatures, and by increasing the structural strength, 
for example by means of long-fibre filter media, co-pleating of fabrics and 
wire based textures to support the filter medium, and by avoiding sharp bends 
in the filter medium pleating and sharp edges on the corrugated separators 
inserted into the pleats.

(b) Use of packed fibre filters made from media and casing materials that are 
capable of resisting high thermal and mechanical loads, for example metal 
cases with metal or ceramic fibres fabricated into mats.

(c) Use of deep-beed filters with gravel and sand in casings made of metal or 
silicate materials.
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Approach (a) is particularly suited for large ventilation systems which, both 
in normal operation and in accident situations, experience relatively minor changes 
in the air to be filtered.

First tests on prototypes of HEPA filters, using a long-fibre filter medium with 
a high tear resistance and/or co-pleated with supportive fibre glass mats, revealed 
that under ambient conditions the pressure differential at failure increased from 
11.6 kPa to 24 kPa or more; in some cases the maximum pressure drop of 
26-28 kPa achieved in the experiments was insufficient to cause damage.

Approach (b) leads to designs of filters that are suited for extreme loads such 
as might occur during venting of the containment; these filters can be used to limit 
the containment pressure in an accident involving core meltdown. Both high removal 
efficiencies and high dust loading capacities can be achieved by using fibre mats with 
considerable layer thickness and fibre packs with high permeabilities, in conjunction 
with graded fibre diameters. Deep layers of gravel and sand with graded grain sizes 
can also be used. A significant aspect to be borne in mind at the outset of all design 
work is the considerable presence of steam in the atmosphere to be filtered. Filter 
systems with a relatively small heat capacity, such as metal fibre filters, permit direct 
filtration of a superheated steam-gas mixture since the dew point temperature is 
rapidly attained. Filter systems having a high heat capacity may require a heating 
system to avoid significant condensation and intolerable reduction of the permeabil
ity and removal efficiency.

HEPA filter modules consisting of mini-pleat parts and matching the dimen
sions of the dry type charcoal adsorber have been developed for use mainly in 
portable air cleaning units. These HEPA filters have a very high pressure shock 
resistance because the parts are held between two rigid corrugated plates.

The results of investigations of the performance of metal fibre filters were pub
lished in 1983 [68, 69]. The construction of such filters, with removal efficiencies 
similar to those of conventional HEPA filters, became possible because of the recent 
development of metal fibres with extremely small diameters, at present as small as 
2 jttm. There is special interest in the combination of a droplet separator and a 
demister made of metal fibres of larger diameter (having an extremely high permea
bility and high loading capacity) backed by mats composed of fibres of minimum 
diameter. For particles in the submicrometre range such combinations yield removal 
efficiencies comparable with those of HEPA filters.

With a fibre core consisting of four mats, each made of 3 mm thick metal 
fibres and 22 /xm in diameter, removal efficiencies of >99% were achieved for 
droplet aerosols with diameters of between 2 and 5 fi.m. It was possible to increase 
the removal efficiency to >99.9%  by using four more mats consisting of 8 /xm 
fibres (linear air velocity 23-46 cm/s, pressure drop 250-480 Pa, spray rate
3.3 ± 0.9 kg/h [70]). Such cores can be used, for example, upstream of the metal 
fibre filter for removal of droplets and coarse aerosols. A series of metal fibre mats 
with minimum diameters should be provided downstream of the filter to remove
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particles in the submicrometre range. For particles of diameters between 0.1 and 
0.3 nm, decontamination factors of >  10s were attained with metal fibre mats of 
2 /tm fibre diameter, a surface loading capacity of 4.5 kg/m2 and linear air veloci
ties between 10 and 35 cm/s. A surface loading capacity of 2.25 kg/m2 gave decon
tamination factors of >  103.

Results are also available on the temperature and pressure dependence of the 
DF obtained with metal fibre cores. High loading capacities have been achieved in 
cases where the selection and sequence of metal fibre fabrics and mats were 
appropriately optimized [69].

A fundamental study of the removal of particles in the submicrometre range 
in sand bed filters was carried out as early as in 1976. It was shown that sand bed 
filters, if appropriately designed, may attain removal efficiencies similar to those of 
HEPA filters. The bases of the design calculations were published in Ref. [71]. The 
work was confined initially to filter systems for sodium cooled reactors, but more 
recently it has been extended to include applications to other nuclear facilities.

Recent developments of HEPA filter systems for reprocessing plants concern 
mainly remotely handled filter housings and HEPA filters of cylindrical rather than 
rectangular form [72-74], Cylindrical filters can be more easily sealed in housings, 
and remote handling is facilitated. They also fit more readily into waste drums 
without the need of additional physical treatment.

6.2.3. Iodine adsorber systems

Iodine removal from exhaust air and recirculated air in nuclear power plants 
is usually performed with activated charcoal adsorbers. The activated charcoal is 
impregnated with KI and/or other iodine salts or TEDA; mixtures consisting of 
iodine salts and TEDA impregnated activated charcoal are also used. TEDA impreg
nated activated charcoal has a comparatively high loading capacity and in many cases 
good resistance to ageing, but, at elevated temperatures, the TEDA impregnant is 
partly evaporated. Recent development work concerns other, less volatile, sub
stances, such as quinuclidines [75], which can be used as impregnants to improve 
the retention of organic iodine.

The following problems of iodine removal with activated charcoal filters have 
given the main impetus to new development work:

(a) The inflammability of activated charcoal and the difficulty of extinguishing 
burning activated charcoal filters: Ignition of impregnated activated charcoal 
has been observed at temperatures as low as ~200°C. An initially high igni
tion point can be considerably lowered by the presence of adsorbed organics 
or of impregnants.

(b) The desorption of radioiodine from activated charcoal at elevated temperatures 
(e.g. >  130°C).
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(c) The poisoning and ageing of activated charcoal in the course of its service life 
in iodine adsorber units [76-78].

(d) The sensitivity of activated charcoal to highly oxidizing compounds such as 
N 02, which causes rapid deterioration of the removal efficiency and may 
even give rise to ignition, so that the use of charcoal filters in reprocessing 
plants with NOx containing off-gases is ruled out.

Poisoning and ageing of the activated charcoal during filter operation led to the 
introduction of guard beds [79, 80], deep-bed charcoal filters and multiway sorption 
filters [81]. The latter are a combination of a deep-bed filter and a guard bed; by 
using the fresh activated charcoal for iodine removal and the spent activated charcoal 
(which is no longer suitable for iodine removal) as a roughing filter for pollutant 
removal, this filter combination takes full advantage of the loading capacity of the 
charcoal.

There is a basic gap in the knowledge of the influence of combustion gases on 
the removal efficiency of iodine filters. In the first place, the influence of combustion 
products of plastics such as PVC should be investigated.

Silver zeolites are suitable for very high temperature applications; particularly, 
they were used in the development of materials for cleaning the NOx bearing off- 
gases from reprocessing plants [82]. A material based on insoluble silver nitrate 
impregnated silicic acid has been employed successfully in a reprocessing plant for 
off-gas treatment [83], and its application under modified boundary conditions has 
been studied [84, 85].

6.2.4. Other new iodine trapping methods

The Atomic Energy of Canada Ltd has developed methods for the removal of 
radioiodine in the gas phase from the off-gas streams of nuclear facilities, i.e. the 
corona iodine scrubber (CIS) method [86] and a photochemical method. In the CIS 
method the iodines (elemental or organic) are reacted in a corona discharge to form 
solid iodine oxides which deposit on the scrubber surfaces. The photochemical 
method uses ultraviolet light [87] (200-300 mm) to convert organic iodides to 
elemental iodine, which is then reacted with ozone (in ppm quantities) to form solid 
oxides that can be trapped on particulate filters. Both methods thus avoid the need 
for a solid adsorbent or liquid scrubber, and DFs in excess of 100 have been achieved 
in laboratory scale demonstrations. A large scale demonstration of these methods has 
been considered [39].

A fibrous charcoal material and a TEDA impregnated version of it have been 
developed in Yugoslavia [88]. This material is very stable in oxidative atmospheres 
and shows high hydrophobicity.
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6.2.5. Extended use of normal off-gas treatment

A rough classification of severe accidents can be made on the basis of the time 
at which containment failure is expected. This time can be estimated in post-accident 
code simulations and is of the order of 1 h, or several hours, or even a day. The 
different accident situations, for example containment pressure relief, steam condi
tioning, hydrogen recombination and protection from explosion, present varying 
challenges to the containment ventilation facilities. Modifications of the existing sys
tems may be useful. For modifications of the main condenser in BWRs, off-gas and 
standard gas treatment systems have been examined. The off-gas system, which is 
not classified as a safety system, could be used in the management of severe acci
dents, in the case of events with late containment failure, with very minor changes 
in the process, layout and component design. The capability to fulfil the required 
functions has been analysed in Ref. [89]. Such a minor change could be the filling 
of the first charcoal delay bed (usually called sacrificed bed) with sand and/or gravel.

In the case of a predicted early containment failure the use of a standard off-gas 
treatment system with the purge line as bypass could be envisaged for the first stage 
of accident management [90],

In the case of a very severe sequence of events, for example an anticipated 
transient without scan or a LOCA with bypass of the suppression pool, an alternative 
water basin should be provided.

6.2.6. Noble gas decay equipment

Although off-gas cleaning (OGC) systems do not normally have a safety func
tion with respect to the fuel integrity or the reactor shutdown capability, these 
systems may significantly contribute to the reduction of airborne discharges during 
abnormal operating conditions. The OGC system has collection, processing, 
monitoring and disposal functions for radioactive gases and as such plays a role in 
safety assurance. The design of the OGC system includes the following specific 
functions:

(a) To delay short lived radionuclides so that they can decay before release, such 
that during normal operation the doses to the staff and the public are as low 
as is reasonably achievable;

(b) To exercise appropriate control, thereby reducing to a low level the risk of an 
internal hydrogen explosion.

(c) To maintain the system boundary.

Two basic concepts are used for the delay of gaseous radioactive gases:
(i) decay tanks and (ii) charcoal adsorber hold-up beds.

Decay tank systems are designed to operate on the basis of the cycle batch 
method, whereas charcoal adsorber bed systems operate in a continuous service
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tank dram pump

FIG. 47. Gas decay tank system for PWRs.



Drains pump
(two off)

FIG. 48. Charcoal bed delay system for PWRs. 
N2 — nitrogen purge points.



mode. In the decay tank system, the waste gases are retained for the required hold-up 
period to allow radioactive decay and are then discharged; in the alternative process, 
activated charcoal is used to delay selectively the discharge of noble gas isotopes 
relative to the processing rate of the carrier gas.

The design and type of the OGC system can have important consequences 
regarding its role during abnormal plant conditions. While the system can be used 
to reduce the levels of activity discharged during certain fault events, for example 
the initial release during a PWR control rod ejection accident, the high activity levels 
can also result in significant discharges during faults, as was the case in the TMI-2 
reactor accident. The potential role of the OGC system during accidents therefore 
requires serious consideration.

Although it is not possible to present in detail the full range of beneficial tasks 
that can be accomplished by using the OGC system, the following example is indica
tive of the potential mitigation function of the system.

Control rod ejection in a PWR results in the largest source term for DBAs, but 
the activity is largely retained in the primary circuit, which remains intact. Even so, 
activity accumulates in the FCV system during normal operation, before other sys
tems are contaminated through normal leakage. Leakage into the secondary system 
and into the containment can also occur while the primary system is pressurized. The 
OGC system can be used to collect the fission product gases released during the acci
dent, and their eventual release can be delayed until the resultant doses to the public 
are acceptable. Cleanup of the ACSs will also be required after an appropriate decay 
period. The source term will be reduced to 0.7% of its initial value after a period 
of six months and to 0.6% after one year.

In PWRs the OGC system could be used to collect and delay the discharge of 
the remaining 85Kr during the ACS cleanup operations. Alternatively, the OGC 
system can be used to enable timing of discharges.

A typical gas decay tank system for PWRs is shown in Fig. 47 and a double 
train charcoal bed delay system is shown in Fig. 48 [65, 91]. The charcoal bed delay 
system is passive and contains no moving parts other than a very limited number of 
activated valves in active areas. It is designed to operate at a slight positive pressure, 
typically 0.101 MPa (abs), compared with the higher levels encountered in a tank 
system (typically 0.8 MPa). The charcoal bed delay system is designed to withstand 
an internal hydrogen explosion, whereas the decay tank system is designed to 
eliminate hydrogen by recombination of the hydrogen with the oxygen feed. The 
double train design provides redundancy and flexibility during operation, especially 
under abnormal situations. The use of guard beds reduces the possibility of water 
reaching the main beds in the event of abnormal plant operation. The design provides 
for maximum system availability under the envisaged operating conditions. In 
BWRs [92], only the charcoal bed option is used because of the higher flow rate in 
these reactors.
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7. CONCLUSIONS AND RECOMMENDATIONS

(1) The installation of filtered containment venting systems in nuclear power 
plants is strongly required.

(2) Currently, new designs for nuclear power plants are being advanced and 
the licensing systems in many countries are undergoing major changes. Air cleaning 
systems are expected to continue to play an important role in safety assurance of all 
nuclear power plants, whether they are of a traditional design or of an advanced 
design.

(3) The small number of orders of new reactors in many countries and over 
many years has led to strong emphasis on design for safety, with new designs 
reflecting the mature state of the art and a distinct trend towards ‘passive’ systems. 
Changes will be required for air cleaning under normal and accident conditions, but 
the necessary changes in the detailed requirements are not clear.

(4) Improved co-ordination between reactor design engineers and specialist 
engineers responsible for the development and design of ACSs is required in order 
to achieve common design goals, particularly for future advanced reactors.

(5) A new generation of ‘passive’ designs for filtered containment venting 
systems needs to be developed so that it will be possible to operate with optimum 
reliability, efficiency and predictability in a range of credible severe reactor 
accidents.

(6) It is generally accepted that the attainment of a DF in the range of 
100-1000 is sufficient for filtered containment venting systems.

(7) Robust processes should be further developed and applied in severe acci
dents as an alternative to the normal use of HEPA filters/charcol adsorber beds. Such 
optional processes should include stainless steel and other filter media ad well as high 
efficiency aqueous scrubbing for particulates and iodine (elemental and organic), 
with incorporation of new chemical and physical reduction techniques.

(8) The performance of off-gas processing equipment, especially that 
provided as part of ESFs in existing nuclear power plants, should be established. The 
potential role of this equipment in accidents beyond the DBA should be considered. 
The introduction of backfitting and minor modifications to extend the capabilities and 
improve the robustness of the plant deserve further consideration.

(9) There are still difficulties with respect to the retention of noble gases 
during accidents. Neither the ESFs nor the new generation of passive filtration sys
tems include processes for the retention of noble gases. However, it is recognized 
that gaseous waste treatment systems in LWRs can be used in certain accident situa
tions to retain the noble gases, since these systems permit some decay of these gases 
before they are released.

(10) New developments that make it possible to achieve higher reliable DFs 
in normal and stand-by off-gas treatment systems with restricted stack heights will
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play an increasing role in minimizing exclusion zones or emergency planning zones; 
this is necessary in order to have a larger number of acceptable sites for nuclear 
power plants in small countries or in metropolitan locations.

(11) Appropriate consideration should be given to the design of ACSs (for 
minor accidents as well as severe ones), covering their construction, long term oper
ation, scheduled proof and surveillance testing, and including a test of their limit of 
capability.

(12) Periodic testing of installed ACS equipment with realistic simulation of 
accident conditions is essential, and detailed proposals should be made to validate 
and standardize the test conditions for all accidents including the severe category.

(13) The operational limitation of all air cleaning systems and components 
should be established even for cases where the original design conditions are 
exceeded.

(14) It remains difficult to accurately predict the source terms in severe reac
tor accidents because of factors such as the pre-accident conditions and the heat-up 
or cooldown rates. Further work is needed to refine the source terms; it should, 
however, be recognized that it is unrealistic to expect very precise definitions.
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Appendix

TESTING OF OFF-GAS CLEANING EQUIPMENT 
FOR NUCLEAR POWER PLANTS

The Appendix provides a comparative summary of national test criteria and 
methods for equipment and systems based on HEPA filters and radioiodine adsorbers 
applied to the removal of airborne contaminants from applications in nuclear power 
plants (see Refs [35, 93]).

Table A .l gives an overview of the manufacturers’ acceptance tests used in 
various countries, both on the filter paper and on completed filter modules. Where 
a test is required in conformity with an official standard, the code of that standard 
is given. For other tests a simple ‘yes’ is stated when it is required, or ‘no’ when 
it is not required. The term ‘manufacturer’ denotes that the specifications of the 
manufacturer are used; he has to guarantee that his own specifications are adhered 
to. A dash denotes that there is no information.

In the same way, Table A.2 gives an overview of the in situ tests practised in 
each country. The ‘surveillance test’ is the in situ test of the filtration device. 
Normally, it is done after the initial installation, after each filter change and also at 
regular intervals. The ‘system tests’ are not leak tests with a challenge aerosol but 
standard test methods, such as soap-bubble tests and pressure decay tests, and they 
may also be carried out routinely.

These tables do not give all the test details, but they can be used to obtain a 
general picture of the methods practised in several of the Member States of the 
IAEA.

Tables A.3 and A.4 contain data from a number of countries showing the test 
agents employed, the testing frequency specified and the criteria to be satisfied for 
HEPA filters and iodine adsorbers used in systems designed for emergency situa
tions. The data refer generally to in situ tests performed on the system.
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TABLE A.I. SURVEY OF TEST METHODS FOR HEPA FILTERS

Country

Acceptance tests (paper filters)

C
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n
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ni
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st
re

ng
th

C
he

m
ic

al
s

Ef
fic

ie
nc

y

O
th

er
s

ANSI -  N5 trometry
i

Fire

Germany Tappi Tappi DIN DIN MILb
140,411 494 24184 24184 51079

India

Italy

Japan

UK Yes Yes Yes >99.995% Pressure
(including drop,
stiffness non
and brittleness) wetting

USA MIL Tappi Tappi >99.97% MIL
51079 494 494 51068

a HEPA and charcoal filters combined in one module are in use. 
b Methyl iodide labelled. 
c Di-octyl-phthalate.
d Penetration <2% after temperature test (for high temperature filters). 
e Not for existing plants.
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Acceptance tests (modules)

Ef
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nc

y
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Pr
es
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tu
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C
he

m
ic

al
s

M
ec

ha
ni

ca
l

st
re

ng
th

Sh
oc

ks

Se
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ic

Fi
re

ANSI -  N509 (1975) No Yes N509

>99.97% Yes Ambient Ambient Ambient No No No No Yes
DOPc

>99.97% 250 Pa Ambient Ambient Ambient No No No No No
DOP

NFX, 4401: Yes Yes No Yes No Yes No No
uranine

Eilrovent DIN 24184 DIN
4/4 4102
NaCl
>99.97% 50-250 Pa Ambient Ambient Ambient No No No No No

>99.97% 200-250 Pa MIL5109 Ambient Ambient No No No No No
DOP
or uranine

>99.97% Yes 80% No Yes No Class A No
DOP

>99.97% 250Pa Up to 100% Ambient Ambient No No No No No
DOP

>99.97% — Ambient Ambient Ambient No No No No No

>99.95% 250 Pa Ambient Ambient 50°C, but No No No Noe No
NaCl max. 500°C for
see AESS 3000 Pa 10 min^
30/93402 70°C, but

120°C up
to 2 h

>99.97% 250 Pa MIL Ambient Ambient MIL MIL MIL
DOP 51079 Ambient Ambient 51079 51079 51068
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TABLE A.2. SURVEY OF IN SITU TEST METHODS FOR HEPA FILTERS

Surveillance tests

Country

M
eth

od
 

of
 

in 
situ

 
te

st
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ue
nc

y

Pr
es

su
re

 
dr

op

Le
ak

 
te

st

D
et

./a
ge

in
g

A
cc

ep
ta

nc
e

Belgium DOP Yearly No No No 99.95%

Canada DOP Yearly Yes No No 99.95%

Finland3 DOP After
installation

Yes Yes No 99.97%

France

Germany

Uranine

Paraffin 
oil thread

Yearly No No

Test groove 
<0.003% .

No

India DOP No No No 99.97%

Italy DOP or 
uranine

Yearly or 
once in 
3 months

<1000 Pa No No 99.97%

Japan DOP Yearly Yes No 99.97%

Netherlands DOP Biennially <1000 Pa Test groove 
<0.003%

No 99.97%

Sweden DOP Only new 
installations

N.A.a <0.1% N.A.a —

UK DOP or 
CN

Biennially Yes No No b

USA DOP Yearly <900 Pa DOP
N510

Max.
6 years

99.95%

a HEPA and charcoal filters combined in one module are in use. 
b Depending on system specifications.
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System tests

V
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ANSI -  N510 (19" No Yes

Yes Yes Yes Yes Yes Yes No Ambient Yearly

Yes No No No No Yes No Ambient Before any test

Yes No No Yes Yes No No Ambient Yearly
NFX -
44011

No —

Yes Yes Yes Yes Yes Yes No Ambient Yearly

Yes No No Yes Yes No No Ambient Yearly

Yes Yes Yes No No Yes Yes Ambient Yearly

At man ifactiire No Ambient Yearly

Yes Yes Yes No No Yes No Ambient Yearly

1 1 1
No _ _

Yes Yes Yes Yes Yes Yes Yes Ambient Before any test
<0.1%
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TABLE A.3. CRITERIA FOR IN SITU TESTING OF HEPA FILTERS IN
NUCLEAR POWER PLANTSa

Country Test agent Frequency*5 Acceptance penetration (%) 
(accident conditions)

Belgium DOP Yearly 0.05
(for normal operation)

Canada DOP Yearly 0.05

Finland DOP 0.03

France Uranine 0.1 or 0.03
(depends on reactor type)

Germany Paraffin oil thread At least every 
3 years

Leak test only

Italy DOP 18 months 0.03

Netherlands DOP 2 years 0.03

Sweden DOP 0.1

Switzerland Compressed air 
(leak test for 
filter seat)

UK Nuclei and DOP 2 years
(CEGB stations)

0.05 (CEGB stations)

USA DOP 18 months 0.05

a Not in all cases valid. 
b Except after installation and change of filter.
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TABLE A.4. CRITERIA FOR IN SITU TESTING OF IODINE SORPTION
SYSTEMS IN NUCLEAR POWER PLANTS3

Country Test agent Frequencyb Acceptance decontamination factor 
(accident conditions)

Belgium c h 3131i 12-18 months Processing not specified

Canada CH3I Yearly 1000

Finland c h 3131i Yearly 1000 before use 
100 after use

France c h 3131i Yearly
(3 months for
continuous
operation)

100 for 40% relative humidity

Germany c h 3131i At least every 
3 years

10 000-100 000 before use

Italy Freon-112
c h 3131i

18.months 0.05% freon penetration

Netherlands c h 3131i 2 years 1000

Sweden c h 3131i Yearly 100

Switzerland c h 3131i Yearly 100

UK c h 3131i 2 years 1000 (CEGB stations)

USA Freon 18 months 0.05% freon penetration

a Not in all cases valid. 
b Except after installation and change of filter.
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