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FOREWORD

Various aspects of the management of airborne radioactive wastes from v 
nuclear facilities have been considered at IAEA sponsored meetings resulting in tech
nical reports on air filters, treatment methods and techniques. An Advisory Group 
Meeting on the Design of Off-Gas and Ventilation Air Cleaning Systems at Nuclear 
Facilities was held by the Agency from 21 to 23 November 1983. Bearing in mind 
the basic differences between the design principles of off-gas cleaning systems of 
nuclear power plants and those of other nuclear fuel cycle facilities, and also the 
intentions of the Advisory Group and the subsequent consultants meetings on this 
topic, this report has been focused on nuclear power plant off-gas cleaning systems. 
In accordance with the recommendation of the Advisory Group, the design of off-gas 
and air cleaning systems of other nuclear fuel cycle establishments (fuel reprocess
ing, waste treatment and conditioning facilities) will be covered by further Technical 
Reports.

The purpose of this report is:

(a) To identify and quantify airborne radionuclides in off-gas and ventilation air 
streams in nuclear power plants

(b) To review the current status and latest development trends in the design of 
process off-gas and air cleaning technologies for normal operation and design 
basis accidents

(c) To provide guidelines for the design of off-gas and air cleaning systems of 
nuclear power plants.

The original draft of the report was prepared by G. Sgalambro of the Comitato 
Nazionale per la Ricerca et per lo Sviluppo dell’Energia Nucleare et delle Energie 
Alternative (ENEA), Rome, Italy, and T.R. Thomas o f Westinghouse Idaho Nuclear 
Co., Inc., Idaho Falls, United States of America.

The Agency wishes to express its thanks to all those who took part in the prepa
ration of the report and is particularly grateful to F. Abbey, UKAEA Safety and 
Reliability Directorate, Culcheth, United Kingdom, who served as Chairman of the 
Advisory Group and was involved in all stages of the preparation of the report.

The Agency wishes to express its gratitude to G. Sgalambro (Italy), 
T.R. Thomas (USA), M. Komurka (Austria) and B. Watson (UK) who served as 
consultants during the preparation of the final version and have greatly contributed 
to the compilation of the report. The officers of the IAEA responsible for this report 
were S. Gorbunov, V. Friedrich and W. Bahr o f the Division o f Nuclear Fuel 
Cycle.
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1. INTRODUCTION

The primary purpose o f this report is to describe the current design of air and 
process off-gas cleaning technologies used in nuclear power plants (NPPs). Because 
of the large inventory of fission products that are produced in the fuel (i.e. in the 
range of 5 X 1019 Bq per GW(e) a) and the highly restrictive airborne radionuclide 
release limits being established by Member States, air and process off-gas cleaning 
technologies are constantly being improved to provide higher airborne radionuclide 
recovery efficiencies and a smaller probability of malfunction. For various technolo
gies considered an attempt has been made to provide the following information:

(a) Process description in terms of principles of off-gas and air cleaning, operating 
parameters and system performance;

(b) Design for normal and accident situations;
(c) Design of components with regard to construction materials, size, shape and 

geometry of the system, resistance to chemical and physical degradation from 
the operational environment, safety and quality assurance requirements.

In Section 2, general design principles for air and off-gas cleaning technologies 
are discussed and a list of effluent release and dose criteria for Member States is 
provided. In Section 3, air and off-gas cleaning technologies for LWRs are treated. 
The primary airborne radioactive nuclides considered are short lived noble gas fis
sion products and activation gases, fission product iodine and aerosols. The general 
design of off-gas and air cleaning systems for normal and accident situations is 
treated first and is followed by more detailed information on component design. In 
Section 4, air cleaning technologies for other types o f reactors are considered. Sec
tion 5 provides a summary of trends in air and off-gas cleaning systems and indicates 
which areas may require more development.

This report is intended to describe in some detail the design principles of the 
major off-gas and air cleaning systems for NPPs; it is not, however, an exhaustive 
summary of all literature published on this subject. Information produced on specific 
systems, components, standards and regulations should be regarded as illustrative 
only o f the general principles involved.

Since the primary subject of this report is off-gas and air cleaning, other com
ponents of the total off-gas and ventilation systems (e.g. ducts, fans, housings, 
instrumentation) are covered only insofar as they affect the design of the gas and air 
cleaning components.

2. GENERAL DESIGN PRINCIPLES

Any process involving radioactive materials may give rise to contamination in 
the form of radioactive gases, vapours or aerosols to an extent which will depend
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TABLE I. GUIDELINES FOR EFFLUENT RELEASES AND DOSE LIMITS
FOR NPPs

Country Limit Remarks References

Canada 1% of ICRP limit Design target

France 1.85 X 10u  Bq 
halogens + aerosols/a

Statutory limit 
for LWRs of 
3000 MW(th)

[2]

2.96 x 1012 Bq 
noble gases

Germany, Federal Republic of 0.3 mSv/a, whole body Statutory

Italy • 0.1 mSv/a, whole body Proposed for 
design of 
2000 MW(e) 
PWR

0.3 mSv/a, organ dose

UK 0.05 mSv/a 
1/30 of the ICRP 
limits

Design target
Operational
limit

[3]

USA 0.05 mSv/a, airborne, 
whole body 
0.15 mSv/a, airborne, 
skin
0.15 mSv/a, iodine + 
particulates, any organ

Design targets [4]

0.25 mSv/a, whole body 
0.75 mSv/a, thyroid 
0.25 mSv/a, other organs

Operational
limits

[5]
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TABLE n . RISK ANALYSIS CRITERIA FOR NPPs

Maximum design 
accident frequency

Accident limitations2

France Italy UKbevent/year

1 Routine
authorized

K T 1 discharge 0.1 mSv/event
limits effective dose
apply equivalent

10~2

5 mSv whole body

0.30 mSv/event 
single organ

10“ 3-1 0 -2 ERL

10~3 5 mSv/event 
whole body 
15 mSv/event 
thyroid

10_2-10-1 ERL

10~4

150 mSv

100 mSv/event 
whole body

10_1-1 ERL
whole body

10~5 250 mSv/event 
thyroid

10"6 Immediate Sum of frequencies
off-site of all accidents giving
evacuation large uncontrollable 

releases

io - 7 Such accidents Frequency limit for
can be ignored single accident giving
for design large uncontrollable
purposes releases

References [6] [3]

a Doses refer to maximum off-site values 
b Emergency reference levels (ERLs) defined as:

Whole body 100 mSv
Thyroid, lung or other single organ 300 mSv
Skin 1 Sv
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An example of the implementation of the ALARA principles for workers’ pro
tection is given by the United States Nuclear Regulatory Commission (USNRC) 
Regulatory Guide 8.8 [7].

In conclusion, therefore:

(a) It is necessary to treat gaseous effluents not just to satisfy any relevant 
exposure limits but also to reduce any exposure to levels as low as reasonably 
achievable below these limits. This is referred to as the ALARA principle [1] 
and its application will ultimately depend on the interpretation placed on it by 
the competent national authorities.

(b) Treatment of gaseous wastes will generally be more efficient if ventilation and 
process off-gas streams are treated separately prior to mixing and discharge.

(c) Such separate treatment will also facilitate protection against undue discharges 
in accident situations and the process off-gas cleaning system must be designed 
to provide such protection.

3. LWR NUCLEAR POWER PLANTS

This section includes off-gas and air cleaning system design principles for 
NPPs with light water reactors. As illustrations, design concepts of Westinghouse, 
General Electric (GE), Kraftwerk Union (KWU), Brown Boveri Reaktor (BBR), and 
ASEA-ATOM PWRs and BWRs are included.

Description of off-gas and air cleaning system components used for trapping 
or delaying the most important airborne contaminants (radioactive fission products 
such as iodine and noble gas isotopes and activation products transported mainly in 
aerosol form) are included.

Mention will be made of air cleaning systems called upon in the event of acci
dents beyond the design basis, e.g. containment sprays, suppression pools and ice 
condensers, but these are outside the main scope o f this report and their design will 
not be dealt with in detail.

3.1. SOURCE TERMS AND RELEASE PATHWAYS

During normal operation of LWRs fission products enter the coolant from the 
fuel if the cladding is defective or develops defects during operation. Fission 
products from traces of uranium on the cladding and activated corrosion products 
also contribute to the radioactive inventory in the coolant.

Activation gases are formed as a result of neutron activation of the primary 
coolant but are of minor concern from the point of view of gaseous waste treatment.

The most important volatile radionuclides and aerosols which are generated in 
LWRs are given in Table III.
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The gaseous effluent release pathways for PWRs and BWRs are given in 
Figs 1 and 2 [8]. The main plant off-gas requiring treatment in LWRs results from 
the removal of non-condensible gases from the primary circuit.

The composition and the amount of radioactivity present in the various streams 
largely depend on the reactor type and the release pathway.

In BWRs the non-condensible gases are carried with the steam into the turbine 
condenser, where they are extracted. The off-gas stream is a mixture of air, 
moisture, radiolytic hydrogen and oxygen contaminated by airborne radioactive fis
sion and activation products. During normal power operation this off-gas is continu
ously removed and processed in the off-gas system; The other activity release path
ways are leakages of the primary coolant in the turbine, containment, auxiliary and 
radwaste building.

In PWRs the radioactive gases leaked from the fuel or generated into the 
primary coolant by activation are retained for the most part in the coolant. Part of 
these is removed from the coolant in the letdown line (chemical and volume control 
system), and by simple decompression discharged through the vent o f the tanks (the 
major part from the volume control tank). Degassing of part or all of the letdown 
flow is also used to enhance the removal of activity from the primary coolant. Since 
hydrogen is used in PWRs for stripping and also as a cover gas to reduce the oxygen 
content in the primary coolant to limit corrosion, the main component of the process 
gas is hydrogen. Oxygen inleakages to the system are therefore to be controlled to 
avoid reaching the flammable limit. The airborne radioactivity from the reactor, aux
iliary and radwaste building ventilation systems may require some cleaning treatment 
before discharge. Minor contributions to radioactivity release from the turbine build
ing are secondary coolant leakage from turbines, turbine seals and air ejector system.

Models used in the USA in the preparation of the source terms are presented 
in Ref. [9]. Currently two source terms for normal operation are used. The first one 
is a conservative design base which utilizes a conventional fuel clad defect model. 
In this case it is expected that the rated core thermal power is generated by fuel rods, 
nearly 1 % o f which have clad defects.

The second source term is a realistic model used to predict expected long term 
average concentrations o f radionuclides in the primary and Secondary fluid streams. 
This model, based on available measured nuclide concentrations during normal oper
ation, was formulated as a standard [10],

A source term specification for both BWR and PWR is given in Appendix I. 
This specification (slightly modified ANSI N-237, see Ref. [10]) could be used to 
provide a uniform approach for determination of source terms for any LWR thermal 
power. This source term is about ten times smaller in comparison with the one 
obtained on the basis of the conservative fuel clad defect model.

A second standard which can be used as a guide directly for the gas processing 
system is given in Ref. [11]. It presents in detail values recommended for the system 
design. NUREG 0016 [12] and 0017 [13] describe the application o f the GALE code

7



TABLE III. VOLATILE RADIONUCLIDES AND AEROSOLS UNDER NOR
MAL OPERATING CONDITIONS

Classification Representative isotopes Tl/2 Production mode

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

Kr-83m 1.86 h Fission products
Kr-85m 4.4 h
Kr-85 10.7 a
Kr-87 76 min
Kr-88 2.8 h
Kr-89 3.16 min
Xe-131m 11.99 d
Xe-133m 2.23 d
Xe-133 5.3 d
Xe-135m 15.3 min
Xe-135 9.16 h
Xe-137 3.84 min
Xe-138 14.2 min

Halogens 1-131 8.1 d Fission products
1-132 2.3 h
1-133 20.8 h
1-135 6.7 h

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

Carbon-14 C-14 5.730 a N-14 (n,p) 
0-17 (n,a) 
C-13 (n,7 )

to BWR and PWR effluent systems. This code can be used to evaluate environmental 
source terms once the treatment system has been specified. (Two samples of such 
calculations, one for a BWR and one for a PWR, are given in Tables A .II.l and 
A.B.2 (prior to treatment) of Appendix II.)

The characteristics of various radioactive streams requiring cleanup are exem
plified in Table IV.

8



TABLE III (cont.)

Classification Representative isotopes T* Production mode

Activation gas N-13 9.96 min 0-16 (p,ex)
formed from 0-15 2.1 min 0-16 (n, 2n)
water and atmosphere N-16 7.1 s 0-16 (n,p)
constituents 0-19 27 s 0-18 (n,7 )

Aerosols Co-60 Activated corrosion
Co-58 products
Cr-51
Mn-54
Fe-59
Zn-65
Zr-95

Sr-89
Sr-90
Sb-124
Te-132
Cs-134
Cs-136
Cs-137
Be-140
Ce-141

Fission products

Chemical and physical (gaseous or aerosol o f known particle size distribution) 
characterization of source terms is of equal importance to the specification of other 
aspects from the point of view o f process design. Predictions are especially difficult 
for the halogens and other volatile fission products (Table V).

Because of iodine chemical reactivity, a large number o f iodine species may 
be found in the reactor coolant. From a treatment point of view the most important 
iodine species are those which may become gas-borne and which may be character
ized as [14, 15] elemental iodine, organic iodides, and iodine incorporated in 
aerosols.

The existence of hypoiodous acid (HOI) in the gas phase is currently 
controversial.

Trapping of iodine is strongly dependent on its physico-chemical form. The 
elemental form is less penetrating through an adsorption bed than the organic 
iodides.

9



Gaseous stream

FIG. 1. Gaseous effluent pathways for a typical 1 GW(e) PWR.

Radioiodine quantities (Ci/a)

Radwaste building 
vent

Reactor building 
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Turbine gland 
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Condenser air 
ejector 
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0.046 0.34 0.19 - 5
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Radwaste
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Reactor 
building___ ___ I__

— (Reactor 1

rr\
Turbine building ,---------------- 1

Turbiner~
i I Condenser 1----------

, rWaste system
Deminerali tei

-------- Gaseous stream

FIG. 2. Gaseous effluent pathways for a standard 1 GW(e) BWR.
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TABLE IV. CHARACTERISTICS OF VARIOUS RADIOACTIVE STREAMS REQUIRING CLEANUP

System
parameter

Steam jet air 
ejector,
BWR
off-gas

Waste gas 
processing system, 
PWR 
off-gas

Reactor
building
ventilation
system

Auxiliary
building
ventilation
system

Stand-by gas
treatment
system, BWR
emergency
ventilation
system

Control
room
emergency
ventilation
system

Flow rate (L/s (STP)) 

Radioactivity 

Noble gas

Iodine particles

14.15-1.415 x 103

3.7 x 109 Bq/s 
(30 min delay)

3.7 x 104 Bq/s

0.33-0.94 0.47-4.71 47.19 2.35-4.71 0.47-2.35

Operating temperature (°C) 20-30 20-30 50 max. -1 0  to +50 200 max. — 10 to +40

Operating or 
design pressure 
Pa (abs)

1.0 x 105 1.0 x lO ^ .O  x 106 <1.0 x 105 <1.0 x 105 Up to design 
strength 
pressure 
-62.25 Pa

1.0 x" 105

Relative humidity 100% + condensing 
steam

100% + condensing 
steam

100% 100% 100% + con
densing steam

100%

Kind of service Continuous Continuous Continuous 
on demand

Continuous 
on demand

Stand-by Stand-by

Particular challenges 
to the system

H2 explosions, 
humidity

H2 explosions, 
humidity

— — Pressure,
humidity

Chemical,
humidity



TABLE V. VAPOUR FORMS OF FISSION PRODUCTS

Elements present Associated chemical vapour species

Caesium Csl, CsOH, (CSOH)2, C s20 ,  C sO, C s , C s2

Iodine Csl, I, I2, HI

Tellurium Te2, Te, TeO, Te02, Te20 2, H2Te

Hydrogen CsOH, (CSOH)2, HI, HO, H, H20 2, H 02, H2, H2Te,
h 2o

Oxygen CsOH, (C sO H )2, C s0 2, CsO, HO, 0 , H20 2, H 02, H20 , 
0 2, TeO, Te02, Te20 2

Determination of the relative distribution of the different forms of iodine has 
been reported by several investigators [16, 17] and examples are given in Table VI.

The fission products accumulated in the fuel during plant operation are retained 
in the fuel itself by a number of barriers:

(a) The fuel matrix
(b) The fuel cladding
(c) The reactor coolant system (primary system).

In the case o f an accident these barriers are assumed to fail partly or totally 
depending on the severity of the accident.

The reactor containment will then collect radioactive gases and aerosols com
ing from damaged fuel. The primary containment atmosphere may also contain water 
droplets originating from condensing steam. The airborne radioactivity that results 
in the post-accident environment will depend in large measure on the type of accident 
and on the engineered safety features (ESFs) included in the containment.

United States design basis source terms in accident situations are indicated in 
USNRC Regulatory Guides 1.3 and 1.4 [18, 19]. They include:

(a) Twenty-five per cent of the equilibrium radioactive iodine inventory developed 
from maximum full power operation of the core should be assumed to be avail
able for leakage from the primary reactor containment. Of this 25%, 91% is 
assumed to be in the form of elemental iodine, 5% in particulate form and 4% 
as organic iodides.

(b) One hundred per cent of the equilibrium radioactive noble gas inventory deve
loped from maximum full power operation of the core should be assumed to 
be immediately available for leakage from the reactor containment.
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TABLE VI. PERCENTAGES OF VARIOUS 1-131 SPECIES IN BWR GASEOUS 
EFFLUENTS

Source
Particulate

Average species fractionation (%)

I2 Hypoiodous Organic iodine 
acid (HOI)

Oyster Creek 

Ventilation air: 

Reactor building 9 28 33 29

Radwaste building <0.5a 16 22 62

Turbine building 17 43 32 8

Steam jet air ejector 0.1a <1 12 87
(delay line)

Gland seal and mechanical < l a 8 38 54
vacuum pump exhaust 

Feedwater and condensate 8 57 28 6
PUIT1P
Reheater protection system 5 15 14 66
and lubrication oil storage i

Quad Cities 

Ventilation air,

area

5 18 36 41
reactor buildings 

Main stack exhaustb 8 40 24 29

a Sample collected downstream of high efficiency particulate air (HEPA) filters. 
b Exhaust contained ventilation air from turbine and rad waste buildings, gland seal and mechanical 

vacuum pump discharges, and the treated off-gas from the steam jet air ejector.

The temperature and pressure environment for the ESFs are those correspond
ing to a large loss of coolant accident (LOCA). The design basis radiation environ
ment corresponds to the 100% noble gas and 25% iodine source term for the 
containment atmosphere. Another 25% of the iodine and 1% of all solid (non- 
gaseous) fission products are added as the radiation source term for liquids in the 
primary coolant system or the containment sump [20]. The solid fission products are 
assumed to remain in the water phase within the containment, and neither aerosol 
formation nor leakage of the solids is assumed. These assumptions were intended to
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provide a conservative design basis for ESFs. Throughout the design basis accident 
(DBA) the containment is assumed to maintain its integrity, so that the demonstrated 
design basis leak rate of containment is not exceeded during the accident.

One of the key technical questions in the source term under accident situations 
concentrates on the role of the radioiodines. The contribution to risk, to the extent 
that this has been based upon the hypothesis that iodine would be released in elemen
tal form, may have been substantially overestimated. A full reassessment of this role 
is needed. Such an analysis has to include not only the question of how much of the 
radioiodines can become airborne in containment, but also the extent to which exist
ing ESFs, whose design has been based on the assumed elemental form of iodine, 
are actually needed or even would be effective.

Before such an analysis proceeds, however, the amount and form of radio
iodine released from the fuel and the amount attenuated in the transport paths to the 
containment atmosphere should be discussed. A number of research programmes 
deal with this question.

3.2. SYSTEM DESIGN

3.2.1. System design for normal situations

The off-gas and air ventilation systems for the normal situation are covered by 
USNRC Regulatory Guides 1.140 and 1.143 [21, 22], or by Reaktorsicherheitskom- 
mission [23] in the Federal Republic o f Germany, to which reference may be made 
for guidance on the system design.

3.2.1.1. Building ventilation systems

The main functions of the ventilation systems are:

(a) To limit airborne radioactivity in containment and reduce the release of radio
activity to the environment

(b) To keep designed pressure ratios and flow directions
(c) To keep temperatures below design limits.

An example of a building ventilation system is given in Fig. 3 for the contain
ment purge system for PWRs. In some plants for containment, filtering and adsorb
ing units, provided for reducing the release of radioactivity to the environment, may 
be common to the emergency ventilation system. This choice has the advantages of 
simplicity and low exhaust filter production requirements but has the inconvenience 
that the safety system cleaning components have a shorter lifetime.

The auxiliary, turbine and radwaste building ventilation systems for the normal 
operation are designed following the same arrangement as above.
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Discharge to

It is important to note that during the normal operation, contaminated aerosols 
can be formed by adsorption of radioactive gas and vapours on inactive particles 
which can be present in the building environment. The inactive aerosol content in 
the building is connected to the particular operation which is carried out in the build
ing and to the extent of purification of the air coming in from outside. For this reason 
very efficient air prefilters on the fresh air intake can greatly enhance the operation 
life o f high efficiency particulate air (HEPA) filters. Theoretically HEPA filters 
should be used for the intake air.

If treatment systems for the process off-gases are well designed, the major 
proportion of radioactive release to the environment derives from leakages into air 
streams which are treated by the ventilation system. Because of the high dilution it 
is not practical to treat ventilation air to remove noble gases and only the iodine and 
particulates can be removed. For this reason the designer should make every effort 
to limit leakages from components holding radioactive materials.

The decontamination required from the ventilation system is determined by the 
strength of the source terms. Using present technology decontamination factors 
(DFs) of about 102 per bank o f filters can normally be obtained in practice. To 
guarantee these values, safety margins should be incorporated at the component 
design stage.
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TABLE VII. OFF-GAS SYSTEM INPUT CHARACTERISTICS

(a) Typical off-gas composition 
(vol. %)

Component BWR PWR

Hydrogen 50 to 60 96

Nitrogen — <5

Oxygen 25 to 30 —
Air 10 to 15 —
Water vapour 10 to 15 - 3

Noble gases

Radioactive 10 ~4 ppm Trace

Non-radioactive 1.23 ppm —

Iodine isotopes Trace Trace
Activation gases Trace —

(b) Off-gas flow rates 
(L/s)

Component

BWR
Reactor size (MW(e)) PWR

Typical
200 600 800 1100

Hydrogen 15.1 28.3 47.2 66.1 up to 0.94

Oxygen 7.0 14.2 23.6 33.0

Nitrogen up to 3.8
(Startup)

Number of condensers
Air 1 2 3

4.7 9.4 14.2
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3.2.1.2. Off-gas systems at BWRs

The design of the off-gas systems in the KWU-BWRs is based on a release rate 
in the reactor core o f 3.5 x  109 Bq/s I33Xe with other noble gas nuclides in accor
dance with a diffusion controlled release [24]. There are no major differences 
between KWU release rates and those used by GE (3.7 X 109 Bq/s noble gas diffu
sion controlled release at t =  30 min after release in the reactor core) or by 
ASEA-ATOM (1.33 X 1010 Bq/s at t =  30 min).

The release rates of iodine isotopes from the fuel are in the order of 
3.7 x  108 Bq/s, and they are retained mainly in the coolant. In the off-gas of a 
BWR, as a design base, about 3.7 X 104 Bq/s as source term for iodine might be 
expected.

Production rates of 0 2 and H2 from radiolysis in the core of a 700 MW(e) 
BWR are about 22.2 L/s (STP) 0 2 and 44.4 L/s (STP) H2 and air inleakage 
between 2.77 and 8.33 L/s (STP) [24]1. Typical composition and flow rates are 
given in Table VII [25].

In Figs 4 and 5 two off-gas flow sheets are presented, the first by GE [26], 
the second by KWU [24].

These systems consist of: pre-evacuation mechanical pumps; steam jet air ejec
tors; preheater; recombiner; condenser; cooler; refrigerator; pre-adsorber; delay 
line; aerosol filter; and vacuum pumps.

A turbine condenser vacuum greater than 3 X 104 Pa is required when start
ing up the reactor from the cold state. A mechanical vacuum pump (two pumps are 
used and both can be in parallel operation) flowing into the building exhaust air sys
tem, and thus into the stack, is provided for the pre-evacuation o f the turbine con
denser. This makes it possible to remove from the system residues of radiolysis gas 
together with air which has entered the system during the shutdown time. When the 
turbine condenser pressure drops below 7 X 103 Pa, the evacuation is taken over 
by the steam jet air ejectors.

There are two parallel evacuation lines. Only one line is in operation, the 
second acts as stand-by. Each line contains a three-stage steam jet air ejector. A nor
mal operating vacuum of about 3 x  103 Pa in the turbine condensers is generated.

After passing the steam—gas mixture through a water separator, the preheater 
raises the temperature in order to make possible the catalytic combustion of hydrogen 
with the oxygen in the subsequent recombiner.

The catalyst in the recombiner is palladium or platinum supported on metallic 
or ceramic substrata. Owing to the exothermic recombination reaction the tempera
ture of the mixture increases, from 150°C to about 450°C. At the beginning of the 
recombiner operation, the catalyst is preheated with electric heaters, which operate 
automatically to maintain the temperature of the catalyst bed near 350°C. The H2 
concentration in the steam—gas mixture falls below 20 ppm in the recombiner.

1 STP: Standard temperature and pressure: 0°C, 1.01325 x 105 Pa.
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Vault drain

FIG. 4. Off-gas system process diagram.
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FIG. 5. Schema o f BWR off-gas facility with delay line.



The steam -air—noble gas mixture from the recombiner enters a condenser 
cooled with the main condensate. The condensed water returns to the feedwater tank 
and the air—noble gas mixture enters the cooler. Here the air-noble gas mixture 
is cooled to near ambient temperature. Usually at this point the H2 concentration is 
monitored.

The moisture content of the activated charcoal reduces the efficiency of the 
delay line. It is therefore necessary to charge dry activated charcoal into the delay 
line and keep it dry in service.

A chilled glycol solution is used as refrigerating medium. The glycol cooling 
loop is made up of a glycol tank, pump and redundant refrigeration machines to 
remove the heat. The glycol in the tank is held at a temperature near to 0°C. The 
refrigerant unit does not need any shielding. Molecular sieves could be used for fur
ther removal of the remaining humidity.

The pre-adsorber is a container filled with activated charcoal in which the char
coal could easily be replaced. It is installed to protect the delay beds, that are placed 
downstream from accidental high moisture content (see also Section 3.3.2.2). The 
delay beds consist of containers filled with activated charcoal. The expected lifetime 
of the charcoal is 40 years (for details o f the design see Section 3.3.2.2).

The air and aerosol flow from the delay line is passed through the aerosol 
filters (HEPA), before being released through the stack. Mechanical vacuum pumps 
maintain the whole system under negative pressure limiting the radioactivity escap
ing into the building (details of HEP A filters are covered in Section 3.3.1).

Technical specifications referring to systems reported in Refs [24, 26], are 
contained in Table VIII. Another system using activated charcoal at lower tempera
ture is described in Ref. [27].

In the ASEA-ATOM off-gas system [28] (Fig. 6), the activated charcoal serves 
mainly to separate xenon from krypton. The xenon is then recycled and allowed to 
decay in sand filters of several hundred cubic metre volume. A delay o f some ten 
hours is obtained in the first sand filter so that the quantities of radioactive noble 
gases reaching the activated charcoal beds are much reduced and contain primarily 
radionuclides giving low energy gamma radiation. The radiation level in the vicinity 
of the activated charcoal system is reduced accordingly. The sand filters are arranged 
with the first filter located within the second. In this way the second filter shields 
to a major degree radiation originating in the first filter. The second filter is also held 
under a slight vacuum so that any leakage from the first filter is intercepted by the 
second filter. The sand affords an extremely uniform flow pattern and also serves 
as a flame barrier.

The activated charcoal system comprises a precooler, two adsorption columns 
and a vacuum pump. The activated charcoal unit operates as follows: Off-gas is 
drawn through one of the two columns. Xenon and krypton move slowly through the 
column as adsorption progresses. Before xenon breakthrough occurs the off-gas 
stream is diverted from the first to the second column by a time controlled switch.
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TABLE Vni. BWR OFF-GAS SYSTEM TECHNICAL SPECIFICATIONS

References [26] [24]

No. of steam ejectors 2 or 3 stages 3 stages
Driving steam flow rate (t/h) 4.5-5.5 3-4

Pressure
Downstream eject — 1.2 X105 Pa
In recombiner 1.3 x 105 Pa —

Downstream recombination — (7-9) X 104 Pa

Temperature (°C)
(outlet)
Ejector 130 120
Preheater 190 160
Recombiner 470 420
Condenser 50 90
Cooler 4 35
Refrigerator (dew point) -6 0 -2 0

Recombiner
Catalyst Palladium/platinum Pd
Electric heaters NAa 4

Hydrogen concentration after
recombiner

Before condensation NA 20 ppm
After condensation NA Maximum 3.6 vol.%

Pre-adsorber (guard bed)
Charcoal amount 400 kg
Charcoal size 3 mm

Delay beds
Number of beds 2 6
Length 20 m 18 m
Diameter 6.6 m 1.5 m
Charcoal beds/container — —
Height of charcoal — 6 m
Total amount of charcoal 42 t 62.5 t (125 m3)
Expected life of charcoal — 40 a
Grain size NA ca. 3 mm

<2.5 mm max. 5%
>3.5 mm max. 5%

Moisture content NA < 2 wt%
Bulk density NA 0.5 t/m3
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TABLE VIII (cont.)

Dynamic adsorption coefficients 
for Kr 
for Xe 
for N2 
for 0 2

HEPA filter

105 cm3/g 
2410 cm3/g

NA

46 ± 3 cm3/g 
750 ± 50 cm3/g 

9 ±  1 cm3/g 
9 ±  1 cm3/g

Fibre glass 99% 
Microsorbant 99.9%

NA = not available.

FIG. 6. Simplified diagram o f a BWR off-gas system o f the ASEA-ATOM.

Approximately 10% of the off-gas stream is fed back in reverse flow through the 
first column to the condenser in order to regenerate the first column, i.e. to desorb 
the xenon. Owing to the higher gas velocity during regeneration the desorption of 
the 133Xe is faster than the adsorption in the second column. The 133Xe which 
remained in the first column is then fed back into the off-gas system. The timing is 
governed by the useful capacity o f the column.

23



TABLE IX. INFORMATION ON DELAY SYSTEMS FOR BWRs4̂

Power station
Nine Mile 
Point No. 1, 
USA

Santa Maria de Garona, 
Spain

Miihleberg,
Switzerland

ISAR 1, 
Federal 
Republic 
of Germany

Forsmark,
Sweden

SWR-1300
Standard,
Federal Republic 
of Germany

Supplier GE GE GE KWU ASEA-ATOM KWU
Power (gross) (MW(e)) 620 460 340 900 2 x 900 1300

Start of commercial operation 1969 1971 1971 1977 1979/1981 —

No. of charcoal vessels 6 12 5 6 3 (recycling) 6

Dimensions:
Height (in) 6.7 2.4 18 6 18
Diameter (m) 1.22 1.1 1.5 0.65 1.8
Useful volume (m3) 5 x  10"2 6.4 2 28 2 28.3

Operating temperature (°C) 20 23-60 -1 8  to +25 20 — 20

Operating pressure (Pa (abs)) 9.8 x 104 9.6 x 104 8 x 104 8 x 104 — (8-9) x 104

Throughput
Normal operation (m3/h (STP)) 34-40 60 30 28 20 40
Other conditions (m3/h (STP)) 340

(Startup)
40 —

Drying system Refrigeration Glycol condenser Refrigeration Refrigeration Refrigeration

Recombiner Catalytic Pt catalytic Catalytic Catalytic Pd/Al20 3 Catalytic



Design delay time 
Xe (d)
Kr (d)

22.9
1.6

14.6 
55-88 h

Measuring technique for 
determining delay time

No Activity balance 
inlet-outlet

Measuring technique 
during commissioning

No No

Materials mainly used in 
the off-gas system

Carbon steel Carbon steel

Dose rate at constant load 
(|tCi-kg- 1 -h-1)

Activated charcoal vessels 
Recombiner unit 
Dryer unit

7.74-25.8 
1.29 X 103 

25.8

5.15 X 102 

1.8 x 103-2.84

K>Ui



3.3 40
5 h 2.5

Activity Activity
balance balance

inlet-outlet

Activity Peak
balance measurement

Carbon steel Carbon steel

25 40-60
1.5 2.4-3.7

Activity Activity
balance balance
inlet-outlet inlet-outlet

Xe-133 Kr-85 peak
injection measurement

Carbon steel

1.29 x  103

1.29



The DF of the system for krypton depends on the off-gas throughput of the sys
tem, in other words it is determined by the leaktightness of the turbine system. The 
design throughput is based on a krypton delay of 35 hours.

Additional information on delay systems for BWRs is given in Table IX [29].

3.2.1.3. Off-gas systems in PWRs

Sources and characteristics of off-gases in PWRs are described in Section 3.1. 
These gases are collected and treated in the off-gas system. Initially the PWRs were 
equipped only with a delay system in the form of vessels held at pressures ranging 
from 1 MPa to 2 MPa (abs). This solution required also redundant oxygen monitors 
because of the detonation likelihood of hydrogen-oxygen mixture. Compressors and 
large pressure tanks generally are not suitable to resist additional overpressures such 
as those generated by the explosion. For this reason recombiners are also used in 
the storage system. Recombiners for PWRs are somewhat different from those of
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BWRs because the flow rate is smaller in PWRs and because the gas stream is hydro
gen rich, oxygen must be added. After recombination the gas flow rate is reduced 
by a factor of 20 [25].

Figures 7 and 8 illustrate off-gas systems using recombiners and storage tanks 
in normal operation and after reactor shutdown.

Figure 9 shows an off-gas system for a PWR which is linked up with the venti
lation system and allows gaseous effluent treatment in normal and accident condi
tions. Similar experiences are summarized in Ref. [30].

On the basis o f proven experience with the BWR off-gas system KWU also 
developed activated charcoal off-gas systems for its PWR facilities [31]. Figure 10 
shows a simplified diagram of a modem PWR off-gas system [32].

The system comprises two linked circuits (the purge circuit and the decay sys
tem) provided with a nitrogen blanket. The purge circuit is connected to a series of  
vessels and other equipment with release gases from the closed circuit. This equip
ment includes, for example, coolant storage tanks, evaporators and degassers, gas-
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FIG. 9. Block diagram o f a simplified PWR gaseous effluent treatment for normal and accident conditions.



FIG. 10. Simplified diagram o f a modem PWR off-gas system (KWU).

eous release tanks and other sources such as primary circuit seals. The gas stream 
in the purge circuit carries the released gases to a recombiner. Hydrogen and oxygen 
are recombined and the water produced is removed by cooling. A control unit 
upstream of the recombiner ensures that as far as possible the hydrogen and oxygen 
burnt off are in stoichiometric proportions. Approximately 10 m3/h (STP) from the 
purge circuit is bled off to the second system (i.e. the decay system). The gas is first 
dried (silica gel dryer) and then fed to an activated charcoal system. The standard 
practice is to design the activated charcoal system to hold xenon isotopes for 60 days 
and krypton isotopes for 4 days. With the aid o f a suitable control unit, off-gas is 
released to the stack whenever the gas volume in both systems increases as a result 
of leaks or operating processes. Under normal conditions most o f the gas from the 
decay system is fed back to the off-gas system. This ensures that radioactive off-gas 
is not continuously discharged into the atmosphere.
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,3

1 Sources
2 Recombiner with fire dampers
3 Water-cooled heat exchanger
4 Off-gas collection vessel
5 Off-gas recirculation pump

6 Off-gas compressor
7 Off-gas storage vessel
8 2-stage drier
9 Activated charcoal vessel 

10 Diaphragm pumps

FIG. 11. Simplified diagram o f a PWR off-gas system with buffer system (BBR).

A slightly modified off-gas system for PWRs (Fig. 11) [33] will be used in the 
Brown Boveri Reaktor nuclear power station at Mulheim-Karlich, Federal Republic 
of Germany. This system comprises three subsystems:

(a) A circuit for the catalytic removal of hydrogen (7 X  104 Pa).
(b) Off-gas storage whenever the flow increases to more than 10 m3/h (STP) 

and/or the activity increases. The object is to store the off-gases under pressure 
(not more than 6.7 x  105 Pa) when the input exceeds 10 m3/h (STP) or the 
activity is abnormally high until a flow of 0 to 10 m3/h (STP) is re-established 
and/or the activity peak passes. This storage scheme would allow the down
stream delay train to be fed at a constant rate of 10 m3/h (STP). An additional 
advantage would be that activity peaks do not affect the adsorptive holdup of 
the krypton and xenon isotopes. The rate of activity released to the environ
ment would always be determined by the level o f throughput and activity flow 
typical under normal operating conditions.

(c) Drying (by refrigeration) and holdup (using absorption techniques). The off
gas is cooled to about 248 K, dried and fed through the activated charcoal 
vessel which is cooled to about 0°C (delay approximately 50 d for xenon and 
approximately 55 h for krypton).

Additional information on delay systems for PWRs is given in Table X [29].
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3.2.1.4. Safety aspects in off-gas systems

Generally the off-gas systems described above are provided in the plant to 
assure degassing or vacuum conditions during normal plant operations (startup, 
power operation, shutdown). In this context they have no special Safety function, i.e. 
they do not have to meet the safety criteria for external natural or man-induced 
events. Consequently they could be classified as non-seismic and quality group D, 
for which quality assurance requirements are those required for conventional equip
ment. Relevant industrial codes are referred to in Table XI.

However, rupture of tanks containing large inventories of radioactive noble 
gases is a DBA for these systems, and the assessment method assumes that the whole 
inventory is released to the atmosphere. In this context seismic qualification o f the 
tanks and isolating valves may be required.

There are also risks which are associated with the system itself which must be 
taken into account at the design stage. These are hydrogen burning leading to over
heating of charcoal delay beds, or hydrogen detonation leading to rupture o f tanks 
containing large radioactive inventories.

Hydrogen burning or detonation risk in an off-gas system has been prevented 
by dilution (with steam or air) and H2- 0 2 recombination. Failure of these design 
provisions has often caused explosions [34, 35], The most frequent causes of explo
sion were: sparks from ungrounded metal parts, sparks from rapid valve closure, 
catalyst fines transported to areas of high hydrogen concentration, and ignition of gas 
released into the room housing the system.

3.2.2. System design for accident situations

Engineered safety features (ESFs) are provided in the plant to control the 
release of the radioactivity to the environment, to provide additional cooling capac
ity, to control the pressure increase in the containment and the hydrogen buildup fol
lowing the water—zirconium reaction. The appropriate US licensing guidelines are 
given in Table XII. The most important o f these safety features is the reactor contain
ment. It consists of a low leakage metallic or concrete structure which surrounds the 
reactor pressure vessel and the primary coolant piping and equipment [36]. It is 
designed to withstand the pressure increase resulting from the depressurization o f the 
reactor coolant system.

In BWRs and more recent PWRs a secondary containment is provided. It may 
be close up to the primary containment forming a restricted annulus or may extend 
to a building in which other systems are located. These buildings are the reactor 
building in the case o f BWRs and the auxiliary building in the case of PWRs. The 
secondary containment and associated systems are designed to provide holdup, treat
ment and controlled release point for the radioactivity escaping the primary contain
ment. It is maintained under negative pressure by a ventilation system. Under
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NJ TABLE X. INFORMATION ON DELAY SYSTEMS FOR PWRs [24]

Power station
Borssele,
Netherlands

Biblis B,
Federal Republic of 
Germany

Gosgen,
Switzerland

Loviisa,
Finland

KWU-1300 
Standard,
Federal Republic of 
Germany

Supplier KWU KWU KWU AEEa KWU
Power (gross) (MW(e)) 477 1300 970 2 x 465 1300

Start of commercial operation 1973 1977 1979 1977-1981 1981

Number of charcoal vessels 10 12 10 3 X 8 10

Dimensions:
Height (m) 5 4.4 4.35 6

Diameter (m) 0.65 0.5 1.6 0.7
Useful volume (m3) 1.7 1.4 0.85 1.7 1.6

Operating temperature (°C) 10 10 1 0 - 1 2 30 15

Operating pressure (Pa (abs)) 9 x  105 7 x  105 8 X 105 (0.7-1.6) x  105) 8 x  10 5

Throughput
Normal operation

(m3/h (STP)) 10 10 5 0.5 10

Other conditions
(m3/h (STP)) 30 70 10 6 70

Drying system Gel dryer Gel dryer Gel dryer Zeolite Gel dryer



Recombiner Pt catalytic Pd catalytic

Recycling of gas in the circuit Yes Yes

Design delay time
Xe (d) 60 60
Kr (d) 2.5 2.5

Measuring technique for Activity in-out Activity in-out
determining of delay time first bed

Measuring technique 
during commissioning

Pulse injection Pulse injection

Dose rate at constant load Very low (without
operation (pCi• kg- 1 • h~*) fuel element defects)

Activated charcoal A few (with fuel
vessels

Recombiner unit 
Dryer unit

element defects)

Materials mainly used 
in the off-gas system

1.4450 (DIN) 1.4450 (DIN)

Atomenergoexport.



Catalytic Catalytic Catalytic

Yes No Yes

60 10 (0.5 m3/h (STP)) 60
2.5 0.4 2.5

Activity in-out 
one bed

Activity in-out

Pulse Kr-85 Xe, Kr-85 Pulse Kr-85
injection injection

12.9 0.645 Depends on fuel
0.258 element defects and
0.258 degasser operation

1.4450 (DIN) Austenitic steel Austenitic steel



TABLE XI. EQUIPMENT CODES

Codes

Equipment
Design and 
fabrication

Materials
Welder 
qualification 
and procedure

Inspection and 
testing

Pressure vessels ASME Code 
Section Vm, 
Division 1

ASME Code 
Section II

ASME Code 
Section IX

ASME Code 
Section VIII, 
Division 1

Valves ANSI B31.1 ANSI B31.1 ASME Code 
Section IX

ANSI B31.1

Compressors2 Vessels:
manufacturer’s
standards
Piping:
ANSI B31.1

ASME Code 
Section II, 
ANSI B31.1

ASME Code 
Section IX

Vessels: 
ASME Code 
Section VIII, 
Division 1 
Piping:
ANSI B31.1

Cryogenic
separation
systems

Vessels: 
ASME Code 
Section VIII 
Piping:
ANSI B31.1

ASME Code 
Section II, 
ANSI B31.1

ASME Code 
Section IX

Vessels: 
ASME Code 
Section VIII, 
Division 1 
Piping:
ANSI B31.1

Charcoal
vessels

Vessels: 
ASME Code 
Section VIII 
Piping:
ANSI B31.1

ASME Code 
Section II, 
ANSI B31.1

ASME Code 
Section IX

Vessels: 
ASME Code 
Section VIII, 
Division 1 
Piping:
ANSI B31.1

Hydrogen
recombiners

Vessels: 
ASME Code 
Section VIII 
Piping:
ANSI B31.1

ASME Code 
Section II, 
ANSI B31.1

ASME Code 
Section IX

Vessels: 
ASME Code 
Section VIII, 
Division 1 
Piping:
ANSI B31.1

Glycol tanks 
and piping

Tanks: API650 
Piping and 
Valves:
ANSI B31.1

ASME Code 
Section II, 
ANSI B31.1

ASME Code 
Section IX

Tanks: API650 
Piping:
ANSI B31.1
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TABLE XI (cont.)

Equipment

Codes

Design and 
fabrication

Materials
Welder 
qualification 
and procedure

Inspection and 
testing

Hydrogen ANSI B31.1 ASME Code ASME Code ANSI B31.1
analysers Section II Section IX

Heat ASME Code ASME Code ASME Code ASME Code
exchangers Section VIII Section II Section IX Section VIII

and TEMA

Refrigeration Vessels: ASME Code ASME Code ASME Code
equipment ASME Code Section II and Section IX Section VIII,

Piping: manufacturer’s ANSI B31.5
ANSI B31.1 standards

For compressors operating near atmospheric pressure, a pressure test at 1 'h  design pressure may be 
used.

TABLE XII. RELATIONSHIPS BETWEEN US LICENSING 
GUIDELINES AND ENGINEERING SAFETY FEATURES (ESFs)

ESFs
USNRC
Regulatory
Guide

US 10 CFR 50 
General design 
criterion number [4]

Containment sprays 1.3; 1.4; 1.7 41

Containment recirculation filters 1.3; 1.4; 1.52 41

Auxiliary building filters 1.52 —

Main steam isolation valve 
leakage control

1.3; 1.96 —

Stand-by gas treatment 1.52 —

Ice condenser — —

Containment leakage 1.3; 1.4 16

Dual containment 1.4 50

Pressure suppression pool — ___
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accident conditions the exhaust from the secondary containment may be recirculated 
to the primary containment.

The ESFs provided in the plant for removing the fission products from the con
tainment atmosphere are the containment sprays and the recirculation filter systems. 
Containment sprays remove heat from the containment atmosphere, thus reducing 
the pressure as well as scrubbing airborne radioactivity. To enhance the absorption 
of elemental iodine, chemical additives are used in spray water (sodium hydroxide 
or hydrazine) to convert elemental iodine in the ionic form. Aerosols are also effec
tively removed but the washout rate is strongly dependent on the particle size [37].

Containment atmosphere recirculating filter systems (see Fig. 12(a) and (b)) 
[38] were used in earlier PWRs to trap fission products (iodine and aerosol) resulting 
from an accident. These systems were intended to be used in case of minor accidents 
involving limited core damage.

The pressure suppression pool is a system used in BWRs which acts as a steam 
condenser by forcing the steam to pass through a water layer and which also scrubs 
the activity released with the steam. The same behaviour is assigned to the ice con
denser system used in PWRs.

The ESFs more related to the scope of the present work are the filtering sys
tems treating the secondary atmosphere and the control room ventilation system. The 
secondary atmosphere consisting of the air in the annulus, in the reactor or in the 
auxiliary building which can be contaminated in case of accident, through leaks from 
the primary, is passed through filter trains (Fig. 12(c)). The system used for this pur
pose is called the stand-by gas treatment system (SGTS) and may vary substantially 
in size from plant to plant from 8.5 to 50 000 m3/h. It is arranged in two parallel 
trains (Fig. 13) and each train is composed of moisture separators to remove water 
droplets, electric heaters to lower the relative humidity below the saturation point, 
prefilters to protect the HEPA filters placed downstream and finally charcoal 
adsorbers for radioactive iodine retention. A supplementary HEPA filter can be 
added downstream from the charcoal adsorber to arrest charcoal fines. Tielines con
necting the two trains are provided to ensure a bleed of cooling air required to 
remove the decay heat.

-*3 FIG. 12. Three types o f air cleaning systems in reactor containments.
(a) Pressure containment with internal recirculating or kidney ESFpost-accident air clean

ing system.
(b) Pressure containment with external recirculating post-accident air cleaning system. In 

this concept, note capability to repair or replace air cleaning components after an 
accident.

(c) Pressure containment with shield building. Once-through ESF air cleaning system vents 
shield space to remove contaminants leaked to shield space from containment. External 
air cleaning facility permits repair or replacement o f components following accident.
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FIG. 13. Schematic arrangement o f a stand-by gas treatment system. System processes gas 
from both the containment building and the reactor building.

According to the accident assumptions, the most severe conditions for filter 
components exist in the SGTS. This system can be connected directly to serve some 
areas of the primary containment. As a result the HEPA filters could be exposed to 
water droplets, large masses of aerosol and pressure surges. Also, when it is serving 
the secondary containment, some pressure peaks may occur owing to, for example, 
a delay in closing the isolation valves.

The SGTS is also required to be operable under some adverse conditions exter
nal or internal to the plant, including earthquakes, tornadoes, floods, missiles, fires 
and loss of power.

In the case of accidents the plant control room habitability must be assured. 
Thus, the control room ventilation system is an ESF [39]. It consists o f two main 
units. An air conditioning unit is used during the normal operation, taking a small 
fraction of fresh air and treating by recirculation the main part of the flow. An air 
cleaning unit is provided for accident situations, to remove radioactivity likely to 
come from outside of the building. Three modes o f operation can be considered for 
the control room ventilation, namely:

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

(b) Recirculation of air through filters without additional input air (no pressuriza
tion possible, and thus inleakage may occur);

(c) A combination of (a) and (b), i.e. recirculation of air through filters with addi
tional filtered input air.
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TABLE XIII. ACCIDENT CONDITIONS ASSUMED FOR ESF 
ATMOSPHERE CLEANUP SYSTEM DESIGN

Environmental condition
Atmosphere cleanup system

Primary Secondary

Pressure surge Result of initial 
blowdown

Generally less than 
primary

Maximum pressure 4.137 x 105 Pa(g) Atmospheric

Maximum temperature of influent 137°C 82 °C

Relative humidity of influent 10 0% plus condensed 
moisture

10 0 %

Radiation level

For airborne radioactive materials 104 Gy/ha 103 Gy/ha

For iodine buildup on adsorber 107 Gya 107 Gya

Airborne iodine concentration

For elemental iodine 100 mg/m3 10  mg/m3

For methyl iodide and 
particulate iodine

10  mg/m3 1 mg/m3

a These values are based on the source term specified in USNRC Regulatory Guide 1.3 [18] or 1.4 [19] 
as applicable.

A further design requirement, specific for the control room, is the need to pro
tect cleaning-up trains and control room personnel from chemical and toxic sub
stances which may be present in the vicinity o f the plant.

Design criteria for the control room ventilation system are contained in the 
standard draft ANS 59.2 [40]. The appropriate USNRC Regulatory Guide is 1.52
[41], which contains suggested DBA conditions (see Table XIII). For these systems 
the following must be considered:

(a) Redundancy and physical separation
(b) Protection from missiles
(c) Seismic category I
(d) Protection from pressure surges
(e) Flow rating of not more than 50 000 m3/h for each train
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(f) Power supply and electric distribution system should be designed to standards 
of the Institute of Electrical and Electronics Engineers (IEEE) (279 and 334). 
ANSI/ANS 56.6 and 56.7 [42, 43] give some specifications for the design of 
the containment ventilation systems (ESF) regarding seismic protection, 
redundancy, leak rates, pressure protection, environmental control, radio
activity resistance, fire protection and so on. Reference is made to industrial 
standards and practice.

3.2.3. Quality assurance

When designing an off-gas system, reference should be made to quality assur
ance codes of practice and safety guides, e.g. those published by the IAEA [44]. 
Early consideration must be given during design to provision for system testing.

Acceptance and survey system tests should cover in particular the combined 
performance of duct and housing leaktightness, air flow capacity and distribution and 
heating capability. Test methods themselves will be covered in Section 3.3 on com
ponent design.

Stand-by cleanup systems are the most important systems from the point of 
safety. Unless a constant surveillance is kept on the performance due to degradation 
of some of the components, they may not provide the desired performance when they 
are brought into operation under required conditions.

3.3. GAS AND AIR CLEANING COMPONENT DESIGN

3.3.1. Aerosol filtration

The basic component of the aerosol filtration train is the HEPA filter. It has 
a high performance efficiency for removing submicron particles. The service life of 
HEPA filters is determined by the pressure drop, and in particular cases by the radia
tion level on the filter, rather than by a fall-off in removal efficiency. Since HEPA 
filters have relatively low dust holding capacity, prefilters are often used upstream 
from HEPA filters to prolong service life (Fig. 14) [38] and to reduce the quantity 
of waste filters. In those systems where water droplets are expected, demisters are 
used as the first stage of the filtration train to protect prefilters and HEPA filters from 
plugging and flooding. Electric heaters can be used to reduce the relative humidity 
of the incoming air.

3.3.1.1. Performance characteristics

A HEPA filter is classified in Ref. [38] as a filter having a fibrous medium 
which produces a particle removal efficiency of at least 99.97% for 0.3 micrometer
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Filter life (months)

FIG. 14. Filter life with optimum prefilter.

particles of dioctyl-phthalate (DOP). These filters are operated generally at low face 
velocities of the order of a few centimetres per second. The standard pressure drop 
is about 250 Pa when new and operated at rated airflow capacity. Other equivalent 
definitions have been formulated; e.g. in the United Kingdom a HEPA filter is 
defined as having an efficiency of at least 99.95% using the sodium chloride test 
B.S. 3928 [45].

The pressure drop increases with dust loading. The dust holding capacity is a 
function of the properties of the filter and of the aerosol to which it is exposed. In 
general a nominal loading capacity o f 1.8 kg per 1.7 x  103 m3/h o f rated air flow 
capacity for HEPA filters can be assumed [38].

3.3.1.2. Construction of HEPA filters

The materials of construction in a HEPA filter can be classified into materials 
for the filter medium, frame, separator, medium to frame sealing and frame to hous
ing seal (gasket). References [38, 46] give examples of HEPA technical specifica
tions, very useful for the listing of main properties to be considered in the design.

The filters are fabricated in rectangular or cylindrical shapes, both of which 
are used in the off-gas treatment in power plants. In Table XIV [38], some technical 
specifications are presented. The material used to manufacture frames may be fire 
retardant wood or mild, stainless or chromized steels.

The filtering medium, or paper, consists o f very fine fibres in a matrix of 
larger diameter fibres. The material used is normally fibre glass held together by an 
organic binder. The paper is pleated in an accordian shape to the full depth of the 
frame as illustrated in Fig. 15 [46]. A second configuration has been developed in
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TABLE XIV. COMPARISON OF TECHNICAL DATA

Characteristics Unit
MACROPUR-19
(Standard)

MACROPUR-F 30 
(V-shaped)

Dimensions mm 610/610/292 610/610/292

DOP efficiency % 99.99 99.99

Flow rate m3/h 1900 3000

Initial Ap (Apj) Pa 250 250

Filter surface area m2 24 48

Ap at 1900 m3/h Pa 250 150

Final Ap (Apf) Pa 1000 1000

Flow velocity to paper3 cm/s 2 .2 1 . 1

Apj on paper3 Pa 160 80

Apf on paper3 Pa 910 930

At 1900 m3/h.

FIG. 15. Typical HEPA filter design. (Courtesy Cambridge Filter Corporation.)
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Oust load (g)

------  NaCI aerosol in accordance with EUROVENT 4/4;
dust concentration 13mg/iT>3

-------ASH RAE dust, sieved and filtered with filters of
quality B 2; dust concentration 35—40 mg/

FIG. 16. Mini-pleat filters.

some European countries, in which a panel is formed pleating the paper in ‘mini
pleats’ 20 mm deep; then the panels are assembled into the frame in V shape. As 
can be seen from Fig. 16 [47], these mini-pleat filters allow a greater flow rate and 
hence can reduce capital cost. However, the dust holding capacity per unit of flow 
may not be increased.

3.3.1.3. Operating limitations of HEP A filters

The main operating limitations of HEPA filters relate to humidity and 
moisture, corrosion, high temperatures, fire and smoke, radiation, overpressure and 
earthquakes. Information about the effects of radiation on reactor confinement sys
tem materials is in Ref. [48]. More recently attention has been directed to shock 
overpressures, lasting for seconds or less, which can be encountered as a conse
quence of tornado or rapid closure of dampers. Current data (see Tables XV and 
XVI) suggest that standard HEPA filters will rupture at overpressure of about
16.4 kPa and mini-pleat HEPA filters will rupture at about 11.2 kPa. These failure 
limits may not satisfy design criteria for tornado and overpressure specifications 
required in ventilation systems [49, 50].

The seismic resistance o f HEPA filters is important in ESF applications. A 
seismic test on a HEPA filter has been conducted using a shake table and measuring 
the DOP efficiency of the vibrating HEPA filter and structure. For the chosen seis
mic spectrum (see Table XVI and Fig. 17 [51]), there was no influence on filter effi
ciency. Two types o f filters, with and without separators, have been investigated.
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TABLE XV. STRUCTURAL LIMITS AND EFFICIENCIES OF 
STANDARD HIGH CAPACITY HEPA FILTERS

Standard HEPA filter structural limits for simulated tornado transients

Manufacturer
Structural limits 

(kPa)

A 17.3
B 20.1
C 9.1
D 18.4

Average 16.4

Efficiency o f standard HEPA filters subjected to simulated tornado transients

Manufacturer
Efficiency

(%)

A 99.0
B 98.9
C 98.4
D 99.1

Average 98.9

High capacity HEPA filter structural limits for simulated tornado transients

Manufacturer
Structural limits 

(kPa)

E 11.0
F 9.0
G 15.9
H 9.0

Average 11.2

3.3.1.4. Disposal of used HEPA filters

Design criteria for the selection of HEPA filters should also consider the dis
posal of used HEPA filters.

Large volumes of spent HEPA filters are produced. Features to keep these 
volumes to a minimum should be considered, if applicable. To this end incinerable 
high capacity filters should be preferred.
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TABLE XVI. FILTER EFFICIENCY TEST DATA

Filter
number

Before/after
seismic

Test
number

Air flow 
per filter 

(m3/h)

System
penetration

Filter
efficiency

(%)

T-7025-NU-GGF Before 1 1.7 x 103 0 .0 10 99.990

T-7025-NU-GGF After 2 1.7 x 103 0 .0 10 99.990

T-7C45-NL-GGF Before 1 1.7 x 103 0.015 99.985

T-7C45-NL-GGF After 2 1.7 x 103 0.015 99.985

FIG. 17. Seismic test response levels.
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TABLE XVII. CLASSIFICATION OF THE BASIC PROPERTIES OF 
AIR FILTERS

(1) Common air filters

Group Efficiency Filter type
Stain test 
Efficiency 
(%)

Arrestance
(%)

I Low Viscous impingement, panel type < 20a 40-80a

II Moderate Extended medium, dry type 20-60a 80-96a

III High Extended medium, dry type 60-98b 96-99b

HEPA Extreme Extended medium, dry type 100c 100°

a Test using synthetic dust. 
b Stain test using atmospheric dust.
c ASHRAE 52-68. American Society of Heating, Refrigerating and Air-Conditioning Engineers.

(2) Comparison o f air filters by per cent removal efficiency for various particle sizes

Group Efficiency
Removal efficiency (%) of various particle sizes

0.3 pm 1.0  ftm 5.0 /tm 10.0  ftm

I Low 0 -2 10-30 40-70 90-98
II Moderate 10-40 40-70 85-95 98-99

III High 45-85 75-99 99-99.9 99.9
HEPA Extreme 99.97 min. 99.99 100 100

(3) Airflow capacity, resistance, and dust holding capacity o f air filters

Airflow Resistance Dust holding

Group Efficiency
capacity
(m3-s_ I-m~ 2

(Pa) capacity 
(1.7 xlO3 m3/h

of frontal Clean Used of airflow
area) filter filter capacity)

I Low 1.5-2.5 12.5-25.0 0.3-0.5 75-125

II Moderate 1.25-3.75 25.0-125 0.5-1 125-250

III High 1.25-3.75 50-125 0 .6- 1 .4 150-350
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3.3.1.5. Quality assurance, testing and standards

In most countries quality assurance testing is required before and after installa
tion of HEP A filters. Test procedures are described in other IAEA publications 
[52, 53],

Prefilters

Use o f prefilters should be considered if  the dust concentration exceeds 
35 g/1000 m3 [38]. In addition, they are recommended for use in ESF systems. A 
survey of the classification and of the basic properties of air filters is given in 
Table XVII [38].

There are various types of prefilters suitable for use in nuclear facilities. They 
are often of a type similar to the HEPA filters and recently have been mainly of the 
panel type of grout dimension 610 X 610 mm and with the width up to about 
300 mm. (This size corresponds the 1700 m3/h air flow.) Their elements are the 
rectangular frame (of different materials such as impregnated wood, metal sheets, 
or plastics) carrying the folded filtering material (mostly of paper type on the basis 
of glass, plastics, fibres, etc.). The single folds are separated by wrapped metal 
(aluminium) or plastic sheets. Attention has to be paid to the tightness o f all connec
tions. The prefilter panels are housed in a casing of metal or even concrete, in a way 
similar to a HEPA filter. The design of the housing must allow safe and simple 
replacement o f the prefilter panels and ensure the leakproof fixing of the panel.

The basic parameters of the prefilter are its filtering efficiency, the pressure 
drop for the nominal air flow and its increase with the loading and the loading 
capacity.

The actual filtering efficiency of the prefilter depends upon the properties (bas
ically the particle size distribution) o f the aerosols filtered. For practical reasons, this 
is during the measurement simulated by the reproducible test aerosol and the evalua
tion method. The quality control tests on prefilters, such as tests o f their composi
tion, mechanical strength, aerodynamic properties and particle removal efficiency 
are normally done by the manufacturer. The prefilters are usually similar to common 
non-nuclear air filters, hence synthetic dust or atmospheric dust is used for accep
tance or manufacturer certification test [54, 55]. The efficiency of the prefilters is 
usually around 95 % on the basis o f these tests. Recently, doubts about the cost effec
tiveness of prefilters have arisen and in some cases they are no longer installed [56]. 
Further details about testing of filters can be found in Ref. [53].

The pressure drop of most of the prefilters is for nominal flow rates in the 
range of 100—300 Pa. This pressure drop reaches for the loaded filter a value about 
3 - 5  times higher. The loading capacity of the prefilters is within the range of 
100 -  500 g per 1.7 x  103 m3/h of nominal airflow capacity.
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In addition to these basic parameters, the following properties have to be taken 
into account in design (similar to HEPA filters): fire resistance, hot air resistance 
(mostly in the range of 150—200°C) and moisture resistance. All these parameters 
influence the choice of filter materials. In addition, resistance to overpressure and 
seismic resistance influence both the choice of filter materials and construction.

Demisters

The size of the water droplets in the system under consideration varies from 
submicron to 2000 /tm and larger. When this wide range of distribution is expected, 
water droplets separation can be achieved in two stages. For droplets of 20 /xm and 
larger, coarse demisters constituted by wave plates or in general inertial separators 
are used [38, 57]. For water droplets under 10 /xm, high efficiency demisters o f the 
fibre mesh type are used [38, 58]. Reference [59] reports in some detail on the per
formance and characteristics of demisters for fine particles. It proposes that tests for 
such demisters, used in ESF systems of nuclear power plants, should demonstrate:

(a) 99.9% efficiency based on the range of particle sizes from 1 /xm to 2000 /xm
(b) 99% efficiency based on the range of particle sizes from 1 /xm to 10 /xm
(c) Non- flooding and non re-entraining properties
(d) Resistance to a temperature o f 160°C and integrated radiation exposure of 

107 Gy.

The radiation resistance required in accident design conditions can be some
what higher.

3.3.2. Adsorbers

3.3.2.1. Iodine adsorbers

Adsorbers containing activated charcoal, which has a large specific surface 
area (of the order of 103 m2/g), are used for removal of radioiodine from air or gas 
streams in nuclear power plants. The activated charcoal can be impregnated with 
chemicals to enhance the removal efficiency for organic iodides. These chemicals are 
usually either I2, KI, or triethylenediamine (TEDA).

The base charcoal can be obtained from coconut or other nut shell, wood, 
bituminous coal, petroleum sludge or animal bones. Coconut and coal were preferred 
because they contain impurities which improve the adsorption efficiency [60]. On the 
other hand some of these impurities may catalyse the carbon oxidation lowering the 
charcoal ignition temperature.

Potassium iodide impregnants are used up to a content of 5 % by weight of the 
base charcoal. TEDA can also be used up to 5%. Sometimes 1—2% TEDA, 
1 -2 %  KI coimpregnation is used [61]. The KI impregnant is relatively easily poi
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soned, whereas TEDA has a good resistance poisoning but is volatile at elevated tem
perature. Furthermore, KI has a potential to promote corrosion of steel frames and 
structures holding the charcoal.

For these reasons, developments of new impregnants are under way. Quinucli- 
dine, another tertiary amine, has been compared to TEDA and has been reported to 
behave better [62].

Usually a 99% minimum removal efficiency for all radioiodine forms is 
required, i.e. a DC of 100. The index of performance, or K factor, is given by

K =  (1/t) log DF

where t is the gas residence time in seconds. For a typical 0.25 s stay time and 100 
DF (99% removal efficiency), K =  8.

The removal efficiency of a given charcoal varies inversely with grain size. 
Granular activated charcoal containing 40% carbon in the range of 8 to 12 mesh and 
60% in the range of 12 to 16 mesh is normally employed.

The decay heat of radioiodine collected on the bed may represent a potential 
fire hazard. Therefore, another important physical parameter in the application is the 
ignition temperature of the charcoal. This is the function of ash content, impurities, 
internal surface area, granule size, flammability o f chemical impregnants, bed depth 
and an airflow through the bed [38] and may be as low as 180°C. A bleed of cooling 
air should always be maintained in the adsorber train. The use of water sprays should 
be evaluated very carefully, because radioiodine and impregnant could be washed 
out from the charcoal, generating problems of contamination and corrosion.

Airflow resistance is dependent on charcoal granule size, packing density, bed 
thickness and air velocity. Superficial air velocity o f 1 0 -4 0  cm/s is usually adopted. 
For a 20 cm/s velocity, the most widely used bed is 50 cm thick with 
8 x  16 mesh, giving a pressure drop of 275 Pa. Note that, with a HEPA filter 
upstream, the adsorber pressure drop does not increase with time under service 
conditions.

Adsorption and retention capacity of the charcoal should not be confused. Once 
adsorbed on charcoal, iodine may be released from it. The extent of release depends 
on the iodine concentration on the charcoal surface and on the temperature at which 
the charcoal is held, in comparison with the adsorption temperature. Resistance to 
desorption is indicated by retentivity. The retentivity of an adsorbed chemical is 
characteristically less than 35% of the breakthrough capacity [38].

Adsorber design

The quantity of charcoal in an adsorber is determined by the residence time 
(or bed depth) that can provide the required DF and by the designed airflow in the
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TABLE XVm. RECOMMENDED REMOVAL EFFICIENCIES FOR THE DESIGN OF IODINE FILTERS

Type of filter
Removal efficiency i) in % 
for 1-131 in the form of 
CH3M 3 I

Removal efficiency ij in % 
for 1-131 in elemental form

Emergency stand-by filters (annulus exhaust air filter system, for use 
in design basis accidents involving releases in the inner containment)

99 (sorbent to be changed at 
ij <99.5%)

99.99

Filters for normal operation only (subatmospheric pressure maintenance 
system), exhaust air

90 (sorbent to be changed at 
V ^95%)

99.0a

Stand-by filters (vent air filter system, for use in normal operation and 
in design basis accidents involving releases outside the containment)

90-99 (i) to be determined 
according to the permissible 
environmental exposure)

99.0-99.99

Recirculating air filters 90 (sorption material to be 
changed at 7/ <95%)

99.0a

Note: Removal efficiencies should never fall below the values given at any time in the service life o f filters. 
a Efficiency limited by greater permissible leakage rate.



system. However, a preliminary estimation of the minimum quantity of charcoal can 
be carried out using the empirical formula of Ref. [38]:

G =  Q X 1 0 - 1

where G is the minimum quantity of charcoal (kg) and
Q is the potential iodine inventory that could be released (g).

Recommended removal efficiencies for the design of iodine filters are given 
in Table X V m  [63],

Basically two design conceptions are used for charcoal adsorbers: the vessel 
type and the modular type (also called filter cell type). Recently some other types 
have also been developed and have come into use.

The vessel type adsorber consists o f a casing installed in the exhaust gas duct. 
The depth of the charcoal bed inside is generally between 10 and 50 cm. With a usual 
superficial gas velocity of 25-50 cm/s this translates to a stay time between 0.2 and 
2.0 s. The dimension of the filter is adapted to the flow rate. In advanced vessel type 
adsorbers the charcoal can be filled and discharged in situ by gravity. The advantage 
of these types of adsorbers is that no sealing is needed inside of the casing. On the 
other hand, the pressure drop is usually higher than that for modular types. A typical 
US design of vessel type adsorber (permanent single unit) is shown in Fig. 18 [38].

In the modular types of adsorbers the charcoal is arranged in fixed layers in 
replaceable modules. In order to have the required removal efficiency, good scaling

FIG. 18. Permanent single unit adsorber. (Courtesy CVI Corp.)
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609 mm

TYPE'A' -  FOLDED BED

609 mm

114 mm

Flow

TYPE ‘B‘ -  CELLULAR (HONEYCOMB) BED

♦
152 mm

TYPE 'C‘ -  TWO HORIZONTAL SHELVES 

FIG. 19. Principal dimensions and design characteristics o f charcoal modules.
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FIG. 20. Single bed filter.
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6

1 Filter housing 7 Charcoal filling adaptor
2 Air inlet 8 Upper filter bed
3 Sliding separation plate 9 Lower filter bed
4 Air outlet 10 Ball valve
5 Cap for vertical charcoal filling 11 Port for contamination-free
6 Housing lid emptying

FIG. 21. Multiway iodine filter (MWS type) with pollutant prefiltration to increase service life.

has to be ensured. The charcoal layer can be placed in the module in various arrange
ments, e.g. flat, parallel, V-shaped, etc. Some typical modules are shown in 
Fig. 19 [64], The thickness of the charcoal layer in the module is usually between 
5 and 10 cm, the superficial velocity between 20 and 25 cm/s and the corresponding 
residence time between 0.2 and 0.5 s. Compared to the vessel type adsorbers, the 
pressure drop is significantly lower. The arrangement of an appropriate number of 
modules in a filter bank allows high flow rates (a flow rate of 1000 m3/h for one 
module is usually available). Certain types of modular charcoal filters are designed 
to permit installation in standard HEPA filter banks [64].

Packing density of the charcoal is of great importance. While in the replaceable 
module units the packing density can be better controlled during fabrication, the units 
are subjected to shocks during transportation and assembling. In vessel type
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adsorbers the charcoal setting can usually be adjusted during filling with additional 
adsorbent but the standardization of the method is more difficult. After installation 
every mechanical shock including earthquake should be considered for both adsorber 
types.

A recent development in module type adsorbers is the filling of the adsorbent 
in assymetric layers of honeycomb cellular support medium to save the packing den
sity of the sorbent. The details of this module are shown in Fig. 20 [64], A recently 
developed vessel type adsorber is the multiway iodine filter, in which the charcoal 
is contained in a shaft type vessel. The air stream to be cleaned can be passed twice 
through the charcoal by deflection and the adsorbent is moved countercurrently so 
that it is first used for the removal of iodine and then for the retention of charcoal 
poisons (pollutants). Thus, the useful operation time of the adsorbent can be 
increased. The scheme of this adsorbent is shown in Fig. 21 [65].

Operating limitations of charcoal adsorbers

The removal efficiency of charcoal decreases in time even if  it is not exposed 
to air or gas flow. This static ageing is caused primarily by processes occurring in 
the charcoal (oxidation, sulphur migration) and decreases the number o f free active 
centres. However, static ageing is a slow process, and the efficiency control of char
coal stored in a dry place at room temperature in an airtight containment needs to 
be carried out only once a year [65].

During use the sorbent may be exposed to a flow of oxygen and moisture and 
to various organic and inorganic pollutants. This may cause dynamic ageing or 
poisoning, which can result in a sharp, decline in removal efficiency. This may be 
particularly severe during construction.

The use o f a guard bed of unimpregnated charcoal to protect the impregnated 
bed has been reported [66].

Quality assurance, testing of iodine adsorbers

It is necessary to test the sorbent before use, and at certain intervals during the 
service life (taking representative samples from the filter or using sorbent samples 
exposed under identical conditions in a bypass). Test agents for the laboratory exami
nation are mainly elemental iodine and methyliodide labelled 131I. The removal effi
ciency of the assembled filter is affected not only by the charcoal itself but also by 
the operating conditions, and the leaktightness o f the filter should be also controlled 
by in situ test. For these tests 131I labelled iodine or methyliodide is frequently used. 
Leaktesting iodine filters with Freons is also a standard test technique in the USA, 
India [67] and European countries. Typical conditions and required frequency of 
testing are described in Refs [61, 65, 68],
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3.3.2.2. Noble gas adsorbers

Noble gas adsorbers serve as delay systems operating on the principle of 
retaining short lived radioactive noble gases for a period that is long in comparison 
with the half-life of the radionuclides. The retention is the result of the reversible 
processes of adsorption and desorption of flowing gases.

The retention time tR of the noble gases (also known as delay time) can be cal
culated from the length L (m) of the activated charcoal vessels, the linear gas velocity 
u (m/h) (related to the free cross-section) and the retention factor R:

L V V
tR =  R • — =  R • — =  K • d — (1)

u v v

R is a function of the pressure, temperature and gas composition, the only other 
determining factor being the quality of the activated charcoal. A simple manipulation 
of the interrelated parameters adsorber volume V (m3), carrier gas (air) flow rate v 
(m3/h) and the bulk density of the activated charcoal d (t/m3) in Eq. (1) allows cal
culation of the dynamic adsorption coefficient K (m3/t) which is more commonly 
referred to in the literature.

For the activity released, Cout, of a particular nuclide at the exit from the acti
vated charcoal vessel the following expression can be derived from Eq. (1) and the 
law of radioactive decay:

„  ̂ , 0693 . ^C„u, Cjn • exp I ’ ) C;n • exp
L1/2

R -0.693 _L\ 

Tl /2  u /

with Cin =  activity at the inlet o f the system 
Cout =  activity at the outlet of the system 
T1/2 =  half-life of the radionuclide

and the DF:

DF
Cout

The adsorption coefficient is not a linear function of the specific surface area, 
but reaches a maximum by a certain specific surface area for the adsorption of kryp
ton and xenon. No conclusive relationship could be established between bulk density 
and adsorption coefficient for either krypton or xenon [69].
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FIG. 22. Volume V o f the activated charcoal column as a function o f adsorption temperature 
for activated charcoal types A, B, C, D, E and F.

For service in BWRs and PWRs, activated charcoals with high bulk density 
and high dynamic adsorption coefficients, in other words with maximum possible 
retention factors, are specially produced in order to keep the volume o f the delay ves
sels as small as possible.

A boiling water reactor requires charcoal inventory — between 50 and 120 t; 
a pressurized water reactor generally between 5 and 10 t.

To select a suitable activated charcoal, measurements based on an intermittent 
pulse technique are carried out in a suitable test rig [70] in which the carrier gas, 
air, flowing through the activated charcoal is injected briefly with 85Kr or 133Xe 
upstream of the material. These nuclides are then detected downstream with a scintil
lation detector. Retention factors, R, can be calculated by means of Eq. (1) and the 
time needed to reach the peak pulse height (tR). The same technique can be used for 
in situ testing.

To design correctly activated charcoal columns it is necessary to determine the 
dynamic adsorption coefficients for the radioactive fission gases krypton and xenon 
under normal operating conditions [71]. The main parameters which affect the delay 
characteristic are temperature, pressure, humidity, granulometry, gas velocity 
and the type of activated charcoal. The effects of these parameters have been inves
tigated [71] in a comprehensive series of experiments. Figure 22 shows, for given
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FIG. 23. Dependence o f dynamic adsorption coefficients K on temperature and moisture (for 
charcoal specified in Table XIX, linear gas velocity p < 3 cm/s).

TABLE XIX. THE SPECIFICATION OF CHARCOAL USED IN THE DELAY 
LINE

Grain size

Grain size distribution

Moisture content

Bulk density

Dynamic adsorption coefficients: 
for Kr 
for Xe 
for N2 
for 0 2

Interstitial volume

ca 1-3.5 mm

<2.5 mm max. 5% 
>3.5 mm max. 5%

<2.0 wt%

0.5 t/m3

46 ± 3 cm3/g 
750 ±  50 cm3/g 

9 ± 1 cm3/g 
9 ± 1 cm3/g

33 ± 2%
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TABLE XX. CHARACTERISTIC DATA FOR ACTIVATED CHARCOAL SYSTEMS FOR BWRs

M anufacturer 

Nuclear power 
station

Commissioned MW(e)
Throughput
(m3/h(STP))

Quantity of 
activated 
charcoal 

(m3)

Power-related 
quantity of 
activated 
charcoal 

(m3/MW(e))

Volume-related 
throughput 

(m3/h • m3(STP))

Power-related
throughput

(m3/h-MW(e)
(STP))

K W U

Gundremtningen A 1967 250 6 20 0.08 0.30 0.024
Wurgassen 1971 670 28 150 0.22 0.19 0.042
Isar 1 1977 900 28 168 0.19 0.17 0.031
Philippsburg 1 1979 900 22 177 0.20 0.12 0.024
Gundremmingen B +  C 1984 2 x  1300 34 2 x  280 0.22 0.12 0.026
KWU-SWR- 1300-Standard 1981 1300 40 170 0.13 0.24 0.031

G E

Miihleberg (CH) 1971 340 30 10 0.03 3.00 0.088
Santa Maria de Garona (E) 
Hatch I

1971 460 60 77 0.17 0.78 0.130

Georgia Power 
Co. (USA)

1971 813 57 65 0.08 0.88 0.070

Nine Mile Point 
Unit I 
(USA)

1969
(activated 

charcoal system 
1976)

620 32-39 50
(estimated)

0.08 0.70 0.056

A S E A -A T O M

Forsmark (S) 1979
1981

2 x  900 20 6 0.007 3.33 0.022

TVO (SF) 1978
1982

2 x  660 30 6 0.009 5.00 0.045
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TABLE XXI. CHARACTERISTIC DATA OF ACTIVATED CHARCOAL SYSTEMS FOR PWRs

Manufacturer 
Nuclear power 
station

Commissioned MW(e) Throughput
(m3/h(STP))

Quantity of 
activated 
charcoal 

(m3)

Power related 
quantity of 
activated 
charcoal 

(m3/MW(e»

Volume related 
throughput 

(m3/h • m3(STP))

Power related 
throughput 

(m3/h-MW(e) 
(STP))

KWU

Borssele 1973 A ll 10 17 0.036 0.6 0.02

Biblis Av 1975 1204 10 17 0,014 0.6 0.008

Biblis B 1977 1300 10 17 0.013 0.6 0.008

Neckarwesthelm 1976 855 5 10 0.012 0.5 0.006

Unterweser 1978 1300 15 8.5 0.007 0.6 0.012

Gosgen 1979 970 5 8.5 0.009 1.8 0.005

KWU 1300 Standard 1981 1300 10 16 0.012 0.6 0.008

Other

Loviisa 1977-1981 2 x 465 0.5 40 0.086 0.01 0.001



retention times of xenon and krypton, the volume of the activated charcoal column 
required as a function of adsorption temperature for various types of activated char
coal. The optimum ratio was established for a delay time of 40 days for xenon and 
2 days for krypton for the normal operating conditions.

The delay ratio K(Xe)/K(Kr) is an important parameter for the design o f a 
delay line. Since the required delay times for these two inert gases are specified in 
advance, this ratio determines which of the two gases governs the necessary quantity 
of charcoal. This ratio also increases with decreasing temperature.

The effect of temperature and moisture on the dynamic adsorption coefficient 
is shown in Fig. 23 for charcoal specified in Table XIX [24],

A typical activated charcoal manufactured from a coconut base has the follow
ing characteristics: specific gravity 0 .3 8 -0 .4 4  g/cm3; 8 - 1 6  mesh grain size 
(>90% ); specific surface area 1500-1625 m2/g; pore volume 0.85 —0.90 cm3/g.

The activated charcoal used in the delay systems shows no signs of ageing and 
if  protected from humidity retains its full efficiency for the whole life of the facility.

Tables XX and XXI [29] summarize the data characterizing activated charcoal 
systems in a number of BWRs and PWRs. The throughput, quantity of charcoal 
related to power or throughput, increased pressure, cooling or other purely technical 
features are by no means the only considerations to be taken into account. Economic 
considerations, e.g. the most economic solution o f the cooling problem and above 
all, safety considerations such as the reliability of the components used, often play 
a decisive role. The practical design of delay facilities is, therefore, a matter of 
optimization taking into account all the relevant considerations and factors.

Since the beginning of the 1970s off-gas systems using activated charcoal have 
also been used in PWRs to minimize the release of radioactive noble gases to the 
environment. All knowledge and experience gained so far indicate that off-gas sys
tems using activated charcoal delay systems for BWRs must be considered as an 
integral part of such facilities. In PWRs off-gas systems using pressure vessels as 
delay trains are in competition with off-gas systems based on activated charcoal delay 
trains, but the trend o f using activated charcoal in the new PWRs should be 
considered.

Quality assurance testing is required after installation of delay lines. Test 
procedures are described in Ref. [53]. Periodic testing is usually not required if  the 
activity monitoring is provided up- and downstream of the delay line. Re-tests could 
be required if engineering work has been carried out on the off-gas system or some 
malfunction or accident has happened and if  it is thought possible that activated char
coal may have been exposed to known ‘poisons’ such as oil, paint fumes or water.
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4. OTHER TYPES OF REACTORS

Several other commercially viable types of power reactors are in operation 
which have significantly different off-gas treatment requirements, resulting from 
specific source terms and leakage pathways. Therefore, in this chapter their charac
teristic differences are outlined and their specific off-gas treatment requirements and 
the state of the art relating to design, are briefly described.

The following reactors have been included in this group: Canadian deuterium- 
uranium (CANDU) reactors; COz cooled reactors (Magnox, AGR), and liquid 
metal cooled fast breeder reactors (LMFBRs).

4.1. CANDU REACTORS

4.1.1. Source terms and release pathways

The fission products’ formation and their release from defective fuel into 
primary coolant under normal operating conditions are similar to those of LWRs.

The major different terms at normal operation results from CANDU’s on- 
power refuelling features (release of fission products from defective fuel) and its 
higher rate of formation of neutron activation products 3H and 14C. Main sources of 
14C in CANDU reactors are the moderator system (large quantity of D20 )  and the 
nitrogen filled annulus gas systems. The estimated production rates per 
1000 MW(e)-a are about:

2.4 x  1013 Bq in reactors with air annulus
3.4 x  1013 Bq in reactors with N2 annulus, and
1.95 x  1013 Bq in reactors with C 02 annulus, including about
3.7 x  1011 Bq in the coolant and about 7.4 X 10n Bq in the fuel.
The generation rate of tritium by fission could be compared to those of LWRs.
The production rates of tritium formed by deuterium activation are much 

higher due to the large amount of D20  used as moderator and coolant. The tritium 
concentration in the moderator increases with time, reaching 3.7 x  10n Bq/kg in 
about 3 years and about 1.85 x  1012 Bq/kg after 30 years. The tritium content of 
the coolant is usually considerably less than in moderators because the fraction of 
its volume within the reactor core is smaller and it is replaced by new heavy water 
at a higher rate.

The pathways and the stages where the gaseous radionuclides are removed are 
shown in Fig. 24.

Noble gas radioisotopes are collected from the primary coolant cover gas and 
the spent fuel transport system with off-gas systems.

The release of radioiodine from the spent fuel storage bay water to the 
atmosphere is efficiently reduced with hydrazine addition during the discharge of
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defective fuel elements. Tritium oxide vapour is collected by heavy water recovery 
units from the atmosphere in all areas containing primary coolant and moderator 
systems.

Other radionuclides are efficiently removed from gaseous effluents with the 
ventilation systems.

The CANDU accident scenario and its fission products release terms are also 
different from those of PWRs because of dissimilarity in their structural concepts, 
operational and safety features (i.e. vacuum building).

4.1.2. System design

4.1.2.1. Off-gas management systems

Adsorption systems for radioactive noble gas removal have been installed on 
primary heat transport and refuelling systems of major Ontario Hydro nuclear power 
plants. The systems operate at nearly ambient temperature, giving approximately 
28 days’ decay time to xenon radioisotopes. During this adsorption period the 
activity of 133Xe, which is the main component in the reactor system off-gas, is 
reduced by the factor of about 40.

Radioactive gases are collected from the following sources:

(a) The degassing section o f the bleed condenser, from which noble gas radio
isotopes are carried with elemental deuterium (heat transport cover gas);

(b) The heat transport D20  collection tank;
(c) The spent fuel transfer elevators, where radioactive noble gases are released 

from defective fuel into the spent fuel transfer room atmosphere during the 
process of refuelling.

Gases extracted from the above systems are treated in two separate adsorber 
trains in order to:

(a) Maintain the bleed condenser off-gas train in continuous operation;
(b) Simplify the off-gas management system, eliminate the need for a catalytic 

converter and minimize the explosion hazard;
(c) Extend the decay time o f noble gas in the other train by operating it discontinu- 

ously, only for the short period of transferring failed fuel from the fuelling 
machine to the elevator.

Functional diagram of the off-gas management system is shown in Figs 25 
and 26 and briefly described. Deuterium gas, stripped from the coolant, is processed 
in the degassing system which consists of four functional sections:

(a) Chiller-moisture separator reduces the relative humidity of the process stream 
to approximately 10%.
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FIG. 25. Noble gas removal system — bleed condenser train.

Refrigeration
units

Moisture
separator

FIG. 26. Noble gas removal system — fuel transfer train.

(b) Guard bed removes radioiodines from the process stream and prevents wetting 
of charcoal in the noble gas adsorption beds in case of water removal system 
malfunctions.

(c) Noble gas adsorption beds provide holdup o f noble gas components to reduce 
their activity by radioactive decay. The amount of charcoal was determined to 
provide a DF o f greater than 40 for the major component, 133Xe isotope.

(d) High pressure compressors transfer the treated process gas D2 to a storage 
tank, to be ready for reuse.

The fuel transfer mechanism purge stream is treated by a similar system, with 
the exception of the high pressure compressor and the D2 storage tank. Its effluent 
is discharged to the atmosphere through an active ventilation system.
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4.1.2.2. Tritium removal and recycle in the heavy water recovery system

D20  vapour recovery systems collect tritium oxides from the atmosphere of 
operational areas. Their circuits are interconnected in such a way that slightly nega
tive pressure is maintained in the boiler room relative to the rest o f the reactor 
building.

A typical dual chamber dryer is schematically illustrated in Fig. 27. It is 
designed so that while one of the chambers is in the drying cycle, the other is simul
taneously in the regeneration cycle. The switch-over from adsorption to regeneration 
and vice versa is automatically accomplished. The dryers are filled with a molecular 
sieve.

The majority of D20  recovery dryers have a HEPA adsorber unit installed at 
their inlet, to reduce their internal contamination with radioiodines and particulate 
products of noble gas decay.

4.1.2.3. Building ventilation system

Ventilation air from all CANDU reactor containment areas is being continu
ously decontaminated from radioiodines and particulate radionuclides under both 
normal reactor operations and emergency release conditions. A complete typical 
high efficiency air cleaning assembly, illustrated in Fig. 28, is comprised of air 
stream conditioning components, particulate filters, and radioiodine adsorbers.

It is not practical to remove 3H, 14C and/or noble gas radioisotopes from ven
tilation air under normal operating conditions. Their release rates are typically lower 
than 1 % of the derived emission limit as a result o f their efficient control in reactor 
systems and operational areas, discussed in the previous paragraph.

A vacuum building is an essential safety component of a multi-unit CANDU 
containment system for accident situations. It is a reinforced concrete structure with 
a cylindrical external wall, enclosing an internal space frame. The frame supports 
the roof and the emergency water storage tank.

The typical functional arrangement of the containment system is illustrated in 
Fig. 29. Pressure relief valves isolate the atmosphere of reactor buildings from the 
vacuum building during normal operating conditions. When the reactor building 
pressure exceeds 1.25 x  105 Pa the valves open and relieve the excess pressure to 
the vacuum building. The water storage tank supplies emergency water to the reactor 
buildings and provides water for the dousing spray in the vacuum building. The func
tion of the water spray system is to condense steam, discharged into the vacuum 
building, to suppress the pressure caused by temperature rise and to reduce airborne 
concentration of radioiodines and particulate radionuclides. The rate of flow of spray 
water is proportional to the amount by which the pressure in the building exceeds 
the dousing initiation pressure.
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FIG. 27. D20  vapour recovery dryers.

Ventilation ducting

FIG. 28. High efficiency air cleaning assembly.
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FIG. 29. Functional diagram o f the CANDU containment system.
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In order to maintain negative pressure in the vacuum building, air is continu
ously discharged to the atmosphere through an emergency filtration system.

There are three functions of air cleaning systems in CANDU power plants for 
which the following configurations were selected: all ‘once-through’ high efficiency 
effluent cleaning systems for normal operations contain HEPA filters with prefilters 
and adsorbers, filled with impregnated charcoal (TEDA or another equivalent 
impregnant). The majority of adsorber beds are gasketless type with typically 
100 mm (minimum 50 mm) adsorbent depth.

Humidity conditioning with moisture separators and/or preheaters is per
formed in streams of ventilation air which could contain, under normal release condi
tions, entrained moisture or high relative humidity.

Entrained moisture could occur in reactor building ventilation streams as a 
result of secondary steam leaks into boiler room atmosphere. A demister/heater sys
tem protects both HEPA and adsorber against damage and maintains their decon
tamination performance at the required level under such conditions.

A preheater in irradiated fuel inspection bay (IFB) ventilation filters radically 
improves the radioiodine removal efficiency when defective fuel is being discharged 
to the IFB under high humidity conditions, which are typical for the IFB atmosphere. 
A temperature increase o f 10—20 °C in the ventilation stream reduces its relative 
humidity to less than 70%.

It is not required that the air cleaning assemblies for normal operations be seis- 
mically classified. High efficiency air cleaning systems for emergency releases and 
post-cleanup operations are functionally similar to the systems for normal opera
tions, except that iodine adsorbent is impregnated with KIx or other non-volatile 
impregnant, the adsorber bed depth is typically 200 mm and the system must comply 
with all ESF requirements. The emergency filters are installed on controlled path
ways of accidental gaseous releases, typically at the common point which is a pres
sure relief duct or the vacuum building exhaust. Filter—adsorber units, installed 
upstream of D20  vapour recovery systems, are structurally similar with HEPA 
adsorbers used in the effluent cleaning systems for normal operations. However, 
they operate in recirculating mode, and can also perform the function of closed loop 
emergency cleanup systems within the reactor containment areas.

4.1.3. Quality assurance

The performance of recirculating systems for the treatment o f off-gas and vola
tile components in operational systems and areas is being evaluated on a routine basis 
from measured upstream and downstream concentrations of specific radionuclides. 
This type of testing is performed on IX purification columns and noble gas 
adsorbers. The performance of D20  vapour recovery dryers is continuously moni
tored and controlled from the measured dew point values.
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The performance of both air cleaning assemblies for normal operations (NOA) 
and assemblies for emergency cleanup (ECA) is tested on a routine basis, in compli
ance with regulatory requirements.

The integrity of HEPA filters assemblies is tested with polydispersed DOP and 
a light scattering particulate detector. The minimum efficiency requirement of 
99.95% is applied to both NOA and ECA air cleaning assemblies.

The integrity of adsorber units is tested by injecting methyliodide or 
isopropyliodide vapour and measuring its upstream and downstream concentrations 
with a gas chromatograph—electron capture detector.

Radioiodine adsorbents are tested in a laboratory under conditions specified in 
the Canadian Standard CSA N 288.3.2. Their efficiency is routinely evaluated for 
the removal of CH3I and its testing with other chemical forms of iodine is only per
formed in specific cases. The minimum efficiency required in the CSA N 288.3 stan
dard is 97% for CHjI at 50 mm depth, 25°C and 95% relative humidity. However, 
more restrictive requirements (min. 99% efficiency) have been established within 
Ontario Hydro.

4.2. C 0 2 COOLED REACTORS

Two kinds of graphite moderated carbon dioxide cooled reactors are in com
mercial operation. The earlier types were called Magnox and they have their reactors 
contained within a steel pressure vessel. The last two Magnox stations to be built and 
the later advanced gas cooled reactors (AGRs) utilize a prestressed concrete pressure 
vessel.

Major features of the Central Electricity Generating Board (CEGB) and the 
South of Scotland Electricity Board (SSEB) power plants are shown in Table XXII.

4.2.1. Gas-borne radionuclide source terms and release pathways

Radioactivity discharged to atmosphere arises mainly from neutron activation 
of the carbon dioxide coolant, shield cooling air and in-core materials. Because the 
integrity of the magnesium alloy or stainless steel fuel cladding material is high, only 
very small amounts of fission products are normally present in the coolant gas and 
so available for release to atmosphere.

The main sources of radioactivity released to atmosphere are given below.
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4.2.1.1. Magnox reactors, normal operation

Carbon dioxide coolant

The main radioactive constituents of the carbon dioxide coolant are:

(a) Argon-41 formed from the activation of argon in air present in small quantities 
in the coolant as an impurity

(b) Sulphur-35 formed from the activation of sulphur and chloride impurities in 
the graphite core

(c) Tritium formed from the activation of lithium impurity in the graphite core
(d) Particulate matter arising from the corrosion and erosion of irradiated reactor 

circuit components.

The coolant is periodically discharged in part for operational reasons and less 
frequently in its entirety. All coolant discharges are passed to atmosphere via particu
late filters through short stacks above the reactor building roof (around 60 m above 
ground level).

Shield cooling air

Early Magnox stations have a steel pressure vessel surrounded by a concrete 
biological shield. The void between the pressure vessel and biological shield is swept 
by air to effect cooling o f the inner face of the concrete biological shield. During 
its passage round the pressure vessel the air is subject to high neutron fluxes and cer
tain constituent elements of the air become activated. The main radioactive consti
tuent arising from this process is 41Ar.

In addition, although the carbon dioxide coolant is totally contained within the 
pressure vessel and associated boilers, there is a continuous leakage of 1 or 2 t per 
day. Most o f the leaked C 02 together with its associated radioactivity is swept up 
and discharged with the shield cooling air.

The shield cooling air is discharged via stacks above the reactor building roof 
after filtration in a similar manner to the C 02 coolant.

Contaminated ventilation air

Areas within the reactor buildings which may become contaminated are served 
by a filtered ventilation system which is designed to prevent the spread of contamina
tion within the buildings. The extract air is discharged at a high level through HEPA 
filters. For the reactors with concrete pressure vessels there is a continuous leakage 
of a few tonnes per day of carbon dioxide coolant which, since there is no shield 
cooling air, is swept up and discharged with the ventilation air.
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to TABLE XXII. MAJOR FEATURES OF POWER PLANTS — CENTRAL ELECTRICITY GENERATING BOARD (CEGB) AND 

THE SOUTH OF SCOTLAND ELECTRICITY BOARD (SSEB)

Station
Electrical

output
(MW(e))

Commenced
operation

Operator

C02 Coolant

Fuel cladding
Inlet temp. 

(°C)
Outlet temp. 

(°C)
Pressure

(Pa)

Berkeley 276 1962 CEGB 160 345 9.3 x 105 Magnox

Bradwell 300 1962 CEGB 180 390 10.1 x  105 Magnox

Hunterston A 360 1964 SSEB 204 407 11.6 x 105 Magnox

Hinkley Point A 500 1965 CEGB 180 378 13.7 x 105 Magnox

Trawsfypydd 500 1965 CEGB 202 392 17.5 x  105 Magnox

Dungeness A 550 1965 CEGB 250 410 . 19.5 x 105 Magnox

Sizewell 580 1966 CEGB 215 410 19.2 x  10s Magnox

Oldbury-on-Severn 600 1967 CEGB 250 412 25.0 x 105 Magnox

Wylfa 1180 1970 CEGB 247 402 27.5 x 105 Magnox

Hunterston B 1250 1976 SSEB 283 650 41.3 x 105 Stainless steel

Hinkley Point B 1250 1976 CEGB 285 650 41.3 x  105 Stainless steel

Dungeness B 1200 19803 CEGB 290 675 31.0 x 105 Stainless steel

Heysham 1250 1981a CEGB 286 640 41.3 x 105 Stainless steel

Hartlepool 1250 1981a CEGB 286 640 41.3 x 105 Stainless steel

Estimate.



4.2.1.2. AGRs, normal operation

Carbon dioxide coolant

The main radioactive constituents of the carbon dioxide coolant are similar in 
type to those of Magnox reactors. However, the equilibrium levels in the coolant and 
hence the amounts released are generally higher. The C 02 coolant is discharged 
periodically, in part, or whole from Magnox reactors after filtration through stacks 
at reactor building roof level.

Contaminated ventilation air

Again as in the case o f Magnox reactors, ventilation systems serve all areas 
within the reactor buildings where airborne contamination may arise and the systems 
are designed to prevent spread of contamination within the buildings. The AGRs all 
have concrete pressure vessels which are water cooled so there are no shield cooling 
air discharges and the coolant leakage of a few tonnes per day is discharged with 
the ventilation air. The extract air is discharged at a high level through HEPA filters.

4.2.1.3. Accident situations

It is possible to postulate events which could lead to blockage o f a fuel channel 
in these reactors resulting in partial or total loss o f cooling and subsequent melting 
of the fuel in the pressurized reactor. A range of fission products in gaseous, vapour 
and particulate forms could be released from the fuel in an accident of this kind. 
However, it is considered that the potential hazard from radioiodine is generally 
overriding and treatment systems concentrate on the removal of this radionuclide. 
It is anticipated that the radioiodine could be present in several forms, notably as the 
vapour of the element, as organic iodine, as well as condensed on particulate 
material. Since there is no failure in the reactor circuit the released fission products 
would be largely confined to the pressure circuit except for a certain fraction which 
would escape with leaking coolant.

4.2.1.4. Typical discharges

Typical annual discharge rates of radioactivity to atmosphere from the various 
types of reactors during normal operation are given in Table XXIII.

For the contained accident referred to it is estimated that around
7.4 X  1013 Bq of 131I would be released from the fuel in a Magnox reactor and 
about 3.7 X  1015 Bq in an AGR.
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TABLE XXm . TYPICAL RELEASES OF RADIONUCLIDES TO 
ATMOSPHERE DURING NORMAL OPERATION OF MAGNOX AND AGR 
STATIONS

Reactor
type

Radionuclide
Discharge rate 

(Bq/a) Discharge pathway

Annual whole 
body dose 
at site fence 

(mSv)

Magnox Argon-41 
(steel pressure) 
vessel)

7.4 x 1014- 
2.0 X 1015

With shield 
cooling air and 
C02 coolant

0 .20-1.20

(concrete
pressure
vessel)

1.1 x 1014 With C02 coolant 
(direct) and in vent air 
(leakage)

0.10

Sulphur-35 1.85 x 1010-
1.85 x 10u

With C 02 coolant 
(direct) and shield 
cooling air (leakage)

< 5  x  10~3

Tritium 1.5 x 1012-
1.5 x 1013

With C02 coolant 
(direct) and shield 
cooling air (leakage)

2.5 x 10~4-
2.5 x 10~3

Aerosols 3.7 x 107- 
1.85 x 109

With C02 coolant 
and shield cooling air

Negligible

AGR Argon-41 1.85 x 1014- 
3.3 x 1014

With C02 coolant 
(direct), vent air 
(leakage)

0.05-0.15

Sulphur-35 1.5 x 1012- 
3.0 x 1012

With C 02 coolant 
(direct), vent air 
(leakage)

<0.05

Tritium 1.1 x 1013- 
4.4 x 1013

With C 02 coolant 
(direct), vent air 
(leakage)

2 x 10“ 3-
3 xlO ~3

Aerosols 7.4 x 108 With C 02 coolant 
(direct) and in vent air 
(leakage)

Negligible
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4.2.2. System design

4.2.2.1. General

It is clear from the plant and source terms description given in the preceding 
section that during normal operation of the radioactive materials produced, which are 
available for release into the atmosphere, take two forms namely gases and particu
late aerosols.

During normal operation of Magnox and AGR reactors it is considered that the 
amount of radioactivity released in the form of gases is such that after dispersion into 
the atmosphere the effect on the surrounding environment is very small and no 
attempt is made to remove or retain these materials.

Although the level o f aerosols/particulate available for release during normal 
operation are such that they also would have a small effect on the environment it is 
normal practice to filter all normal discharges into the atmosphere to remove particu
lates as described below.

Following accidents the nuclides available for release are again mainly gaseous 
and particulate in form with the important addition of iodine. This can exist in several 
forms notably as the vapour of the element, as so called ‘organic’ iodine (a mixture 
of alkyl iodides, with a preponderance of methyliodide), as well as condensed on the 
particulate.

Under accident conditions the potential hazards from the iodine and particulate 
are generally overriding and no attempt is made to trap gaseous nuclides. In order 
to minimize the release of iodine, charcoal filters as well as particulate removal 
devices are used. Only particulate filters and iodine filters are used; no other form 
of removal or retention is installed or indeed considered necessary.

4.2.2.2. Methods of removal of aerosols /particulates

The method of minimizing particulate/aerosol discharges to atmosphere is to 
install particulate filters upstream from the discharge points. Two main types of 
filters are used, one type to treat hot gases at pressure, such as reactor coolant, which 
may be discharged at temperatures up to 400°C and 4.0 MPa, and another type to 
treat shield cooling air and ventilation air, which are normally discharged at tempera
tures less than 100°C and close to atmospheric pressure.

Coolant (blowdown—bypass) filters

The carbon dioxide coolant is continuously filtered in a bypass loop during its 
passage round the pressure circuit so that radioactive particulate matter is being con
tinuously removed as it arises. All coolant discharges are passed through more filters 
(blowdown filters) prior to discharge to atmosphere.
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The filters used for the above purposes in the earlier Magnox stations were 
constructed of a ceramic material formed into tubes and known as filter ‘candles’. 
A typical filter installation is shown in Fig. 30. Currently filter candles are con
structed from sintered metal, either bronze or stainless steel. These filters are much 
more robust than ceramic filters. Typical filter efficiencies are given in Table XXIV.

Shield cooling air filters

The discharge rate of shield cooling air is in the range 150-400 m3/s. In order 
to filter this volume throughput of air, automatic roll type filters are used, the filter 
medium consisting o f glass fibre blanket. (See Table XXIV.)
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TABLE XXIV. TYPICAL EFFICIENCY OF PARTICULATE/AEROSOL 
FILTERS USED IN MAGNOX AND AGR STATIONS

Duty Type of filter Efficiency

Coolant filtration Ceramic 100% down to 10 fim 
95% down to 2 /im

Sintered bronze 100% down to 4 /xm 
95% down to 2 /xm

Sintered stainless steel 100% down to 4 /xm 
99.5% down to 2 /xm

Shield cooling air 
filtration

Automatic roll type filter 
using glass fibre blanket

98% down to 10 /xm

Ventilation air 
filtration

HEPA filters 99.95% on the British Standard 
sodium flame test 
(0.01-1.7 /im) mass median size 
0.6 nm

Ventilation air filters

Air serving potentially contaminated areas is treated with a balanced ventila
tion system arranged to ensure that the flow of air is from areas o f low contamination 
to areas of high contamination. The input air is usually passed through coarse filters 
and the extract air is passed through prefilters followed by HEPA filters in the stan
dard type of HEPA filter housing. Units of up to 25 filters in parallel are used for 
single ventilation systems.

4.2.2.3. Methods for the removal of iodine

The only method adopted for the removal of iodine in CEGB nuclear power 
plants is sorption by beds of activated charcoal.

Each of the CEGB nuclear power stations has at least one iodine sorption plant 
which is capable o f serving both reactors. At the earlier Magnox stations this type 
of plant was provided to cater for the accident situation where a significant release 
of fission products could occur to the reactor coolant circuit in the unlikely event of 
massive fuel clad failure. To minimize the release o f these fission products to 
atmosphere the coolant from each reactor can be discharged through gaseous treat
ment plant which consists o f coarse and fine particulate filters and a deep charcoal
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bed. The charcoal bed is intended to remove radioactive iodine and a typical design 
is shown in Fig. 31.

A bed of charcoal approximately 300 mm deep is contained in a flanged basket 
which is supported by and bolted to a flange welded round the circumference of the 
containing pressure vessel. A gasket is sandwiched between the flanges and effects 
a seal to prevent gas bypassing the charcoal. The gas flow is downwards through the 
charcoal and a metal mesh grid placed above the charcoal prevents any displacement.

A plate to which is fitted HEPA filters is positioned over the charcoal basket 
and a further gasket sandwiched between the upper face of the basket flange and this 
cover plate prevents gas bypassing the filters. All free space inside the pressure ves
sel is filled with copper or silver plated copper knit mesh to remove elemental iodine 
vapour. Coarse ceramic prefilters are usually housed in a separate pressure vessel 
upstream o f the charcoal bed.
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The iodine sorption plant is designed so that the maximum linear face velocity 
of gas incident on the charcoal is 0.6 m s -1 giving a minimum gas stay time in the 
charcoal of 0.5 s, which is sufficient to remove with high efficiency the penetrating 
methyliodide. The total reactor coolant charge of some 100 t o f carbon dioxide can 
be depressurized through this plant within a day.

The provision of iodine sorption plant is more extensive at the later stations, 
particularly the AGRs. At these stations fission product contamination of the main 
reactor circuit cannot at this stage be ruled out because of the use of much higher 
rated fuel, and consequently routine treatment o f reactor coolant discharges for 
iodine removal has been provided.

The charcoal used in the iodine sorption plant is an activated coal based type 
which is of 8/12 B.S. mesh size (1.4 to 2 mm diameter granules); the base material 
is spray impregnated to 1.5% by weight with potassium iodide. Experience has 
shown this material to possess very high decontamination ability for methyliodide. 
Typical DFs in the range of 105 to 106 are measured with freshly produced 
material. This type o f charcoal has been in use for over a decade and its ageing 
characteristic is well known.

Safety assessments of the effects of releases of radioiodine on members of the 
general public in the immediate environment following postulated accidents lead to 
the conclusion that it is desirable for the iodine sorption plant to have a minimum 
DF o f around 200.

4.2.3. Quality assurance

The quality assurance procedures used by the CEGB in the UK are similar to 
test and monitoring methods described in Ref. [53].

The testing of HEPA filter installations is based on the philosophy of accepting 
the filter at its certified penetration efficiency and then ensuring that no additional 
leaks are present or introduced in the system as a result of the filtering operation. 
HEPA filter installations are also tested once every two years, and within this period 
where engineering work has been carried out such that it may have had a deleterious 
effect on their performance. The test method utilizes condensation nuclei as the test 
aerosol (see also Ref. [68]).

Before any charcoal is used by the CEGB it is tested in the laboratory to assure 
its performance in removal o f 13'I labelled methyliodide. Iodine adsorption plant is 
routinely tested once every two years using radioactive methyliodide.

4.3. LIQUID METAL COOLED FAST BREEDER REACTORS (LMFBRs)

In view of the early stage o f development and exploitation of this type of reac
tor the treatment in this document is less detailed than for other types of reactors, 
and refers only to design concepts.
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FIG. 32. Transport o f noble gases in LMFBR system.

Source terms and leakage pathways

Concepts of gaseous radwaste systems for large LMFBRs for normal operation 
deal mainly with cover gas management, thereby reflecting the assumption that vola
tile fission products released from the fuel will appear mainly in primary cover gas. 
The appearance of noble gases in the secondary and steam systems would require 
the leakage through defects in both the primary-secondary and secondary-steam 
interfaces. The probability of leakage by this path is low, since it is mandatory that 
the occurrence of such defects be minimized by engineering design for reasons other 
than fission product transport, i.e. reactor safety related to sodium-steam reactions. 
The appearance o f tritium in the secondary sodium and steam systems is more proba
ble than the appearance of noble gases because of the ability of tritium to diffuse 
through stainless steel. Figure 32 outlines a possible gaseous radwaste system for 
LMFBRs.

The amounts of tritium produced by fission could be about 7.4 x  1014 -  
1.48 x  1015 Bq (of which 90-99%  may diffuse out of the fuel) and by boron acti
vation about 2.2 x  10n Bq in B4 C control rods per 1000 MW(e) a and about
7.4 X 1010 Bq per 1000 MW(e)-a by activation of B and Li impurities in primary 
coolant, core and blanket fuel.

The distribution of tritium in LMFBR cover gas and coolant depends on the 
volumes of the coolant and cover gas, the stability of sodium tritide, the cover gas 
processing rate and the rate o f deposition in the cold trap. It could be expected that 
more than 95 % of the tritium introduced to the primary system would deposit in the
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FIG. 33. Possible gaseous radwaste systems for LMFBR.

cold traps and less than 5% would escape to the atmosphere and water-steam  
system.

The generation of short lived noble gas fission products in LMFBRs is about 
the same as in LWRs but the amounts of 85Kr are smaller (about 7.4 X  1015 Bq per 
1000 MW(e)-a) because o f the lower yield in 239Pu fission and the higher thermal 
to electrical conversion efficiency in LMFBRs. The cover gas is normally argon and 
a certain amount of 41Ar will be generated by neutron activation.

The escape of iodine through fuel cladding defects to the cover gas is very low 
because the iodine will react with the primary coolant to form sodium iodide.
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Off-gas systems

Control o f noble gases including 41Ar in the LMFBR will centre around cover 
gas management. Processing of this gas may be continuous or by periodic purge and 
treatment performed at refuelling. The simplified design suggestions are shown in 
Fig. 33. They include:

(a) Passage through ambient temperature charcoal beds providing holdup and 
decay of short lived isotopes, followed by dilution with air and discharge to 
atmosphere;

(b) Diffusion through a bank of selective membranes, resulting in concentration 
of noble gases (85Kr) in a smaller volume of cover gas, which can then be bot
tled and sent to storage;

(c) A combination of operations, consisting of adsorption on ambient temperature 
charcoal beds for delay and decay of short lived isotopes followed by cryogenic 
distillation o f argon, resulting in a concentration o f noble gases (85Kr) in a 
smaller volume of gas, which can then be bottled and sent to storage.

Consideration of off-gas treatment for accidents in LMFBRs may need to 
include the following types of situation additional to those considered for LWRs: 
sodium fires and sodium-water interaction in a steam generator.

5. TRENDS IN OFF-GAS AND AIR CLEANING SYSTEM DESIGN

The needs in the field of gas and air cleaning in NPPs can be summarized as 
follows:

(a) Development and optimization of existing systems and components, including 
improved waste handling and disposal, improved performance, reliability and 
safety and thus reduction of the dose to operators and the general public;

(b) Research and design on new systems and components in particular to allow the 
retention of specific nuclides (I4C, 85Kr, etc.) or operation in more severe 
environments.

5.1. AEROSOL FILTRATION

A major problem with current HEPA filters is their inability to withstand rela
tively small pressure drops and pressure transients which may be encountered in 
operation. Particularly severe transients may be encountered in adverse atmospheric 
conditions (e.g. tornadoes).
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A second major problem is the inability of HEPA filters to withstand high tem
perature conditions, e.g. fires. New filters using metallic fibres or sintered metals 
are being developed for such application.

Development work is needed allowing easier handling and disposal by increas
ing the throughput and maximum dust loading (reducing the number of units), and 
allowing incineration by utilizing combustible materials o f construction where fire 
resistance is not necessary.

5.2. IODINE RETENTION

The service lifetime of current impregnated charcoals is inadequate, entailing 
a requirement for frequent testing and replacement of the charcoal. Research is under 
way on new impregnants to provide an extended service life.

The performance of current impregnated charcoals cannot be guaranteed under 
extreme conditions of temperature and humidity which may be encountered in acci
dents. Relevant research is under way.

5.3. NOBLE GAS DELAY SYSTEMS

In the past, standard practice for the retention o f the noble gas fission products 
has been to use pressurized decay tanks on PWRs and charcoal adsorption delay beds 
on BWRs.

More recently there has been a change to the use o f charcoal beds on PWRs. 
This trend is to be encouraged since the charcoal delay bed systems offer several 
advantages, e.g. greater simplicity of operation, and reduced leakage to operating 
areas of the plant.

Extension to accident situations of the use of the charcoal beds presently 
designed only for normal reactor operation has also been proposed. A design modifi
cation of a PWR off-gas treatment system which would allow this is described in 
Ref. [72], and a similar modification for a BWR is given in Ref. [73]. This proposed 
extension of the use of the charcoal delay beds to accident situations would also 
permit initiation of limited controlled filtered containment venting shortly after a 
LOCA. It might also help to control the hydrogen level in the containment, and in 
the case o f design basis accidents no additional hydrogen control system in the con
tainment might be necessary. In more severe accidents it could be used in combina
tion with the existing hydrogen control systems. For BWRs the proposed 
modification is congruent with the use of the suppression pool as an additional 
aerosol and iodine filter. This also reflects the concern expressed in Ref. [37], that 
the air cleaning and ventilation systems, such as recirculating filters, auxiliary 
building filters and SGTSs, presently used as ESFs, might be ineffective after more 
severe accidents. Improvements, therefore, are required.
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Appendix A .I .1

SOURCE TERM SPECIFICATION FOR LWRs

The purpose of this specification is to provide a uniform approach, applicable 
to LWRs with BWRs or PWRs for the determination of expected long term concen
trations of principal radionuclides in fluid streams with the goal of providing a con
sistent approach for those involved in the design, licensing and operation of NPP 
off-gas and air cleaning systems. This specification is a slightly modified ANS-18.1, 
ANSI-N237-1976 and should be used in connection with Figs A .I .l, A.1.2 and 
A.I.3.

Numerical values for reference plants

The recommended values for concentrations of radionuclides are given in 
Table A .I.l (BWR) and in Table A.1.2 (PWR).1 2 * These tables give the numerical 
values for reactor water and steam for the reference BWR and the reference PWR 
which are characterized in Table A.1.3 (BWR) and in Table A .1.4 (PWR). If the 
parameters such as power level, flow rates and fluid quantities are within the range 
of those given in Table A.1.3 and in Table A .1.4, the values given in Table A .I.l 
(BWR) and in Table A.1.2 (PWR) could be used without any modification. In cases 
where one or more of these parameters are outside the range given in Table A.I.3 
(BWR) or in Table A.1.4 (PWR) the procedure described in the following paragraph 
should be used to modify the values given in Table A.I. 1 (BWR) and in Table A.1.2 
(PWR).

Adjustment of the reference plant numerical values to a specific plant

The various elements which may be present in fluid streams have been divided 
into 6 classes as shown in Table A .I.5.

1 Extracted from ANS-18.1, ANSI-N237-1976 and modified.
2 Original data in these tables as well as in Tables A.II.l and A.II.2 were produced

in microcuries. In order to maintain accuracy, they have been presented in these units. To
obtain the equivalent values in becquerels, figures given should be multiplied by
3.70 x 104 *, i.e. 1 Ci = 3.70 x 1010 Bq.
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These classes, except class 6, represent elements with similar properties or 
behaviour during processing of the fluid streams. The adjustment factors are mul
tiplication factors to be used to modify the reference values given in Table A .I.l to 
a specific plant. The adjustment factors assume that the specific plant has the same 
transport and removal paths as the plant shown in Figure A .I.l for BWRs and 
Figs A .1.2 and A.I.3 for PWRs. The adjustment factors of radioactive nuclides are 
based on the following expression:

s
C =  -----------------------

1000 w (X + R)

where C is the specific activity (Bq/g)
s is the rate of release to and/or production of the nuclide in the system 

(Bq/h)
w is the fluid weight (kg)
X is the decay constant (h-1)
R is the removal rate of the element from the system due to demineralization, 

leakage, etc. (h-1).

The values used in determining adjustment factors for BWRs are given in 
Table A.1.6 and for PWRs in Table A .1.7. The values of removal rates from the reac
tor water R in Table A .1.6 and in Table A .1.7 apply to the reference reactors whose 
parameters are given in Table A.I.3 (BWR) and in Table A.I.4 (PWR) and have been 
used in developing Table A.I.8 (BWR) or Table A.I.9 (PWR) (multiplication factors 
to be used to modify the values given in Table A .I.l (BWRs) and in Table A.I.2 
(PWRs) to a specific plant).

FIG. A.I.l. Removal paths for BWR.
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Leakage

vO FIG. A. 1.2. Removal paths for PWR with U-tube steam generators.



Leakage

v o

FIG. A. 1.3. Removal paths for PWR with once-through steam generators.



TABLE A.I.l. NUMERICAL VALUES — CONCENTRATION IN PRINCIPAL
FLUID STREAMS3 OF THE REFERENCE BWR (/zCi/g)

Nuclide Reactor water Reactor steam

Class 1: Noble gases

Kr-83m 1 . 1  x K T 3

Kr-85m 1.9 x to - 3

Kr-85 6.0 x 1 0 “ 6

Kr-87 6.6 x 1 0 “ 3

Kr-88 6.6 x 1 0 - 3

Kr-89 4.1 x 10- 2

Kr-90 9.0 x 10" 2

Kr-91 1 . 1  x 1 0 - '
Kr-92 1 . 1  x 1 0 _1

Kr-93 2.9 x 10" 2
Kr-94 7.2 x 10- 3
Kr-95 6.6 x 1 0 ~ 4

Kr-97 4.4 x 10~ 6

Ye-131m 4.7 x 10~ 6

Xe-133m 9.0 x 10- 5
Xe-133 2 .6  x  1 0 " 3

Xe-135m 8.4 x 10~ 3
Xe-135 7.2 x 10“ 3
Xe-137 4.7 x K T 2
Xe-138 2 .8  x 1 0 ~ 2
Xe-139 9.0 x 10“ 2
Xe-140 9.6 x 10- 2
Xe-141 7.8 x 10~ 2
Xe-142 2.3 x K T 2
Xe-143 3.8 x 10~ 3
Xe-144 1.8  x 1 0 “ 4

Class 2: Halogens

Br-83 3.0 x 10- 3 (Concentrations in
Br-84 5.0 x 10“ 3 reactor water)
Br-85 3.0 x 10- 3 x 0.02
1-131 5.0 x 10~ 3

1-132 3.0 x 10“ 2

1-133 2 .0  x 1 0 - 2
1-134 5.0 x 10“ 2
1-135 2 .0  x 1 0 - 2
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TABLE A.I.l (cont.)

Nuclide Reactor water Reactor steam

Class 3: Cs, Rb

Rb-89 5.0 x K T 3 (Concentrations in
Cs-134 3.0 x 1 0 “ 5 reactor water)
Cs-136 2 .0  x u r 5 x 0.001

Cs-137 7.0 x 1 0 ~ 5

Cs-138 1 .0  x 1 0 “ 2

Class 4: Water activation products

N-13 5.0 x 10~2 7.0 x 10" 3

N-16 6.0 x 1 0 1 5.0 x 101

N-17 9.0 x H T 3 2 .0  x 1 0 - 2

0-19 7.0 x 1 0 “ ' 2 .0  x 1 0 _1

F-18 4.0 x H T 3 4.0 x 10- 3

Class 5: Tritiumb

H 3 1 .0  x io -2 1.0 X 10" 2

Class 6: Other nuclides*

Na-24 9.0 x K T 3 (Concentrations in
P-32 2 .0  x 1 0 “ 4 reactor water)
Cr-51 5.0 x H T 3 x 0.001

Mn-54 6.0 x io~5
Mn-56 5.0 x 1 0 “ 2

Fe-55 1.0  x 1 0 “ 3

Fe-59 3.0 x 1 0 " 5

Co-58 2 .0  x 1 0 " 4

Co-60 4.0 x 1 0 ~ 4

Ni-63 1.0  x 1 0 -6

Ni-65 3.0 x 1 0 ~ 4

Cu-64 3.0 x 1 0 " 2

Zn-65 2 .0  x 1 0 “ 4

Zn-69m 2 .0  x 1 0 “ 3

Sr-89 1 .0  x 1 0 -4

Sr-90 6.0 x 1 0 ~ 6

Sr-91 4.0 x 1 0 " 3

Sr-92 1 .0  x 1 0 - 2

Y-91 4.0 x 1 0 “ 5

Y-92 6.0 x 1 0 " 3
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TABLE A .I.l (cont.)

Nuclide Reactor water Reactor steam

Y-93 4.0 X K T 3

Zr-95 7.0 X 1 0 “ 6

Zr-97 5.0 X 1 0 “ 6

Nb-95 7.0 X 1 0 ~ 6

Nb-98 4.0 X 1 0 " 3

Mo-99 2 .0 X 1 0 ~ 3

Tc-99m 2 .0 X 1 0 - 2

Tc-101 9.0 X 1 0 ~ 2

Tc-104 8.0 X U P 2

Ru-103 2 .0 X 1 0 ~ 5

Ru-105 2 .0 X K T 3

Ru-106 3.0 X 1 0 “ 6

Ag-llOm 1 .0 X U P 6

Te-129m 4.0 X io~5
Te-131m 1 .0 X 1 0 ~ 4

Te-132 1 .0 X 1 0 ~ 5

Ba-139 1 .0 X 1 0 “ 2

Ba-140 4.0 X 1 0 ~ 4

Ba-141 1 .0 X 1 0 - 3

Ba-142 6.0 X io~3
La-142 5.0 X U P 3

Ce-141 3.0 X 1 0 “ 5

Ce-143 3.0 X 1 0 “ 5
Ce-144 3.0 X 1 0 “ 6

Pr-143 4.0 X 1 0 " 5

Nd-147 3.0 X 1 0 “ 6
W-187 3.0 X 1 0 “ 4

Np-239 7.0 X 1 0 ~ 3

a The reactor water concentration is specified at the nozzle where reactor water leaves the reactor 
vessel; similarly the reactor steam concentration is specified at time 0. 

b Measured values increased to account for liquid recycle.
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TABLE A.I.2. NUMERICAL VALUES — CONCENTRATIONS IN PRINCIPAL
FLUID STREAMS OF THE REFERENCE PWR (ptCi/g)

Nuclide Reactor coolant1
Secondary coolantb

With U-tube steam generator With once-through
steam generator

Waterc Steamd Steamd

Class 1: Noble gases

Kr-83m 2.1 X 10 "2 —

00 X io- 9

00iri X 10 "9
Kr-85m 1.1 X 10“' — 3.1 X 10 "8 3.1 X 10"8
Kr-85 1.5 X 10“' — 4.2 X 10"8 4.2 X 10"8
Kr-87 6.0 X 10 "2 — 1.6 X 10"8 1.6 X 10"8
Kr-88 2.0 X 10“‘ — 5.5 X 10"8 5.5 X 10"8
Kr-89 5.0 X 10“3 — 1.4 X 10- 9 1.4 X 10"9
Xe-131m 1.1 X 10"1 — 3.1 X 10"8 3.1 X 10~8
Xe-133m 2.2 X 10“' — 6.2 X 10"8 6.2 X 10"8
Xe-133 1.8 X 101 — 5.0 X u r 6 5.0 X 10 "6
Xe-135m 1.3 X 10"2 — 3.6 X io-9 3.6 X 10 ~9
Xe-135 3.5 X 10"' — 9.7 X 10~8 9.7 X 10"8
Xe-137 9.0 X 10~3 — 2.5 X io-9 2.5 X 10 ~9
Xe-138 4.4 X 10"2 — 1.2 X 10"8 1.2 X 10"8

Class 2: Halogens

Br-83 4.8 X 1 0 “ 3 1.5 X 10  " 7 1.5 X 1 0 - 9 2.3 X 1 0 ‘ 9
Br-84 2.6 X KT3 2.0 X 1 0 -8 2.0 X 1 0 "'° 1 .2 X 10  _9
Br-85 3.0 X io - 4 2.0 X l0 -i° 2.0 X lO" '2 1.4 X 1 0 " 10
1-130 2 .1 X u r 3 2.5 X 1 0 ~ 7 2.5 X 1 0 “9 1.0 X 10  " 9
1-131 2.7 X 1 0 “ ' 1 . 1 X 10  ~4 1 .1 X 1 0 “6 1.3 X 10  " 7
1-132 1.0 X 1 0 " ' 1 . 1 X 10  “5 1 .1 X 10  " 7 4.7 X 10  " 8
1-133 3.8 X u r 1 6.5 X 1 0 “5 6.5 X 10  “7 1.8 X 1 0 " 7
1-134 4.7 X 10  ~2 5.7 X 1 0 “8 5.7 X 1 0 - 10 2 .2 X 10  " 8

1-135 1.9 X 1 0 " 1 1.4 X 10  " 5 1.4 X 1 0 “ 7 9.0 X 1 0 " 8

Class 3: Cs, Rb

Rb-86 00 X 1 0 " 5 4.0 X 1 0 " 8 4.0 X 1 0 “ " 7.0 X 1 0 " n
Rb-88 2 .0 X 1 0 " 1 00 o X 10  " 7 oo o X lO" 10 2 .0 X 10  " 7

Cs-134 2.5 X 1 0 " 2 1.0 X 1 0 “5 1.0 X 1 0 " 8 2.0 X 1 0 " 8

Cs-136 1.3 X 1 0 " 2 5.0 X 1 0 " 6 5.0 X 10  " 9 1.0 X 10  " 8

Cs-137 1.8 X 10  " 2

o00 X 1 0 ”6 00 o X 1 0 " 9 1.5 X 1 0 " 8
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TABLE A.I.2 (cont.)

Nuclide Reactor coolant1

Secondary coolantb

With U-tube steam generator With once-through
steam generator

Waterc Steamd Steamd

Class 4: Water activation products 

N-16 4.0 x 101 1.0 X 10  " 6 1.0 X 1 0 -7 1.0 X 1 0 " 6

Class 5: Tritium

H-3 1.0 1.0 X 1 0 ~ 3 1.0 X 1 0 " 3 1.0 X 1 0 " 3

Class 6: Other nuclides 

Cr-51 1.9 x 1 0 " 3 00 © X 10  " 7 8.0 X IQ- 10 9.0 X 1 0 "'°
Mn-54 3.1 X 10  " 4 2.0 X 10  ~7 2.0 X 1 0 " 10 2 .0 X 1 0 "'°
Fe-55 1.6 X io"3 7.0 X 10  " 7 7.0 X 1 0 " 10 00 o X

o1OH

Fe-59 1.3 X KT3 5.0 X 1 0 " 7 5.0 X 1 0 "'° 5.0 X 1 0 "'°
Co-58 1.6 X 1 0 " 2 7.0 X 1 0 " 6 7.0 X 10  " 9 8.0 X 10  " 9

Co-60 2.0 X 1 0 " 3 9.0 X 1 0 " 7 9.0 X 1 0 " 10 9.0 X 1 0 " 10

Sr-89 3.5 X 10  " 4 2.0 X 1 0 " 7 2.0 X 1 0 "'° 2.0 X 1 0 " 10

Sr-90 1.0 X 1 0 " 5 5.0 X 10  ~9 5.0 X 1 0 " 12 5.0 X 1 0 " 12

Sr-91 6.5 X 10  “4 6.0 X 1 0 ~ 8 6.0 X 1 0 " 11 3.0 X 1 0 " 10

Y-90 1 .2 X io"6 2.0 X 10  " 9 2 .0 X 1 0 " 12 ■ 6.0 X 1 0 " 13

Y-91 6.4 X 1 0 " 5 3.0 X 1 0 " 8 3.0 X 1 0 " 11 3.0 X 1 0 " "
Y-91m 3.6 X 10  " 4 3.0 X 1 0 " 8 3.0 X 1 0 " 11 2 .0 X 1 0 "'°
Y-93 3.4 X 1 0 " 5 4.0 X 10  ~9 4.0 X 1 0 " 12 2 .0 X 1 0 " 11

Zr-95 6.0 X 1 0 " 5 3.0 X 1 0 -8 3.0 X 1 0 " 11 3.0 X 1 0 " "
Nb-95 5.0 X 1 0 ~ 5 3.0 X 1 0 “ 8 3.0 X 1 0 " " 2 .0 X 1 0 " "
Mo-99 8.4 X 1 0 " 2 3.0 X 1 0 " 5 3.0 X 1 0 " 8 4.0 X 1 0 " 7

Tc-99m 4.8 X io~2 3.0 X 1 0 “ 5 3.0 X 1 0 " 8 2 .0 X 1 0 " 7

Ru-103 4.5 X 1 0 " 5 2 .0 X 1 0 “8 2 .0 X 1 0 " 11 2 .0 X 1 0 " "
Ru-106 1.0 X 1 0 " 5 5.0 X 1 0 - 9 5.0 X 1 0 " 12 5.0 X 1 0 " 12
Rh-103m 4.5 X 1 0 ~ 5 2 .0 X 1 0 ~ 8 2 .0 X 1 0 " " 2.0 X 1 0 " "
Rh-106 1.0 X 1 0 ~ 5 5.0 X 10  _9 5.0 X 1 0 " 12 5.0 X 1 0 " 12
Te-125m 2.9 X 1 0 " 5 9.0 X 1 0 " 9 9.0 X 1 0 " 12 1.0 X 1 0 " "
Te-127m 2.8 X 1 0 - 4 9.0 X 1 0 -8 9.0 X 1 0 " 11 1.0 X 1 0 " 10
Te-127 8.5 X 10  " 4 2 .0 X 1 0 " 7 2 .0 X 1 0 "'° 4.0 X 1 0 " 10
Te-129m 1.4 X 1 0 " 3 6.0 X 1 0 ~ 7 6.0 X 1 0 " 10 7.0 X 1 0 "'°
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TABLE A.I.2 (cont.)

Nuclide Reactor coolant3
Secondary coolant6

With U-tube steam generator With once-through
steam generator

Waterc Steamd Steamd

Class 6: Other nuclides (cont.)

Te-129 1.6 X 1 0 ~ 3 6.0 X 1 0 '-7 6.0 X 1 0 --10 8.0 X 1 0 '-10

Te-131m 2.5 X 1 0 ~ 3 5.0 X 1 0 '-7 5.0 X 1 0 '-10 1.0 X 1 0 "-9

Te-131 1 . 1 X K T 3 5.0 X 10 -7 5.0 X 1 0 '-10 5.0 X 1 0 '-10

Te-132 2.7 X 10  “2 8.0 X 1 0 '-6 8.0 X 1 0 '-9 1.0 X 1 0 '-8

Ba-137m 1.6 X 10  ~2 8.0 X 10 -6 8.0 X 1 0 '-9 8.0 X 1 0 '-9

Ba-140 2 .2 X 10  ~4 9.0 X 10 -8 9.0 X 1 0 '-11 1.0 X 1 0 '-10

La-140 1.5 X 10  “4 8.0 X 1 0 '-8 8.0 X 1 0 ‘-11 7.0 X 1 0 '-11

Ce-141 7.0 X 1 0 ~ 5 3.0 X 1 0 '-8 3.0 X 1 0 '-11 3.0 X 1 0 "-11

Ce-143 4.0 X 1 0 “5 9.0 X 1 0 '-9 9.0 X 1 0 '-12 2.0 X 1 0 "-11

Ce-144 3.3 X 10  “5 2.0 X 1 0 '-8 2.0 X 1 0 '-11 2.0 X 1 0 '-11

Pr-143 5.5 X 1 0 “5 2.0 X 1 0 '-8 2.0 X 1 0 '-11 2.0 X 1 0 '-11

Pr-144 3.3 X 1 0 " 5 2.0 X 1 0 '-8 2.0 X 1 0 '-11 2 .0 X 1 0 '-11

Np-239 1 .2 X 1 0 " 3 3.0 X 1 0 '-7 3.0 X 1 0 '-10 6.0 X 1 0 --10

3 The concentrations given are for reactor coolant entering the letdown line. 
b Based on primary to secondary leak of 45 kg per day. 
c The concentrations given are for water in a steam generator. 
d The concentrations given are for steam leaving a steam generator.
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TABLE A.I.3. PARAMETERS USED TO DESCRIBE THE 
REFERENCE BWR

Parameter Symbol Units
Nominal

Range

value
Maximum Minimum

Thermal power P MW(th) 3400 3800 3000

Weight of water in 
the reactor vessel

WP kg 1.72 x 10s 1.91 x 105 1.54 x 105

Cleanup demineralizer 
flow rate

FA kg/h 5.90 x 104 6.80 x 104 4.99 x 104

Steam flow rate FS kg/h 6.80 x 106 7.71 x 106 5.90 x 106

Ratio of condensate 
demineralizer 
flow rate to steam 
flow rate

NC 1.0 1.0 0.8
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TABLE A.I.4. PARAMETERS USED TO DESCRIBE THE REFERENCE PWR

Nominal
value

Range

Parameters Symbol Units Maximum Minimum

Thermal power P MW(th) 3400 3800 3000

Steam flow rate FS kg/h 6.8  x 10 6 7.7 x 106 5.9 x 106

Weight of water in reactor 
coolant system WP kg 2.5 x 105 2.7 x 105 2 .2  x 10 5

Weight of water in all 
steam generators
(i) U-tube steam generators

(ii) Once-through steam 
generators

WS

WS

kg

kg

2 .0  x 10 5 

4.5 x 104

2 .2  x 1 0 5

a

1.8  x 1 0 5

a

Reactor coolant letdown 
flow (purification) FD kg/h 1.6  x 10 4 1.9 x 104 1.4 x 104

Reactor coolant letdown 
flow (yearly average 
for boron control) FB kg/h 226 450 113

Flow through the purification 
system cation demineralizer FA kg/h 1678 3400 0

Ratio of the total amount 
of noble gases routed to 
gaseous radwaste system from

— 0.0 0.0 1 0.0

the purification system to the 
total amount routed from the 
primary coolant system to the 
purification system (not 
including the boron recovery 
system)

(i) U-tube steam generators 
Steam generator 
blowdown flow (total) FBD kg/h 4082 4536 3628

Fraction of radioactivity 
in blowdown stream 
which is not returned to 
(he secondary coolant
system NBD — 1.0 1.0 0.9
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TABLE A.I.4 (cont.)

Range

Parameters
Nominal -------------------------------

Symbol Units value Maximum Minimum

Ratio of condensate 
demineralizer flow 
rate to the total 
steam flow rate NC 0.0 0.01 0.0

(ii) Once-through steam 
generators 
Ratio of condensate 
demineralizer flow rate 
to the total steam
flow rate NC -  0.65 0.75 0.55

The secondary coolant inventory is not of importance in a once-through steam generator plant because 
decay is not an important removal mechanism: WS therefore cancels from the adjustment factors of

TABLE A.I.5. DESCRIPTION OF THE ELEMENT CLASSIFICATION USED IN 
THIS SPECIFICATION

Table A.I.9.

Class 1 Noble gases 

Halogens 

Cs, Rb

Water activation products 

Tritium

Other nuclides (including activation corrosion products)

Class 2

Class 3

Class 4

Class 5

Class 6
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TABLE A.I.6. VALUES USED IN DETERMINING ADJUSTMENT FACTORS
FOR BWRs

Symbol Description
Element class

1 2 3 4 5 6

NA Fraction of material 
removed in the reactor 
water cleanup system

0.0 0.9 0.5 0.0 0.0 0.9a

NB Fraction of material 
removed by the 
condensate 
demineralizers

0.0 0.9 0.5 0.0 0.0 0.9a

NS Ratio of concentration 
in reactor steam to the 
concentration in reactor 
water

b 0.02 0.001 C 1.0 0.001

R Removal rate from the 
reactor water (h-1) e

b 1.0 0.19 c d 0.34a

a These represent effective removal terms and include other mechanisms such as plateout applicable to 
nuclides such as Mo and corrosion products.

b All noble gases released from the core are transported rapidly out of the reactor water to the reactor 
steam and are stripped from the system in the main condenser; therefore, the concentration in the reac
tor water is negligible and the steam concentration is approximately equivalent to the ratio of the 
release rate and the steam flow rate.

c Water activation products exhibit varying chemical and physical properties in reactor water which are 
not defined. However, most are stripped off as gases which are not effectively removed by the 
demineralizers of the system, but their concentrations are controlled by decay.

d The tritium concentration in the reactor water and steam is expected to be equal, and is controlled by 
the losses of water from the main coolant system by evaporation or leakage. The concentration is, 
therefore, given by the ratio of the appearance rate in the coolant which is about 4.44 x  1012 Bq/a 
and the total loss from the system.

e These values of R apply to the reference BWR (Table A.1.3) and are used in Table A.I.8. For BWRs 
not included in Table A.1.3, the appropriate value for R may be determined by the following equation: 
R =  (FA-NA + NC-FC-NS-NB)/W P for element classes 2, 3 and 6 where the symbols are defined 
in Tables A.1.3 and A.I.6 and Figure A .I.l. The values for R for classes 1 (R,) and 4 (R4) are not 
used in Table A.1.8.
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TABLE A.I.7. VALUES USED IN DETERMINING ADJUSTMENT FACTORS
FOR PWRs

Symbol Description
Element class

1 2 3 4 5 6

NA
Fraction of material 
removed in passing 
through the cation 
demineralizer

0.0 0.0 0.9 0.0 0.0 0.9a

NB
Fraction of material 
removed in passing 
through the purification 
demineralizers

0.0 0.9 0.5 0.0 0.0 0.9a

R
Removal rate-reactor 
coolantb
(h-1)

0.0009 0.06 0.037 0.0 c 0.06“

a These represent effective removal terms and include other mechanism such as plateout. Plateout would 
be applicable to nuclides such as Mo and corrosion products. 

b These values of R apply to the reference PWRs whose parameters are given in Table A . 1.3. For PWRs 
not included in Table A.1.4 the appropriate value for R may be determined by the following equation

FB + FD -Y
R = -------------------  for element class 1

WP

c The concentration of tritium is a function of the inventory of tritiated water in the plant; the rate of 
production of tritium due to activation in the reactor coolant as well as releases from the fuel; and 
the extent to which tritiated water is recycled or discharged from the plant. The tritium concentrations 
given in Table A.I.2 are representative of PWRs with a moderate amount o f tritium recycle.
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TABLE A.I.7 (cont.)

Symbol
Element Class

Description
1 2 3 4 5 6

NS
Ratio of concentration 
in steam to that in water in 
the steam generator

U-tube steam generator d 0.0 1 0.001 e 1.0 0.001

Once-through steam 
generator d 1.0 1.0 1.0 1.0 1.0

NX
Fraction of activity 
removed in passing 0.0 0.9 0.5 0.0 0.0 0.9

r

through the condensate 
demineralizers

Removal ratef 
secondary coolant (h-1)

U-tube steam generator d 0.02 0.02 e C 0.02

Once-through steam 
generator d 88 48 e c 88

FL
Primary-to-secondary 
leakage (kg/h) 1.89 1.89 1.89 1.89 1.89 1.89

d Noble gases are rapidly transported out of the water in the steam generator and swept out of the vessel 
in the steam; therefore, the concentration in the water is negligible and the concentration in the steam 
is approximately equal to ratio of the release rate to the steam generator and the steam flow rate. These 
noble gases are removed from the system at the main condenser. 

e Water activation products exhibit varying chemical and physical properties in reactor water coolants 
which are not well defined. However, rust is not effectively removed by the demineralizers o f the 
systems but their concentrations are controlled by decay. 

f These values of r  apply to the reference PWRs whose parameters are given in Table A.I.4 and have 
been used in developing the Table A.I.9. For PWRs not included in the Table A.I.4 the appropriate 
value for r may be determined by the following equation:

FBD-NBD + N S-FS-N C -N X
r = ---------------------------------------------  for element classes 2, 3 and 6.
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TABLE A.I.8. ADJUSTMENT (MULTIPLICATION) FACTORS FOR 
SPECIFIC BWR

Element class Adjustment factors

Reactor water Reactor steam

(1) Noble gases 1.0a

(2) Halogens

(3) Cs, Rb

P

WP

P

WP

(4) Water activation 
products

(5) Tritium

P
(6) Other nuclides ------

WP

kg \ 1.0 + X P

MW(e) ,/  R2 + X WP

kg \0.19 + X p

MW(th),/  R3 + X WP

1.0

___b

kg \ 0.34 + X p

MW(th),/ Rs + X WP

kg N\ 1.0 + X

MW(th) , ' r2 + X

kg NV 0.19 + X
MW(th) , ' R3 + X

1.0

_b

kg N\ 0.34 + X

MW(th) /' R6 + X

P: thermal power; WP: weight of water in reactor coolant system; X: a decay constant (h -1). 
a Assumes that the ratio of powers to steam flow is essentially the same for all BWRs. 
b The tritium concentration in the reactor water and steam is expected to be equal, and is controlled by 

the losses of water from the main coolant system by evaporation or leakage. The concentration is, 
therefore, given by the ratio of the appearance rate in the coolant which is about 4.44 x  1012 Bq/a 
and the total loss from the system.
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TABLE A.I.9. ADJUSTMENT FACTORS FOR PWRs

Secondary Coolant

Element classes Reactor water U-tube steam generators Once-through
steam-generators

(i) (fi) Water Steam Steam

(1) Noble gases

(2) Halogens

(3) Cs, Rb

(4) Water activation products

(5) Tritium

(6) Other nuclides

73.5- P /  0.0009 + X 

WP \  R + X
73.5- P /  0.06 + X \  

WP \  R2 + \  J
73.5- P /  0.037 + X \  

WP V R3 + X /

1.0

b

73.5-P /0.06 + X 

WP V Re + X -

2 .0 x 1 0 s /^0.02 +  X

W S 'V r2 +  X

2 .0 x 1 0 s /̂ 0.02 +  X

W S 'U j  +  x

2 .0 x 1 0 s

WS

b

2 .0 x 1 0 s /Tl.02 +  X'

W S \\ f6 +  X ,

f2

f3

f6

6.8x10s
---------  fl

FS
2.0x10s / 0.02 + X\  

WS \  r2 + X /  
2 .0 x l0 5 /0.02 + X\ 

WS \  r3 + X /  
2.0x10s 

WS

b

2.0x10s

WS

'0.02 + X~ 

r6 + X ,

6 .8x10s
------------ fl

FS
3 . 9 8 X 1 0 6 

r2-WS 
2.21 xlO6 

r3-WS 

4 . 5 X 1 0 4 

WS

3.98 x l O 6 

r6‘WS ffi

a fi is the reactor water adjustment factor and is used in the secondary coolant adjustment factors.
b The tritium concentration in the reactor water and steam is expected to be equal, and is controlled by the losses of water from the main coolant system by evaporation 

or leakage. The concentration is, therefore, given by the ratio of the appearance rate in the coolant which is about 4.44 x  1012 Bq/a and the total loss from the 
system.



Appendix A .II.

EXAMPLES OF CALCULATIONS 
USING THE GALE CODE

TABLE A .II.l. THE GALE CODE CALCULATION ON SOURCE TERM 
PRIOR TO TREATMENT (BWR SAMPLE CASE)

(a) Input data

Thermal power level (MW(th)) 3400
Plant capacity factor 0.80
Total steam flow (kg/h) 6.804 x 106
Mass of water in reactor vessel (kg) 1.7237 x 105
Cleanup demineralizer flow (kg/h) 5.897 X 104

Gaseous waste inputs

Gland seal steam flow (kg/h) 0.0
Gland seal holdup time (h) 0.0
Air ejector off-gas holdup time (h) 0.167
Containment building iodine release fraction 1.0

Particulate release fraction 1.0
Turbine building iodine release fraction 1.0

Particulate release fraction 1.0
Gland seal vent iodine penetration fraction 1.0

Air ejector off-gas iodine penetration fraction 0.0
Auxiliary building iodine release fraction 1.0

Particulate release fraction 1.0
Radwaste building iodine release fraction 1 .0

Particulate release fraction 1.0

There is no charcoal delay system
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(b) Results: Gaseous release rate (Ci/a)

TABLE A.II. 1 (cont.)

Nuclide Coolant Cone. 
(M Ci/g)

Containment
building

Turbine
building

Auxiliary
building

Radwaste
building

Gland
seal

Air
ejector

Mechanical 
vacuum pump

Total

Ar-41 0.0 1.5E+01 0.0 0.0 0.0 0.0 9.4E+02 0.0 9.5E+02
Kr-83m 9.100E-03 0.0 0.0 0.0 0.0 0.0 4.1E+05 0.0 4.1E+05
Kr-85m 1.600E-03 1.0E+00 2.5E+01 3.0E+00 0.0 0.0 7.4E+04 0.0 7.4E+04
Kr-85 5.000E-06 0.0 0.0 0.0 0.0 0.0 2.4E+02 0.0 2.4E+02
Kr-87 5.500E-03 0.0 6.1E+01 2.0E+00 0.0 0.0 2.4E+05 0.0 2.4E+05
Kr-88 5.500E-03 1.0E+00 9.1E+01 3.0E+00 0.0 0.0 2.5E+05 0.0 2.5E+05
Kr-89 3.400E-02 0.0 5.8E+02 2.0E+00 2.9E+01 0.0 1.8E+05 0.0 1.8E+05
Xe-131m 3.900E-06 0.0 0.0 0.0 0.0 0.0 1.9E+02 0.0 1.9E+02
Xe-133m 7.500E-05 0.0 0.0 0.0 0.0 0.0 3.6E+03 0.0 3.6E+03
Xe-133 2.100E-03 2.7E+01 1.5E+02 8.3E+01 2 .2E+02 0.0 1.0E+05 1.3E+03 1.0E+05
Xe-135m 7.000E-03 1.5E+01 4.0E+02 4.5E+01 5.3E+02 0.0 2.1E+05 0.0 2.2E+05
Xe-135 6.000-03 3.3E+01 3.3E+02 9.4E+01 2.8E+02 0.0 2.8E+05 5.0E+02 2.8E+05
Xe-137 3.900E-02 4.5E+01 1.0E+03 1.4E+02 8.3E+01 0.0 3.0E+05 0.0 3.0E+05
Xe-138 2.300E-02 2.0E+00 1.0E+03 6 .0E+00 2.0E+00 0.0 7.3E+05 0.0 7.3E+05
Total noble gases 2.8E+06

1-131 1.785E-03 1.1E-02 1.1E-01 2 .1E-02 1.1E-02 0.0 0.0 8.2E-02 2.4E-01
1-133 2.499E-02 1.5E-01 1.6E-00 2.9E-01 1.5E-01 0.0 0.0 9.2E-01 3.1E+00
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(c) Results: Airborne particulate release rate (Ci/a)

Cr-51 2.0E-04 9.0E-04 9.0E-04
Mn-54 4.0E-04 6.0E-04 1.0E-03
Co-58 1.0E-04 1.0E-03 2.0E-04
Fe-59 9.0E-05 1.0E-04 3.0E-04
Co-60 1.0E-03 1.0E-03 4.0E-03
Zn-65 1.0E-03 6.0E-03 4.0E-03
Sr-89 3.0E-05 6.0E-03 2.0E-05
Sr-90 3.0E-06 2.0E-05 7.0E-06
Nb-95 1.0E-03 6.0E-06 9.0E-03
Zr-95 3.0E-04 4.0E-05 7.0E-04
Mo-99 6.0E-03 2.0E-03 6.0E-02
Ru-103 2.0E-04 5.0E-05 4.0E-03
Ag-llOm 4.0E-07 0.0 2.0E-06
Sb-124 2.0E-05 1.0E-04 3.0E-05
Cs-134 7.0E-04 2.0E-04 4.0E-03
Cs-136 1.0E-04 1.0E-04 4.0E-04
Cs-137 1.0E-03 1.0E-03 5.0E-03

Ba-140 2.0E-03 1.0E-02 2.0E-02
Ce-141 2.0E-04 1.0E-02 7.0E-04

Note: 0.0 appearing in the table indicates release is less than 1.0 Ci/a for noble gases. 
H-3 released from turbine building ventilation system 9.6 x  1011 Bq/a.
H-3 released from containment building ventilation system 7.4 x  1011 Bq/a.
Total H-3 released via gaseous pathway 1.9 x  1012 Bq/a.
C-14 released via main condenser off-gas system 3.5 x  1011 Bq/a.



7.0E-04 1.0E-06 2.7E-03
4.0E-03 0.0 6.0E-03
2.0E-04 0.0 1.5E-03
3.0E-04 0.0 7.9E-04
7.0E-03 5.6E-07 1.3E-02
3.0E-04 3.4E-07 1.1E-02
0.0 0.0 6.0E-03
0.0 0.0 3.0E-05
4.0E-06 0.0 1.0E-02
8.0E-04 0.0 1.8E-03
3.0E-06 0.0 6.8E-02
1.0E-06 0.0 4.3E-03
0.0 0.0 2.4E-06
7.0E-05 0.0 2.2E-04
2.4E-03 3.2E-06 7.3E-03
0.0 1.9E-06 6.0E-04
4.0E-03 8.9E-06 1.1E-02

4.0E-06 1.1E-05 3.2E-02
7.0E-06 0.0 1.1E-02



TABLE A.II.2. THE GALE CODE CALCULATION ON SOURCE TERM PRIOR TO TREATMENT (PWR SAMPLE CASE)

(a) Input data

Thermal power level (Mw(th)) 3400
Plant capacity factor 0.80
Mass of primary coolant (kg) 249 480
Per cent fuel with cladding defects 0.12
Primary system letdown rate (m3/h) 17.0325
Letdown rate demineralizer flow (m3/h) 2.7252
Number of steam generators 4
Total steam flow (kg/h) 6.804 x 10'
Mass of steam in each steam generator (kg) 3628.80
Mass of liquid in each steam generator (kg) 51 030
Total mass of secondary coolant (kg) 907 200
Blowdown rate (kg/h) 34 020
Blowdown is processed through condensate demineralizer; 

condensate demineralizer regeneration time (d) 28.0
Condensate demineralizer flow fraction 0.65
Radwaste dilution flow (m3/h) 2502.64



Gaseous waste inputs

There is continuous stripping of full letdown flow
Flow rate through gas stripper (m3/h) 17.07980
Holdup time for xenon (d) 0.0
Holdup time for krypton (d) 0.0
Fill time of decay tanks for the gas stripper (d) 0.0
Primary coolant leak to auxiliary building (kg/d) 72.576
Auxiliary building leak iodine partition factor 0.0075
Gas waste system — particulate release fraction 1.0
Auxiliary building — iodine release fraction 1.0
Auxiliary building — particulate release fraction 1.0
Containment volume (m3) 6.938 x 104
Frequency of primary coolant degassing (a-1) 2
Primary to secondary leak rate (kg/d) 45.36
There is no kidney filter
Fraction iodine bypassing condensate demineralizer 0.35
Iodine partition factor (gas/liquid) in steam generator 0.01
Frequency of containment building high volume purge (a-1) 4
Containment high volume purge iodine release fraction 1.0
Containment high volume particulate release fraction 1.0
Containment low volume purge rate (m3/h) 1699.2
Containment low volume purge iodine release fraction 1.0
Containment low volume particulate release fraction 1.0
Steam leak to turbine building (kg/h) 771.12
Fraction iodine release from blowdown tank vent 0.05
Fraction iodine released from main condenser air ejector 1.00
There is no cryogenic off-gas system



TABLE A.H.2 (cont.)

(b) Results: Gaseous release rate (Ci/a)

Primary Secondary Gas stripping Building ventilation
coolant coolant Blowdown Air ejector 

exhaust
Total

(/iCi/g) (/iCi/g) Shutdown Continuous Reactor Auxiliary Turbine vent off-gas

Kr-83m 1.779E-02 5.800E-09 9.0E+00 2.0E+03 0.0 0.0 0.0 0.0 0.0 2.0E+03
Kr-85m 7.718E-02 3.100E-08 3.9E+01 9.1E+03 8.0E+00 2 .0E+00 0.0 0.0 1.0E+00 9.1E+03
Kr-85 2.016E-3 4.200E-08 1.0E+00 2.4E+02 1.0E+00 0.0 0.0 0.0 2 .0E+00 2.4E+02
Kr-87 5.343E-02 1.600E-08 2.7E+01 6.0E+03 2.0E+00 1.0E+00 0.0 0.0 0.0 6.0E+03
Kr-88 1.574E-01 5.500E-08 7.9E+01 1.8E+04 1.1E+01 3.0E+00 0.0 0.0 3.0E+00 1.8E+04
Kr-89 4.974E-03 1.400E-09 2 .0E+00 1.8E+02 0.0 0.0 0.0 0.0 0.0 1.8E+02
Xe-131m 5.224E-03 3.100E-08 3.0E+00 6.3E+02 3.0E+00 0.0 0.0 0.0 1.0E+00 6.4E+02
Xe-133m 3.715E-02 6.200E-08 1.9E+01 4.4E+03 1.8E+01 0.0 0.0 0.0 3.0E+00 4.4E+03
Xe-133 1.558E+00 5.000E-06 7.8E+02 1.9E+05 9.3E+02 3.3E+01 0.0 0.0 2.4E+02 1.9E+05
Xe-135m 1.268E-02 3.600-09 6.0E+00 1.1E+03 0.0 0.0 0.0 0.0 0.0 1.1E+03
Xe-135 1.857E-01 9.700E-08 9.3E+01 2.2E+04 3.4E+01 4.0E+00 0.0 0.0 5.0E+00 2.2E+04
Xe-137 8.944E-03 2.500E-09 4.0E+00 3.8E+02 0.0 0.0 0.0 0..0 0.0 3.8E+02
Xe-138 4.282E-02 1.200E-08 2.1E+01 3.9E+03 0.0 0.0 0.0 0.0 0.0 3.9E+03
Total noble gases 2.6E+05

1-131 2.663E-01 6.800E-06 0.0 0.0 1.7E-01 4.2E-02 3.7E-04 8.1E-02 2.6E-02 3.2E-01
1-133 3.765E-01 8.900E-06 0.0 0.0 1.2E-01 6.0E-02 4.8E-04 1.1E-01 3.7E-02 3.3E-01

Tritium gaseous releases 980 Ci/a



(c) Results: Airborne particulate release rate (Ci/a)

Building ventilation

Nuclide Waste gas system Reactor Auxiliary Total

Mn-54 4.5E-03 2.2E-02 1.8E-02 4.4E-02
Fe-59 1.5E-03 7.5E-03 6.0E-03 1.5E-02
Co-58 1.5E-02 7.5E-02 6.0E-02 1.5E-01
Co-60 7.0E-03 3.4E-02 2.7E-02 6.8E-02
Sr-89 3.3E-04 1.7E-03 1.3E-03 3.3E-03
Sr-90 6.0E-05 3.0E-04 2.4E-04 6.0E-04
Cs-134 4.5E-03 2.2E-02 1.8E-02 4.4E-02
Cs-137 7.5E-03 3.8E-02 3.0E-02 7.5E-02

Note: 0.0 appearing in the table indicates release is less than 1.0 Ci/a for noble gases, 0.0001 Ci/a for iodine.
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