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page 14, Table I, column 6

Above "V ariable" for 0 . 73  - 0 . 2 3  read 0 . 073  - 0 . 2 3  

page 62, Eq. (2)

' E°L  exp ( c 2 x+2̂ n )  le a d  exp )

page 64. Table IV

The column headings should be as follows:

Condition n

C 2 (metres)11 
at various h values in metres

h = 25 h = 50 h = 75 h = 100

page 66, Eq. (11)

F o r  (27r)2 read 2 ir? 
page 96

The third equation on the page should read:
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FOREWORD

The number of developing countries that are constructing new nuclear 
facilities is increasing. These facilities include research and power reac
tors and radioisotope and research'laboratories, all of which pose air pol
lution problems.

The combination of a well designed ventilation system with thorough 
cleaning of exhaust air is the main method of preventing radioactive con
tamination of the air in working areas as well as in the surrounding atmos
phere, and therefore of protecting the personnel and population against inter
ned radioactive contamination. That is why ventilation and air-cleaning sys
tems are such an important part of the general design of any nuclear facility.

Requirements for the removal of radioactive particulates and gases 
resulting from the operation of nuclear energy facilities generally differ 
from those for operations with non-radioactive substances because of the 
inherent toxicity of the materials; hence the very strict health and safety 
requirements. A second problem which often arises with radioactive ma
terials is that the cleaning devices of filter units may become a source of 
direct radiation and this imposes handling restrictions or special controls.

The IAEA convened a panel in Vienna, from 4 -8  November 1963, to 
correlate present experience in the techniques for controlling nuclear faci
lities in different countries, to agree on general principles, and to prepare 
this report.
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1. INTRODUCTION

This manual has been prepared by the Division of Health, Safety and 
Waste Disposal of the IAEA aided by a panel of experts from ten Member 
States and representatives of two international organizations. The working 
document was prepared by the IAEA Secretariat on the basis of the available 
literature and sent in advance to the participants. Material presented by the 
experts during the panel meeting represented a consensus of international 
practice in a specific field, emphasizing individual national practice; ad
ditional comments on the different national methods were made by the ex
perts during discussions on all parts of the document. Contributions from 
the experts giving detailed information of their national practices in general 
principles of ventilation systems and some specific examples are presented 
as appendices. All material received from the experts has been redrafted 
by the Secretariat in the light of the recommendations and comments made 
by participants of the panel and some members of the Division of Health, 
Safety and Waste Disposal.

1.1.  PURPOSE

1. 1. 1. This manual is provided for the guidance of those persons or 
authorities who are responsible- for the organization, control and operation 
of ventilation systems and air-cleaning installations in nuclear establishments.

1 . 1 . 2 .  It is intended to generalize about existing experience in the 
operation of such systems at nuclear facilities including reactors and la
boratories for production, use and handling of radionuclides and other toxic 
materials.

1 . 1 . 3 .  This manual will provide designers and operators of nuclear 
facilities in which ventilation and air-cleaning systems are used with the 
factors which have to be considered to create safe working conditions inside 
facilities and without polluting the'atmosphere or the environment to a ha
zardous level.

1. 1.4.  The manual is not intended to develop basic reactor safety con
cepts such as containment of stored energy, potential accident releases and 
site selection. It does provide information on techniques and methods which 
can be applied to confinement of normal radioactive releases from reactors, 
critical assemblies, loops and other test facilities. For other reactor safety

1
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considerations the reader is referred to appropriate reactor safety publica
tions of the Agency.

1.2.  SCOPE

1. 2. 1. Chapter 2 of the document discusses the general purposes of 
ventilation and air-cleaning installations, as well as other technical and 
organizational features.

1. 2. 2. In chapter 3 the health and safety requirements for design of 
such installations are presented.

1. 2. 3.  In chapter 4 the different methods of removing solid particles, 
aerosols and radioactive gases are discussed, including the consideration 
of equipment and filtering materials used.

1. 2. 4. Chapter 5 deals with the factors affecting the dilution of air 
discharged into the atmosphere including technical characteristics of stacks 
and basic meteorological conditions.

1. 2. 5. Chapter 6 discusses the general organization of monitoring and 
control inside and outside the facility and its relationship with the efficiency 
of the ventilation and air-cleaning systems.

1. 2. 6. The appendices include specific examples of national practices 
of design and operation of ventilation and air-cleaning systems.

2. GENERAL AIMS OF VENTILATION AND AIR-CLEANING SYSTEMS

2. 1. The problems of ventilation and containment of radionuclides are inter
related. As perfect containment can rarely be guaranteed it may be aug
mented by a ventilation system designed to prevent the movement of air
borne contamination to places where it is intended that personnel shall work 
without respiratory protection. An adequate ventilation system should also 
ensure that discharges of radioactivity to the environment are such that radi
ation dose rates to the public and to site personnel do not exceed the ac
cepted international standards. This will usually require monitoring,in ducts 
and possibly also in the environment. The ventilation system will also have 
to meet the ordinary requirements such as heating, cooling, and dust control

2
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necessary for the comfort of the operators as well as for technological 
reasons.

2.2.  In order to meet these requirements, it is necessary:

(1) To know how airborne contamination can arise in the facility under nor
mal operation, maintenance and accident conditions.

(2) To provide filtered and conditioned supply air on a once-through 
basis. This provides the controlled compensation for the air dis
charged to the atmosphere. Filtration of the inlet air reduces the 
dust loading on the exhaust filters. It is also desirable to keep the 
dust concentration in the working areas to a minimum in order to 
reduce surface contamination. The heating, cooling or humidifica- 
tion of air will help to provide a satisfactory working environment.

(3) To maintain directional flows from the point of least contamination 
to the point of greatest contamination. This provides protection of 
laboratory personnel from the spread of contamination by a hapha
zard ventilation air pattern. In laboratories, this will require con
trolled velocities in fume cupboards and air hoods and appropriate 
pressure drop between zones with different radiation and conta
mination levels.

(4) To clean the exhaust air before it is discharged to the atmosphere, 
if it is necessary. In order to determine the degree of clean-up 
required, a preliminary evaluation of the hazards of continuously 
releasing the radioactivity and also the consequences of accidental 
releases is desirable. It may be found necessary to discharge via 
an exhaust stack to ensure satisfactory dilution.

2. 3. To ensure that a ventilation and air-cleaning system is operating ef
fectively at all times it is necessary to monitor for contaminants in the work
ing areas and, if necessary, in the area around the site, to check air flows 
in the ventilated area and to measure the efficiency of the associated air- 
cleaning equipment.

3. HEALTH AND SA FETY REQUIREMENTS FOR DESIGN OF 
VENTILATION SYSTEMS IN NUCLEAR FACILITIES

3 . 1 .  MAXIMUM PERMISSIBLE CONCENTRATIONS

3. 1. 1. Maximum permissible concentrations of radionuclides for the 
occupational exposure of individuals and for environmental exposure of mem

3
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bers of the general public can be obtained in references such as the ICRP 
recommendations [1] , the Agency's Basic Safety Standards for Radiation 
Protection [2], and national recommendations [3] . The very low maximum 
permissible concentrations indicate that considerable problems may arise 
in containment and ventilation control when the most toxic nuclides such as 
some alpha emitters are being handled.

3. 1.2.  The designer should endeavour to provide those features which 
will reduce personnel exposure to values well below the maximum permis
sible. Values between one-third and one-tenth of the maximum permissible 
concentrations in this context have been practised and proved to be a reason
able target. However, provided that exposures are below the maximum per
missible, economic factors may be taken into consideration and unreason
able cost should not be incurred to effect small reductions in exposure.

3 . 2 .  VENTILATION DESIGN
(Main Refs. [4-8] and [10] )

3.2. 1. Basic flow sheet
A typical flow sheet is shown in Fig. 1. There are in general two main 

approaches to design of a ventilation system. These are:

(1) Flow of air from the cleanest areas to those areas where air con
tamination is present or can be expected to be present. Thus, air 
will normally flow from corridors and offices to general laboratory 
areas, to fume cupboards, hoods and glove boxes or to highly active 
cells and thence out to atmosphere, usually via a filter system.

(2) Provision of separate ventilation systems for areas with different 
levels of contamination.

However, in all conditions of operation there should be no chance of a re 
versal of flows which could allow contamination of clean areas. Contamina
tion of clean areas can occur in spite of ventilation design if close control 
is not exercised over movement of materials and personnel from contami
nated to clean areas.

In the first system the air supply will, typically, maintain the corridors 
and. offices at a positive pressure relative to the environment of about 0.1 in 
( 2 , 5 m m ) w . g .  An active area may be about - 0.1 in (-2,  5 mm) w. g. so 
that care must be exercised to avoid air from outside being drawn into active 
areas, thus blocking up the extract filters. It is customary to avoid having

4
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FIG. 1 .  Basic flowsheet

windows which can be opened to the atmosphere in such areas. Fans are 
usually sized to have spare capacity so that a pressure drop across the fil
ters of about 4 in (10 cm) w. g. can be accommodated; This will give 
a reasonable filter lifetime. It may be desirable to install a larger fan to 
allow for extra fume cupboards. In cases where the flow volume is small, 
such as between glove boxes and working area, pressure differences up to 
-2 in (-5 cm) w.g.  may be obtained. This prevents possible back diffusion 
of contaminated air to working areas.

In the second .system, air from clean areas does not normally need fil
tration. However, the possibility of accidental releases of activity to such 
areas, e.g.  in case of fires or explosions, must be considered.

Even in the case of separate ventilation systems for areas with different 
levels of contamination the same stack can be used for discharging exhaust 
flows into the atmosphere. However, the number of exhaust systems should 
be kept to a minimum. ,

3. 2. 2. A ir  changes in ventilated, areas

In working areas, the fundamental requirement is that there be suf
ficient changes of air to ensure that safe working levels of personnel ex
posures are not exceeded. There will also be the normal requirement that 
comfortable working conditions be maintained. A wide range of ventilation 
rates has been used in radioactive facilities and these have often been ex

5
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pressed in terms of air changes per hour. No firm figure can be specified 
because the size and shape of the room, the number and shape of the fume, 
cupboards, the number of personnel and type of airborne effluent must be 
all considered. However, a wide range of radioactive laboratories have 
ventilation rates between 6 and 10 changes per hour. In the most active 
areas 20 changes per hour are not uncommon. It is important that these 
air changes be actual and not just calculated from room volumes and air 
flows. It is necessary to ensure that "short circuiting" of air between inlet 
and outlet does not occur. This can be overcome by correct design. It is 
also important to avoid placing equipment and an installation in the area to 
interfere with air flow patterns and thus cause dead pockets of air to occur 
in the area. Sometimes it is important to perform smoke tests in ventilated 
areas to ensure that the air flow pattern is satisfactory and that the area 
is being exhausted according to the designed a ir  change requirem ent.

3. 2. 3. Fire precautions
Ventilation systems are very efficient spreaders of fire and it is essen

tial that certain elementary precautions be taken. Fireproof (flame-and 
melting-proof) filters are only the last method of defense against fire and 
the best philosophy to adopt is to consider that the ventilation system will 
spread the fire and to ensure that adequate precautions have been taken to 
prevent fire in the working area.

No easily combustible material should be used in the construction of 
ventilation systems. If paints or surface coatings are used to provide cor
rosion resistance it is essential to ensure that they are also somewhat heat
proof and not liable to spread the fire. It is not much sense using flame
proof filters if the filter holders or cements which have been used are 
combustible.

Grids or screens should be provided to prevent paper and other com
bustible material entering the exhaust system. This is particularly impor
tant if the air linear flow is in excess of 60 m/min as paper tissues etc. are 
liable to be sucked into the exhaust system.

Once a fire commences it is generally advisable that the ventilation 
system be shut down. However, if there is a possibility of a positive pres
sure occurring in the area it is better to shut off only the intake system and 
to leave the exhaust system running at a low air velocity. If the ventilation 
system is rather large it may be satisfactory to provide dampers in the sys
tem which close off,an area where a fire has started. These dampers can 
be controlled automatically by detectors which are activated by the tempera
ture rise in excess of a certain figure, say 4°C/min, or the dampers can be

6
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provided with fusible links which melt shutting the damper once the tempera
ture in the duct exceeds a certain relatively low temperature, say 200°C.

More detailed information on the fire precautions in ventilation systems 
can be found in Appendix 1-2. and Ref. [7] .

3.3.  INLET VENTILATION

'Inlet filtration is important in reducing the dust loading on the extract 
filters which are more expensive and need to be disposed of as active waste. 
A fresh air intake should be located to avoid any inflow of airborne effluent 
from the laboratory or from adjacent facilities. The inlet ventilation plant 
room should be entered from either outside the building or from a clean 
area. Filtration is usual and conditioning may also be required. However, 
such things as the climate, local conditions, the location of the installation 
and technical requirements will determine whether it is essential to filter 
and condition inlet air.

In the maintenance zone of hot laboratories- and reactors a fresh air 
supply must be provided for individual protective equipment such as pres
surized suits, helmets and other specialized apparatus. A separate air 
supply should be provided for pressurized suits. It is essential to ensure 
that the air is suitable for breathing and as such the air should be supplied 
by oil free (carbon-ring) compressors or the air should be filtered to re 
move oil before being used for breathing. Technical details of breathing 
equipment requirements are given in Appendix II-6. and also can be found 
in Refs. [107-115] .

3.4.  EXHAUST VENTILATION

3. 4.  1. Since laboratory ventilation systems are designed primarily 
for personnel protection, the user is much more concerned with the exhaust 
than with the supply characteristics. Consequently, laboratory systems 
are always described by their exhaust features. Often the exhaust air or 
fume cupboard demand is the determining factor in sizing ventilation systems 
and it may be used to define the design. In calculating air requirements, 
the fact that not all the hoods will be used simultaneously should be conr 
sidered and due allowance made. For most purposes a linear flow rate of 
about 150 ft/min (50 m/min) through the fume hood aperture, in the working 
position, usually about 18 in (45 cm) high, has been found sufficient to pre
vent the escape of radioactivity into the working area. With gases, flow 
rates up to 400 ft/min (120 m/min) may be necessary. In aerodynamically- 
designed fume cupboards, flow rates as low as 100 ft /min (30 m/min) have
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been found satisfactory. It may not be possible to prevent eddies developing 
in a fume cupboard fitted with apparatus, and in such cases it may be more 
practicable to use a glove box.

3.4.  2. It is important that the flow rate be checked to ensure satis
factory exhaust when doors and windows in the laboratory are in the position 
for which the design was made. Routine measurements on air flows using 
an anemometer provide an important check on ventilation performance' and 
give an indication of filter blockage. Most ventilation systems are balanced 
by means of simple dampers and changes in the system are usually because 
of increased pressure drop across filters.

3 . 4 . 3 .  Exhaust ventilation systems which service facilities designed 
for the most hazardous radioactive works (reactor, hot cells, glove boxes, 
e t c . ) should be equipped with a reserve fan or motor intended to ensure a 
normal flow of air in the system outside working hours, or in the event of 
a breakdown affecting the main fan or motor. All fans should have either 
visual or audio-signal systems to give warning of improper functioning or 
stoppage.

Motor switches and signal lights should be located in the "clean" area. 
In hot laboratories the rooms in which fans and filters are located must 
be considered as zone II or "maintenance zone" and should be provided with 
all corresponding services, and health and safety control.

3 . 4 . 4 .  The discharge points of exhaust air from the laboratories, 
where this air is liable to be contaminated, should be at such positions that 
significant contamination of nearby buildings and the significant exposure 
of personnel is prevented.

3. 4. 5. Ductwork is a very important part of exhaust ventilation sys
tem s. Large systems can involve ductwork of complex design, whereas 
smali systems may be arranged to employ standard metal or plastic pipe
line. The need for good aerodynamic flow should always be a paramount 
consideration to the designer. The shape of ducts and flow rate must be 
such as to avoid accumulation of radioactive dust inside the ducts. To 
achieve this it is necessary to avoid sharp bends and constrictions. It is 
desirable to have all ductwork and other components under a negative pres- . 
sure during all operations of a system. Any ductwork system intended to 
handle radioactive materials deserves leak testing before,initial service, 
to prove its capability for the intended uses.
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For radiochemical laboratories where corrosive fumes are being pro
duced it is essential that the ductwork be corrosion resistant. The replace
ment of exhaust ducting can be a hazardous and expensive operation and may
be .completely obviated by ensuring that exhaust ducting is resistant to any 
corrosive materials likely to be produced from that particular area. Acid 
resistant materials or linings or a suitable corrosion resistant surface coat
ing may be required. Where fire protection and radiation safety regulations 
permit, plastic ductwork may be applied at substantial savings in low pres
sure systems (see Refs. [4] and [9] ). As suction (or pressure) increases 
in the system of ductwork, thereby increasing the loading on the surfaces, 
full plastic m aterials become less attractive to the needs. F or systems 
having medium and high pressure conditions (approximately 4. in (10 cm) 
w.g.  or higher) dipped or coated metal ductwork is more appropriate. 
Plastic m aterials, such as polyvinyl chloride (P. V.C.  ) and polyethylene 
(PE) cannot resist heat beyond 150°F (65°C) without some adverse effects. 
However, rigid P. V. C.  can be used in systems having medium pressure 
conditions. A system having a serious hazard potential should be given very 
close evaluation before using ductwork sections that are all plastic.

The exposure to weather of system ductwork, housing, etc . , can create 
problems of condensation. Such surfaces should be minimized to lessen 
the expense of items such as insulation, weather painting, and internal drai
nage apparatus. Condensation is also important where corrosive fumes are 
being produced; in this case special consideration must be given to design 
of the duct entry, and condensation traps should be provided.

Convenience of access must be carefully studied and arranged. Main
tenance provisions must be planned. It is desirable to inspect the interior 
of ducts every six months where possible. If there is any evidence of cor
rosion more frequent inspection may be needed.

Ductwork under negative pressure is subject to collapse, and it may 
be necessary to reinforce it. The arrangement of components must be con
sidered for their pressure loading. The nearer the filter component(s) can 
be situated to the fan, the lighter the ductwork required. Filter resistances 
most frequently constitute a major portion of total systems flow resistance.

Wherever space allows, round ductwork is preferable because round 
shape provides many advantages over rectangular shapes: (1) there is more 
economical use of material; (2) it is stronger and retains its shape better 
when under high pressure; (3) velocities can be kept more uniform without 
requiring internal vanes or other aids; and (4) internal drainage is easier 
to control. The principal disadvantages of round ductwork are that it makes 
less efficient'use of critical space than the rectangular shapes do, and that 
it is difficult to make satisfactory side connections with two round ducts.
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3 .4 . 6. The success of the ventilation and air-cleaning systems will 
be indicated by monitoring air in the ducts and/or in the stack. It is also 
important that periodical monitoring be performed in the building, and when 
indicated, extended also to the side and in the surrounding environment.

3 .5 . SPECIAL VENTILATION REQUIREMENTS

Many systems depend upon the special ventilation requirements of glove 
boxes, hoods and hot cells etc.

3 .5 .1 . Fum e cupboards
(Main Refs. [11, 12] )

Ordinary chemical fume cupboards are often used for handling small 
amounts of radioactive material. Many modifications have been made in 
their design, the major refinement being to ensure a constant air velocity 
at the opening, regardless of the position of the door or front. Figure 2 
shows some ways of achieving this.

The basic need is to provide sufficient air velocity into the hood to pre
vent outward escape of contaminants. This is influenced by abnormal heat 
loads within hoods, cross drafts in rooms, and rapid movements (e.g. walk
ing in front of hoods).

To provide uniform distribution of flow at the face of the hood several 
methods have been used. A perforated wall located at the back panel pro
vides better distribution than a panel with slot entry at the top and bottom. 
A filter installed in the hood panel before the plenum is satisfactory in most 
instances and it can be easily changed when it becomes loaded or dirty. It 
is desirable to check the velocity through the hood opening at regular inter
vals to see whether the filter has become blocked.

The laboratory will normally be ventilated through the fume cupboards 
and,in order to maintain adequate air changes when the hoods are not in use, 
a bypass system is necessary. The hoods may be downdraft or updraft with 
the proportional bypass overhead or at floor level.

An alternative approach to having a cupboard with a constant air velocity 
is to design the system to give an average face velocity of about 200 ft/min 
(60 m/min) with the door or sash open in the working position. This is usual
ly 1.5 ft (45 cm) high.

As this velocity may lead to large air heating requirements some allow
ance is normally made in the design for the fact that all the fume cupboards 
will not be used simultaneously, but such diversity factors should be used 
with caution.

10

This publication is no longer valid 
Please see http://www-ns.iaea.org/standards/



EXHAUST EXHAUST EXHAUST

MOTOR OPERATED 
DAMPER ANO CONTROL 7  
MECHANISM -------->

BYPAS!

CONTROL 
^ ''C IR C U IT

PROPORTIONING 
D A M P E R -L IN K  
OPERATED

\c O N T R O l
LINKAGE -.REMOVABLE 

FILTERS OR 
BLANKS

FIG. 2 . Methods of controlling face velocity in radioactive-material hoods, (a) Controlled face velocities,
(b) Proportional bypass link-operated, (c) Proportional bypass face opening. Entry loss = 0.25  VP (Velocity 
Pressure) plus dirty filter resistance. Duct velocity = 3500 ft/min. Filters: (1) Prefilter (2) Afterfilter 
(American Conference of Governmental Industrial Hygienists, Industrial Ventilation Manual)

The average face velocity of 130 ft/min (40 m/min) is optimal for most 
fume cupboards. As absolute minimum the velocity should not fall below 
100 ft/min (30 m/min). As already mentioned, for some special,purposes 
higher velocities may be necessary. However, above velocities of approxi
mately 150 ft/min (45 m /m in) with dry (i.e . powder) operations there is a 
danger that considerable and unnecessary quantities of radioactive material 
will be exhausted from the fume hood spreading contamination through the 
exhaust duct system, clogging the filters, necessitating frequent filter 
changes and also increasing the contamination and radiation hazards. Also 
there is a danger with pyrophoric powders of creating a fire hazard. With 
other types of operations performed in fume cupboards it has been found 
that, with linear velocities in excess of 20,0 ft/m in (60 m/m in), pieces of 
paper, e .g . tissues, will be sucked into the exhaust system thereby blocking 
filters and tending to cause a fire hazard.

3 .5 .2 .  M achine hoods

Hoods designed to remove aerosols produced during mining, crushing, 
refining, fabrication and machining operations are basically similar to those 
used for other gas and dust producing operations in industry. However,the 
more toxic nature of many of the substances handled in Atomic Energy work
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imposes stricter requirements on the need for maintaining adequate velo
cities at all times.

In designing such exhaust hoods or enclosures a number of principles 
should be considered. Contamination may be reduced by wet handling or 
by substitution of a lower toxicity or less hazardous material. Many of the 
radioactive metals such as uranium and thorium are pyrophoric and when 
machining or grinding them an adequate supply of coolant "in the hood is 
necessary.

The hood should be placed as close to the source as possible without inter
fering with the operator's movements or with the process. Its shape should 
take advantage of any dispersing or gravitational forces. The type of ma
chine to be hooded obviously affects the physical shape and design of the 
enclosure. Visibility, flexibility and ease of access and manipulation are 
essential items in the design. Transparent plastic construction may be pro
vided where possible to improve visibility. Because of their density, par
ticles of the heavy metals such as uranium are more subjected to inertial 
effects. Thus they settle more readily in ducts as well as within the en
closures. Any provision to take advantage of settling should be done as close 
to the hood or enclosure as possible. Horizontal duct runs should be avoided

When practicable, a sufficient quantity of air should be provided to di
rect all airborne particulates towards the final exhaust opening. Adequate 
air should be supplied to enclosures at velocities which in themselves do not 
create turbulence that may spread contamination within the hood or 
enclosure. It is impossible, however, to provide large enough air veloci
ties to control heavy .metal particles (20 jum and larger) directly by air flow; 
hence baffles or impingement surfaces should be placed in positions where 
such particles can be maintained within the hood or enclosure by their im
paction on the baffles. The intrinsic value of .the substances involved often 
requires that small chips and turnings be recovered. Settling chambers 
for screen and coolant are therefore necessary.

In the case of radioactive gases generated within enclosures no special 
precautions are necessary, except to take care of their corrosive nature 
if any. Outside enclosures it is desirable to take advantage of any convec
tive currents if they do not cause process or room contamination. The use 
of funnels or canopies over beakers, vessels, or vats often causes conden
sates to drain back into the original vented vessel and may cause contami
nation of this material from the funnel or canopy.

Figure 3 shows a typical enclosure for a lathe with extract ventilation 
and local extract cowl. Properly enclosed process hoods for a variety of 
machines are described in Ref. [12] and Table I gives examples of typical 
ventilation requirements.
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3. 5. 3. G love b o xes
(Main Refs. [12, 13, 14, 15] )

Glove boxes are either air filled or purged with an inert gas, usually 
argon or nitrogen, and it is common practice to run the air-filled boxes at 
a small negative pressure. Circulation or extraction of the atmosphere 
within the box is normally carried out by an extract ventilation system using 
a gas circulating plant blower or compressed air ejector. The basic types 
of ventilation system are as follows:

(a) Static air systems

These are systems in which a depression of box atmosphere is main
tained without controlled circulation; air changes occur through small leak-
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TA BLE I

V E N T I L A T I O N  R E Q U I R E M E N T S  F O R  M A C H I N E  T O O L S

Max.working opening

Machine tool Metal machined Air flow Area Velocity

ft3/m in m 3/m in f t 2 m2 ft/m in m /m in

Lathe Enriched uranium 500 152 1 .8 0 .17 280 85.3
M illing machine Enriched uranium 390 119 1 .4 0 .13 275 83.8

Index m ill Enriched uranium 330 100. 5' 1 .7 0 .16 150-225 4 5 .7 -6 8 . 5

Shaper Enriched uranium 540 164. 6 • 2 .7 0 .2 5  ■ 200 61

Power hack-saw Enriched uranium 600 183

Handwork hood Enriched uranium 500 152 1 .3 0 .12 385 117.3

Break press Enriched uranium 1200 365.5 2 .2 0 .20 550 167.6

Lathe Beryllium 200-250 61-76 0 .7 5 -2 .5 0 .7 3 -0 .2 3 100-270 3 0 .5 -8 2 .3

Grinder Beryllium Variable Variable Variable Variable 300-500 91.5-152

Lathe Thorium 300 30.5 Not
enclosed
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ages. The systems are suitable for boxes in which the air contamination is 
low and where corrosive and explosive gases are absent. Under normal 
operations, a small depression of about 2 in (5 cm) w. g. is used and the 
extract rate matched to suit the inleakage; a high extract rate may be re
quired to maintain a constant depression during air-lock posting operations. 
For air-filled boxes, the maximum acceptable leak rate is usually 0.5% of 
box volume per hour, and 0. 05% for inert gas purged boxes.

(b) Controlled "single-pass" systems

These draw either air from the laboratory atmosphere, or inert gas 
from an external source, via a filter, at a controlled rate of flow, the box 
atmosphere being exhausted through a filtered extract system. The systems 
are generally suitable for chemical processes, an inert gas being used when 
pyrophoric materials are involved.

(c) Recirculating systems

These are systems in which only sufficient gas flow, with the necessary 
static pressure difference, is provided for heat and moisture removal, and 
purity requirements. The gas is recirculated through gas purifying and 
circulating plant at a rate of flow usually between j  and 2 box changes per 
hour. The systems are suitable for processes involving dry air or inert 
gas atmosphere.

The ventilation system should prevent the spread of toxic material out 
of the box, and remove corrosive, explosive and other undesirable gases 
and vapours from the box atmosphere. The number of air changes required 
to do this may be calculated on the basis of keeping the solvent/air mixture 
below the flammability level. Automatic safety devices may be incorporated 
in the system to prevent uncontrolled rise or fall in box atmospheric pres
sure, and if necessary,, a separate standby system should be provided for 
cases of emergency. In some cases, the emergency system may have to 
have the capacity to maintain a linear air velocity of the order of 200ft/min 
(60 m/min) over a glove port to prevent back diffusion in the event of cases 
such as glove failure. Depending on the application, it may be permissible 
to by-pass the box filter as a means of achieving the required velocity of 
air flow.

In some cases two filters are required, i .e . a primary filter fitted in
side the box, and a secondary filter sited remotely from the box and, where 
applicable, protected by spark arrestors or flame traps. Filters should be
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of a non-combustible type, and commercial filters suitable for use at 
temperatures up to 500°C are available. Primary filters will require 
changing before the pressure drop across them increases to an unacceptable 
level, and commercial filters are available which are small enough to allow 
them to be posted in and out through a regular transfer port. These filters 
are also available with metal or plastic casings to suit the box atmosphere.

3. 5. 4. H ot c e lls

General requirements for hot cells are in principle the same as those 
for glove boxes. However, the larger volume of the cells and the higher 
level of activity and hazard add some specific requirements.

A controlled "single-pass" system is usually used for hot cells. Air 
from the maintenance zone atmosphere is supplied to the cell via an inlet 
filter, at a controlled flow rate, which depends on the nature of the work 
carried out in the cell. If possible, the supply and exhaust ports should be 
located so that the air flows from the top to the bottom of the cell.

High differential pressure, as much as 10 in (25 cm) w. g. between inside 
and outside is a characteristic feature of hot cells. A high exhaust rate may 
be required to maintain such a large pressure differential. The large volume 
of exhaust is particularly important when a hot cell has doors or big 
apertures opened from time to time for loading and unloading of equipment, 
decontamination, maintenance, etc. In such cases the flow rate through 
opened apertures must prevent the spread of contaminated air out of the cell. 
Doors or big apertures should be interlocked with air supply ports -  when 
one is open, the other is closed. In some cases the required linear flow 
rate through big apertures may be provided by installation of a bypass ex
haust ventilation line, which is automatically switched on with the opening 
of these apertures.

Filtration requirements are essentially the same as those for glove, 
boxes, except that the design of hot cells must provide for remote changing 
of filters. For hot cells where the activity handled may be 10 000 or more 
times that of a glove box or where powder operations are being performed 
it may be necessary to provide a more elaborate filtration system such as 
"absolute" filtration of the inlet air and 2-stage "absolute" filtration of the 
exhaust air. In some cases the exhaust air is filtered, processed and most 
of it is returned to the cell with only a small percentage of it being exhausted 
to the stack [17] .

Particulate containment is usually accomplished by making the inner 
surface of the shielding fairly tight, but in some cases an enclosed box placed 
within the cell provides the principal containment [17, 18] . Such arrange
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ment becomes particularly necessary when significant quantities of high 
toxicity radioisotopes are subjected to chemical processing in the cell (e.g. 
in transuranium element processing [10, 19, 20] .

The ventilation of the primary enclosure may be completely independent 
of the main cell, and the enclosure is maintained at a negative pressure in 
relation to the interior of the cell. The primary enclosure may have a sep
arate closed-cycle air-cleaning system [21, 22] . A so called "Low-Leak" 
ventilation system for high-level enclosures used in Berkely is shown in 
F ig .4.

3. 5. 5. R eactors
Reactor ventilation and air-cleaning systems have many features which 

depend mostly upon the power, design and type of the reactor concerned. 
However, one common feature of all reactors is generation of radioactive 
gases.

In nuclear reactors, radioactive gaseous products are formed as a re
sult of both fission (the inert gases krypton and xenon, isotopes of iodine 
e tc .) and neutron activation of various substances e .g . gases such as argon 
and nitrogen which are contained in the air which is sometimes used to cool 
certain units of the reactor or which may be dissolved or entrained in the 
primary cooling circuit water.

Radioactive vapours and gases can get into the air of premises and ex
haust ventilations in various ways, e. g. through water leaks from the pri
mary circuits of water moderated and cooled reactors, gas leaks from cir
cuits and experimental loops containing a gaseous coolant (helium, carbon 
dioxide, e tc .), during removal of gases from the circuits (for example the 
removal of the explosive mixture of hydrogen and oxygen from water), during 
periodic changes of gas in the loops, and during accidents involving the rup
ture of hermetically sealed fuel elements. In normal operation as long as 
the integrity of the fuel element canning material is preserved, gaseous fis
sion products practically do not create an air contamination problem.

Particulates and gases from reactors come from two major sources. 
These are identified with conditions at the inlet and outlet of the reactor 
cooling air or its shield cooling air. The cleaning of air entering the reac
tors minimizes the dust content of the air which if present may result in 
induced radioactivity. The degree of cleaning necessary for gases leaving 
the reactor depends upon the reactor design and the amount of precleaning. 
Regardless of the reactor design, there will likely be gas generation some
where in the system, with possible entrainment of particulates. In present 
reactor designs some portion of the system may involve contamination of 
air or other gas.
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Two main principles are used in the design of exhaust ventilation sys
tems of reactors: (1) independent ventilation and air-cleaning systems for 
the reactor building and for the reactor itself, (2) ventilation system when 
the air flow from inlet ventilation passes through the reactor building, then 
through the reactor confinement and finally to the air-cleaning system. Of 
course there can be various combinations of these two approaches, they can 
be combined with each other and with some other methods. Confinement 
and containment systems are very important, particularly in case of acci
dent conditions. They are both discussed in detail in papers by Silverman 
[23] and Billard and Lavie [24] . The other reactor safety considerations 
are described in appropriate reactor safety publications of the IAEA [25, 26] 
and in a paper by Binford [27] .

The methods which are described’ in the following parts can be applied to 
remove gases and particulates from reactor air systems. The importance 
of reducing the gas volumes involved cannot be overemphasized.

The problems of air cleaning associated with air-cooled reactors are 
more acute if rupture of fuel elements takes, place in operation or if serious 
erosion of surfaces occurs. The important feature is that the loading on 
the air-cleaning system will.be low unless a large number of fuel elements 
fail at once which will be made improbable by the correct design of the re
actor. However, should a catastrophic or multiple failure reaction take 
place, the down-stream filter and absorber should be capable of retaining 
most of the released halogens and other volatilized material. Devices which 
will permit cleaning of high-temperature gases that- may result from high 
temperature gas-cooled reactors, may be necessary. Research is now di
rected towards developing devices which will operate continuously at 
temperatures above 5QQ°C. As mentioned in this document, stacks are more 
effective at higher temperatures for dispersion of radioactive gases and 
any discharged particulates.

3 .6 . RADIOACTIVE WASTE INCINERATORS

Incinerator off-gases have high temperature (1200- 1400°C) and may 
contain acid vapours, solid particles of ashes, drops of melted salts, water 
vapour etc. This creates many problems in the designing of gas-cleaning 
systems of incinerators. Multistage cleaning systems are usually used. 
At the first stage off-gases are cooled in order to simplify the following 
clean up. It can be achieved in two ways, either by adding a portion of cold 
air or by passing the off-gases through a liquid or, alternatively, a combined 
method, where off-gases are cooled to the temperature of 700-900°C by. di
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luting with cold air and then to the temperature of 90-110°C by contacting 
with a liquid can be used. Detailed design characteristics of incinerators and 
their gas-cleaning systems can be found in Refs. [28, 29, 30] .

Speaking about incineration as one of the methods of solid waste treat
ment, it is necessary to stress that this method is not economical for re
ducing the volume of general solid wastes mostly because of the very compli
cated gas-cleaning system. Belter,in his review paper presented at the 

.third Geneva conference on the peaceful uses of atomic energy [31], said: 
"Experience at AEC Laboratory installations, such as Argonne and the 
Knolls Atomic Power Laboratory, has shown unfavourable economics for 
incineration of combustible wastes when compared with baling and disposal 
of these wastes by land burial; The treatment of incinerator off-gas was 
an operational problem where quantities of fission product wastes were hand
led. Therefore, incineration has not been used at AEC Laboratory sites, 
and the necessity .of segregating and separately handling combustible and 
non-combustible wastes has also been eliminated. " However, incineration 
may still prove most satisfactory for reducing the volume of biological 
wastes e .g . animal carcases.

4. AIR-CLEANING METHODS

The types of dispersed matter found in radioactive facilities vary con
siderably. However, -a rough classification, depending on the way in which 
they are produced and their particle size, indicates the most promising 
method of collection.

Dusts are solid particles dispersed by the disintegration of matter and 
they commonly arise in machining, milling, sieving and other size reduction 
or segregation processes. The size of those particles that escape may vary 
from submicron to some tens.of microns.

. Smokes or fumes are solid particles of low vapour pressures formed 
by volatilization or condensation. They are usually small particles from 
5 A<m down to less than 0.1 jum. Many of the aerosols generated by slow oxi
dation of metals fall into this class.

Mists are formed by vapour condensation or atomization of liquid, e. g. 
dissolution of metals by acids. Liquid drops up to 10 (im in diameter are 
often present.

Vapours and Gases are molecular dispersions and may include the noble 
gases, tritium, iodine and its volatile compounds etc. Removal may some
times be achieved by absorption in reactiveiliquids or adsorption on reactive 
solids.
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The decision to install plant capable of removing radioactive aerosols 
will depend largely on the hazards to health of the nuclides involved. It may 
also be desirable to limit the spread of activity for technical reasons such 
as contamination, or background activity. Recovery of valuable material 
may also be justifiable. In certain cases it may be permissible to discharge 
limited amounts of radioactivity to the atmosphere without producing an un
acceptable radiation hazard.

4. 1. METHODS OF REMOVAL OF RADIOACTIVE DUST

4 .1 .1 .  An early evaluation of the project may indicate how the pro
duction of aerosols may be reduced or even eliminated by small changes in 
process operations or handling techniques. It is often more satisfactory 
as regards hazards and economics to provide exhaust filtration at the source 
of the contaminated exhaust air rather than just prior to final exhaust. A 
fan is provided to overcome the air resistance of the filters at each location 
before exhaust into the main exhaust system. Generally only a small capa
city fan is required compared to the much larger exhaust fan which would 
have had to be provided at the outlet. Besides reduction in cost, filter 
booster units have the advantage that main exhaust ducts are thereby not 
contaminated and the contamination is restricted to a relatively small area 
of the whole system.

4. 1. 2. In radioactive work,high efficiency as opposed to low or medium 
efficiency filtration of extract air is almost always used. Particles in the 
submicron size range must be completely removed from contaminated air. 
The ductwork must be specified as to gas tightness, except where an in
ward air flow under suction can always be guaranteed to prevent leakage 
of radioactivity. Special care is needed in designing the plant so that dust 
is not accumulated at any point. Even so, inspection and cleaning ports in 
the ductwork are often necessary for material accounting and for corrosion 
inspection. It must be possible to do such jobs without spreading radio
activity to the environment.

4 .1 .3 .  The aerosols present under normal operating conditions may 
not determine the degree of removal necessary. The requirements may 
prove more restrictive during accident conditions, when a clean-up system 
may have to cope with greatly increased aerosol concentration at increased 
temperatures. In accident conditions the emergency doses from inhaled 
and ingested radioactive materials, and also from external radiation are
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higher than those appropriate for normal operation, but the increased con
centration of aerosols usually means that no decrease in efficiency can be 
tolerated. The equipment chosen,as well as being of high efficiency, must 
maintain its efficiency over long periods,' have appropriate resistance to 
fire and mechanical damage and must go as far as possible in meeting engi
neering and economic conditions as to size, power requirements, availability 
and cost.

4. 1.4. The first stage in the design of an aerosol removal installation, 
therefore, is to assess the particle size distribution and concentration for 
the gas flow involved and, from the maximum permissible breathing con
centrations appropriate to the circumstances, to calculate the overall re
moval efficiencies required. Then,by assessing the possibility of dilution 
by admixture with other available air streams, the advantage to be gained 
from using a stack, and the contribution that might be expected from pri
mary separating devices, to arrive at the efficiency and loading required 
of the removal system. This enables the choice of system to be made and 
the flow sheet of the installation to be drawn up.

4. 1. 5. Operating characteristics of aii>cleaning equipment used in the 
nuclear industry are given in Table II. A comparison of collection efficien
cies of air cleaners tested under identical conditions with a fine silica dust 
is also given.

4. 1. 6. High e f f ic ie n c y  c lean  up

4. 1. 6. 1. High efficiency filters
(Main Refs. [29] and [ 32-53] )

The extremely low level of air activity permissible in radioactive work 
has required using filters capable of giving high removal efficiencies, often 
better than 99.95% for submicron particles. These so-called "absolute"fil
ters must sometimes remain intact at high temperatures, or at high humi
dities during normal operation or during an accident.

Most of the materials used in high efficiency filtration are of a fibrous 
nature, and the filters consist of an assembly in depth of fibres of suitable 
diameter. The packing density of the fibres may vary from a loosely packed 
pad to a compressed paper, but the dimensions of the fibres and of the pores 
between them are, in general, greater than those of the particles being fil
tered. The filter does not act simply as a sieve, but aerosols are arrested 
by direct interception, inertial impaction, diffusion, electrostatic attraction
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T A B L E  II

B A S IC  C H A R A C T E R I S T I C S  O F  P R E L I M I N A R Y  S E P A R A T I O N  D E V I C E S

Type o f 
equipment

Particle size 
range mass median 

(M m)

Efficiency for size 
in co l. 2

m
Velocity 

( f t /  m in)
Pressure loss 

in chesof water Applications

Cyclones, large 
diameter

> 5 40-85 2000-3500
(entry)

0 .5 -2 .5 Precleaners in 
mining, ore handling 
and machining 
operations

Cyclones, small 
diameter

> 5 40-95 2500-3500 ' 
(entry)

2 -4 .5 Same as above

Wet filters Gases and 0 . 1 - 
25 pm mists

90-95 100 1-5 Used in laboratory 
hoods and chem ical 
separation operations

packed towers Gases and sol. 
particles > 5

90 200-500 1-10 Gas adsorption and 
precleaning for 
acid mists

Cyclone scrubber > 5 40-85 2000-3500
(entry)

1-5 Pyrophoric materials 
in machining and 
casting operations,

. mining and ore 
handling. Roughing 
for incinerator

to
CO
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T A B L E  I I  ( c o r n ’d)

Venturi scrubber > 1 99 for H2S 0 4 
mist, S i0 2, o il 
smoke, etc. 
60-70

12 000-24 000 
at throat

6-30 Incorporated in a ir - 
cleaning train of 
incinerators

Viscous air
conditioning
filters

10-25 70-85 300-500 0 .0 3 -0 .1 5 General ventilation 
air

Dry spun-glass 
filters

5 85-90 30-35 0 .1 -0 .3 General ventilation 
a ir, precleaning 
from chem ical and 
metallurgical 
hoods

Packed beds o f  
graded glass 

' fibres 1-20 
40 in deep

< 1 99. 90-99. 93" 20 10-30 Dissolver off-gas 
cleaning

Conventional 
fabric filters

< 1 90-99 .9 3-5 5-7 Dusts and fumes 
in feed materials 
production

Reverse-jet 
' fabric filters

> 1 90-99 .9 15-50 2 -5 Same as above.
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TA BLE II  (c o n t 'd )

Type of 
equipment

Particle size 
range mass median 

fium)

Efficiency for size 
in co l. 2

m
Velocity
(ft/m in)

Pressure loss 
in o f  water Applications

Single-stage
electrostatic
precipitator

< 1 90-99 200-400 0 .2 5 -0 .7 5 Final clean-up for 
chem ical metallur
gical hoods. Uranium 
machining

Two-stage e lectro
static precipitator

< 1-5 85-99 200-400 0 .2 5 -0 . 50 Not widely used 
for decontam ina
tion
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and gravitational effects. The mechanism of filtration is described in Ap
pendix I I -1.

One important consequence of these different mechanisms is. that for 
a given air velocity there is a certain particle size for which the penetration 
of a filter will be a maximum. This is currently thought to occur in the 
0.1 to 1 nm  range.

Many materials are available for forming fibrous media suitable for 
filtration: some materials, e .g . asbestos/wool mixture, are formed into 
pads which are made up in filter cases of flat or cylindrical construction. 
While such filters can have very high efficiencies (up to 99. 9995%) and satis
factory pressure drops (— 0. 4 in (10 mm) w. g. for face velocities up to 
25 ft/min (7,5 m/min)) they become rather quickly bulky and are seldom 
used in modern installations.

More attractive are materials which can be formed into a lap which 
can be pleated around spacers such that a large surface can be presented 
to the air flow in a small volume.

Materials which can be used include:

(a) Glass paper — made from very fine glass fibre 
(1-2 /um diameter)

The fire resistant nature of this filter has made it particularly attrac
tive for radioactive installations. A wide range of sizes is available, single 
filter units ranging from about 3 ft3/min to 1000 ft3/min. The dimensions 
of a filter unit having a capacity of 1000 ft3/min need be only 2 ft X 2 ftx 1 ft 
(60 cm X 60 cm X 30 cm). Larger installations contain banks of units. A 
typical face velocity is 3-5 ft/m in (1-1, 5 m/min) with a pressure drop of 
about 1 in (25 mm) w.g. The glass paper is pleated around spacers of cor
rugated aluminium and sealed with fireproof cement into a mild steel frame. 
When inserted into wall panels or canisters, the leading edge of the filter 
insert is sealed against a face in the filter assembly by means of a glass 
paper gasket. The whole assembly is designed to remain intact and not con
tribute to combustion on heating to 500°C.

(b) Paper — made from a mixture of asbestos and cellulose

These filters are very similar in design and performance to the glass 
paper type. The spacers are often of corrugated kraft paper and the frame 
may be wooden. They are hygroscopic, not fire resistant and are gradually 
being displaced by the glass fibre paper. Filters made of practically 100% 
asbestos with asbestos separators and mild steel frame, are fire resistant 
above 500°C.
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(c) C o tto n -asbesto s m ix ture

These filters were widely used for radioactive work a few years ago 
and provided very high efficiencies, of the order of 99.99% with submicron 
dusts. They are not fire resistant and tend to weaken at high humidities.

(d) Synthetic fibre filters

These filters, made from such materials as ethers or cellulose, poly- 
vinylchloride, Teflon etc., have appeared only during recent years. However, 
some of them are widely used for air cleaning. Fibre diameter usually ran
ges from 0.5 jum to 1.5 pm . Such fibres pleated around a spacer can have 
very high efficiency of aerosol removal (up to 99. 9999%) at relatively low 
pressure drops (1 .2- 1.4 in w.g. for face velocities up to 5 ft/min). Specific 
capacity of such filters is about 250 ft3/min per 1 ft3 of filter volume. The 
chemical resistance and non-hygroscopic nature of this filter have made it 
particularly attractive for many installations. However, the thermal in
stability limits the temperature range of the application of synthetic fibre 
filters (for polyvinylchlori.de — up to 60°C, for acetylcellulose — up to 
120°C, and for Teflon — up to 300°C). Teflon fibre is the most heat re
sistant material, but there are still many problems to be solved in the pro
duction of Teflon fibres.

(e) Ceramic filters

Over recent years, the need for filters capable of withstanding tempera
tures above 500°C for prolonged periods has resulted in ceramic material, 
often an aluminosilicate, being used.- This is available in fibre from which 
can be used as a thin paper or as a deep bed, but as yet not in a cheap unit. 
In strength and chemical resistance it is as good as glass and will withstand 
temperatures up to 1200°C. However, its efficiency in removing submicron 
particles may be quite low at these temperatures. A paper made from a 
ceramic/asbestos mixture giving a high efficiency at temperatures up to 
800°C is also available. In these high temperature units the spacers are 
asbestos or ceramic. Mild steel cannot be used for the filter casing at these 
high temperatures and more expensive materials are necessary.

Filter installations to clean air exhausted from radioactive areas may 
take the form of banks of filters forming part of the ducting (see Fig. 5) or 
there may be speciaUy designed canisters (Fig. 6) which allow replacement 
of the filter insert without spreading contamination. Alternatively the filter 
and its canister may be available either as a one-piece throw away unit with
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FIG. 5 .  D iagram  showing arrangem ent o f a bank of filters

special adapters for connecting each end to appropriate sections' of the ex
haust duct or it may take the form of a fixed, multistage canister with pro-, 
vision for changing filter inserts. Exhaust filter changing operations may 
result in ra.dioactive contamination occurring when filters are changed, as 
large quantities of the filtered radioactive dust etc. are dislodged either 
back into the duct or to the surroundings. Simple filter changing techniques 
eliminating this problem are shown in Fig. 7. Rigid specifications are re
quired for exhaust filters and their components and should include tests on 
filtration efficiency and pressure drop at a given flow-rate as well as mecha
nical strength, robustness, resistance to humidity and fire. It is important 
that the filter as installed should also meet these specifications. Therefore, 
it is essential that "absolute" filters'be’ tested for filtration efficiency prior

to being used and preferably, if possible,in situ after being installed. Ex
perience has shown that "absolute" filters tend to decrease in filtration ef
ficiency as a result of distortion which may occur during handling, trans
portation or storage operations. The manufacturers' filtration test results 
can never be accepted as being correct because of this factor. Detailed in
formation on filter testing can be found in Refs. [45-51] .

Spent radioactive filters can be considered and treated as contaminated 
equipment. When filter units are cheap,e.g. wooden frames and fibre filter
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FIG. 6 . Fllter wiu> spigot and
“ cket connections
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FIG. 7. T echnique o f changing air filte r
1. Absolute filter
2. Pressure relief opening with filter
3. Clamping screws for filter unit
4. Soft plastic connection
5. Damper, locked in position
6. Connections for pressure drop and air flow measurements
7. Drain valve
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media, they could be treated as solid radioactive wastes. When filter units 
are of elaborate construction and expensive, they could be partially or com
pletely regenerated by decontamination. Partial regenerating was found to 
be an economical way in many countries [29], [31] . At Brookhaven, high- 
efficiency filters are being replaced with units whose filter media are in
stalled in demountable stainless-steel frames. The frames can be stripped 
off the filter media, decontaminated and sent back to the filter manufacturer 
for reuse. The filter media are crushed in a power baler, thereby re
ducing the waste volume by a factor of 5 over the space required to pack 
the standard filters.

4. 1. 6. 2. Electrostatic precipitators 
(Main Refs. [29] and [48-50])

Industrial precipitators consist essentially of a series of earthed paral
lel plates or tubes through which the particle-laden gases are passed. The 
earthed surfaces enclose wire electrodes which are raised to a high, usually 
negative potential of 25 to 100 kV. Such precipitators are effective only 
at very high dust loads of air to be filtered (more than 0.5 g/m 3) and for 
relatively large particles. The two-stage precipitator which is especially 
suitable for submicron particles has a primary ionizing field through which 
the aerosol passes before precipitation in the collecting field. The scheme 
of the two-stage precipitator is shown in Fig. 8. Ionizing electrodes are 
under negative potential of 13-15 kV. Collecting plates are charged with 
potential of 13 kV. Power consumption of such an "  electric filter” is about 
15-20 W /h per 1000 m 3, and clean-up efficiency is essentially higher than 
in the case of a regular electrostatic precipitator. The accumulated dust may 
be removed from the collecting plates by dry (mechanical shaking) or wet 
(washing) techniques.

The advantage of electrostatic precipitators is that very large volumes 
of air can be handled at very low pressure drops and that they can be used 
at high temperatures. In practice, a great deal of attention is required if 
high efficiencies are to be maintained. Usually the coarser particles are 
removed by a separate cleaning device. In radioactive work,the possibility 
of agglomerates being dislodged from the precipitator means that a filter 
must be installed. This has undoubtedly made the use of electrostatic pre
cipitators unattractive. Nevertheless, they can provide inexpensive inlet 
air filtration.
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-  6.5 kV

FIG. 8. Diagram of two-stage electrostatic precipitator

1. Tube electrodes
2. Wire ionizing electrodes
3. Collecting plate electrodes
4. Earth

4 .1 . 7. Initial separation  d ev ices  
(Main Refs. [50-52])

The need to install some preliminary separator may arise when there 
is a considerable dust load, entrained liquid or noxious gas in the air being 
filtered. In almost all cases the primary device will be followed by a high 
efficiency filter. Of the many methods available for preliminary air or gas 
cleaning, the following have been used in radioactive facilities. The major 
developments in this field have been associated with handling highly toxic 
dusts in a safe way. Some characteristics of such equipment are given in 
Table II.
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■DUST-LADEN AIR

.REMOVABLE
CATCHPOT

FIG. 9 . Cyclone separator

4. 1. 7. 1. Cyclones and other inertial collectors

The basis of operation of a cyclone (Fig. 9) is well known. In radio
active work the cyclone catchpot must be airtight because the pressure along 
the entire axis of the body is below that at the inlet,which is usually atmos
pheric, and leakage of air into the catchpot would redisperse the separated 
dust. The catchpots are often polyethylene and are surrounded by a polyvinyl- 
chloride (P. V .C .)  bag which enables them to be removed without the contents 
being exposed to atmosphere (Fig. 10). They are generally used for hot and 
cold gases containing large quantities (> 2.0 m g /m 3) of large particles. 
There are both large diameter and small diameter cyclones, the former be
ing used for high throughputs, the latter for high efficiency collection. Small 
cyclones have been widely used in collecting swarf from uranium machining 
operations and large cyclones in ore operations.

4. 1. 7. 2. Scrubbers and other wet collectors

Mixed aerosols such as acid mists and solids are common contamina
tion forms and removal by wet collectors is advantageous. This group of
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FIG. l(h  Diagrammatic sequence of catchpot removal and replacement using heat-sealed bagging technique. 
Normal operating position: Polythene catchpot in contact with bagging flange. P. V. C. bag completely
enveloping catchpot. Old P. V. C. bag, capping bagging flange in previous sequence, lying inside P. V. C. bag.
Sequence:
1. Lower catchpot away from bagging flange
2. Heat seal P. V. C. bag twice in close proximity
3. Cut bag between heat seals. Catchpot and bagging flange are now separately sealed
4. Remove catchpot sealed in P. V. C. bag
5. Place replacement catchpot in new P. V. C. bag
6. Fit new P. V. C. bag onto inner groove on bagging flange
7. Remove old P. V. C. bag from bagging flange
8. transfer new P. V. C. bag onto outer groove on bagging flange
9. ifefit catchpot in position in contact with bagging flange

filtration equipment contains a variety of designs; the common factor is 
that they all aim at intimate contact between filters or droplets of oil or 
water and the gas. As a class, scrubbers will rarely remove particles less 
than 0.5 jum in diameter. They cool the gas as well as clean it and this can 
sometimes be a disadvantage since the lowered plumes and aggregation of 
dust in the emission seriously increase the deposition of dust near the stack. 
The removal of dust is continuous but.the relatively large quantities as liquid 
effluent may require additional treatment of liquid radioactive wastes. There 
may also be a danger of chemical reaction between fine metallic dusts and 
water.

(a) Wet filters

The best application of these devices is most certainly in the adsorption 
of acid mists and vapours and they have been successfully used for cleaning 
laboratory fume hood effluents, particularly when hydrofluoric and per
chloric acid mists were present. Commercial wet filters usually consist
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of one or two wet cell stages followed by a water droplet eliminator (Fig. 11). 
The wet cells are often glass or plastic fibre packs several inches thick, 
continuously wetted by fine sprays. The large surface area provided by 
the packed fibres also gives excellent gas adsorption characteristics.

(b) Viscous filters

Viscous filters are primarily used as pre-filters for general ventilation 
air. They are made from either crimped metal wire or fibrous material 
and are coated with a low volatility, high flash point oil or grease. The par
ticles are caught by impaction and re-entrainment is prevented by adhesion 
to the oil. When the pressure drop increases excessively the unit can be 
removed, washed and reoiled. This may also be done automatically.

(c) Packed towers

Packed towers through which liquid circulates are generally inefficient 
in removing particles < 5 /um in diameter and are mainly used for large scale 
gas adsorption rather than air cleaning.

(d) Cyclone scrubbers

The efficiency of removal of small particles by a cyclone may be im
proved by introducing water sprays in the inlet duct. In some designs, fur
ther sprays are introduced in the central exit pipe (see Fig. 12). Pyrophoric 
materials have been collected in such cyclones.
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CLEAN
GAS

FIG. 12 . Cyclone scrubber

(e) Venturi scrubbers

The venturi scrubber (Fig. 13) achieves high efficiencies by ensuring 
high relative velocities between water droplets and the dust particles. The 
droplets are produced by injecting water at the throat of a venturi where the 
high velocity gas (over 12 000 ft/min (3600 m/min)) atomizes the water. Par
ticles down to about 0.3 jum are removed with good efficiency but the pres
sure drop and consequent power usage is high. Typical pressure drops are 
10-15 in (25-37 cm) w.g. and this has limited the use of venturi scrubbers. 
They are often incorporated in the air-cleaning train of incinerators, as 
gas temperatures up to 500°C can be handled.

4. 1. 7. 3. Medium efficiency dry filters

Where the dust loading is high it may be necessary to precede the high 
efficiency filter by a coarser pre-filter to prolong its life. This pre-filter
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—  CLEAN AIR

CYCLONE

I t -  - » ■  LIQUID OUTLET

FIG. 1 3 . Venturi scrubber

is often of glass or synthetic fibre with diameter of 20-30 y.m. For removal 
of mists. Teflon fibre pre-filters with a bed thickness of 2 in (5 cm) can be 
used. The fibre and paper filters are in general not reusable while the po
rous metal and certain sintered ceramic filters are designed to be blown 
back and reused. Pre-filters may be attached to the upstream face of a wall 
panel type filter or inserted in the same or separate casing in a canister fil
ter (see Fig. 6).

(a) Disposable filters

During operation,dust accumulates on the filter and causes the pressure 
drop across it to increase. Eventually it becomes necessary to replace the 
filter. This requires special techniques to protect the operators, to prevent 
contamination spreading outside the filter installation and to confine the ac
tivity within the filter element that is being removed. Many fibre and paper 
disposable filters are available but in the case of radioactive filtration plant 
a pleated pad of glass fibres several inches thick has been most commonly 
used. This coarse glass fibre pad also serves as an excellent spark arrester 
giving protection to the main filters. Efficiencies >90% are obtained for par
ticles down to 0.5 jum. The pressure drop at the beginning of its life is usual
ly 0. 5 in (12 mm) w. g. Replacement of pre-filters is often an economic mat
ter as their cost is usually much less than that of the main filters (some
times it is less than one tenth). . The useful life of a pre-filter may vary 
from a few weeks to perhaps a year depending on the dust load,in the air, 
but anyway it is always longer than the life of the main filters. As a general
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CLEAN AIR

DUST-LADEN AIR

FIG. 1 4 . Bag filter

rule the pre-filter would be changed when the pressure drop increases by 
a factor 3 or 4.

(b) Bag filters

Bag filters (se;e Fig. 14) are useful when the aerosol is to be recovered. 
They are usually characterized by face velocities ol a few feet/min. The 
dust may be either blown off by reverse jets or mechanically shaken off with 
or without reverse flow of air (see Fig. 15). Most types of cloths have been 
used, some impregnated with resin or silicones to improve efficiency and 
resistance to wetting. The large space requirements for bag filtration makes 
them unattractive in many laboratories.

4 .2 . METHODS OF REMOVING VAPOURS AND GASES 
(Main Refs. [29], [32, 33] and [59-63] )

4 .2 .1 .  G eneral

Apart from aerosols,the air in the premises of research reactors and 
nuclear power plants and in radioisotope laboratories may be contaminated 
by radioactive gases.
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d u sty  s id e

FILTER MEDIUM 
CLEAN SIDE

'REVERSE JET SLOT

MOTION OF 
BLOWRING

HIGH PRESSURE AIR

FIG. 1 5 . Diagram showing reverse je t principle

(a) In nuclear reactors, radioactive vaporous and gaseous products are 
formed as a result of fission reaction and neutron activation of va
rious substances.

(b) In hot laboratories, these products can escape during the mechani
cal and chemical processing of irradiated fissionable materials.

(c) In hot and radioisotope laboratories, gases and vapours form during 
the production of artificial radioisotopes, mainly in the. processing 
of irradiated materials and the synthesis of labelled compounds. *

The danger of air contamination in radioisotope, radiobiological and 
other laboratories which merely use labelled gaseous and volatile compounds 
is much less, and in some cases there is no need to clean the air of radio
active vapours and gases at all.

It is difficult and often technologically impossible to remove minute 
quantities of radioactive vapours and gases from the air of the exhaust venti
lation. Normally it is easier to prevent the air from being excessively con
taminated by such substances in the first place than to clean it afterwards. 
Attention should therefore be concentrated principally on preventing radio
active gases and vapours from getting into the general ventilation system. 
This can be accomplished in the following ways:

(a) In water moderated and cooled reactors, by carefully checking that 
the fuel element claddings remain intact, by ensuring high radiochemical

In radiochemical, radioisotope and other laboratories, emanations, as well as polonium and its com
pounds, may get into the air.
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purity of the primary circuit water and by keeping water losses-due to leaks 
and deliberate drainage to a minimum.

(b) In reactors and experimental loops containing a gaseous coolant 
(helium, carbon dioxide, etc. ), by cleaning the gas released.to the ventila
tion system during gas changes and whenever possible, by providing for 
continuous removal of radioactive contamination within the circuit itself 
by appropriate sorbents.

(c) In laboratories engaged on processing of irradiated materials and 
synthesis of labelled compounds, by using leak-tight semi-industrial and 
laboratory apparatus and absorption filters in the outlet branches and ducting.

The most dangerous of the highly volatile radioisotopes formed in 
nuclear reactors are the isotopes of iodine (especially 13lI and 133I) and a 
number of the inert gases: the relatively long-lived 87Kr (half-life 78 min), 
88Kr (2. 77 h), i33 Xe (9. 13 h), , 135Xe (5.27 d), and 8̂ Kr (10.3 yr), the last 
mentioned is released during the mechanical processing of irradiated fuel 
elements (e. g. during cutting). (See Appendix II-3.)

In assessing the danger presented by a radioactive gas, one must take 
into account not only the parent isotopes but their daughter products as well, 
especially if the half-life of the parent isotope is relatively long.

The following basic methods can be used to treat effluent air containing 
gaseous radioactive products:

(a) Adsorption and chemisorption;
(b) Absorption;
(c) Retention in storage until the isotope has substantially decayed.

4. 2. 2. A d s o rp tio n  and c h e m iso rp tio n

The removal of gases and vapours by porous (granular) adsorbents,che
mically inert with respect to the gases and vapours in question,occurs as a 
result of adsorption and capillary condensation. These processes are re
versible. When chemically reactive sorbents are used, the contamination 
is removed by a process of chemisorption which is, essentially,irreversible. 
By making use of sorption and chemisorption, one can, in theory, remove 
from the air all gaseous radioactive contamination. ■ In practice, however, 
there are a number of difficulties which limit the usefulness of solid sorbents.

4. 2. 2. 1. If minute weight concentrations of radioactive vapours and
gases are to be removed from the air by sorption, all aerosols must first
be eliminated. The aerosol particles, which have a highly developed sur
face and in some cases possess chemisorptive properties, are hardly stopped
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at all by granular adsorbents and carry the. gaseous products which they have 
fixed through the absorber layer, thus appreciably reducing the effective
ness of the air-cleaning system.

Some materials, usually considered to be of low volatility and there
fore inclined to form aerosols, nevertheless have enough vapour pressure 
to pass through an aerosol filter in the vapour state, or to evaporate gradu
ally on the filter, even after the flow of the aerosol onto the filter has ceased. 
Account must be taken of the chemical reactions of the aerosols trapped on 
the filter, as these can lead to the formation of radioactive vapours and 
gases — e .g . the oxidation of iodides at high temperatures by the oxygen 
of the air. Therefore, if aerosol filter is. used it should always be placed 
before the adsorber.

4. 2. 2. 2. In evaluating the effectiveness of sorption methods of re
moving radioactive contamination from the air and from gases, considera
tion must be given to the whole radioactive decay chain of the isotope in ques
tion. Thus, two easily sorbed isotopes of iodine (133I and 1351 ) yield by de
cay two poorly sorbed isotopes of xenon (133Xe and i35Xe). If the adsorber 
is used periodically, these isotopes accumulate on it and are blown off all 
at once when the apparatus is brought into service. This results in a sharp, 
albeit brief, increase in the radioactivity of the air released to the atmos
phere. A calculation must be made to determine whether the release of 
this air to the atmosphere is permissible, or whether the first volumes of 
air released should be stored (see 4. 2. 4.); the factors that must be considered 
in making this calculation are the concentration of iodine isotopes in the air 
(or gas) to be decontaminated, the duration and frequency of operation of 
the adsorber unit and the dispersion pattern of the air released to 
the atmosphere.

4. 2. 2. 3. The most difficult problem is to remove small concentrations
of radioactive inert gases from the air. Even at such a low partial pressure 
as 10 '9 atm, the activity of i35Xe amountsito 1 c /m 3 of air. According to 
the laws governing the sorption of gaseous mixtures, inert gases present 
in small concentrations will be displaced by the oxygen and nitrogen of the
air. As a result the length of the adsorbent working layer is greatly in
creased; the filtration rate must accordingly be sharply reduced (some
times to as little as 0.1 volumes of air per hour for 1 volume of adsorbent) 
and long adsorbent layers (6-7 m) must be used. For this reason it is tech
nically impracticable, in the overwhelming majority of cases, to remove
radioactive inert gases from the exhaust ventilation air.

Sorption methods can sometimes be used to trap small volumes of radio
active inert gases originating in the circuits of certain reactor types, and
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emanations that occur in laboratory work. Here the problem is made 
simpler by the possibility of cooling the traps to below a critical tempera
ture, so that capillary condensation can come into play.

4. 2. 2 .4 . The cleaning of gases from reactor circuits is made easier 
if the carrier gas has a lower sorption capacity than krypton and xenon (for 
example helium in helium circuits and the hydrogen liberated during de
gassing of water from experimental loops using pressurized water). Where 
necessary, the total volume of a gaseous mixture can first be reduced, for 
example by burning off hydrogen to obtain water or by burning of an explo
sive mixture. As the presence of moisture and carbon dioxide in the gas 
to be cleaned has an undesirable effect on the adsorption of inert gases, a 
drier (which may be of the adsorption type provided with silica gel) and a 
C 02 adsorber with an alkaline sorbent should be placed before the main 
adsorber.

The gas to be cleaned and the sorbent must still be cooled, at least to 
the extent of drawing off the heat liberated by radioactive decay of the sorbed 
materials. For this purpose the adsorber is constructed in the form of a 
bundle of long tubes, about 6 m long and 12-150 mm in diameter. All this 
naturally makes the cleaning apparatus more expensive and more complex. 
In every case the question should be asked whether it would not be better to 
store the gases for decay.

4. 2. 2. 5. The sorbents used to cleanse air or gases of radioactive va
pours and gases are materials widely applied in technology, and include ac
tivated carbons and silica gels (pure or impregnated with chemicals which 
give them chemisorptive properties) and chemical sorbents based on soda 
lime (to absorb vapours and gases having acid properties). Other substances 
used include those having a selective sorption capacity for certain types of 
material (e.g. silver and its salts or oxide, plated on inert carriers such 
as unfired porcelain, alundum, aluminium oxide or metal nets), finely ground 
metals (to absorb tritium by hydride formation), and so on.

(a) Activated carbons

These are efficient and cheap adsorbents which will remove practically 
any radioactive vapour or gas from air and other gases. They are especially 
suitable for trapping the vapours of both organic and inorganic labelled com
pounds (during synthesis) and for removing radioactive iodine and phosphorus 
and their compounds from air. Even a comparatively thin layer of activa
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ted carbon (20-30 cm)* will remove 99.9% of the iodine from air at a filtra
tion rate of up to 1 m/min. The pressure drop of such a layer at the indi
cated filtration rate is not more than 20 mm w .g. Usually microporous 
carbon is used (to get more effective capillary condensation), with granule 
sizes of 6-14 mesh and good mechanical stability, since dust formation may 
lower the ignition temperature. Vegetable carbons are the best, for in
stance those obtained from birch, from coconut shells and the like. The 
volume density of such carbons attains 0.55 g / c m 3 .

When a sorbent is used to remove relatively short-lived contaminants 
such as 131I and 32p, it can be automatically regenerated owing to radio
active decay of the adsorbed material; this is not true, however, in the case 
of labelled compounds, in which the number of molecules containing the 
radioisotope is small compared with the number of non-radioactive mole
cules. The charcoals can be "poisoned" by sorbing materials such as'oil 
or other organic that is present in the air but is not necessarily radioactive.

Activated carbon is also the best adsorbent for radioactive inert gases, 
particularly when it is kept at low temperature. It will be necessary to dry 
the carrier or conveying gas to avoid freezing and blockage of the bed during 
low temperature operation. A disadvantage of the charcoal lies in the fact 
that it is comparatively easily inflammable. Although the ignition point of 
carbon in a flow of air normally lies above 200°C, it is safer to limit the 
temperature of the adsorber to 100-150°C when gases containing oxygen are 
to be filtered. This makes carbon practically useless for decontaminating 
gases that contain strong oxidizing agents (e.g. appreciable concentrations 
of nitric oxides). The activated carbons must sometimes be replaced, there
fore, by more stable though somewhat less efficient sorbents; the most im
portant of these are silica gels.

(b) Silica gels

These sorbents can be used safely (from the standpoint of inflamma
bility) to decontaminate air and gases containing high concentrations of oxi
dants but not fluorine and hydrogen fluoride.

The maximum temperature at which silica gels can be used is limited 
by two factors: the reduction of their sorption capacity and the deterioration 
of their sorption dynamics with increased temperature. The maximum per
missible working temperature can sometimes be increased by adding to the

*  Normally it is dangerous to use thinner layers because the effect of irregularities is increased, leading 
to the form ation o f  channels which reduce the e ffic ien cy  o f  the filter. In certain cases, how ever,' a carbon 
layer of as little as 3 cm may be used
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silica gel a substance which adds chemisorbent properties. The gel then 
acts as an inert carrier with a highly developed surface.

(c) Alkaline chemical absorbers

Certain sorbents well known for their industrial applications — e .g . 
those based on soda lime — can be used as alkaline chemical absorbers 
for acid gases and vapours (compounds of iodine and phosphorus, C02). How
ever, they are often highly hygroscopic and have a lower sorption capacity 
than carbon. For this reason the alkaline and other chemical sorbents, when 
used in adsorbers, are usually associated with carbon or silica gel, either 
in discrete layers or as a mixture, in order to make the sorption process 
irreversible.

(d) Selective chemisorbents

Selective chemisorbents may be used to improve the removal of specific 
compounds from the air and gases. For example, plating activated carbon 
or silica gel with silver and/or its compounds increases the efficiency with 
which iodine compounds are removed; similarly, coating with alkaline sub
stances improves the removal of acidic vapours and gases and of hydrolyzing 
compounds

Sorbents for iodine can be prepared by plating silver onto low-porosity 
or non-porous materials such as porcelain, alundum, metal nets, and so 
on. These materials are efficient in removing iodine — 99. 9% and more -  
but their use is limited as they work well only at high temperatures (100- 
200°C). They are most useful for cleaning hot gases, e .g . in reactor gas 
loops, in homogeneous reactors, and so on.

Small quantities of tritium released within sealed apparatus can be re
moved by traps containing metals (such as titanium, zirconium and uranium) 
capable of reacting with hydrogen. Heating of the sorbent promotes the for
mation of hydrides.

4. 2. 2. 6. The use of adsorbers to clean the air of ventilation centres 
is not a very rational proceeding owing to the large size of the equipment 
required. The dimensions of the adsorbers can be so large, in fact, that 
it is far more appropriate to decontaminate at the points of radioactive gas 
evolution. As an example of an adsorber we may take the thin-layer carbon 
adsorber shown in Fig. 16, with a 25-30-mm carbon filter, a filtration rate 
of 20 m/min, an efficiency of more than 99.99% and pressure drop of 25 mm 
w.g.
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FIG. 16 . Thin layer carbon adsorber 
KhP-l-alkaline sorbent based on soda lime 
UP-4-activated carbon treated with an alkaline impregnant 
VM T-5-aerosol filter
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4. 2. 2. 7. For work involving the synthesis of labelled compounds, spe
cial small-dimension traps may be used. Where larger volumes of gas have 
to be cleaned, however, special adsorbers must be installed.

In boxes and hot cells where work involving the emission of vapours 
and gases is carried out, adsorbers are mounted at the point of attachment 
of the exhaust ventilation, preferably within the installation itself, but in 
such a manner as to allow for convenient replacement of spent sorbers. If 
the sorber is mounted outside the protective box, it must either be shielded 
or replaced as soon as the radioactive material accumulated on it reaches 
a hazardous level.

Large capacity adsorbers such as are found in industry may be used 
where high volumes of air are to be cleaned (tens or hundreds of m3/hr). 
In selecting an adsorber, the importance of being able to replace it simply 
and safely should be borne in mind, Air cleaning may be carried out at va
rious pressures — at high pressure, at atmospheric pressure, or in 
a vacuum. A drop in pressure has an undesirable effect on the removal of 
certain types of contamination, e .g . radioactive inert gases.

The following are examples of commonly used adsorbers:

(1) Stationary adsorbers with replaceable adsorbent elements. These 
are cylindrical or rectangular units with a wall thickness gauged to the 
operating pressure. The granular adsorbent is distributed either in a hori
zontal layer (on a lattice, supporting layer of coarser material or the like) 
or vertically between reticulate partitions. Care must be taken to prevent 
the filtered gas from passing through the space which may form above the 
layer as a result of settling of the sorbent material. Spent sorbent can be 
removed by compressed air when its capacity is exhausted, or when radi
ation from the adsorber has reached a dangerous level; however, this en
tails the danger of dust formation and alternative methods may be more 
appropriate.

(2) Changeable filter-absorbers with a capacity of from tens to hun
dreds of m3/h  . Often these easily replaceable filters contain both a gra
nular adsorbent and an aerosol filter. The pressure drop for such filters 
is normally 40-70 mm w. g. (Fig. 17).

(3) Adsorbers with a strong casing, for work at high pressures or in 
a vacuum. These may contain a basket holding the adsorbent material and 
a bank of aerosol filters, or a complete filter-adsorber unit, when necessary, 
replaceable as a whole. With this type of device the danger of scattering 
solid radioactive materials during remote reloading of filters is reduced 
to a minimum.
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TANK W/TH FILTER

F IG . 17 . Replaceable filter-absorber

Adsorbers may be placed behind appropriate shielding with provision 
for remote handling of the spent sorbent (Fig. 18). The beds may then be 
left in service longer.
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FIG. 18 . Cut-away view of a three container set

The problem of decontaminating the circuit gases of gas-cooled reactc 
and the gases in experimental loops (e .g . removing radioiodine from carl 
dioxide) is dealt with in a similar way: by mounting a filter (in this case 
without the use of alkaline sorbents) on a by-pass. (See Appendix II-4. )

4 .2 .3 .  A b s o rp tio n

Air decontamination by absorption is based on treatment of the air in 
scrubbers or similar apparatus using water, aqueous solutions or other 
liquids having a selective absorption capacity for the impurity to be removed. 
Absorption is suitable for removing from the ventilation air gaseous sub
stances that react chemically with the washing liquid or are highly soluble 
in it. Normally, it is used for the relatively gross cleaning of the air of 
(mainly inorganic) compounds of radioactive iodine, 14CC>2 and a number of 
other substances. When the contamination is chemically bound, the rate 
and efficiency of removal are determined primarily by mass transfer. Where 
removal depends on high solubility of the contaminant in the absorbent, equi
librium conditions must be taken into account.

4 .2 .3 . 1. The most important absorbents for removing radioactive con
tamination from the air are:

(a) Water (although not always sufficiently effective, e.g. for removing 
iodine from air);

(b) A weak alkaline solution (pH 8-10), the principal and most widely 
used absorbent.

The absorption method can be used for the industrial removal of radio
active inert gases from gaseous mixtures. However, it does not seem to
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represent a very promising method of cleaning the waste gases of radio
isotope laboratories and research reactors, not only because of its low ef
ficiency but also because of the fire hazard associated with the solvents used 
(especially organic compounds of the aromatic series).

4. 2. 3. 2. Air cleaning by absorption requires the same equipment as 
is used for the removal of dust and aerosols. However, the efficiency of 
even the best installations of this type is not great, removal not usually ex
ceeding 90-95%.

Single- or multistage fibre filters irrigated by weak alkaline solu
tions (pH 8-10) are not less efficient than scrubbers in removing radioactive 
vapours (e .g . iodine and its compounds). The air flow velocity ranges up 
to 1 m /s , depending on the nature of the filter material and the thickness 
of the layer, initial pressure drop is 30-70 mm w.g. Such filters gradually 
become clogged owing to evaporation of the irrigating solution and have to 
be cleaned periodically.

Both scrubbers and wet filters can be-built to cope with large volumes 
of air — 50 000 m a/h  and more. The disadvantage common to all these 
devices is that they produce radioactive waste water. In .the best absorbers, 
the rate of irrigation can be reduced to approximately 0.6 l/m 3 of air, and 
the total consumption of liquid can be limited by circulating the solutions.

4. 2. 4. D e c a y  in  c o n ta in m e n t

The retention of gases in suitable containers until the radioisotopes con
tained in them have decayed sufficiently to permit release is one of the simp
lest methods from the operational point of view and one that has long found 
favour. It is the simplest and most reliable way of removing radioactive 
inert gases — argon, krypton and xenon -  from the air and other gases. 
In order to reduce the activity of a given isotope by a factor of 100, the re
tention time must be 6.7 times the half-life of the isotope, and for a 1000- 
fold reduction, the retention time must be 10 times the half-life. The for
mulae for calculation of the retention time for flow-type storage containers 
are given in Appendix II-5.

The disadvantage of the method lies in the necessity of building special 
containers for storing the radioactive gases. The capacity of these con
tainers, which must often be large, will be determined by the quantity of gas 
that must be allowed to decay, the required retention time and the nature 
of the flow through the containers (batch filling or continuous flow, the num
ber of containers in series, the length of the piping and so on). As radio
active aerosols may be formed in the storage containers as a result of de
cay of the radioactive gases, an aerosol filter should be mounted at the outlet.
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Gas storage containers must be shielded to protect personnel against 
the radiation originating in the gas and that of the daughter isotopes accu
mulating on the walls. They must be hermetically sealed to ensure that 
no gas can leak into the atmosphere near the ground; in the case of con
tainers sunk into or constructed beneath the ground, proper water-proofing 
must be provided.

It is not practical to build storage containers for the whole of the venti
lation air. They are needed, primarily, for the removal of comparatively 
short-lived isotopes — especially radioactive inert gases — from limited 
volumes of air and technological gases. However, such containers can be 
also used for temporary storage exhaust gases whilst unfavourable mete
orological conditions are occurring, e .g . an inversion or a wind in an 
unfavourable direction. The gases are stored until the meteorological con
ditions are satisfactory and then released.

4 .3 . CONDITIONING OF INLET AIR 
(Main Refs. [6] and [64] )

The control of atmospheric conditions within an enclosure with reference 
to cleaning of the inlet air, its temperature, humidity and distribution is 
termed conditioning. The degree of purity of the inlet air is a more im
portant factor in the case of an active plant or laboratory than in a conven
tional conditioning system designed only from the point of view of comfort. 
Atmospheric air always contains some particulate matter which will plug 
the exhaust filters, reducing their life, The cost of the active exhaust gas 
filtration system depends upon the purity of the inlet air. The most active 
plants and laboratories require very efficient and costly filtration systems 
for the exhaust air. It is therefore economical to reduce the dust load of 
the inlet air by employing a less costly type of air-cleaning arrangement.

The control of temperature and humidity of the inlet air may be re
quired to provide specified process conditions, to provide a satisfactory 
environment for instruments and equipment or to provide comfortable con
ditions for workers. Air conditioning is particularly important for facili
ties located in tropical and equatorial countries with hot and humid climates 
as well as in northern countries with cold winters.

4. 3. 1. C leaning

Generally the arrangement for conditioning the inlet air consists of a 
humidifier followed by air filters. The humidifier not only serves the pur
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pose of adding water vapours to the inlet air to bring the air to a specified 
humidity level but also to wash the air to remove these impurities that can 
be carried by the water. However, the types of commercially available gas 
washers are not efficient enough to remove the particulate present in ordi
nary atmospheric air. They mainly serve to humidify the air and dissolve 
any soluble gases present in the air.

Various filters that are used to clean the inlet air are in principle the 
same as those for cleaning exhaust air, but are frequently of lower efficien
cy. Cleanable filters dipped or sprayed with any good grade of commercial 
motor lubricating oil are often used. The dust particles in the air passing 
through the filters are caught by viscous impingement. Such a filter of 
1000 ft3/m in capacity gives a pressure drop of only 0.1 to 0.2 (2 ,5 -5  mm) 
w. g. A filter is removed when the pressure drop reaches 0.25 in (6 mm) 
w. g. It can be reused after removing the collected dust and grease by high 
pressure water spray. Viscous filters are 80% efficient for 5 *um particles, 
60% efficient for 2 ium particles and 40 to 20% efficient for the submicron 
range. Throw away type filters with fibre filtering materials are more ef
ficient but more costly. In active laboratories, where a clean atmosphere 
has to be maintained, the use of costly throw away types of filter may be 
warranted.

Inlet filters are usually inactive and do not require radiation shielding 
or special care in handling.

4. 3. 2. C o n tro l o f  te m p e ra tu re

There, are three general types of the thermostatic devices commonly 
used for temperature control in air-conditioning equipment.

The most common is the bimetal thermostat which operates on the prin
ciple of the differential thermal expansion of two metals having different 
coefficients of expansion, these metals being brazed together in a curved 
strip. A change in temperature causes a change in the curvature of this 
strip, thus actuating a contact arm or lever, a pneumatic valve or an elec
tric contact which provides the motive power for the actual operation of the 
controlling valves or dampers.

The second type employs a metal diaphragm or bellows filled with a 
volatile liquid, the vapour pressure of which changes with temperature and 
actuates directly a pneumatic valve through which it controls the governing 
valves or dampers in the air-conditioning apparatus.

The third type of thermostat is the duct thermostat in which the sensi- 
Jive element is inserted in the duct, while the setting dial and air pressure 
connections are outside. This type of thermostat consists of an outside tu
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bular thermo-responsive casing of brass and aluminium, or other metal of 
high thermal coefficient of expansion and an inner rod or tube of special 
nickel steel or other metal having a low thermal coefficient of expansion.

4. 3. 3. C o n tro l o f  h u m id ity

The common methods employed for humidification of air are as follows:

(a) Indirect method

These humidifiers are similar in operation to spray type air washers 
in which the water is sprayed directly against the incoming air. Such humi
difiers comprise a chamber through which air is drawn at a rate of about 
500 ft/m in (150 m). Inside the chambers are placed one or more banks 
of spray nozzles. The air leaving the humidifier is almost saturated but 
without any entrainment of water. Provision is made for maintaining a con
stant dew point by means of a thermostat placed in the path of the saturated 
air leaving the humidifier and controlling the outside or return air dampers.

In order to calculate the quantity of air which must be supplied with this 
type of system, it is necessary to compute the heat load space to be con
ditioned from such sources as sun, transmission of heat through walls, heat 
given up by people, lights, motors etc.

(b) Direct method

This system consists of spray nozzles directly putting atomized water 
inside the atmosphere to be conditioned. This method is generally not used 
in active plant and laboratories. It is employed where high humidities are 
required with little cooling or ventilation.

Humidity-controlling devices usually operate electrically or pneumati
cally controlled valves or dampers. On larger installations, pneumatic 
control is practically universally used on account of its simplicity, reliabili
ty and low cost.

Hygrostats are of two general types. The first type is, in effect, a form 
of differential thermostat in which one expanding element, exposed to water 
on a wick or as a spray, measures the wet bulb temperature. These thermo
static elements are so interconnected that they will not react to changes of 
temperature alone, but only to changes in the difference between the wet and 
dry bulb temperatures that indicate a change in the relative humidity. Such 
a correlation is possible because there is practically a straight line relation
ship between the relative temperature changes of wet and dry bulb for any
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definite relative humidity. These elements may be of either the solid- 
expansion or vapour-pressure type.

A second type of hygrostat is the one that depends upon the dimensional 
changes of hygroscopic materials due to changes in moisture c-ontent. Here 
the humidity-responsive element works directly upon pneumatic valves or 
electric contacts. The sensitive element responds to relative humidity and 
affects the actuating mechanism precisely as a thermostat responds to tem
perature. It is found that suitable hygroscopic materials show no material 
change in extension with changes of temperature as long as the relative hu
midity is constant, although the actual moisture of the hygroscopic material 
itself undergoes slight changes under these conditions. Certain types of 
these hygrostats have been made most sensitive and reliable.

5. FACTORS AFFECTING THE DILUTION OF CONTAMINATED AIR 
DISCHARGED INTO THE ATMOSPHERE

This chapter on the effect of meteorological conditions on the dispersion 
of contaminated air in the atmosphere does not really describe a technique 
for controlling air pollution, however, the meteorological factors have al
ways to be taken into account in siting a nuclear installation as well as in 
calculating and designing ventilation and air-cleaning systems.

Stack dispersion or the use of atmospheric dilution has been employed 
for both gas and particulate dispersion by industry for decades. It is only 
in the last 25 years that the process has been studied intensively to ascer
tain all the meteorological and topographical factors involved. The method 
has been of great value and concern to atomic energy operations. A funda
mental reference is the recent AEC Handbook (Meteorology and Atomic 
Energy, US Government Printing Office 1955) also AECU 3066 [65]*. De
tailed information on the subject can also be found in Refs. [29] and [65-85] .

5. 1. BASIC METEOROLOGICAL CONSIDERATIONS

In the following sections a brief discussion of the meteorological factors 
which affect the dispersion of contaminants into the atmosphere is presented.

*  This handbook has now been revised and a new edition appeared in 1964. It discuses all of the 
meteoroTogical variables involved in stack dispersion as well as current theories, formulae, and their ex- ■ 
perimental verification. The new edition adds the results of the last decade ofinvestigationsinthis field.
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5. 1. 1. Transport

In dispersion of contaminants to the atmosphere, certain fundamental 
factors must be considered which will affect their movement. Suppose that 
radioactivity, radioactive gases, or particles are introduced into a vol\ime 
of air. These sources could be radioactive contaminants from many opera
tions. They could be released from stacks, or at ground level, continuously 
or as an instantaneous cloud from an accident or rapid reaction.

If the materials released are heavier than air they will settle locally. 
On the other hand if they are gases of the same density as air or are aero
sols with insignificant settling velocity they will move in the same way as 
the air in which they are contained. That is to say with the same velocity 
and direction.

For practical purposes it can be assumed that the trajectory of the ra
dioactive material is determined by the air transport and motion. A trajec
tory analysis may then show the arrival time at consecutive points. For the 
type of problem considered in the applications covered in this document, a 
trajectory analysis may include only the region directly affected by the pol
lution source.

5 .1 .2 .  E f fe c ts  o f  o b stru c tio n , channelling  and de form ation
Obstruction and channelling are important factors to consider in ana

lysing the behaviour of radioactive contaminants dispersed into the atmos
phere around a nuclear facility. Such obstructions may consist, for example, 
of surrounding buildings or hills, forests and cold air ridges which may 
create forced ascent. When there are no obstructions around a nuclear fa
cility, measurement of wind at the station will permit a reliable estimate 
of the trajectory of the air. In the case of obstructions the wind data ob
tained from the local weather station should be carefully interpreted.

Channelling is a process whereby large volumes of air which contain 
the contaminants may be led into a channel such as a valley. An example 
of channelling takes place when the prevailing wind is across the valley.

Deformation results when the flowing air is contracted or expanded in 
either a horizontal or a vertical plane. Under these conditions wind velocity 
will be accelerated or decelerated locally. This may significantly affect 
deposition of airborne contaminants.
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5. 1. 3. Effects o f air movements

Local winds

In air pollution studies the most important winds are those that are ther
mally produced. These can serve to distribute contaminants over a large 
area. Among these are sea breeze and valley-slope circulations. These 
are not the only situations that may exist however and therefore local varia
tions in terrain must be considered.

Sea breeze

The strong heating of the air over land leads to an air flow at the surface 
from the sea to the land. This, in turn, causes a reverse flow aloft from 
land to sea. During the.night this circulation is reversed. The formation 
of a sea breeze will be aided by the presence of a weak general pressure 
gradient. In the tropical areas the sea breeze occurs throughout the year 
and in temperate latitudes it is most frequent during spring and summer. 
The sea breeze starts early in the morning and reaches a maximum value at 
midday. Its depth in the temperate latitudes is about 600-700 m. The speed 
of the wind decreases as it penetrates inland. Land breezes are not so well 
marked as sea breezes.

Valley-slope circulation

In the day time the air over a slope is warmer than the air at the same 
height over a valley (in the absence of clouds). This air in rising will create 
a well-defined wind up the slope. The reverse is true at night and the cooler 
air over the slope flows downward into the valley. This circulation de
creases with height and disappears at about the height of the ridges forming 
the valley.

Another localized feature which produces rapid distribution of conta
minants is the heating of one side of a valley such as in the case of 
the morning sun while the other remains in shadow.

5 .1 .4 .  M ix in g  p r o c e s s e s

Eddies

Mixing can result in the redistribution of material within the same air 
volume. Material instantaneously injected into air will diffuse and spread

5 5

This publication is no longer valid 
Please see http://www-ns.iaea.org/standards/



into a larger volume. This movement Is largely due to eddy motion since 
molecular diffusion effects are negligible. Such eddy motion may be created 
by flow over obstructions, convection or thermal forces. Eddies occurring 
in the atmosphere change widely in sizes and may involve large masses of 
air. The effect of eddy size on diffusion is of importance and extensive 
measurements are necessary to define their effect properly.

Convection

The effects of convection on airborne material are difficult to evaluate 
since the motion produced is very complex. Temperature effects will create 
eddying of various types and these eddies will cause mixing and deposition. 
To evaluate specific thermal effects, diffusion measurements are also 
necessary.

Surface roughness

Surface roughness may influence mixing near the ground but is of more 
significance in deposition at ground level. This condition is one that involves 
variations due to terrain, for example, vegetation or roughness created by 
irregular snow-covered surfaces.

Gustiness

Gustiness is a pulsating motion due to variability of the wind force which 
also is an indication of the presence of eddy motion. Gustiness will affect 
mixing and deposition of airborne contaminants.

5. 1. 5. T e m p e ra tu re  p r o fi le

The diffusive capacity of an ambient atmosphere can be influenced by 
its vertical thermal structure. Diffusion of gases is mathematically re
lated to temperature and concentration. The rate of decrease of tempera
ture with elevation is referred to as its lapse rate. The mean lapse rate 
is that at which the temperature decreases with height at the rate of 0.65°C 
/100 m (3. 5°F/1000 ft). If there is no change of temperature with height, 
it is isothermal condition. When the temperature increases with elevation 
the condition is called an "inversion" as shown in Fig. 19. Under this con
dition and when the stack effluent is released below the inversion, effluents 
may accumulate in the vicinity of the nuclear facility. They can then only 
be displaced by wind'movement below the inversion. If release can take
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FIG. 1 9 . The rate of decrease of temperature with elevation

place into or above the inversion the effluents will be guided for great dis
tances without descending.

A particular case may exist when an air parcel has the same density 
at any level as its environment (assuming unsaturated air and adiabatic con
ditions). A change of state of a gas is said to be adiabatic if no exchange 
of heat takes place with its environment. Such a lapse rate is known as the 
dry adiabatic lapse rate. (See Fig. 19) Numerically this is equal to a change 
of temperature \̂ ith elevation of 1°C/100 m (5.4°F/1000 ft).

When the temperature of the air mass decreases with height at a rate 
greater than the adiabatic rate, the ascending air is lighter than its environ
ment and thus continues to rise. This is unstable stratification. This con
dition may produce local deposition of stack effluents but will also favour 
better dispersion in the atmosphere at increased distance from the stack. 
On the other hand, if the lapse rate of the unsaturated air mass is less than 
dry adiabatic, a parcel of air displaced upward will be heavier than its sur
roundings, thus the buoyancy forces tend to restore the air parcel to its ori
ginal level. This is stable stratification. Under stable conditions stack 
effluents disperse slowly. If the lapse rate of the air is exactly adiabatic, 
the air is neither stable nor unstable. This is neutral stratification. This 
latter condition is the most favourable for stack emission dispersion and 
dilution. When water changes phase from a vapour to a liquid, heat will be 
released. If the water is condensing in a rising volume of air, the rate o'f 
cooling is reduced. This lapse rate, which is less than the dry adiabatic 
rate, is called the moist or saturated adiabatic lapse rate. When dealing 
with conditions near the surface, as for example in the case of stack efflu-
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TABLE III

I N F L U E N C E  O F  V E R T I C A L  S T A B I L I T Y  C O N D IT IO N S  O N  T H E  L O C A T I O N  A N D  
L E N G T H  O F  C O N T A M I N A T E D  A R E A

Vertical stability 
condition

Vertical temp, 
gradient 

A t

Usual 
m eteorological 

condition of 
occurrence

Mixing
conditions

Angular 
width o f  
plume

Distance at which 
m ax. ground level 

concentration 
occurs

Length o f 
contaminated 

area

Strong lapse more than 
-1 °C /1 0 0  m

fair weather 
daytime

rapid
diffusion

> 90* small (  ~  100 m) short (100-1000 m)

Weak lapse ~ 0 “ C /100 m cloudy and 
windy day and 
night 
cloudy 
clim ate

good 15*45° m iddle (~  1 km) middle (1 -5  km)

Inversion + 1 .5*C /100  m night tim e 
light wind 
clear sky 
snow cover

poor 0-15* large (~  10 km) long 10 km)

Strong inversion + 5®C/100 m
-

none 0 very large
( 1 0 -1 0 0  km)

very long 
(10-100 km)
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ents, it is seldom necessary to consider lifting of air high enough to produce 
condensation by adiabatic cooling although there may be fog or precipitation. 
Influence of vertical stability condition on the location and length of conta
mination area are given in Table III.

Wind velocity is an important factor in dispersion of contaminants and, 
as will be shown later, maximum ground level concentrations are inversely 
proportional to velocity.

All of the above discussion refers to instantaneous conditions. It should 
be borne in mind that averaged conditions must be employed when integrated 
dose concepts are to be used.

5 .1 .6 .  D iurna l and seaso na l e ffe c ts

Diurnal

Meteorological conditions may vary hourly and daily. During the middle 
of a cloudless day with light winds, for example, the lapse rate of the air 
attains superadiabatic (> 1°C/100 m) values. This superadiabatic state is 
maintained at nearly constant conditions by automatically generated con
vective eddies. Such lapse rates are confined to a few hundred feet (<200m) 
above ground level in midsummer. As the sun.sets, the ground cools ra
pidly; and as a result an intense but shallow inversion is formed. At night 
the surface inversion, above which the air cools slowly, becomes more 
pronounced.

At sunrise, heating at the surface begins immediately and a shallow 
but gradually increasing superadiabatic layer develops. Convective eddies 
are soon established in this layer. By the time it is a few hundred meters 
thick, stack effluents may be brought to the ground and mixed within the 
layer to produce high ground-level concentrations. Thereafter, the profile 
again becomes superadiabatic.

Seasonal

The seasonal differences in solar radiation will favour longer inversion 
periods during colder months. At a continental station with pronounced sea
sonal effects, a maximum of only a few hours of definitely superadiabatic 
conditions will occur consecutively during midwinter, whereas sometimes 
an unbroken period of inversion conditions will occur for several days. At 
the same station throughout summer months, superadiabatic conditions will 
be the rule during daylight hours. These comments must be considered 
as generalizations and should not be used for all situations and for stations 
of various latitudes.
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5. 2. STACK DISPERSION AND METEOROLOGICAL CONTROL

The use of a tall stack for dispersion from reactors or chemical pro
cessing operations should always be a last resort or a safety factor beyond 
economically installed air or gas cleaners. When such cleaning is not eco
nomic, then the economics of the stack investment and its associated mete
orological control must be considered and a combination made of the two 
factors. Stacks of the size necessary for such operations are on the order 
of 100 to 300 ft (30 to 100 m).

Continuous meteorological control associated with stacks or nuclear 
facilities has several limitations.

(a) It is usually not economical.
(b) Site location in regard to weather variations and topography may 

not necessarily be optimum.
(c) Dispersion forecasts can be in error as much as 20% of the 

operating time.
(d) Changes in physical environment may result such as construction 

of new adjacent plant buildings or communities, and other terrain 
modifications.

(e) Reactors or processes may not be flexible enough to provide in
stantaneous or prolonged shutdown without undesirable results.

In the case of stacks or other dispersion devices meteorological control 
can provide assistance in the.following ways:

(a) To schedule an auxiliary operation to take place during favourable 
weather conditions.

(b) To justify the operation of special stack gas treatment such as by
pass of air or gas cleaners which can only be operated intermittently 
economically, other use of stack heaters for additional height during 
poor atmospheric diffusion conditions, or to predict the best shut
down time for equipment repair during which the discharge can pass 
directly to the stack.

(c) To select ideal weather conditions for brief hazardous gas releases.

5. 3. STACK HEIGHT AND EFFECTIVE STACK HEIGHT

5 .3 . 1. S tack  he igh t se lec tio n
Stack height selection is a rather complex process. Some probability 

considerations are involved in choosing the height to produce a calculated
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ground concentration for unfavourable weather or dispersion conditions. 
Stack area is based on desired conveying velocity.

There are certain basic stack factors which are associated with their 
effect on the operation or process and are independent of dispersion prob
lems. These are the gas parameters such as volume, temperature, pres
sure, composition and the stack dimensional characteristics such as dia
meter, height, and surface roughness. For thermal process operating con
ditions, the stack height is usually selected to provide adequate draft if na
tural draft is employed or auxiliary draft for forced or induced draft con
ditions. In the case of dispersion, stack height is selected on the basis of 
maximum ground-level concentrations at a known or selected distance from 
the stack. Ground-level concentrations will be affected by atmospheric dif
fusion conditions as shown later. The important process variables for calcu
lating stack dispersion are, whether the process is continuous or discon
tinuous, volume or mass emitted per unit time, and temperature of discharge. 
The latter factors will affect the height of rise of the plume above the stack 
at low wind velocities and also the diffusion of the gases being discharged.

5. 3. 2. E ffec tiv e  s ta c k  height

Temperature may affect the height the plume will rise above the stack 
in quiescent wind conditions. Some benefit may result from the buoyancy 
of stack gases whether this is obtained by temperature rise or reduced den
sities (gases lighter than air). For practical purposes it is useful to apply 
the Bryant-Davidson formula given inyRef. [65] and expressed below. A 
nomogram is also available in the same reference.

(1)

Ah = rise of plume above the stack
d = stack diameter
Vs = stack velocity
u = mean wind speed
AT = excess temperature above ambient
Ts = absolute temperature of stack gas

The units can be either system as long as temperatures are consistent.
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5 .4 . BEHAVIOUR OF STACK EFFLUENTS

5 .4 . 1. C oncen tra tion  ca lcu la tio n  fo rm u la e

There are rather extensive mathematical theories and experimental 
verification of atmospheric diffusion which are presented in detail in the 
AEC handbook and the World Meteorological Office (Technical Note No. 33), 
[ 66] . Since space does not permit extended discussion here it will suffice 
to point out the practical aspects of these equations and to show their use. 

The sources commonly encountered in practice are as follow s:

Type Application

Continuous point source Stack, vent, or elevated pipe discharge
Continuous line source Array of any of those above
Instantaneous volume source Explosion or batch operation producing

clouds

The most frequently used case is the continuous point source equation 
from which is derived the maximum ground-level concentration and its loca
tion or distance from the stack. Plume width or height formulae have also 
been developed as well as extensions involving corrections for radioactive 
decay, ground surface deposition and diffusion in very stable atmospheres. 

Sutton's formulae for a continuous point source are as follows:
(a) Isotropic

X 2Q
(x .y ) ir C 2 tix 2‘n exp + h2>\ 

C2 x2_n J (2)

(b) Anisotropic

X 2Q
(x.y.z) tt CyCz ux2-n exp . x *vc2 cy (3)

(Note that Q is doubled to allow for reflection from the ground, Q is the 
emission rate in grams per second, curies per second etc .)

= ground concentration (grams per cubic metre, curies per 
cubic metre, e tc .) at a distance x (metres) downwind and 
y (metres) crosswind, from a source at height h (metres).
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Q = mean wind velocity metres per second.
Cx, Cy,  Cz = diffusion coefficients (metres)"/2 in the x, y and z planes

respectively.
C = Generalized diffusion coefficient (metres)11/2 for isotropic

turbulence; i .e . C = Cx = Cy = Cz • 
n = non-dimensional parameter associated with stability,
x, y, z = downwind, crosswind and vertical co-ordinates from a

ground point beneath a continuous source meter.

The most useful forms of Sutton's equations are obtained by differentiating 
and maximizing Eq. (2) from which;

2Q Q-  — Z2 :—   ------------25-----------  ( 4 1

eTruh2 4.26 uh2 l ;

h2 N'FH
c r )  (5)

Suggested values for C2 as a function of stack height and stability parameter 
are demonstrated in Table IV Where dmax is the distance downwind from 
the source.

For the non-isotropic case

X  -  2 Q  .  Q  C j
max e7ruh2 Cy 4.26 uh2 Cy (6 )

In order to use Eqs. (2) through (6) it is necessary to have some repre
sentative values for the exponent n and diffusion coefficients. Actual 
measurements of Cz and Cy are desirable. Many values are available from 
local meteorological investigations.

USSR experience in using Sutton's formula shows that the difference 
between calculated and experimental data may equal an order of magnitude 
either way.

Special work on the calculation of the atmospheric diffusion of airborne 
contamination from the industrial plants has been carried out. The results 
of this work are published in Ref. [ 78] .

Another frequently used expression for ground-level concentrations and 
one which is readily adopted to elevated sources is that due to Bosanquet 
and Pearson [67] .
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TABLE IV

VALUE OF C 2 AS A FUNCTION OF STACK HEIGHT (h) 
AND STABILITY PARAMETER (n) 

(for isotropic conditions, according to Sutton)

Condition n

C 2
(at various h values) 

(meters) (m eters)n

h = 25 h = 50 h = 75 h = 100

Large lapse la te 0 .2 0 0 .4 3 0 .030 0 .024 0.015

Zero or sm all temperature 

gradient

0 .2 5 0 .0 1 4 0 .010 0 .008 0 .005

Moderate inversion 0 .3 3 0 .006 0 .0 0 4 0 .003 0 .002

Large inversion 0 .5 0 0 .0 0 4 0 .003 0.002 0 .001

X,
Q

(*’y> (2n)i pq u
exp - hy2 

px-2q2x2 (7)

p and q are vertical and lateral diffusion coefficients.
Equation (7) is for the special case of n = 0 since the maximum ground- 

level concentrations predicted by each only differ by a constant value. The 
Bosanquet and Pearson expression does not directly take into account the 
atmospheric stability.

A graphical solution of the maximum ground-level concentration can be 
obtained from maximizing Eq. (7). These curves are available in the AEC 
handbook with nomograms for rapid calculation purposes. Conditions for 
a given Q and u are incorporated with curves for various turbulence para
meters. Bodurtha[68] also gives a rapid technique for obtaining the values 
from the Bosanquet and Pearson expressions.

Falk et al. [69] and many others have used fluorescent particles to eva
luate a method of using the above expression for predicting stack dispersion 
using simple measurements of wind speed and direction. They present a 
number of charts and modifications of the above formula (7) for rapid calcu-
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lations. Based on these data the maximum ground-level, concentration can 
be expressed as ■

Q
0. 19 
h2u (8)

This is perhaps the simplest equation which can be applied for predicting 
purposes. The values of X max were found to be within a value of 2 of the 
observed concentration about 85% of the time and within a factor of 3 about 
95% of the time.

Pasquill [70] has developed formulae and techniques for measuring dis
persion which are more reliable-at great, distances from the point of release.

This theory is the one commonly used in the United Kingdom as one is 
really only concerned with meteorological considerations when siting reactors 
and big chemical plants, and this theory does allow fairly accurate com
putation of concentrations at some miles away from the plant. It agrees 
with Sutton's theory in the first mile or so. An example of diffusion con
dition analysis is given in Appendix III.

5. 4. 2. E f fe c t  o f  su r ro u n d in g  s t r u c tu r e s  and topography

The equations and solutions outlined above usually apply to ideal con
ditions and do not take into account effects of structures and terrain unless 
actual diffusion coefficients are measured. The use of scale models in low 
velocity wind tunnels is one method of ascertaining the effects of sur
rounding structures but actual field measurements may also be performed. 
Collins [71] describes, a simple smoke grenade technique for describing flow 
around full scale structures. In the absence of pertinent data a rule of 
thumb is to make certain that the stack is at least two and a half times as 
high as any surrounding buildings. If this is not done, air flow over the ad
jacent buildings may cause downwash When wind speeds are high. Contami
nation at or near ground level near the stack or adjacent buildings may result

In view of the variability and vagaries of the weather it is always 
desirable to overestimate the stack heights to be provided for a new 
installation.

5 .4 .3 .  P rec ip ita tio n  o f  a e ro so ls

Atmospheric dispersion of particulates by stacks follows most of the 
principles discussed above in reference to gases. Some modifications are 
necessary, however, for the case of coarser materials.

6 5

This publication is no longer valid 
Please see http://www-ns.iaea.org/standards/



Baron, Gerhard and Johnstone [72] developed modification of Sutton's 
equations to take account of the finite settling velocity of aerosol particles. 
Below 5 Mm or with terminal velocities of 0.15 ft/min (0. 07 cm /s) the effects 
of particle size are negligible for practical purposes. Above this value it 
should be understood that a decrease in atmospheric turbulence increases 
the maximum rate of deposition and the maximum concentration of the cloud 
at ground level. A decrease in turbulence shifts the point of maximum depo
sition and ground concentrations downwind from the source. For coarser 
aerosols whose settlingvelocities exceed atmospheric turbulence velocities 
the maximum deposition varies inversely with stack height (whereas for 
gases it changes inversely at stack height squared).

The maximum deposition at ground level for dry conditions can be com
puted at a distance x downwind from the formula:

_ --------nX_Q------- ^

drrmax 2e»* Cy x x < ^ >

where W is the deposition rate (grams per square metre per second for a 
steady source (Q in grams per second) or total deposition (grams per square 
metre) for an instantaneous source (Q in grams)). Deposition rate formulae
other than maximum from which Eq. (9) above is derived are presented in
Ref. [6 5 ],

To ascertain maximum wash-out by rain or precipitation the equation 
is modified to >

Wrain‘™x " (e^CyXxf2’ !) <10)

where all terms are as in Eq. (9). Using these equations an estimate may 
be made of the hazard due to deposited material, particularly that due to 
long-lived gamma emitters at large distances from the source.

Total instantaneous wash-out from a continuous source may be calculated 
from

W ■ ,2 .H  (u i

Here W=ground deposition in grams or curies per square metre.
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5. 4. 4. Deposition

Deposition of radioactive contaminants from effluents and releases from 
nuclear facilities are an important consideration in ground-level contamina
tion for such installations. The principal mechanisms involved include sett
ling and impaction on surfaces and gaseous adsorption and absorption by 
vegetation and soil.

The problem of deposition has been studied in some detail by 
Chamberlain [73, 74] and others. The deposition with the concentration at 
a reference level above the general level of the vegetation can be calculated 
as a "velocity of deposition", Vg is defined by the relation:

_ rate of deposition per square centimetre per second 
concentration in air at reference level

If the surface is rough, as in the case of vegetation, the deposition is 
measured per square centimetre of ground plan and not of actual leaf area. 
On certain physical and dynamical assumptions, a mathematical expression 
for Vg can be derived and is presented in Ref. [65] . Specific doses to areas 
based on amounts released may then be calculated.

If rain is falling through a radioactive gas or aerosol some activity will 
be transferred to the water drops. These will be deposited on the ground. 
The amount deposited is dependent upon local conditions and may be esti
mated from formulae presented later.

The cumulative hazard from deposition and absorption may be more 
significant than the inhalation hazard associated with effluents or release.

6. CONTROL AND MONITORING OF VENTILATION AND AIR- 
CLEANING SYSTEMS

Ventilation and air-cleaning systems are designed to provide satisfac
tory working conditions for the personnel and to prevent radioactive pollution 
of the atmosphere and environment. Designed>air flow patterns and velo
cities must be maintained if, contamination of working areas by radioactive 
or other toxic materials is to be avoided. The monitoring and control of 
the air-cleaning system is very important too, since a deterioration of its 
normal efficiency can result in serious consequences for both the establish
ment personnel and the surrounding population.-

Since a fault in the operation of these systems can result in radiation 
hazard for people, the personnel operating the ventilation and air-cleaning
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system have to work in close contact with the radiological protection ser
vices of the facility.

6 .1 . CONTROL OF VENTILATION

It is the practice in many nuclear establishments to define zones of vary
ing degrees of hazard. One common system is to designate four zones as 
follows:

Zone 1 - inactive
Zone 2 - generally inactive.but sometimes mildly contaminated (work

ing area)
Zone 3 - frequently contaminated, access limited (maintenance area)
Zone 4 - access normally prohibited (hot cells, shielded enclosures, 

e tc .).

It is considered essential to ventilate buildings in which radioactive ma
terials are present in such a manner that the direction of a flow of air is 
from the least contaminated areas to areas of increasing contamination. Thus 
there is a flow of air from zone 1 to zone 2, etc. In order to achieve zone- 
to-zone flow it is implicit that the pressure is lower in the zone to which the 
air flows. The specifications for ventilating radioactive laboratories usually 
define the required rate of air changes in the areas, rooms or enclosures, 
and may also include the pressures or pressure differentials required.

6. 1. 1. V e lo c i ty

The measurements of air flow velocity are carried out to determine the 
general direction of the air flow in the building, for calculation of actual 
rate of air changes in the areas as well as for determination of linear air 
velocity through opened doors and other apertures. The air flow velocity 
measurements are very important for surveillance and control of ventilation 
systems, particularly in the following cases:

(a) When the pressure differentials are low (usually between zones 1 
and 2).

(b) When the required rate of air change is a determining characteristic 
of normal operation of the ventilation. Pressure differential alone does 
not guarantee a specified rate of air change. For example, complete or 
partial plugging of inlet ventilation of a sealed enclosure at the operating
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exhaust ventilation gives a rise of pressure differential but decreases the 
actual rate of air change. Another example: Parallel clogging of both inlet 
and exhaust filters can result in a decreasing rate of air change without ap
preciable changing of pressure differential. The rate of air change in a 
room of a certain volume can be calculated from the measured linear velo
city of the air passing through that area. Therefore it is desirable to 
measure the volume of air passing through the exhaust ducts because the 
inlet air can enter by routes other than those intended (doors, windows, etc.).

(c) When linear velocity is the main characteristic. For example, the 
linear velocity of air flowing through doors, fume-hood openings or loading 
ports of glove boxes and hot cells must be high enough to prevent back flow 
of contaminated air to the "cleaner" zone.

The air flow velocity measurements can be carried out continuously or 
periodically (depending on the degree of potential hazard) by using fixed or 
portable equipment.

6 .1 .2 .  P r e s s u r e  drop

The zone-to-zone pressure differentials should be maintained in all 
normal circumstances, and should not be grossly affected by such routine 
occurrences as opening of doors or by the slow but inevitable clogging of 
filters which results in a somewhat reduced air flow. This requirement 
can be met by measuring the pressure differentials when a ventilation sys
tem is first put into service and as required thereafter. Depending on the 
degree of hazard, some areas may need to be checked infrequently while 
others (such as hot cells, glove boxes, etc. ) will require continuous 
measurement of the pressure. When modifications or additions are made 
to a ventilation system, it should be checked to ensure that the proper pres
sure differentials and flow are maintained.

All zones should be provided with accessible pressure taps. In the low- 
hazard zones these may be sealable sections of tubing passing through walls 
or doors. Provision of these taps will permit the use of portable pressure 
gauges when the system is brought into service, and thereafter as required. 
In the high-hazard zones instruments should be provided for continuous 
measurement of the pressure differential.

The following are typical locations where pressure-sensing instruments 
should be installed:

(a) All of zone 4, including glove boxes, hot cells, and sealed 
enclosures; •

(b) All of zone 3; . . .
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(c) Those parts of zone 2 that are subject to intermittent reclassifica
tion to zone 3 or 4 because of accident;

(d) Any area where reversal of the air flow may cause serious risks;
(e) Any area where an unacceptable decrease in air flow may occur, 

caused, for example, by filter clogging;
(f) Any area where an increase in air flow, caused, for example, by 

opening a door or tearing a glove, could create a hazard;
(g) Glove box exhaust manifolds;
(h) Where fan interlocks are required;
(i) To sense the pressure differential across fans or fan/filter instal

lations as required to control air flow.

It will generally be useful to provide extra blanked-off pressure taps 
in many of the above areas for convenience in making occasional special 
measurements.

In the. case of hot cells with thick shielding walls the location, number 
and size of pressure taps should, for obvious reasons, be specified in the 
design. They should be of sufficient diameter to permit a number of pres
sure gauges, to be connected to them without the risk of obtaining incorrect 
readings should one of the connections leak slightly.

The pressure sensing instruments may be quite simple. Manometers 
(U-tubes) or small bellows-type gauges are generally used for glove boxes, 
hot cells, etc. where the gauges will be read from close range.

It is important that pressure gauges serving to indicate malfunction of 
the system be positioned so that the individual (s) concerned may take cor
rective action immediately.

In principle, anomalies noted in the pressure differences can be cor
rected by one or more of the following means, as appropriate:

- restarting of the ventilation system
- replacement of a clogged filter
- opening of a damper valve to compensate clogging
- closing of a door
- replacement of a burst glove, and so on.

If the pressure indicators are centralized in a control room, it may 
be more convenient to measure, instead of the difference between the pres
sures in neighbouring rooms, the difference between a reference pressure 
and the pressure in the room concerned. The static pressure of the outside 
air would be a theoretically satisfactory reference pressure, but it is diffi
cult to rid of the effect of wind on the reading. The pressure in the entrance 
hall of the building normally constitutes an acceptable reference pressure.
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6 .2 . CONTROL OF AIR CLEANING

The efficiency of an air-cleaning system and the amount of radioactive 
contamination in the air discharged into the atmosphere are measured be
cause an uncontrolled release of contaminated air from a facility can result 
in hazardous contamination of the environment.

Radioactivity of the atmospheric air in the vicinity of a nuclear facility 
must be lower than the level of radioactivity corresponding to maximum 
permissible concentration (MPC) for individual members of the population 
at large. The MPC figures can be used to calculate the concentration of 
radioactivity permissible at the stack, and this figure can be used to estimate 
the efficiency required of an air-cleaning system provided the concentration 
at the inlet of the system is known or can be estimated.

The most important factor is not so much the filtration efficiency but 
the concentration in the air after filtration. For example, highly contami
nated air might still have too high a concentration of airborne radioactivity 
even after effective filtration. On the other hand, if the radioactivity of the 
exhaust air before filtration does not exceed the permissible level for the 
air after filtration, this air could be released without filtration.

Continuous measurement of radioactive contamination of the air to be 
discharged is not necessary in laboratories dealing with low-level radio
activity. In such laboratories the exhaust air may be discharged to the 
atmosphere without cleaning if the contamination of this air does not exceed 
the permissible level. However, where an air-cleaning system is installed, 
the integrity of the system must be ascertained by continuous measurement 
or measurement at reasonable intervals, depending on the probability of 
a sizeable accidental release of radioactivity occurring.

6 .2 .1 .  S a m p lin g  and m o n ito r in g
9

To measure the amount Of radioactivity in the air released to the atmos
phere, samples are taken from the stack or other location downstream of 
the air-cleaning devices. To measure the efficiency of air-cleaning systems 
air samples are taken from the ducts before and after the air passes through 
cleaning devices. However, sampling after the filter frequently gives the 
most reliable information that the release is within permissible lim its.

A device for sampling the particulate material suspended in the air in 
a stack or duct may consist of a filter paper mounted in a holder on a tube 
of appropriate length. The tube is put into the duct and the paper is mounted 
so that it faces the stream of air. Air drawn through the sampling device 
may still be slightly contaminated and should be returned to the duct down
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stream  from  the sampling point. The filter paper holder should project 
into the duct far enough to ensure that it is . c lear of wall effects. In 
moderate-sized ducts it should be in the centre of the duct but in larger ducts 
it is sufficient for it to project m ore than one third of the distance toward 
the centre of the duct.

The rate of flow is important in this duct sampling and the ideal con
dition is that the linear velocity of the a ir flowing through the filter paper 
should be the same as that in the duct itself, so-called "isokinetic sampling". 
When this condition is met there will be a minimum disturbance of the flow 
lines of the particles and a true sample will be obtained. If the flow of air 
through the paper is slower than that in the duct some of the air will be di
verted past the sam pler; this a ir  will ca rry  some of the particles with it 
but many of the larger particles will continue forward because of their iner
tia and be caught on the filter so that the activity will be higher than a true 
sam ple. Conversely, with a higher velocity through the paper than in the 
duct as a whole, a ir will be diverted towards the paper but heavier particles 
will not follow it and the sample will be too sm all. If the particle size dis
tribution of the dust is reasonable, a representative sample will be obtained 
when the sampling flow rate is not grossly different from isokinetic. An 
example of sampling airborne particles in ducts is given in Appendix IV -1.

The filter papers are usually assayed by direct counting of the radioac
tivity on them, but the samples may be used for chemical or other analysis. 
A moving tape filter can be used for continuous measurement, and with ap
propriate electronic equipment can provide tim e-activity records. Another 
simple method is merely to pass the contaminated a ir through an ionization 
chamber or other suitable detector.

The measurement of radioactive gases is somewhat more difficult than 
m easurem ent of particulate radioactivity because paper or other absolute 
filters do not retain gases and vapours. The gases may be estimated, after 
the dust has been removed, by ionization chamber measurements or other 
suitable techniques. In some cases if a filter paper and a sorbent are used 
in series (for particles and iodine for example) the particulate and gaseous 
activities can be determined separately. A paper filter containing a proper 
sorbent (for example activated charcoal) can be used to estimate the radio
activity in air due to particulate m aterial and sorbable gases.

The apparatus .measuring the activity of the samples should be located 
in a low radiation background area. However, this apparatus should be lo
cated not far from  the sampling points in order to minimize the length of 
air lines in which some'of the radioactive dust may be lost by settling on the 
walls. It is desirable that the reading dials of all the monitoring apparatus 
are concentrated at the central control desk so the responsible person can

72

This publication is no longer valid 
Please see http://www-ns.iaea.org/standards/



quickly locate areas of maloperation. Recording equipment should have 
visual/audio signal systems to give warning of abnormal conditions. In case 
of alarm  the responsible individual can restore proper conditions by such 
action as changing the filter or repairing other damage. If he is unable to 
fix the fault he may have to shut down the affected ventilation system , or 
this may be done automatically by the control instrum ents.

6 .3 . MONITORING OF AIR CONTAMINATION 
(Main Refs. [86-106] )

6 .3 . 1. M onitoring in working areas

The purpose of the monitoring is to m easure, continuously or periodi
cally, the radioactive pollution of the a ir  in working areas and to ensure 
that the air activity never exceeds the maximum permissible level for work
ing personnel. The monitoring should be carried out directly at the working 
place or in the working area  as a whole. Those areas in which the a ir  is 
m ost likely to become contaminated should be equipped with permanently 
installed air sam plers, which should be located close to the potential sources 
of contamination. E ith er the reading dials should be concentrated a t  the 
central control desk or the instruments should signal an alarm at this desk.

Portable samplers are used for carrying out air monitoring periodically. 
Such a sam pler usually includes a sm all pump with the head containing the 
sampler and an integrating anemometer or other flow measuring device fitted 
to the suction end. F o r  certain applications the filter paper holder may be 
attached to the end of a length of flexible hose so that samples can be taken 
at positions where it would not be convenient to have the more bulky equip
ment. Such an extension head can, for example, be held close to the face 
of a worker in order to make a good evaluation of the actual contamination 
breathed during an operation. More details about sampling and monitoring 
techniques used for area and duct monitoring can be found in Refs. [ 86-101] . 
An example of air monitoring in a laboratory ventilation system is given in 
Appendix IV -2.

6. 3. 2. Monitoring in the environment

Control of environmental contamination should in general be ensured 
by control of releases from each source (stack, ventilation outlet) and seeing 
to it that these are kept below conservative, permissible levels. P erm is
sible levels should be set with due consideration for the possibility that se
veral sources could superimpose contamination in one place. Fallout from
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nuclear tests creates the largest problem of this type. The exposures from 
the continuous, or frequent, intermittent releases in connection with normal 
operations are  easily predictable as long-term  averages. Even if the in
stantaneous dispersion conditions may vary considerably (see chapter 5), the 
annual or monthly averages do not fluctuate greatly. In most cases one can 
thus define permissible releases without too large a safety margin and still 
rely solely upon the control at the release points.

Should an incident occur in the operation, techniques for sampling must 
be developed if the incident results in abnormal and possibly hazardous re 
leases of activity to the environment. Types of samples must be decided 
beforehand and also at what locations the samples should be taken. Even 
if one is concerned with a release of airborne activity, it may be better to 
sample e .g . milk or precipitation, as the critical exposure very likely will 
not be from inhalation, and still less likely from external exposure (noble 
gases).

However, it has until now been a rule to provide a much more extensive 
environmental control program m e than n ecessary  from the point of view 
of protection of the population — at least around larger research establish
ments. In many instances a large number of fixed monitoring stations are 
established around the sites. As it is impossible to cover all possible 
dispersion situations, the probability that such a station would be 
both in the right direction and at the right distance from the source when 
an extraordinary release occurs is very  sm all. These stations therefore 
usually only give information on long-term  averages at the release control.

In case of large accidental re leases special surveys must be under
taken, even if fixed stations should be established, as the latter never could 
give a detailed enough picture.

More detailed information on techniques and equipment used in environ
mental monitoring can be obtained from the IAEA Manual [102] , from the 
AECL Manual [103] , as well as from Refs. [104-106] .

R E F E R E N C E S

[ 1] INTERNATIONAL COMMISSION ON RADIOLOGICAL PROTECTION, Recommendations of the International 
Commission on Radiological Protection, Pergamon Press (1958).

[2 ] INTERNATIONAL ATOMIC ENERGY AGENCY, Basic Safety Standards for Radiation Protection, Safety 
, Series No. 9 , IAEA, Vienna (1962) (Revised 1965).

[3 ]  INTERNATIONAL ATOMIC ENERGY AGENCY, Safe Handling of Radioisotopes, Safety Series No. 1, 
IAEA, Vienna (1958).

[3a] GOSATOMIZDAT, Health and Safety Regulations Governing Work with Radioactive Materials and Radia
tion Sources, (Russian) Gosatomizdat, Moscow (1960).

74

This publication is no longer valid 
Please see http://www-ns.iaea.org/standards/



[3 b ]  UNITED KINGDOM ATOM IC ENERGY A UTH O RITY, M axim um  Perm issible Doses from Inhaled and 

In gested  R a d io a ctiv e  M a te r ia ls .  UKAEA H ea lth  and S a fe ty  C o d e NE. 1 .1  (N o v e m b e r, 1960).
[3c] UNITED STATES ATOMIC ENERGY COMMISSION, Standard for Protection against Radiation, USAEC, 

10-CFR Part 20 (1961).
[3d] UNITED ARAB REPUBLIC, ATOMIC ENERGY ESTABUSHMENT, Basic Rules for Safe Handling of Radio

isotopes in Medical Practice, Agriculture, Industry and Research'Laboratories, UAR Atomic Energy Estab
lishment, Dep. of Radiation Protection and Civil Defence, Code N-SR-1 (1964).

[4 ] FULLER, A .B . , Design considerations for exhaust systems involving radioactive particulates, Eighth 
A EC Air Cleaning Conf. , ORNL, USA (1963) p.73.

[4a] KRUPCHATNIKOV, V. M. , Ventiljatsija pri Rabote s Radioactivnumi Veshchestvami, Atomizdat, Moscow 
(1964).

[5 ]  ASHRAE Guide and Data Book (1963), Fundamentals and Equipment, American Society of Heating, 
Refrigerating and Air Conditioning Engineers, I n c . , New York.

[6 ] UNITED STATES ATOMIC ENERGY COMMISSION, AEC Manual (Design Criteria), Chapter 6306, "Heat
ing, Ventilating and Air Conditioning" USAEC.

[7] SMITH, S .E . , HALL, F .J. , HOLMES, W.E. , Safety aspects of the design of filtered ventilation systems, 
Eighth AEC Air Cleaning Conf. , ORNL, USA (1963) p56.

[8 ] SMITH, S.E. , WHITE, P .A .F ., Design of radioactive filtration systems, J. nucl. Engng 7 , N73 (1962) 
239.

[9 ] BROWN, A .R. , What you should know when designing plastic ventilation systems, Heating, Piping 
and Air Conditioning, September (1962).

[10 ] HOWE, P. W. , PEARCE, W ., Ventilation system for use in transcurium processing. Int. Conf. on 
Radioactive Pollution of Gaseous Media, Saclay, France (1963),

[11] FORDE, R .H ., Air flow performance in fume hood exhaust systems in central research and administra
tion building 4500-South, ORNL, Eighth AEC Air Cleaning Conf. , ORNL, USA (1963) pj603.

[12] SILVERMAN, L . , Control of radioactive air pollution , Radiation Hygiene Handbook, (H. Blatz, Ed.) 
McGraw Hill Book Co. N. Y.

[13] BARTON, C . J . , A Review of Glove Box Construction and Experimentation, ORNL-3070, uc-4-Chemistry 
(1961).

[14] SMITH, S.E. , SHERIDAN, M.B. , An outline of the design and operation of high purity inert atmosphere 
systems, Glove Boxes and Shielded Cells, Proc. Symp. on Glove Box Design and Operation, Harwell,
(1957), Butterworths Scientific Publications (1958) pl20.

[15] WHITE, P. A „F ., SMITH, S. E . , Inert atmospheres in nuclear energy, J. Nucl. Engng 7 N74 (1962)284.
[16] GOERTZ, R. C . , Recent developments in facilities for handling penetrating radiation, Proc. 2nd UN 

Int. Conf. PUAE 17 (1958) p. 585.
[1 7 ] GARDEN, N.B. , Successful Multicurie Operations in Equipment Designed with Mobility Complete 

Control, T ID -5280 (1955) p. 338-46.
[18 ] DEILY, G . J . , NICHOLSON, C .K . , Primary containment for high ievel cave experiments, Proc. of 

Sixth Hot Laboratories and Equipment C onf., published by American Inst, of Chemical Engineers, N.Y.
(1958) p. 244.

[19] BOTTENFIELD, B.F. , NICHOLS, J .P . , BURCH, W .D , YARBRO, O.O. , Containment and ventilation 
systems in the transuranium processing plant. Eighth AEC Air Cleaning C onf., ORNL, USA, (1963) p. 86.

[2 0 ] HOWE, P.W . , PARSONS, T . C . , MILES, L.E. , The Water-Shielded Cave Facility for Totally En
closed Master-Slave Operations at Lawrence Radiation Laboratory, UCRL-9657 (1961).

[21] SPENCER, N. C . , PARSONS, T. C . , HOWE, P .W ., Close Capture Adsorption System for Remote Radio
isotope Chemistry UCRL-9659 (1961).

75

This publication is no longer valid 
Please see http://www-ns.iaea.org/standards/



[22] THAXTER, M. D. , CANTELOW, H. P . , BURK, C . , Off-Gas Treatment in Berkeley Enclosures, UCRL- 
3635 (1957).

[23] SILVERMAN, L . , Air and gas cleaning methods for reactor containment vessels. Int. Conf. on Radio
active Pollution of Gaseous Media, Saclay, France (1963) .

[24] B1LLARD, F . , LA VIE, J .M . , Realization of reactor containment, Int. Conf. on Radioactive Pollution 
of Gaseous Media, Saclay, France (1963).

[25] INTERNATIONAL ATOMIC ENERGY AGENCY, Reactor Safety and Hazards Evaluation Techniques I 
IAEA, Vienna (1962).

[26] INTERNATIONAL ATOMIC ENERGY AGENCY, Siting of Reactors and Nuclear Research Centres, IAEA, 
Vienna, (1963).

[27] BINFORD, F. T . , Some problems associated with the accidental release of fission products from a nuclear 
reactor. Int. Conf. on Radioactive Pollution of Gaseous Media, Saclay, France (1963).

[28 ] DENNIS, R. , SILVERMAN, L. , Radioactive waste incinerator design and operational experience, a 
review, Seventh AEC Air Cleaning Conf. , BNL, USA (1961) p .416.

[29] PRECHISTENSKY, S. A. , Radioactive Release into the Atmosphere, (Russian) Atomizdat, Moscow, (1961).
[30] DEJONGHE, P . , PYCK, J . , VAN de VOORDE, Dry cleaning ot incinerators burning gases, Int. Cont. 

on Radioactive Pollution of Gaseous Media, Saclay, France (1963).
[31 ] BELTER, W .G . , U .S . operational experience in radioactive waste management (1956-1963), Proc. 

3rd UN Int. Conf. PUAE (1964) 28/p/869,
[ 32} FUX, N. A . , Mechanics of Aerosols (Russian) Izdatelstwo A. N. S. S. S. R . , Moscow (1955).
[33] SILVERMAN, L . , Air and gas cleaning for nuclear energy processes, Proc. UN Int. Conf. PUAE (1955) 

727.
[34] SILVERMAN, L . , Economic aspects of air and gas cleaning for nuclear energy processes, Disposal of Radio

active Wastes 1̂ IAEA, Vienna (1960) p. 139.
[35] DENNIS, R. , JOHNSON, G. , FIRST, M.W. , SILVERMAN, L. , Performance of Commercial Dust Collec

tors, Harvard University School of Public Health, Air Cleaning Laboratory, Report N1588 (1953).
[36 ] DYMENT, J . , The penetration of fibrous filter media by aerosols as a function of particle size, Int. 

Conf. on Radioactive Pollution of Gaseous Media, Saclay, France (1963).
[37 ] YOUNG, J . , Evaluation of high efficiency air filter systems, Seventh AEC Air Cleaning Conf.,BNL, 

USA (1961) p. 84.
[38] HELD, B .J. , High efficiency filter program national reactor testing station, Seventh AEC Air Cleaning 

Conf. , BNL, USA (1961) p. 215.
[38a] GILBERT, H. , PALMER, J.H . , High Efficiency Particulate Air Filter Units, USAEC (1961).
[3 9 ] UNITED STATES ATOMIC ENERGY COMMISSION, Specifications, maintenance and monitoring of 

filters, Panel B -  Round Table Session, Eighth AEC Air Cleaning Conf.,ORNL, USA (1963) p .439.
[40 ] UNITED STATES ATOMIC ENERGY COMMISSION, Other kinds of filters, evaluation methods and 

problems, Panel C -  Round Table Session, ibid, p .453.
[41] UNITED STATES ATOMIC'ENERGY COMMISSION, Miscellaneous problems to be considered, Panel D -  

Round Table Session, ibid, p .465.
[42] HORNBAKER, W. S. , Maintenance problems encountered in the servicing of filter installations, ibid, 

p. 522.
[4 3 ] SILVERMAN, L, SMALL, W. D. , BILLINGS, C. E. , High temperature filtration studies with mineral 

wool, Air Cleaning Seminar, Argonne National Laboratory, USAEC (1955) T ID -7513, (1955)p,271.
[44 ] BILLARD, F. , MADELAINE, G. , PRADEL, J . , The efficiency of filters as a function of clogging by 

various aerosols types, Int. Conf. on Radioactive Pollution of Gaseous Media, Saclay, France (1963).
[45 ] JOURNAL OF NUCLEAR ENGINEERING, Testing absolute filters, J . nucl, Engng 7 N73 (1962) p .244.

76

This publication is no longer valid 
Please see http://www-ns.iaea.org/standards/



[46 ] GILBERT, H ., The filter test program, an installation manual and filter research, Seventh AEC Air 
Cleaning Conf. , BNL, USA (1961) p. 74.

[47] SCHNEIDER, R .W ., Procedures for testing high performance filters at ORNL, ibid, p. 187,
[48] UNITED STATES ATOMIC ENERGY COMMISSION, In place filter testing. Panel A -  Round Table 

. Session,Eighth AEC Air Cleaning Conf. , ORNL, USA (1963) p. 426.
[49] FLYGER, H ., Tracer Experiment for Evaluation of the Particle -  Filtration Efficiency of Installed Abso

lute Filters, RIS(5-66, Denmark, Atomenergikommissionen Forsogsinstitut, Riso (July 1963).
[5 0 ]  BRION, J .  # Mesure de l*efficacit£  des filtres & air, Sem inaire de Physique des Aerosols (1963).
[51] PITMAN, R .W ., Testing Filter Conditioners, HW-75299, General Electric Co. Hanford Atomic Prod

ucts Operation, Richland, Wash, (1962).
[52 ] JOURNAL OF NUCLEAR ENGINEERING, Automatic air filter, J . nucl. Engng 9 N98 (1964 )p .267 .
[53] YOUNG, J, , PEARCE, W. T . , PARSONS, T. C. , Dry Scrubber Unit for Low-Leak Ventilation Systems, 

UCRL-10953, California U n iv ., Berkeley, Lawrence Radiation Laboratory (1963).
[54] ROSSANO, A .T . J r . , CONNERS, E.W. J r . , SILVERMAN, L ., Electrostatically charged aerosol filters, 

Air Cleaning Seminar, Ames Laboratory, USAEC (i954) p .41.
[55 ] PARKER, K.R. , Electrostatic precipitator principles and application, Chem. and Process Engng, 44 

N9 (1963) 506.
[56] MOLYNEUX, F. , Electrostatic cyclon separator, ibid, p .517.

'[5 7 ]  SILVERMAN, L. , A simple comparison of dry and wet collection equipment, Heating and Ventilating 
49 (April 1952) 109.

[58] FIRST, M. W. , JOHNSON, G. A. , DENNIS, R. et al. , Performance Characteristics of Wet Collectors, 
Harvard University School of Public Health, Air Cleaning Laboratory, Report N1587 (March 1953).

[59 ] CARDOZO, R. L. , DEJONGHE, P. , The removal of gaseous contaminants from air with a sorbant in
jection system. Seventh AEC Air Cleaning C o n f., BNL, USA (1961) p .58.

[6 0 ]  ADAM S, R .E . , BROWNING, W. E. Jr. , Rem oval o f iodine from gas stream s, ib id , p .2 4 2 .
[61 ] KRUSEN, G. S. * SILVERMAN, L. , Evaluation of Proposed Kryptoft-Xenon Adsorption System Designs 

for the PL-2 Reactor,NYO-4815, (3 Aug. 1962).
[62] CHAMBERLAIN, A. C . , Physical Chemistry of Iodine and Removal of Iodine from Gas Streams, Report 

of Aerosol Group Pan I , AERE-R-4286 (1963).
[63] GALLISSIAN, R. , ESTOURNEL, E . , Control of radioactive iodine release in an irradiated fuel processing 

plant, Int. Conf. on Radioactive Pollution of Gaseous Media, Saclay, France (1963).
[64 ] BILLARD, F . , BRION, J . , PRADEL, J . , The role of inlet filters in high activity laboratories, ibid.
[65] UNITED STATES ATOMIC ENERGY COMMISSION, Meteorology and Atomic Energy, USAEC, US Govern

ment Printing Office, (1955); also AECU-3066.
[66] MEADE, P . J , , Techn. Note N o.33, Meteorological Aspects of the Peaceful Uses of Atomic Energy, 

Part I. Meteorological Aspects of the Safety and Location of Reactor Plants, Secretariat of the World . 
Meteorological Organization, Geneva (1960) WMO-No. 97 T P .41.

[67] BOSANQUET, C. H ., PEARSON, J. L . , The spread of smoke and gases from chimneys, disperse systems 
in gases, Trans. Faraday Soc. 32 (1936) 1249.

[68] BODURTHA, F .T . J r . ,  A technique for the rapid solution of an air pollution equation, J. Air Poll. Con
trol Assn. 5 (Aug. 1955) 127.

[69] FALK, L.L. , CAVE, C. B. , CHALKER, W.R. , GREENE, J .A . , THORNGATE, C.W. , Development 
of a system for predicting dispersion from stacks, Air Repair, 4 (1954) 35.

[70 ] PASQUILL, F. , Atmospheric Diffusion, D. Van Nostrand Co. Ltd. (1962).
[71] Collins, G .F ., A full-scale study of air flow around structures, Industrial Wastes 2 (Jul.-Aug. 1957)109.
[72] BARON, T. , GERHARD, E. R. , JOHNSTONE, H. F. , Dissemination of aerosol particles dispersed from 

stacks, Ind. and Eng. Chem. 41 (1949) 2403.

77

This publication is no longer valid 
Please see http://www-ns.iaea.org/standards/



[73 ] CHAMBERLAIN, A .C . , DUNSTER, H .J . , Deposition of radioactivity in north-west England from the 
accident at Windscale, Nature, London, 182 (1958) 629.

[74] CHAMBERLAIN, A. C. , Dispersion of Activity from Chimney Stacks, AERE-M 409 (1959).
[75] PACK, D. H ., Meteorology and air cleaning, Seventh AEC Air Cleaning Conf., BNL, USA (1961) p .475,
[76] CULKOWSKI, W .M ., Analogue devices for dispersion estimates, ibid, p .507.
[77] ASHLEY, E .C .,  KALMON, B . , The validity and use of Sutton’s equation as applied to stack effluents, 

Eighth AEC Air Cleaning Conf. , ORNL, USA (1963) p. 664.
[78 ] GLAVNOI GEOPHYSICHESKOI OBSERVATORII, Trudi Glavnoi Geophysicheskoi Observatorli (Russian), 

NN138,15£ (1960).
[79] PURCHAS, D.P. , Design of exhaust stacks, Chem. and Process Engng 44 N5 (1963) 254,
[80 ] FUQUAY, J . J . , SIMPSON, C. L . , Use of meteorological measurements for predicting dispersion from 

releases near ground level, Int. Conf. on Radioactive Pollution of Gaseous Media, Saclay, France (1963).
[81 ] GIFFORD, F .A . , CULKOWSKI, W .M . , HILSMEIER, W .F ., Computation of atmospheric dispersion 

parameters at reactor sites by a smoke plume method, ibid.
[82 ] WALKE, G .J. , HEWSON, E.W. , GILL, G .C . , A better way to evaluate nuclear-site meteorology, 

Nucleonics 23 N2 (1965) 72.
[83] LeQUINIO, R ., HUGON, J . , Instruments and methods for measuring atmospheric diffusion, Int. Conf. 

on Radioactive Pollution of Gaseous Media, Saclay, France (1963).
[84] KIRCHMAN, R ., BOULENGER, R ., Milk contamination following an accidental iodine 131 release, ibid.
[ 85] PACK, D. H ., ANGELL, J . K . , VAN der HOVEN, I . , SLADE, D. H ., Recent developments in the

application o f meteorology to  reactor safety , Proc. 3rd UN Int. Conf. PUAE (1964) 28/p/714.
[86 ] DENNIS, R . , SAMPLES, W .R ., ANDERSON, D .M ., SILVERMAN, L . , Isokinetic sampling probfes,

Industr. and Engng Chem.49 (Feb. 1957) p. 111. ,
[87] SILVERMAN, L . , General discussion of air sampling problems in AEC work, Proc. Air Cleaning Seminar,

Ames Laboratory (1952) USAEC (1954) p. 201. . ^
[88] BARNES, D. E . , TAYLOR, D ., Radiation Hazards and Protection, London, George Newnes Ltd, (19&8).
[89 ] SCHERWOOD, R .J. , STEVENS, D .C . , A Special Programme of Air Sampling in Selected A r e ijo f  

AERE Harwell, AERE-R-4680.
[9 0 ] SCHWENDIMAN, L. C. , POSTMA, A. K . , Turbulent deposition in sampling lines, Seventh AEC'Air 

Cleaning Conf. , BNL, USA (1961) p. 127.
[9 1 ] MANNESCHMIDT, J . F . , Equipment and procedures for stack gas monitoring at ORNL, ibid, p. 168.
[9 2 ] McCONNON, D . , Radioiodine Sampling with Activated Charcoal Cartridges, HW -77126 (1963).
[93 ] FOELIX, C .F . , GEMMELL, L. , The use of activated charcoal iodine monitors during and following 

a release o f fission product iodines, Eighth AEC Air Cleaning Conf. , ORNL, USA (1963) p. 629.
[9 4 ]  NUCLEAR ENGINEERING, Air m onitor, N ucl. Engng 9 N95 (1964) 149.
[95] ALLENDEN, D. , A new aerosol monitor, Int. Conf. on Radioactive Pollution of Gaseous Media, Saclay, 

France (1963).
[96] WHIPPLE, G .H ., BARBER, D .E ., Monitoring for noble radioactive gases with photographic film , ibid.
[9 7 ] CERVELLATI, A. , Separation and measurements of fission noble gases by gas radiochromatography, 

ibid,
[98 ] FOELIX, C. F . , Monitoring the cooling air effluent from Brookhaven graphite research reactor at the 

point of release and in the environment. Int. Conf. on Radioactive Pollution of Gaseous Media, Saclay, 
France (1963).

[99] GARNER, R . J . , Environmental Monitoring in Relation to Gaseous Discharges from UKAEA Establishments, 
AHSB(RP)-R-26, UKAEA (Aug. 1963).

78

This publication is no longer valid 
Please see http://www-ns.iaea.org/standards/



[100] BOULENGER, R. , DeMAER, X. , OSIPENCO, A. , Radiological aerial monitoring following an atmos
pheric accidental release of fission products, Int. Conf. on Radioactive Pollution of Gaseous Media, 
Saclay, France (1963).

[101] VOGT, K .J. , SCHROCK-VIETOR, W; , Measurement of radioactive air contamination in the environ
ment of the Julich nuclear research establishment, ibid.

[102] INTERNATIONAL ATOMIC ENERGY AGENCY, Manual on Environmental Monitoring in Normal Opera
tion, IAEA, Vienna (to be published in 1965).

[103] GURTHRIE, I .E . ,  GRUMMITT, W. E. , Manual of Low Activity Environmental Analyses, AECL-1745 
(1963).

[104] HOGREBE, K. , GRUBER, W. , REKER, H. , SCHUBERT, R. , Facility for continuously monitoring the 
atmosphere of several laboratories by using large area counters, Int. Conf. on Radioactive Pollution 
of Gaseous Meydia, Saclay, France (1963).

[105] WORLD HEALTH ORGANIZATION-FOOD AND AGRICULTURE ORGANIZATION, Methods of Radiochemi
cal Analysis, Joint WHO-FAO Expert Committee Report, 1st e d ., WHO (1959);
WORLD HEALTH ORGANIZATION-FOOD AND AGRICULTURE ORGANIZATION-INTERNATIONAL 
ATOMIC ENERGY AGENCY, ibid. , revised by Joint WHO-FAO-IAEA Scientif. Meeting, 2nd ed. (1965).

[106] HINZPETER, M. , The determination of iodine-131 content in precipitations in the atmospheric surface 
layers by an observation network, Int. Conf. on Radioactive Pollution of Gaseous Media, Saclay, France 
(1963).

[107] DAVIES, C. N. , Design and Use of Respirators, Pergamon Press (1962).
[108] SILVERMAN, L. , FITZGERALD, J . J .  , BURGESS, W.A. , CORN, M. , STEIN, F, , Respiratr-ry Protective 

Equipment, USAEC, NYO-9322, (June 1960).
[109] SILVERMAN, L . , BURGESS, W .A. , Research and Development of Protective Respiratory Equipment, 

Progress Report for April 1 to July 1 (1960) R -2 , Harvard University School of Public Health (1960).
[110] SILVERMAN, L . , BURGESS, W .A ., Research and Development of Protective Respiratory Equipment, 

Progress Report for July 1 to October 1 (1960) R-3, Harvard University School of Public Health (1960).
[111] SILVERMAN, L. , BURGESS, W .A ., Research and Development of Protective Respiratory Equipment, 

Progress Report for October 1 (1960) to April 1 (1961) R-4, Harvard University School of Public Health 
(1961).

[112] SILVERMAN, L . , BURGESS, W .A. , Research and Development of Protective Respiratory Equipment, 
Progress Report for April 1 to July 1 (1961) R -5 , Harvard University School of Public Health (1961).

[113 ] AMERICAN INDUSTRIAL HYGIENE ASSOCIATION, Respiratory Protective Devices Manual (1963).
[114] MORGAN, G.W . , BUCHANAU, C .R . , Air Contamination and Respiratory Protection in Radioisotope 

' Work, AECU-2821, Oak Ridge Operation O ffice, Oak Ridge, Tenn. (19 Jan. 1953).
[115] MITCHELL, R .N ., ETTINGER, H .J. t Respirator Filter Testing at Los Alamos, LADC-5971, CONF- 

2 5 5 -1 , Los Alamos Scientific Lab. N .M exico, (10 Sep. 1963).

79

This publication is no longer valid 
Please see http://www-ns.iaea.org/standards/



A P P E N D I X  I

1. THE SYSTEM IN CZECHOSLOVAKIA

J . Kortus

1 .1 . Maximum p erm iss ib le  concentrations in a ir  o f single radioisotopes 
and radioisotopic m ixtu res

In accordance with the International Atomic Energy Agency's Basic Safe
ty Standards for Radiation Protection (and those of the International Com
mission on Radiological Protection), Czechoslovakia's standards prescribe 
maximum permissible concentrations for single radionuclides and mixtures 
thereof in the a ir  of nuclear work areas (applicable to radiation workers) 
and in the surrounding atm osphere.

A part from  maximum perm issible concentrations in the a ir  of work 
areas and in the atmosphere (to the effects of which the general population 
is exposed), the new draft standards establish separate maximum perm is
sible concentrations of radioisotopes for the protective zones surrounding 
nuclear installations. These zones are  dem arcated by the health service  
and their size depends on the type of work done at the installation, the annual 
consumption of radioactive m ateria ls , the purpose of the laboratories in 
question and the nature of possible accidents.

1. 1. 1. Division of installations into zones with different activity levels, 
and choice of p ressu re differential

F o r reasons of health and safety it is essential to divide the work area 
into zones according to the level of activity. The new draft regulations for 
work with radioactive m aterials of high and medium activity prescribe a 
division of the active area  into three zones:

(a) Zone 1*  includes equipment, such as ce lls , boxes, e t c . ,  which 
rep resen t the main source of possible contamination.

(b) Zone 2 *  includes equipment maintenance shops, areas where radio-

GENERAL PRINCIPLES OF FILTER ED  VENTILATION SYSTEMS

v Zone numbers are used here as they are used in Czechoslovakia.
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active m aterials are received and issued, and areas intended for 
further work with radioisotopes.

(c) Zone 3 *  includes control, administration and auxiliary prem ises 
in which staff are continuously present.

In herm etically sealed cells and boxes, it must be possible to maintain 
a pressure differential relative to the surrounding area of 20 mm HjO when 
fresh -air intakes are closed. When the fresh-air intakes are open, the pres
sure differential must be a few mm H2 O and the a ir  must be drawn off in 
sufficiently large quantities to prevent any contamination of the work area  
where staff are  continuously present. The rate of a ir turnover in cells 
is determined by calculation.

1. 1. 2. Advantages and disadvantages of centralized and decentralized venti
lation systems

The number of exhaust system s that can be installed depends on the 
type of building, the nature of the a ir  to be rem oved, population density, 
topographical conditions and other factors affecting the choice of system .

F o r several reason s, a decentralized system  for the discharge of air 
to the atmosphere is more desirable, and above all cheaper, than a centra
lized system : the problem of achieving a proper balance between inlet and 
outlet a ir  is limited to one com partm ent, contamination of other system s 
cannot occu r, fewer shut-downs are required, local filtration is possible, 
corrosion  problems are  restric ted  to individual p rem ises, expenses are  
reduced by the use of cheaper m aterials in all areas except those designed 
for a few special purposes, greater flexibility in air requirements is possible 
and there is less leakage of exhaust air.

A centralized system can be envisaged when the filtered exhaust air is 
discharged through a high stack so that adequate dispersion of the contami
nated a ir  is ensured. However, given the capacity of certain  filters (both 
preliminary and final) to remove aerosols, it is hard, in view of all the dis
advantages of a centralized system , to justify the provision of a high stack. 
Blowers must be built into the stack in order to maintain the low static pres
sure of a centralized system . In order to maintain differential static pres
sure in a centralized system  — and it is absolutely essential to do so — 
la b o ra to rie s  m u st be designed and co n stru cte d  with en orm ou s c a r e .

In the Czechoslovak Socialist Republic, where great emphasis is placed 
on the health and safety requirements of the environment, a centralized sys
tem incorporating a high stack is preferred for the removal of air from hot 
laboratories. Large laboratory buildings are frequently divided up into
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simple individual system s, the exhaust air from each of these being drawn 
off to the central system . The exhaust a ir from medium-activity labora
tories is discharged to the atmosphere through stacks whose height is deter
mined by calculation, depending on local conditions and the level of activity. 
The outlet from the stack must, in all cases, be at least 4 m above the roof. 
If there are buildings within a radius of 50 m, the stack must be 4 m higher 
than the highest building. The exhaust air from laboratories using only trace 
amounts of radioactive m aterial may be discharged immediately above the 
level of the roof.

1. 1 . 3.  Regulations governing turnover and quality of inlet air

Czechoslovak Standard No. 341730 requires that there should be at least 
six air changes per hour in radioisotope laboratories. In laboratories where 
radioactive m aterials are  handled in herm etically sealed boxes by means 
of built-in gauntlets or manipulators, a six-fold turnover is sufficient. In 
laboratories where exhaust hoods are used the turnover is far greater, since 
the capacity of the exhaust equipment is geared to the linear a ir flow velo
city requirem ents in the working aperture of the sealed hood (a minimum 
of 0.5 m/ s ) .

The new draft standards for work with radioisotopes prescribe the fol
lowing minimum air changes per hour;

Category I laboratories (high activity)

Zone 2 — 10 changes 
Zone 3 -  5 changes

Category II laboratories (medium activity)

5 changes

Category III laboratories (trace activity)

3 changes

In lab oratories of categories I and II, recircu lation  of the a ir is strictly  
prohibited.

Positioning and installation of the fresh -air intake have to be carefully 
considered. The choice will be governed by the nature of the terrain  and 
by considerations of architecture, climate, mechanics and technology. Fresh  
a ir  should be taken from a point above ground level to avoid contamination
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by dust, and from the windward side of the building with respect to prevailing 
winds. The intake must in all cases be located at least 20 m from the point 
where contaminated air is released.

The requirements for filtration, conditioning and climatization of inlet 
air depend on clim atic factors and local conditions, on the layout of the la
boratories and on technological requirements. The filters are used for conta
minated air, in order to prolong the life of the outlet filters and keep atmos
pheric aerosols in the work area at a minimum.

F re sh -a ir  intake equipment is normally located on the ground floor or 
in the basement. Conduits may be used to ca rry  the fresh air supply, but 
the intake should be above ground level.

The fresh air is carried from the ground floor in ducts passing through 
shafts, and distributed to the rooms through perforated aluminium or plastic 
plates, - or through louvered apertures.

A special fresh-air distribution system  with an independent blower or 
com pressor is used to supply individual protective clothing and the like. Fif
teen m3 /h of a ir  at a p ressu re of more than 500 m HjO are reckoned to 
be the requirem ent for each suit.

Although climatization of the fresh air supplied to radioisotope labora
tories is recommended in the literature, it is restricted  in Czechoslovakia, 
for economic reasons, to situations in which it is required on technological 
grounds. In winter only, therefore, the inlet air is dampened by scrubbers 
in order to ra ise  its relative humidity and thereby to provide a healthier 
working atm osphere.
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1 .2 . P ro cess  building filtered  ventilation system
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2. FIRE PREVENTION IN VENTILATION AND AIR-CLEANING
SYSTEMS

G.H.  Bulm er 

2. 1. Introduction

In a nuclear facility, the ventilation system  affords protection to both 
laboratory workers and the general public. Should an outbreak of fire occur 
the containment of the system  may be breached and the protection lost.

To install ducting it is usually necessary to provide openings in the 
walls, floors and ceilings of a building. In the event of fire, these openings 
may be the means whereby smoke, heat and flames are spread, also, the 
rate at which fire develops is likely to be accelerated by the flue effect pro
duced in ducts.

It follows that every effort should be made to prevent fires from involv
ing ventilation system s, or as a minimum requirement, that they should be 
detected and extinguished before significant damage can occur.

2. 2. Typical hazards

F ire s  may involve m aterials used in the construction of a ventilation 
system . The m aterials might be combustible, e. g.  polyester resin, glass 
fibre lam inates, or they may have a low melting point, e . g.  polyvinyl 
chloride. In addition to the main ducting, points at which failure can occur 
are flexible expansion joints, flexible ducting, catch pots and bag filters.

M aterials used to line or clad ducting in order to improve the thermal 
properties and perhaps reduce noise transm ission may be combustible. Ty
pical m aterials are cork, expanded polystyrene and polyurethane foam. The 
presence of a concentration of combustible dusts, vapours and gases in an 
extract system  can lead to the development of fire , deflagration or explo
sion.. Exceptionally, a detonation may occur. Examples of sources of igni
tion are sparks produced mechanically or e lectrically . Some m etals and 
organic m aterials,in  finely divided form , ignite spontaneously.

M aterial suitable for filter construction may also be combustible, or 
the filter may become loaded with deposits of flammable m aterials. A fire, 
occurring either inside or outside ducting, might produce a local pressure  
sufficient to upset the balance of the system  and cause a rev ersal of flow. 
A further hazard is the entry of dense smoke into the system , causing fil
te rs  to become clogged and again upset the balance.
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2. 3. F ire  preven tion  m ea sures

2 . 3 . 1 .  Preplanning

During a fire emergency, it is usually desirable to maintain ventilation 
flows to the normal pattern. In addition to the main functions of the system, 
the designer should consider its role as an integral part of the predetermined 
em ergency plan, having regard to hazards as outlined in the previous 
chapter.

The main aim should be to isolate fires which threaten to damage any 
part of a ventilation system , before a breach of containment can occur. 
Where the fire hazard is very high, e. g. where large volumes of flammable 
gases or vapours are at risk, a separate ventilation system should be pro
vided to serve  the high risk  area  only. Guidance on suitable safeguards 
is given below.

2 . 3 . 2 .  Construction of ducts

M aterials. W herever possible, ducts should be constructed of an in
combustible [1] m aterial,e . g. steel. Where problems of corrosion are of 
paramount importance, other m aterials may have to be used. The following 
requirements should then be met:

(a) Ducts should be limited in size, e. g.  not carrying more than 
10 000 f t3/m in . Where g reater capacity is required, metal outer cladding 
should be provided to guarantee the integrity of the duct, in the event of the 
lining m aterial being destroyed by fire.

(b) The heat distortion point of the constructional m aterials should be 
higher than the estimated maximum temperature of aerosols which will enter 
the duct under accident conditions. Where this requirement cannot be met, 
external metal cladding should be provided.

(c) The material of construction should not liberate excessive quantities 
of smoke or corrosive vapours when exposed to temperatures below 500°C, 
nor should it degrade to evolve a significant amount of flammable vapour. 
When subjected to the ASTM E 84 tunnel test [2] its flame spread classifi
cation should not exceed 20. Alternatively, under the conditions of test laid 
down in the proposed amendment to BS. 476 P a rt 1 [3] the m aterial should 
not ignite and its composite index performance figure should not exceed 
3/1.  1/X.

(d) As a general rule, ducting should not pass through areas in which 
there is a significant fire hazard. Where such a route is unavoidable, ex-
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ternal cladding should be provided to guarantee the integrity of the ducting 
under credible fire conditions.

Lining or cladding m aterials. Metal ducting lined or clad with com
bustible [1] m aterials should conform to the requirements laid down 
in 2 . 3 . 2 .  (c).

Flexible ducts. Flexible ducts used to connect a place of work with a 
duct inlet, should, where possible be manufactured from incombustible ma
terials able to withstand tem peratures of up to 500°C.

Dust co llecto rs and catch  pots. In m etal working shops and sim ilar 
occupancies dust collectors and catch  pots often form  part of the extract 
system . The constructional m aterials used should not be breached by a 
sm all fire , e . g .  the oxidation of the maximum amount of m etal arisings 
permitted to accumulate in either container. Alternatively, both should be 
protected by a metal outer cover.

Flexible duct connectors. The aim should be to provide connectors with 
a fire resistance value equivalent to that of the ducting they connect. For  
preference, a m aterial such as woven asbestos should be selected and the 
length of the unit limited to a maximum of 25 cm . Where, exceptionally, 
fabric is used, protection should be given by an outer cladding in the form 
of a metal sleeve joint, with a packing of rope asbestos.

2 . 3 . 3 .  Installation of ducts

Where ducts pass through floors, partitions, or walls (other than those 
designed to serve as fire breaks) any space around the duct should be sealed 
with an incombustible m aterial such as asbestos or mineral wool.

To minimize the effects of radiant heat resulting from a fire inside the 
ducting, clearance between ducts and stored combustible m aterials should 
not be less than 15 cm.

2 . 3 . 4 .  Provision of fire doors and dampers

General principles. In a ventilation system handling radioactive aerosols 
and particulates, the aim should be to reduce the number of fire doors and 
dampers to a minimum, i. e. one damper at or near each extract point with 
a further damper beyond the main filte.r bank. This arrangement will only
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be possible where the fire hazard of both building and process is very low*, 
and where metal ducting not lined with a combustible [1] m aterial is in use 
throughout.

Operational requirem ents of the facility-or p rocess may compel the 
designer to plan to m eet fire conditions. The following additional doors 
an d/or dam pers should be incorporated as appropriate:

Openings,in walls which serve as fire breaks, should be protected on
both sides within the ducts by fire doors which are operated automati
cally by a tem perature sensitive device.

Openings in floors should be protected by fire dam pers, arranged to
close autom atically.

2 . 3 . 5 .  P rotection  of the a ir input system

The fresh-air intake must be sited to obviate the possibility of combust
ible m aterials, or products of combustion, being drawn into the system e.g.  
not c lo se r than 10 m to a fire risk  and 5 m or more above ground level.

Suitable protection should be given to the inlet filter in the form of either 
a spark a rre s te r  and/or a rough p re-filter for a high temperature absolute 
filter, or a damper to isolate the filter from the system where viscous oil 
is used to trap particulate m atter.

Where a heater battery is in use, a cut-out tr ip /a la rm  is n ecessary  
to avoid the possibility of overheating occurring when the louvre is closed.

2 .3 .6 .  Protection of filters

General. The protection of filters against the effects of fire is achieved 
by employing a number of safeguards, each complementary to the other. 
The inherent fire hazard of the process and plant will determine the extent 
of the protection which is n ecessary.

Assuming that high efficiency filters are sealed effectively into a system, 
the maximum tem peratures at which they will operate at usual pressures, 
in an em ergency of brief duration, are indicated below:

(a) Glass paper pleated on aluminium sp acers, 500-550°C.

*  A very low fire hazard is defined as one where the calorific value throughout the whole of the 
working area does not exceed 2700 kcal/m2 on average, with no portion exceeding 27 000 kcal/m2.
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(b) Synthetic fibres vary  according to the type of m aterial used, e. g. 
polyvinyl chloride, around 100°C and polytetrafluorethylene at about 
380°C.

(c) Siliceous fibres using asbestos or ceram ic spacers, 1200°C.

The maximum temperatures produced by fires affecting ventilation sys
tems will vary according to local circum stances. The following figures are 
given for guidance, assuming that conditions favour the development of fire-.

(a) Solvents

A solvent fire 2 m2 in area is likely to produce a temperature of 900°C 
at a ventilation grille located 2 m above the fire within 1 min. Ignition and 
free burning of a spill of about 50 cm.3 of a solvent in a glove box, may produce 
a tem perature of 1000°C at the extract inlet. The worst condition is that 
which results from unburned solvent entering and burning within the ducting. 
Temperatures around 1600°C are possible.

(b) Metals

Swarf burning in a glove box may raise the temperature of air entering 
the extract system  to 500°C. Metal,in powdered form, is likely to double 
this tem perature value for a short period of time.

Means of affording protection to high-efficiency filters. The aim should 
be to reduce to an absolute minimum the fire hazard in all areas served  
by the ventilation system , as well as in the ventilation system itself. Safe
guards include limiting the quantity of flammable liquids in use and ensuring 
that vapours entering the ducting are well diluted with air.

Operations with some metals are so hazardous that special safeguards 
must be introduced to prevent explosions occurring in ducting, e . g.  the 
grinding of magnesium [4] and some operations with zirconium [5] . Other 
safety m easures include reducing the incendivity of sparks produced from 
fabrication p ro cesses and lim iting the amount of metal powder and other 
residues which are carried  into ducting. Oil im st from equipment or pro
ce sse s  should be rem oved from  the atmosphere to prevent it condensing 
out in the ducting.

When all practicable steps to reduce the fire hazard have been taken, 
additional protection to filters can be given as follows:
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(a) Spark a r r e s t e r s

Two main types of spark a rre s te rs  are available. One consists of a 
single, or several layers of metal gauze, e . g.  two layers of 30 mesh B.S.  
copper gauze, backed by one layer of 10 mesh B. S.  mild steel gauze, the 
other is in the form of a stainless-steel-w ool or glass-fibre pack.

(b) Flam e a rre s te rs  and flame traps

Perforated metal sheeting and blocks with narrow apertures are used 
for quenching flames in mixtures of combustible vapours with air. Factors  
to be taken into account when selecting an arrester or trap, are the tempera
tures and velocities of the flam es, also their duration. Where the la tter
can exceed a period of a few seconds a standard flame a rre s te r  is likely 
to overheat and fa il.' Under these circum stances alternative safeguards 
are a flame trap  ancillary unit designed to isolate the fire automatically 
by means of a damper, or extinguish it. A further, but more expensive so
lution, is the use of a heat exchanger in the form of water-cooled copper 
tubes. The use of a spark or flame a rre s te r  may fulfil the function of the 
medium efficiency filter described in 4. 1, 7. 3.

(c) Positioning of protective devices

Under accident conditions the positioning of protective devices in rela
tion to the location of a main bank of high efficiency filters, can help con
siderably in preserving their integrity. The aim should be to provide the 
maximum possible distance between points of unavoidably high fire risk  
and the main filte rs . In this m anner, incendiary sparks and heated gases 
are given time to cool. There will be occasions when the health physics 
requirements for a ventilation system layout conflict with those for fire safe
ty, i. e. when the p rocess having the highest level of radioactivity is also 
that with the greatest fire risk. Where the repositioning of such risk is not 
an acceptable compromise, additional safeguards in the shape of extra dam
p ers , spark or flame a r r e s te rs , flame trap  ancillary units, or a cooler 
must be used.

2 . 3 . 7 .  E lectro -p recip ita to rs  and cyclones

In general, neither of these methods ,is suited to the removal of com
bustible m atter, except in an inert atmosphere. In both systems, collectors 
or catch pots should be sufficiently robust to withstand the effects of a fire 
involving the contents.
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Where an inert gas is provided, great care is needed during maintenance 
operations to prevent the ignition of residues of combustible material which 
may have condensed and accumulated on the walls of the precipitator. Simi
la rly , the emptying of co llectors or catch  pots should be practised only 
within the conditions laid down by a predetermined plan, which has been 
formulated to prevent fire occurring.

2 . 3 . 8 .  C harcoal filters

Where a bed of activated ch arcoal form s p art of a filtration system , 
the effects of fire must be assessed and related to the ignition temperatures 
of the type of charcoal in use, e . g.  around 300°C for coconut charcoal and 
400-450°C for coke based charcoal. In the presence of oxidants, or following 
prolonged heating, the ignition tem peratures are probably much lower than 
the figures given.

Where an analysis of accident conditions shows that in an emergency  
the gas stream  might be at a significantly high temperature when it reaches 
the filter bed, provision must be made for cooling. A heat sink, such as 
a bed of pebbles, will suffice for an emergency of brief duration, but a water- 
cooled heat exchanger will be required for continuous operation over longer 
periods.

2. 4. F ir e  detection and fire  extinguishing in ducting

There may be occasions when, despite all reasonable safety measures, 
the possibility of fire occurring within ducting cannot be disregarded. Also, 
where m aterial having a low value of thermal conductivity is used in the con
struction or cladding of ducting, it is likely that high tem perature gases, 
entering the system  under accident conditions, may not have cooled suffi
ciently by the time they reach the main filter bank to avoid causing damage. 
Under these circum stances the installation of an automatic fire warning de
vice will probably be necessary. In addition, it may be advisable to consider 
the provision of further protection in the form of a fire extinguishing system, 
operated either manually or automatically.

The performance requirements for an automatic fire detection system  
to operate in ducting are severe, e . g.  reliability, easy maintenance, sen
sitivity, self-resettin g and robust construction. A detector in the form of 
a sm all continuous tube having a central conductor insulated by means of 
a sa lt o r oxide is suitable. The general arrangem ent is to loop the tube 
across the face of the filter and connect to a signalling unit outside the duct
ing. When a rise in temperature occurs and reaches a predetermined value, 
the resistance of the insulant falls sharply and this change is used to trigger
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off a warning. A more sensitive system, able to detect the passage of sparks 
through ducting, is obtained by using photoelectric cell equipment.

A w ater spray installation designed to protect both faces of the filter 
can be arranged to operate automatically by means of a signal from the fire 
detector. Alternatively, a manual control may be used to reduce the possi
bility of false alarm s and water damage. The explosion of mixtures of many 
gases or dusts of an organic nature can be prevented by an explosion de
tecting and suppression device which is available. A detector operates when 
a predeterm ined rate of pressure rise  occurs and causes the very rapid 
ejection of a suppressant which inhibits further flame travel through mixture. 
This technique is not applicable to metal powder, as the suppressant is de
composed by the burning metal. P ressu re  relief devices such as bursting 
discs can only be used where provision has been made for the safe contain
ment of the vented gases.

2. 5. Controls

Action to be taken when fire threatens, or involves a ventilation system 
needs t'o be predetermined. Staff should be fam iliar with the plan and its 
provisions and p ractised  in its use. In nuclear facilities it is generally  
desirable that the ventilation be kept operative, but this requirement must 
be balanced against the possibility that fire development may be accelerated.

In a fire em ergency of any magnitude, corrective  m easures must be 
taken quickly if they are to be effective. W herever possible the section of 
ducting involved should be isolated immediately and normal ventilation main
tained elsew here. F o r all but the simplest system s, emergency action 
should be taken from a control point situated centrally, In addition to con
trols for localized sections of ducting, a m aster switch to close down the 
whole ventilation plant should be provided.

Em ergencies arise  where the maintenance of ventilation at a reduced 
rate  lessen  the chance of the spread of radioactivity or toxicity, without 
worsening the fire situation m aterially . Where the additional expense is 
warranted by the magnitude of the risk , the control point should provide a 
means whereby a variation in extract rate can be made.

2. 6. Maintenance

E ach  ventilation system  should have a sufficient number of inspection 
arid cleaning ports to enable the ducts to be maintained in a reasonably clean 
condition. P articu lar attention should be paid to locations such as 'elbows' 
where particulate m atter may accumulate. Failure to ca rry  out this type
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of maintenance, and carelessn ess during repair work, have both beefi re 
sponsible for many fires.

Special care  is needed where welding operations are to be carried  out 
on metal ducting which is lined or clad with a combustible m aterial. This 
m aterial should be removed from around the area of work and the remaining 
ducting isolated before welding commences.

In ducting where it is known or suspected that dust arisings of a ha
zardous nature are likely to accumulate, an upper limit should be set on the 
amount of m aterial which can be tolerated. Effective m easures should be 
enforced to ensure this lim it is not exceeded.

Maintenance operations on ventilation plant should be On a 'perm it to 
work' b asis. G reat ca re  is n ecessary  to avoid the occurrence of fire or 
explosion when a ir is being admitted to ducting which has formed part of an 
inert gas system . Removal of deposits which are likely to have a low or 
very low. spontaneous ignition temperature should only be carried out within 
the limits imposed by a specified safety procedure.

Filters loaded with a significant amount of combustibles should be buried 
in inert m aterials.
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A P P E N D I X  II

1 ., MECHANISM OF AEROSOLS FILTRA TIO N *

The mechanism of aerosol filtration by fibre materials includes several 
factors affecting the contact of particles with a fibre and the removal of par
ticles from  the a ir  flow. The relation between the particle concentrations 
after and before filtration (n and no respectively) is called the break-through 
coefficient, K, which is connected with filter pressure drop, Ap, through 
a filtration equation

lg K = -aA p

where a is a coefficient of filtration efficiency, which depends upon flow 
ra te , fibre diam eter, porosity of the filtering m aterial, aerosol particle  
size and other factors and can be determined experim entally.

Removal of aerosols by fibre m aterials depends upon the following 
factors:

(1) Diffusion effect

Since aerosol particles with sizes less than 1 pm are in thermal move
ment, some of them can come into contact with a fibre and be removed from 
the a ir  flow. Consequently, a zone with lower particle concentration appears 
near the fibre and a diffusion of aerosols directed towards the fibre results. 
This effect depends upon flow rate, w, and particle size, r.

TECHNICAL INFORMATION ON AIR-CLEANING DEVICES

(2) Contact effect

This effect depends upon the sizes of both fibre and p articles. If the 
distance between the line representing the direction of movement of a par-

fcOGORODNICOV, B .I. , KIRICHENKO, B.N. , BASMANOV, P .l. , PETRYANOV, I. V . , Atomnaja 
Energija , 15 N3 (1963) 230.
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tid e  and a fibre surface is no more than half of the particle diameter, the 
particle comes into contact with the fibre and is removed from the air flow. 
F o r  a certain  fibre m aterial the effect depends upon the size of aerosol 
p articles.

a  cont. "  r

(3) Inertia effect

Since aerosol particles have a certain m ass, in flowing around a fibre 
they deviate from the direction of the a ir flow and can touch the fibre. The 
effect is proportional to the square of the radius of a particle and its velocity.

“ in. = r  2 • w

(4) E lectro sta tic  e ffec t

Fibres of certain filtering materials have an electrostatic charge. When 
within the field of the charge the particles undergo polarization and are at
tracted by the fibre. The polarization increases with the particle size and 
consequently the probability of rem oval of the particles from the a ir flow 
becomes greater.

-  i
“ el = -----e l '  W

(5) Sifting effect

The p articles with sizes la rg e r  than the distance between two neigh
bouring fib res  w ill be sifted  by the face la y e r  of filte rin g  m a te r ia l .

2. METHODS OF TKSTINO ILIGH E F F IC IE N C Y  F IL T E R S  

V . G riffiths

Three main test methods are available; the methylene blue, the sodium 
flame, and the dioctyl-pthalate tests . The last-mentioned test is a United 
States Standard whilst the other two are used in Great Britain.
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The m ethylene blue te s t [1]
This is a B ritish  Standard T est and may be used over a wide range of 

penetrations (0.01 to 50%). However,below 0.1% penetration the increased 
duration of test causes a build-up of methylene blue particles on the filter 
leading to progressively less accuracy.

The particle cloud is generated continuously by atomizing from a Colli- 
son-type atom izer a 1% aqueous solution of methylene blue and allowing 
the droplets to evaporate to produce solid particles. Such a suspension in
cludes particles within the range of 0.2 /um to 2 /nm diameter, and has amass 
median diam eter of about 0.5 jum. This suspension is drawn continuously 
into the inlet ducting with the appropriate volume of a ir for the test so that 
the linear a ir velocity in the duct does not exceed 30 ft/s.  It passes through 
the filter under test, down a straight outlet duct to the fan and thence out 
to atm osphere. On each side of the filters are  baffles to ensure mixing of 
the inlet and filtered clouds and suitably placed behind these mixing devices 
are sampling nozzles connected to a hand or motor pump of known capacities 
through a half- inch circle  of esparto paper. Air is drawn through the es
parto papers until' the stains obtained are judged visually to be suitably dense. 
The stains are  developed by exposure to steam and their optical densities 
found by means of a densitometer. Tests take longer the higher the ef
ficiency of the filter, and after a time the filter efficiency increases due to 
clogging with methylene blue particles. Also,the esparto paper is less ef
ficient for very  sm all particles and this is significant when testing filters 
with penetrations less  than 0. 01%.

The sodium flam e test

This test was developed to test rapidly high efficiency filters and is to 
be adopted as a BritislTStandard T est Method. A 2% aqueous solution-of 
common salt is atomized under controlled conditions as in the methylene 
blue apparatus. The aerosol so formed is of a sim ilar size distribution to 
the methylene blue aerosol. It is passed with an appropriate volume of air- 
through the filter under test and a fixed proportion of the filtered air is led 
to a flame photom eter. It is then vaporized in a hydrogen flame and the 
intensity of the yellow light thus produced is d irectly  proportional to the 
amount of salt penetrating the filter. The light is viewed by a sensitive 
photomultiplier after passing through suitable light filters. The resulting 
photo-current is m easured as a scale deflection on a galvanometer. The 
instrum ent can be calibrated with known concentrations of the test cloud 
and used for quantitative m easurem ents of penetrations down to 0. 001%
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through filters of 1000 ft3/m in capacity. The test method is almost instanta
neous in response, does not clog the filter under test and is replacing the 
methylene blue test for filters of less  than 0.1% penetration. F o r testing 
filters at higher tem peratures it has obvious advantages over the methylene 
blue test.

The D. O. P. test [2]

In the dioctyl-pthalate test, a monodisperse cloud of the liquid of 0.3/jm 
drop diameter and 100 m g / m3 concentration is produced and the penetration 
at a flow rate of 85 1/min measured by a photoelectric m eter picking up the 
small-angle forward-scattered light from the cloud. The readings are prac
tically instantaneous and penetrations at the 0.001% level may be measured. 
The te s t is  exacting as liquid drops are more difficult to remove than slightly 
irregu larly  shaped solid p articles. This may account for the test result 
that the num erical value of D. O. P . penetration is about twice that of the 
sodium chloride cloud for penetrations of about 0.001%. The apparatus is 
fairly expensive and needs careful operation and maintenance. Also, testing 
time must be kept short as penetration gradually in creases, presumably 
because the fibres on wetting become bunched together, destroying the quali
ty of dispersion.

R E F E R E N C E S

[1 ] BRITISH STANDARDS INSTITUTION.• Methods of Test for Air Filters, British Standard 2831 (1957)

[2 ] MIL-STD, D. O. P. - Smoke Penetration and Air Resistance of Filters, -MIL-STD-282 Method 102 .9 .1 . ,
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3. VARIOUS GASEOUS RADIOISOTOPES OR SUBSTANCES CONTAINING 
THEM

3. 1. Isotopes form ed in n u clea r rea ctors

Isotope Half-life Origin (reaction by which 
isotope is formed)

Manner of entry into 
the atmosphere

12.26 yr Heavy-water reactors:
2H(n,y)3H 
6Li (n ,a)3H

In the form of tritium 
oxide with heavy 
water or its vapours

14 C 5568 yr From  nitrogen dissolved
in the water of water
moderated and cooled 
reactors:
14N(n, p)14C

With water or gases in 
the form of i4C 0 2

Ar 109 min Activation of argon from
air used as coolant or 
dissolved in water

With air and gases

85 Kr 10.3 yr Fission product Given off in hot cells 
during mechanical or 
chemical processing 
of fuel elements

7Kr

88K r

78 min

2. 27 h

Fission product

Fission product

Enters primary 
coolant from fuel ele
ments with leaking 
cladding

Enters primary 
coolant from fuel ele
ments with leaking 
cladding
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8 9 K r a

106 Ru

131 j

133 j

135 j

133X e

135Xe

137Xe
a

b

3 .2  min Fission product

1 yr Fission product

8. 1 d Fission product

20. 8 h Fission product

6. 7 h Fission product

9. 13 h Fission product

5. 27 d Fission product

3 3 .9  min Fission product

Parent isotope o f  89Sr 

Parent isotope of 137Cs

Enters primary 
coolant from fuel 
elements with leaking 
cladding

In the form of Ru04 
with primary coolant 
during chemical pro
cessing of fuel 
elements
With primary coolant 
during chemical 
processing of fuel 
elements

With primary coolant 
during chemical 
processing of fuel 
elements

With primary coolant 
during chemical 
processing of fuel 
elements

With primary coolant 
during chemical pro
cessing of fuel ele
ments (formed from 
133I on the adsorbers 
of gas-cleaning 
installations)

With primary coolant 
during chemical 
processing of fuel 
elements (formed 
from 135I)

With orimarv coolant
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3. 2. Isotopes form ed in hot and radioisotope laboratories

(1) Isotopes formed during chemical processes -  e.g.  the reprocess
ing of irradiated  fuel and the synthesis of labelled compounds — include 
the volatile elements 3H, 38C1, 82B r and 131I or volatile organic and inorga
nic compounds containing these elements, and also 14C, 32P, 35S and 106 Ru.

(2) Isotopes formed during work with natural radioactive elements in
clude 220Rn, 222Rn and210Po.

4 . VARIOUS METHODS USED IN THE SOVIET UNION TO REMOVE
RADIOACTIVE IODINE AND OTHER VAPOROUS PRODUCTS
FROM GASES

B . A .  Alekseev

4. 1. Sorption by activated carbon treated with an alkaline impregnant (UP-4) 
or by a chem ical alkaline sorbent based on soda lime (KhP-I) is a method 
often used to remove radioiodine from the helium of Soviet research reactor 
loops (during gas changes). A erosols are  firs t removed from the gas by 
filtration through VMT-5 asbestos-cellulose paper.

Standard FP- 75  and F P- 100  filter-absorbers, manufactured in the USSR, 
are used; these have capacities of 75 and 100 m 3/h respectively and a pres
sure drop of 40-65 mm H2 O. The gas, at normal temperature, passes suc
cessively through an aerosol filter, a layer of activated carbon and a layer 
of chem ical absorbent (Fig . 16).  Iodine rem oval is not less  than 99.9%.

The filters are installed in special prem ises adjoining the reactor hall. 
When radiation from them reaches a dangerous level (chiefly due to aerosols 
trapped by the aerosol filter), they are dismantled by remote handling and 
sent for burial.

Sim ilar filters, of the F P - 2 0 0  type, are used to take iodine out of the 
air from the ventilated above-water space in swimming-pool reactors (IRT, 
VVR) constructed in the USSR and also built by the USSR for other countries. 
These filters are  joined in three-section  columns and work in parallel. At 
filtration rates of up to 500 m 3/ h the filter pressure drop does not exceed 
110 mm HzO.

4 . 2 .  F ilte rs  of the sam e type have been used for continuous removal of 
iodine from  the CO2  of experim ental loops; however, the carbon used in 
these filters is not impregnated with alkalis, and there is,of course.no al
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kaline chemical absorber in the sorbent m aterial. This has not affected the 
iodine removal efficiency. The gases are cooled to approximately 50°C be
fore filtration.

So that the standard filter absorbers may still be used even at rather 
high gas p ressu res, . they have been placed in special herm etically sealed 
tanks (Fig. 17), from which they can be removed when necessary by remote 
handling without any scattering of the sorbents that have taken up the radio
active m aterials. An assembly of three filters connected in series is shown 
in Fig. 18.

5. REQUIREMENTS FOR FLOW -TYPE GAS STORAGE CONTAINERS

The retention time must be based on the half-life of the isotopes pre
senting the gravest dangers as regard s contamination of the atmosphere 
and surrounding area. F o r example, adequate decay of 89Kr and 137 Xe, 
yielding 89S r and 137 C s, requires approximately 30 min; for 41A r the re 
tention time is increased to 10" *5 h , and for 133Xe to 4 -5  d. The following 
formulae can be used to calculate the requirements of a flow-type storage 
container:

(a) Single container, lam inar flow

f
a l '  a ° A + f

(b) "n" cham bers linked in se rie s , laminar flow

(c) Same as (b), -but with batch delivery of gas

(d) Turbulent flow
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where: a 0 = initial radioactivity of the gas,
a n = radioactivity  of the gas after traversin g  "n" containers, 
A = rad ioactive decay constant fo r the isotope in question, 
f = volume v elocity  of the gas flow through the con tain er, 
Q = fraction of total time during which the gas passes through 

the container (batch delivery), 
t = tim e during which the gas re m a in s  in the co n ta in e r , 
r  = h a lf-life  of the iso top e.

Flow-type chambers should be designed to ensure a laminar flow of air 
(or gas) as mixing reduces the cleaning efficiency. F o r  this reason it is 
best to use straight, horizontal pipes and channels. When the quantity of 
gas requiring purification is not too larg e , the volume of the storage con
tainers can. be reduced by using long, smallrdiameter pipes {up to 150 mm) 
filled with activated carbon.

As radioactive aerosols may be formed in the storage containers as a 
result of decay of the radioactive gases, an aerosol filter should be mounted 
at the outlet.
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6. G E N E R A L  SPE C IFIC A TIO N S F O R  O PERA TIO N  OF A IRLIN E E Q U IP M E N T 3

Type
A ir flow 

reg u lation

A ir  p re s s u re  
at so u rce  
(lb/in2 )

f t3 a ir  
p e r  m in.

Type and m ax. 
len g th  o f hose 

(ft)

O p erat. tim e 
p e r  m an with 

H s iz e  b 
cy lin d er

F u ll  fa ce  o r  h a lf-m a sk Dem and flow 100 -1 2 5  ' As demanded M edium 
p r e s s u re  100

5  h

Sam e C onstant flow 
and m anual valve

10- 15 4 Sam e
100

55 m in

P la s t ic  hood C onstant flow 
and m anual valve

10- 15 6 Low p re s s u re  
c lo th  cov ered  
100

50 m in

P la s t ic  su it C onstant flow 18- 28 5 to 7 M edium
p re s s u re
100

40 m in

a
Based on L A -1 8 3 5  3rd ed . , G en . H andbook for R ad iatio n  M o n ito rin g , Los A lam o s N at. Lab. , U S A .D e ta ile d  in fo rm a tio n  on  resp irato ry  p ro te c tiv e  eq u ip m e n t m ay be found 
in  R efs . [ 1 0 7 - 1 5 ] ,  (L ist o f  R e fe re n ces to  th e  m ain  te x t)

k Based on  using a supply cy lin d e r  o f  2 2 0  f t 3 u sually  a t in i t ia l  pressure o f  2 0 0 0  lb / in 2.

N o te : I f  con tin u o u s f ilte re d  c o n ta m in a n t- fr e e  a ir  is a v a ila b le  from  a c le a r - a i r  b low er s y ste m , t im e  ' lim its  c a n  be ex ten d e d  and a re  l im ite d  o n ly  by d ifficu lty  o f  th e  in d i
v id u al jo b  and p o ssible ra d ia tio n  ex p osu re. 1
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A P P E N D I X  III

DISPERSION OF AIRBORNE EFFLUENTS  

S. Bergstrom

ANALYSIS OF DIFFUSION CONDITIONS FOR A LOCATION ON THE 
COAST OF SOUTHERN SWEDEN

Release height 50 m above ground

Approximate frequency of the different types of diffusion patterns

approx. wind speed 
m /s

Unstable 18% 3

Neutral 35% 5

Fumigation 6.5% 5

Slightly stable . . 19% 4

Moderately stable 14% 3

Very stable 6% 2

Extrem ely stable 1.5% 1

Annual mean diffusion

Each condition corresponds to a certain instantaneous diffusion pattern. 
Among other conditions, wind direction changes with time, both on a rapid 
and on a slower scale. Annual averages which should be used when applying 
M P L's for radioactive a ir  contamination will thus come far below the in
stantaneous concentrations. This is illustrated in the diagram (Fig. 20) where 
curves corresponding to some of the conditions above (instantaneous con
centrations at ground in the wind direction) are shown together with a curve 
for the annual mean concentration in the most exposed direction.

105

This publication is no longer valid 
Please see http://www-ns.iaea.org/standards/



FIG .2 0 .  Concentration in central line at the ground
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A P P E N D I X  IV

1. SAMPLING OF AIRBORNE PARTICLES FROM DUCTS

V. Griffiths

In order to collect a representative sample of an aerosol from a duct, 
three conditions must be fulfilled.

(i) The cloud in the duct must be thoroughly mixed by baffles or orifice 
plates.

(ii) The velocity in the sampling tube facing upstream must be the same 
as that in the ducting (isokinetic conditions) unless the particles have 
no appreciable inertia.

(iii) The precipitating or collecting device should be suitable for the par
ticular aerosol being sampled.

The salient features of a sampling outfit for gas-borne particles [1] are shown 
in Fig. 21.

Experiments by Stairmand [1] have indicated that a mixing baffle is es
sential, both to obtain uniform gas flow, and also to ensure that the dust 
sam ples extracted  shall be rep resen tative. It is recommended that half 
the a rea  of the duct should be centrally obstructed. F o r a circu lar duct a 
disc of diam eter D/«/2 centrally located and suitably supported by wires is 
n ecessary  (see Fig . 22(a)). F o r a square or rectangular duct a centrally lo
cated plain obstruction, obstructing half the area  and arranged so that the 
peripheral clearan ce  is equal all round, should be used (see F ig . 22(b)).

Experience has shown that,even when a mixing baffle is employed, 
samples taken in a square or rectangular duct are less accurate than those 
taken from a c ircu lar duct. Square or rectangular ducts should therefore 
be avoided; sloping ducts are also particularly unsuitable, and if a vertical 
section cannot be found then a horizontal section must be employed. In this 
case it is necessary for a traverse search to be carried out before the main 
sampling test. With all these baffles the sampling point should be on the axis 
of the duct, three-duct diameters (or three times the longest side of the duct) 
downstream from-the baffle. At least two duct diam eters of the straight 
pipe should follow the sampling point. Where such lengths of straight pipe 
are not available the best procedure is to fit a reducing piece so that the

EXAMPLES OF AIR-MONITORING SERVICES
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FIG. 2 1 .  Arrangement of a simple sampling device

TOTAL OBSTRUCTED AREA 

- y X  SECTIONAL AREA OF

OUCT t
(a) MIXING B A FFLE  IN A { b) MIXING B A FFLE  IN A

CIRCULAR DUCT SQUARE OR RECTANGULAR
OUCT

FIG. 2 2 . Half area mixing baffles

n ecessary  straight pipe length can be obtained in a sh orter total distance 
This arrangem ent does, of cou rse, increase the pressure drop. Where a 
permanent obstruction would impose too great a pressure drop, arrange
ments can be made to locate the baffle on a rotating shaft, in the same way 
as a butterfly valve is fixed, so that it can be turned into the flow when not 
in use.
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Where it is quite impossible to fit a mixing baffle, multi-point sampling 
is necessary. However, particles passing high efficiency filters are general
ly less than a few m icrons in diam eter and simplified sampling techniques 
may be used as inertial effects are unimportant.

In p ractice  it is very  difficult to take meaningful samples before fil
tration as in most ventilation system s there are few straight duct sections. 
Also, complex duct system s in which ducts meet in a common header before 
filtration are often the case, Thus most facilities take samples before stack 
discharge to atmosphere. Isokinetic sampling is often impossible when the 
flow rate v a rie s , but as the dust p articles of biological importance do not 
have appreciable inertial effects, the e rro r  is sm all in sampling after the 
filters. Continuous sampling of such effluent often means that environmental 
monitoring is not necessary.

The sampling nozzle, generally sharp edged, points upstream  and is 
usually located on the axis of the main duct. If this is the case and if the 
gas be extracted so that the velocity in the nozzle is equal to that of the sur
rounding stream , the flow will not be disturbed, and the sample extracted  
will be representative both in concentration and grading. This condition 
in which the speed of the gas in the sampling nozzle is equal to that of the 
surrounding gas is essential for accurate sampling. Stairmand gives a num
ber of standard designs of sharp edged nozzles. In practice, the most suit
able size of nozzle is selected to give isokinetic sampling at a convenient 
flow rate, the latter being determined by the capacity of the filters and pumps 
available, the velocity at the nozzle tip being determined by the duct condi
tions at the points selected. Table V gives the appropriate sampling rates 
for various duct velocities for the four nozzles m ost commonly used with 
a ir  sampling equipment.

After a representative sample of the dust-laden gas has been extracted  
from  the main stream  it is n ecessary  to separate the particulate m atter  
from the gas. The method employed depends on the fineness and nature of 
the dust and upon its concentration in the gas. In radioactive work a high 
efficiency filter, or filter pack containing filter paper and other absorbants, 
is most commonly used. Where size grading is also required a cascade im- 
pacter (Fig. 23) is often used. In this the particulate cloud is sucked through 
the first orifice at a fixed flow rate , passing through a rectangular jet onto 
a glass slide, normal to the flow.

P articles  with sufficient inertia strike the plate and generally adhere. 
The air and rem ainder of the particles suffer a 90° change in direction and 
pass through another jet of sm aller dimensions, the higher velocity through 
this jet causing impaction of particles sm aller than those caught on the first 
plate. There are altogether four stages of impaction, each jet sm aller than
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„   ̂ V elocity  X  D2 .Rate (Q) = ------- --------------  f t 3/ mi n

V elocity  X D 2 .
------------------------  m ? / h  (D m inches)

V elocity X D2 3 ,, / velocity  m / s 'N
350 m ' V D mm J

TABLE V

SAMPLING RATES FOR VARIOUS NOZZLES

Velocity 
in duct 
(ft/s)

Sampling Point

3/8 in. nozzle 

(ftV m in)

1/2 in. nozzle 
(f t3/min)

5/8 in. nozzle 
(ft3/min)

3/4 in. nozzle 
(ftV m in)

5 0 .2 3 .0.41 0 .6 4 0 .9 2

10 0 .4 6 0 .8 2 1 .28 1 .84

15 0 .6 9 1 .22 1.92 2 .7 6

20 0 .9 2 1 .6 4 2 .5 6 3 .68

25 1 .15 2 .0 4 3 .20 4. 60

30 1 .3 8 2 .4 5 3. 83 5 .52

35 1. 61 2 . 86 4 .4 7 6 .41

40 1 .8 4 3 .2 7 5 .1 1 1 .3 5

45 2 .0 6  • 3 .6 8 5 .7 5 8 .30

50 2 .3 0 4 .0 8 6 .4 1 9 .17

55 2 .5 3 4 . 50 7 .00 10.15

60 2 .7 6 4 .9 0

........... . . .  _  ..

7 .6 5 11.07

its p red ecessor so that finer particles are deposited. Care must be taken 
to avoid break-up of aggregates when sampling as the impact velocity may 
be high enough to cause shattering with subsequent deposition of fragments 
on later plates. Coating the plates with an adhesive will to some extent over
come this.
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FIG .23(a). Diagram of a cascade impactor

15 2 3 4 5 6 7  9 1113 16 20

FIG. 23(b).

05 07 1A 1.5 2 3 4 5 6 7 9 11U16 20

DIAMETER OF DROPLET-micron*

Curves showing the efficiency of the four stages of a cascade impactor

F o r  very  fine p articles a therm al precipitator may be used.. In this 
case a ir  is drawn at a very  low velocity through a narrow duct (0.5 m illi
m eters wide), past an electrically heated wire close to which, on each side,
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is a m icroscope cover g lass. The tem perature of the wire is about 100°C 
whilst the cover glasses, in contact with metal plugs, are at room tempera
ture. Therm al forces cause particles to be deposited on the glasses on a 
narrow strip  parallel to the w ire. Size distribution estimations are made 
by light m icroscopy acro ss the width of the trace and, for very small par
ticles a special plug is available, so that election microscopy may be 
employed.

Where only the radioactive content of the air is required,the procedure 
is to use a high efficiency paper filter which can then be counted with either 
a shielded end window beta-gamma counter or an alpha scintillation detector 
used in conjunction with a monitoring instrument that can detect very low 
orders of counting fate. Alpha or gamma spectrom etry may also allow 
identification and estimation of a particular nuclide.

R E F E R E N C E

[1 ] STAIRMAND, C . J . , The sampling of dust laden gases. Trans. Inst. chem. Engrs 29 (1951) p. 15-44.
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2. MONITORING OF ATMOSPHERIC POLLUTION IN THE VENTILATION 
SYSTEM OF BUILDING No. 49

M. Regnard

2 .1 . B r ie f  description of the installation (see F ig . 24)

The building com prises a cruciform  active co rrid o r and the working 
enclosures are so laid out that the side in which the radioisotopes are intro
duced faces the corridor, and the working face, equipped with tongs or gloves, 
faces the adjoining "sem i-hot" laboratories. Thus, a complete separation 
of hot and cold zones is possible.

Only the hot co rrid o r and the enclosures are  ventilated by means of 
two different system s which are so designed that the air always flows from  
the less active to the more active laboratories.

2. 1. 1. Active corridor

The pressure is maintained at 5 mm of water below the ambient atmos
pheric pressure. The ventilation consists of a current of filtered, fresh air, 
heated in winter and distributed through the ceiling of the building, and eight 
extraction vents-in each arm  of the cross at ground level. The air thus ex
tracted by four different blowers is filtered through boxes fitted with asbestos- 
fibre filter-p ap er and then discharged through four different stacks at 
a height of about 7 m above the roof.

2 . 1 . 2 .  Enclosures

The enclosures are ventilated solely by an extraction system common 
to the two bays facing each other. The air enters the enclosures through 
normal leakage or through a specialinlet fitted with a filter. A reduced pressure 
corresponding to a few centim etres of water is maintained in these enclo
sures. The exhausted air first passes through individual paper or activated 
carbon filters attached to each end, then through a common filter fitted with 
paper with asbestos fibre sim ilar to that used for the corridor, and is finally 
discharged through the same stacks as a ir from the corridor. The two 
stacks through which these two discharges have taken place are internally 
compartmented throughout their height to prevent any recycling of one of the 
ventilation system s breaks down.
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N

‘ FIG. 2 4 . General drawing of ground floor of building No. 49

2. 2. Monitoring of atm ospheric pollution

A fter briefly studying the different detectors used, we shall see how 
they are located in the different system s.

2 . 2 . 1 .  D etectors

There are three main types of detectors:

2. 2. 1. 1. A differential ionization cham ber for g a s e s .
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2 . 2 . 1 .  2. An "EAR 622" sampling device with filter paper unrolling in front 
of an a ir intake vent and passing under two counters with a tim e-lag of
2 hours between each.

2. 2. 1. 3. A "Mandarin" sampling device consisting of an intake head with 
filter paper and activated carbon. This device is placed directly under a 
scintillation counter so that the total value of all the activity collected during 
the sampling can be m easured. In the case of volatile substances such as 
iodine, m ercury, e t c . , a much better uptake can be obtained with the acti
vated carbon filter than with paper.

2 . 2 . 2 .  Organization of surveillance

All the readings are fed to a central panel, where they are permanently 
recorded. The panel also contains the control buttons of the fans and the 
p ressu re-m easu rin g  devices. The m easures taken include a system  for 
radioactive monitoring of the air discharged through the stacks and a system 
for monitoring the a ir  in the active corrid or and the basement, where the 
filter-boxes are  located.

2. 2. 2. 1. Monitoring of the stacks. A tapping is made directly at the base 
of each stack and the a ir  thus sampled passes through the filters of 
a "Mandarin" device and then through a differential chamber. The apparatus 
consists of two "Mandarin" devices in parallel, which makes it possible, 
in the event of an incident, to study the decay of active deposits on a filter 
while continuing to monitor with the other d etector. Unless there is an 
incident, the filter-paper and the carbon are changed every week, because 
there is only slight clogging since the discharged air has already been fil
tered by the coarse filter.

2. 2. 2. 2. Monitoring of the active corridor. The active corridor is moni
tored with four "EAR 662" detectors whose a ir intakes are connected with 
tappings on the extraction duct of each half-bay. These devices also take 
samples of the air in the basement and, by means of a set of electric valves 
operated from the central panel, one of the two system s can be isolated in 
the event of an incident.

2. 2. 2. 3. Additional monitoring. In addition, samples are taken over short 
periods depending on the operations being carried  out, with a view to de
termining atm ospheric pollution in its initial stage.

115

This publication is no longer valid 
Please see http://www-ns.iaea.org/standards/



2. 3. C onclusions

After one year's experience, we have reached the following conclusions:

2 . 3 . 1 .  Although the ventilation is satisfacto ry , it would be desirable to 
increase the flow so as to obtain more frequent air changes in the enclosures, 
thus securing a better extraction of acid and radioactive vapours.

2 . 3 . 2 .  F o r the purpose of filtration, activated carbon filters should be pro
vided even on the general casings and, in particular, on the detectors.

2. 3. 3. Finally, it is recommended that sealed enclosures with an adjustable, 
filtered a ir inlet should be provided rather than enclosures which allow the 
a ir  to enter through crack s.
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W orld M eteo ro lo g ical O rganization
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IAEA SALES AGENTS

O rders for A gency p u b lica tio n s can be p laced  with your b o o k se lle r  or any of our s a le s  
ag en ts  lis te d  below :

A R G E N T I N A
C om ision N acio n al de 
E n erg ia  A tom ica 
A venida del L ib ertad o r 
G en eral San Martin 8 2 5 0  
B u enos A ires  • S u e . 29

A U S T R A L I A
H unter P u b lic a t io n s ,
23 M cK illop  S tre et 
M elbourne* C .l

A U S T R I A
Georg Fromme & Co.
S p en g erg a sse  39 
A -1 0 5 0 , V ien n a  V

B E L G I U M
O ffic e  in tern a tio n a l de lib ra ir ie  
3 0 , avenue Marnix 
B r u s s e ls  5

B R A Z I L
L iv raria  K osm os Editora  
Rua do R o sa r io , 1 3 5-137  
R io  de Ja n e iro

A gen cia  E xp oen te  O sca r  M. S ilv a  
Rua X a v ier de T o le d o , 1 4 0 - 1 °  Andar 
(C aixa  P o s ta l  No. 5 .6 1 4 )
Sao  P au lo

BY E L O R U SSIA N  S O V IE T  S O C IA L IS T
R E P U B L IC

See under U SSR

CANADA
The Q u een ’s  P rin ter 
O ttaw a, Ontario

C H I N A  (Taiw an )
B o o k s and S c ie n t if ic  Su p p lies  
S e r v ic e , L td .,
P .O . B o x  83 
T a ip e i

C ZE C H O SLO V A K  S O C IA L IS T  R E P U B L IC
S .N .T .L .
Sp o len a 51 
Nove M esto 
P rague 1

D E N M A R K
E jn a r M unksgaard L td .
6 Norregade 
C openhagen K

F I N L A N D
A kateem inen K irjakauppa 
K esk u sk atu  2 
H els in k i 

F R A N C E
O ffice  in tern a tio n a l de 
d ocum entation e t  lib ra ir ie  
4 8 , rue G a y -L u ssa c  
P a r is  5 e

G E R M A N Y  ,  F e d e ra l R ep u b lic  of 
R . Oldenbourg 
R o sen h eim er S tra s se  145 
8 Munich 8 

H U N G A R Y  
Kultura
Hungarian Trad ing  Co, for Books 
and N ew spapers 
P .O .B .  149 
B u d ap est 62

I S R A E L
H e ilig e ra n d  Co.
3 N athan S tra u ss  S tre e t 
Jeru sa lem

I T A L Y
A genzia E d ito r ia le  In tem azio n ale  
O rgan izzaz io n i U n iv ersa li (A .E .I .O .U .)  
Via M eravig li 16 
Milan 

J A P A N
Maruzen Company L td .
6 , T o ri Nichom e 
N ihonbashi 
(P .O . B ox 6 0 5 )
Tokyo C en tral

M E X I C O
L ib ra n a  In te m a cio n a l 
Av. Sonora 206 
M exico 1 1 , D .F .

N E T H E R L A N D S
N .V . MarUnus N ijh o ff 
Lange Voorhout 9 
The Hague

N E W  Z E A L A N D
ffhitcom be & T o m bs, L td .
G .P .O . Box 1894 
W ellington, C .l
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N O R W A Y
Joh an  Grundt Tanum 
K arl Jo h a n s  gate 43
O slo

P A K I S T A N
K arach i E d u catio n  S o c ie ty  
Haroon Cham bers 
South N ap ier Road 
(P .O . B ox  N o. 4866)
K arach i 2

P O L A N D
O srodek R ozp ow szech n ian a 
W ydawnictw Naukowych 
P o lsk a  Akadem ia Nauk 
P a la c  Kultury i  Nauki 
Warsaw

R O M A N I A
C artim ex
Rue A. B riand  14-18  
B u ca re s t

SOUTH A FR IC A
Van S ch aik *s  B ook store  (P ty ) L td . 
L ib r i Bu ild ing  
Church S tre et 
(P .O . B ox  724)
P reto ria

S P A I N
L ib ra rla  B o sch
Ronda de la U niversidad 11
B a rce lo n a

S W E D E N
C .E . F r itz e s  Kungl. H ovbokhandel 
F red sg a ta n  2 
Stockholm  16

S W I T Z E R L A N D  
L ib ra irie  P ay ot 
Rue G renus 6 
1211 G eneva 11

T U R K E Y
L ib ra irie  H achette  
4 6 9 t I s t ik la l  C addesi 
B e y o g lu , Istan bu l

UKRAINIAN S O V IE T  S O C IA L IS T  
R E P U B L IC

S ee  under U SSR

UNION O F  S O V IE T  SO C IA L IST
R E P U B L IC S

M ezhdunarodnaya K niga 
Sm olen skay a-Sen n aya 32*34 
M oscow  G -200

U N ITE D  KINGDOM O F  G R E A T
B R ITA IN  AND N O RTH ERN  IR ELA N D  

H er M a je s ty 's  S tationery O ffice  
P .O . B o x  569 
London, S .E . l

U N ITED  S T A T E S  O F  AM ERICA 
N atio n al A gency for 
In tern atio n al P u b lica tio n s*  Inc* 
3 1 7  E a s t  34th Street 
New Y o rk , N .Y . 10016

V E N E Z U E L A
Sr. B rau lio  G ab rie l C h acares  
Gobernador a C an d ilito  37 
San ta  R o sa lia  
(Apartado P o s ta l  80 9 2 )
C a ra ca s  D .F .

Y U G O S L A V I A
Ju g o slo v e n sk a  K n jiga  
T e r a z ije  27 
Belg rad e

IA EA  p u b lica tio n s  can a lso  be p urchased  re ta il  a t  the U nited N ations B ooksh op  a t 
U nited  N ations H eadquarters, New Y o rk , a t  the n ew s-stan d  a t  the A g en cy 's  H ead
q u a rters , V ien n a , and a t m ost c o n fe re n c e s , sym p osia and sem inars organized by the 
A g en cy .

In order to fa c i l i ta te  the d istrib u tio n  of i t s  p u b lica tio n s , the A gency is  prepared to 
a c c e p t  paym ent in U N ESC O  coupons or in lo c a l  cu rre n c ies .

O rders and in q u iries  from co u n tries  w here s a le s  ag en ts  have not y e t  b een  appointed 
may be s e n t  t o :

D istribu tion  and S a le s  Group, In tern atio n al A tom ic Energy A gency,
K am tn er R ing 1 1 , A *1010 , V ienna I ,  A ustria
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INTERNATIONAL 
ATOMIC ENERGY AGENCY 
VIENNA, 1966

PRICE: USA and Canada: US $2.50
Austria and elsewhere: S 52,50 
(15/stg; F.Fr.10,-; DM 8,-)
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