REACTCR MCDEL, S TING AND ENVI RONVENTAL PRCBLEMs: A CASE
STUDY OF A NUCLEAR RESEARCH REACTCR PROPGSED FCR
AHVADU BELLO UWN VERSI TY

by
Ita Ckon Bassey Ewa

Submtted in partial fulfilment of the requirenents
for the degree of Master of Science, Nuclear

Physi cs

Departnent of Physics
Ahmadu Bell o University

Zari a



ABSTRACT

The prospect of acquiring and siting a nuclear research
reactor at the Ahnadu Bello University is assesed in this
thesis. The reactor proposed is relatively cheap, easily
constructed and operated, safe in terns of reactor accidents,
conmmon to users operating research reactors in devel opi ng
countries, and uses |ow fuel enrichnents which conforns with
the International Atomc Energy Agency requirenents.

The siting criteria examned includes considerations such
as: reactor zones, topography, soil characteristics, neteo-
rol ogi cal conditions, and transport systens that will reduce
traffic hazards. It is suggested that a research reactor
of low power (1 MW, could be |ocated at the proposed site
because of the suitable siting conditions.

The environnental problens such as: dispersal of air-
borne radi onucl i des, anticipated ecol ogi cal problens, air-
craft crashes, flood, forest fires, radiation nonitoring and
Ssite security were also considered. The nost virile problem
of the nuclear industry - waste nmanagenent was al so consi der ed
in the context of the rather |ow suspect waste that wll be
generated fromthe reactor. A low power reactor, like the one
proposed for the university will not cause serious environ-
mental problens, if safeguards and nonitoring of radiations

are performed effectively.



Finally, it is concluded that a | ow power Triga Mark 11
research reactor rated 1 MN(th), could be sited and
operated safely at the proposed site with radiol ogically

I nsi gni ficant environmental problens.
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CHAPTER 1
INTRODUCT1ON

1.1 General Introduction

On March 1¢81, Dr. S.B. Elegba, Mr. aA.C. Bamgbelu and
the author Jjointly inspected two sites, earlier proposed for
the siting of a research reactor for the University. One of
the sites is situated along the new hano road, while the other
is at Shika along Sokoto road. The author was later informed
by the departiment that these sites were no longer accepted as
proposed sites, based on the findings made from previous
studies.

The author was then shown another site adjacent to Area A
staff quarters and was then asked to examine, and make recommen=-
dations on the suitzbility of the new site for a University
nuclear research reactor,  This thesis therefore, is a case
study of the reactor model, siting and environumental problems
associated with the reactor proposed for the University.

A research reactor is desirable in Nigeria for basic
training in nuclear technology. Although most developing
countries(including Nigeria) are s%ill planning for the
acquisition of research reactors, others have operated research
reactors for some years. A survey of the need and role of
research reactors in some of the developing countries is there=

fore considered.
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1.2 Background survey of researcn reactors and their role ijinp

some developing countries.

The first step in the development of a National Nuclear
Programme is thne acquisition of a research reactor, which
then forms a nucleus around which training and research in
the technology coula be developed. 4ll over the world, as
many as 391 research reactors (SIiiI, 1976) were in operation
in 48 countries. O0f this nuwber, only 4 are in operation in
Africa.

They include:-

(a) wWR-C-CAIRO reactor with a thermal output of 2 Mega watt
(2 MWw), at Inshas, near Cairo under the Egyptian Atomic
knergy Hesearch Establishuments

(b) TRIGA REACTCH of Ire Yemwatis(1 1) at the Trico
Nuclear Research Centre, Kinshasa, Zaire

(¢) Zwo reactors at Pelindaba in South Africa; SAFARI-1, rated
at 20 Megawatt (20 Mw) and PELIDUNA ZERO of negligible
thermal output.

According to the International Atomic Energy Agency
classification (IAEA, 1980), developing countries are grouped
into four classes, namely:

(a) Stage-3 (countries with reactors in operation)

(b) Stage-2 (countries with reactors under construction)
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(c) ©Stage-1 (countries making studies for the
acquisiticn of reactors)
(d) Stage-0 (countries in the pre-planning stages
of acquiring reactors)

In Stage - 3, five countries are known to have reactors
in operation with India leading as having the greatest number
of reactors, In Stage - 2, three countries are involved.
brazil leads this group in the number of reactors under
construction. In Stage - 1, twenty-eight countries are under-
going studies for the acquisition of reactors. Stage - O,
includes the bulk of developing countries who are in the pre-
planning stages of acquiring reactors. Nigeria is included in
Stage - 0.

One practical explanation of such a low response to reactor
technology in developing countries is that amidst various
social problems, nuclear technology is not given top priority.
However some developing countries have given exceptional
priority to the developgent of nuclear technology, through the

use of research reactors.

The Pakistan Institute of Nuclear Science and Technology
(PINSTECH) operates a 5 MW pool-type research reactor at
PINSTECH near Islamabad.’
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The reactor operation poses no hazard problem to the public
including the population of _slamabad locatcd 19 Km to the
West of PINSTECH. The Pakistan Research Reactor - 1 (PARR - 1)
has afforded Pakistanis a well-planned training programme
for the operation of the Karachi Nuclear Power Plant (KANUFP)
which has been in operation since 1972 (Nasim and Hasnain,197Y4)

Under a bilateral agreement between the Phillipines and
the United States of America, the Phillipine Research Reactor
(PRR - 1) was acquired and sited at Quezon city. PRR - 1 is
thermelly rated 1 MWw. The reactor reached criticality in 1963
and since then the Phillipine Atomic Research Centre (PARC)
has conducted researches such as the Mercury inventory in
electrolytic cells, determination of cladding and leaking in
reactor vessels as well as plan for the 621 Mw (e) PNPP - 1
power plant now under construction and which is to be commi-
ssioned in 1984 (IAEA, 1670).

The Egyptian Nuclear Prceramme apart from its emphasis
on the development of nuclear energy is also concerned with
nuclear desalination studies. Egypt's 2 MW (th) Tank Pool
reactor is also utilized for regional studies under mutual
co-operation between the other Arab countries. With a dire
need for desalted water for irrigation and development of the
coastal area along the Mediterranean, and in West Alexandria,

it had been prop-sed that the 150 YW (e) nuclear power plant
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planned for Bung LI Arab coastal area (Mahoud et al , 1969)
will include a pilot cea-wate. desalination unit capable of
desalting 20,000 m3/d of water for irrigation purposes. Studies
carried out at Inshas indicated that from 1980 to 2000, Egypt
nuclear programne will require dual purpose nuclear plants of
9,000 MW (e} output. The success of the Egyptian nuclear
programme studies had been attributed to their research reactor
compissioned since 1961 (Mahmoud el al, 1971).

The Zaire TRICO Nuclear Centre operates a ' "4 (th) Triga
'Mark I reactor which went critical in 1959, The reactor uses
enriched Uraniun -~ 235 with Ziconium Hydride as moderator. On
the experience gained in using the TRICO reactor, Malu (1971)
noted that a research reactor is efficiently utilized when
integrated into the activities of a University and when funds
for its operation and maintenan~e are available for jtg ancillary
equipment. The TRICU Reactor is attached to the Kinshasa
campus of Univirsitic Nullonale' Zaare. Zalire plans to install
a 100 Mw {e) Triga reactor for the country's nuclear programme
as well as transforming the TRICO Nuclear Centre inte a regional

centre for auslear research in africa (Malu, 1971).
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From the examples cited above, it is obvious that the
role of research reactors in developing countries is in
acquainting nuclear scientists with some of the identical expe-
rience expected when power reactors are operated. Even in
cases where the development of nuclear power is yet a distant
prospect, research reactors have been greatly used in nuclear
science technology as in food preservation / production studies
insect control, medicine, water resources development, geologic
and industrial applications as well as radiation studies in
Health ['hysics and reactor safety.

The A.B.U. nuclear research reactor will stimulate interest
in the development of Nuclear Technology basically in two ways.
Firstly, it will expose Nigerian Scientist and technologist in
the field of nuclear power planning to fundamental consepts of
nuclear power plant operation and maintenance, Nuclear power
is very desirable in Nigeria if she has to diversify her energy
sources, rather than depend on power supply solely from fossil
fuels, Secondly a research reactor promotes thorough study of
water movements and related hydrological characterestics through
the use of isotopes (as tracers).

A nuclear research reactor is a singular facility that
could be used in the training of all categories of scientists,
using nuclear techniques for research work. The reactor is
therefoirre desirable in Nigeria for the take-off of nuclear

research,



CHAPTER 2
REACTOR MODEL
2.1 Research reactors

Research reactors are classified in several ways,
depending on the type and arrangement of *fuel, moderator,
coolant used and neutron speed, sustaining the fission
process.

Some reactors are classif.:d on the basis of the
material used in slowing down the neutron energy during the
fission process. These materials are known as moderators.
The principal moderators are light - water, heavy - water,
and graphite,

An arrangement of the moderator and fuel, provides
another basis for classification, In reactors where the
solid fuel is fixed in a regular lattice within the moderators
the reactor is termed heterogenous, while in reactors where
the fuel and moderator are irtimately mixed in the form of
solutions (aqueous, liquid salts, or metals) the reactor ig
termed homogenous,

Tieclon neutrons sre also used in classifying reactors,
A fast reactor is one in which most of the neutrons are in
the energy range of 0.1 to 1.0 MeV, while a thermal reactor

has neutrons with energy less than 0.1 eV,
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The main classification (IAEa, 1970) of research

reactors based on the above features are therefore as follows :-

I

II

III

IV

v

VI

VII

VIII
The choice
depends on

(a)

(®)

(e)

(a)

(=)

(£)
and (g)

Connidoring

expensive,

Light-water - moderated, pool - type.

Light - water - moderated, tank - type.

Aqueous - homogenous,

Argonaut.,

Solid - homogenous

Heavy - water - moderated.

Graphite - moderated.

Fast.

of a reactor from any of the classes listed above
several factors including:-

main purpose for which the reactor will be utilized
choice of t.c fuel -cyclc

choice of wdcrator and coolant (e.g. air and water)

economicC . .plications of the model .

technical flexibility (i.e. whethcr the reactor is
upgradable )

thermal power oulp’ ol cu= wodel

the inherent safety design of the reactor.

lhese Moclors thereforeUniversites prefer to use less

common and easily operated reactors.
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Classes of reactors involving heavy - water moderation are
not common research rcactors becausc of the cost of Deuterim
(heavy water) plants. Fast, and Graphite moderated reactors
are also not popular because of the cost of maintaining such
reactors. Out of the eight classes of reactors listed, threec
of them contain the bulk of the reactors commonly used. These
are : the Light - water - moderated reactors, Argonaut reactors.
and the Solid - homogenous (Triga reactor) types. These .

reactors are now considered,

Light - water - moderated reactors utilize ordinary water
as moderator and sometimes also as a coolant and shield. Th-
core design is simple, consisting of a lattice of fuel elem~-nts,
This is immersed in a large pool of water. The term %“pool
reactor" is popularly associated with this type of construction.

Highly power - rated models of light - water -~ moderated,
pool - type reactors like the Galiicu Gaiilei rated at 5 MY
(th) operated by the University of Fisa at Italy could bz used
for material testing researches.

A prototype of a light - water - moderated pool - type
reactor is the Bulk Shielding Reactor (BSR - 1) at Qak Ridge
National Laboratory, U. S. A.
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Its thermal output is rated «t 2 M with an average neutron
13 2
flux of 1.5 X 10~ n/em & (1aLa, 1970). The fuel elements of

LSR = 1 are hollow bundles of plates, through which water flows

by naturel convection. The pool water acting as moderator and

coolant circulates between the fuel plates. It alsc serves as

reflector and shield. Flexibility of the reactor allows

movenent of the core in one direction along the reactor pool

since the core 1is supported from a crane. Aaccess to the reactor

is practically unrestricted since the use of water as both

shield and coolant permits direct visual observation of the

reactor core auring operation. The  amma radiation dose at

water surface directly above the reactor of a power level of

1 Mw is about 140 mit/br. The high <“egree cf accessibility of

the pool type reacters 2llows & wide choice of diversified

experigents including:-

(a) Hadiation - damage work carried out on large or small
eomponents.

(b) Attenuation of iradiation in various materials.

(c) Cheuaical analysis by weans of radicactivity.

(d) Production of raliocactive isotopes with fairly intense
specific activities.

(e) Neutron activation analysis

v
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2.3 Argonaut type:

The original Argonaut reactor was designed by Argonﬂe
National Laboratory U.S.A. Since then many modifications have
been made from the prototype.

One essential difference between argonaut reactors and
the light - water reactors is in the core arrangement. In the
light - water reactors, the parallelepiped dimension and shape
is prefered with either square of rectangular lattices. While
in Argonaut reactors the core is cylindrical annulus with fuel
assemblies in a circular lattice positions. This arrangement
necessitates two reflector positions and for this reason
Argonaut cores have both axial and radial reflectors. The core
is not submerged in the coolant like the pool or tank type but
rather cooled through loops fed from a nearby feed-water tank.
Such an arrangement does not make the reactor fairly accessible
as in the pool and tank types. The containment is a brick
bhilding with thick walls. Cne of such reactors is the Argonaw
reactor (RIEN - 1) rated at 10 KW (th). The reactor is located
at the Institute de Engenharia Nuclear, Cidado Universitaria,
Rio de Janeiro, Brazil. Most Argonaut reactors use diminera-
lized water as coolants. The reactor cores are properly
shielded with concrete blocks of varying thickness. The top

shield is made in the form of movable parts for the core.
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Some of the Argonaut reactors used for rerzarch purposes

include the JUCER...UT rated 250 (kw (th), “ocated at Argonne
(USA), the STARK rated 1 Kw(th), at the Federal Rep. of Germany,
the UTR - 10 KINKI rated 1 watt, at Osaka “Ja.an) and the
Argonaut reactor at the University of Manchester (U.K.).

jointly used with the University of Liverpool,

Argonaut reactors have generally low thermal power between
zero power and 250 Kw (th). They are bulky as a result of
their thick concrete shields and are also difficult to mani-
pulate. They are not upgradable hence may not be suitable
for the demands of the increasingly new fields of research in
nuclear technology. Such a reactor model is therefore not
recommended for the Ahmadu Bello University nuclear research
centre.

Some of the areas of research in which Argonaut reactors
could be utilized include: studies of neutron flux distribution,
determination of velocity dis*ribution of fi:sion fragments,
biological and physical effects of therual neutrons and
investigation of radiation damage by hard gamma ravs.

2.4 Triga reactors and their characterestics

Triga reactors like most research reactors are the solid-

homogenous types, where the fuel and moderator con-**s of a

homogenous mixture of Uranium and Zirconium Hvdride.
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All over thne world, there are 60 Triga reactors (Gietzen,1980)

operating in various nuclear research institutions. Triga
(Eraining, Research, Isotope production - General Atomic)
reactors have a wide range of applications in nuclear tech=-
nology research, 7The Mark I prototype designed by CGeneral
Atomic, San Diego, Californiz has been modified with three
other models : the Mark II, III and IV now in commen use.
These models have various shield designs and experimental
facilities. Some of the important features of the Triga
reactors which make the models popular in nuclear research
are considered below,
2.4.1 Fuel element

Triga fuels consists of 20% enriched U-235 in Zirconium
Hydride (U-ZrHy). This conforms with the International Atomic
Energy Agency requirements ; that research reactors s
should use fuel of low enrichments. A standard Triga fuel has
an active fuel (UZrHq, 55) length of 35.6 cm, with graphite
pieces at its ends (Fig.2.1). In the Mark I model, the
critical number of fuel elements could be 60, However, as a
result of pulsing, operational control and poisoning by fission
products (e.g. Xe = 135) greater number of fuel elements are
required in order to operate at higher power levels. At 250 Kw
power, a loading of about 7C fuel elements is required, while

up to 80 elements are for 1 MW power and pulsing to 2,000 MW.
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Pulsing a reactor to high power levels are sometimes
desirable in material testing., The fuel for the proposed
reactor should be a Triga fuel so as to conform with IAEA

requirements of low emrichment.

2.42, Neutron flux and reactivity:

Neutron flux in Triga reactors vary depending on the

thermal ratings of the models. Flux averages of 2 x 1012n

2_=1 e 2. =1 2_=1

em <8 ', 4.0 x 10"%n em™%s™" and 17 X 1013n cm °s ' have

been obtained in the Mark I, I1 and III models,

Muclear research institutes prefer the usc .. Triga reac-
tors owing to its prompt negative temperature coefficient of
reactivity ( -1, 0 x 107 Ak per °C) afforded by the homoge-
nous fuel and moderator mixture (Profio, 1976) when the fuel
is Uranium - Zirconium Hydride (UZer). A power excursion
resulting from a step increase in reactivity is self terminated
by the temperature rise duc to pulsing,

The major contribution to the prompt negative temperature
coefficient of reactivity is as & result of the low thermal
utilization (fewer thermal necutrons absorbca in U - 235

relative to water) when the Zirconium Hydride becomes heated.
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Fig. 2,3 HORIZONTAL SECTION OF A TRIGA MARK II
REACTOR CORE SEOWING THE 4 BEANPCRTS.
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This is a unique property of Zirconium Hydride in response
to neutrons at higher energie:'. At higher e:cergies, the
transport cross-section is smaller (mean free path longer)
since the average chord length of the hydride in The fuel
elem nts is comparable (Profio, 1976, to mean free path, the
probability of a neutron escaping into the water increases.
In the water, the neutron is rapidly rethermalized (slowed
down). Wwater has a high slowing down power of 1.53 <:!:1""I
(Aschner, 1978) and a higher absorption cross section of 0,6C
barns than Zirconium (0.18 barns). The net effect is that
capture in water is increased while absorption in el is
decreased. This action decrease- the reactivity a’ hiczh

power levels.

2.4.3 Shielding and Control

Triga reactors have adequate designs for siidelding and
control, For the swimming pool type, the core is submerged
in a light -~ water cylindrical tank at depths >f the order of
7 metres. A typical position of a Triga core in relation to
other supporting facilities is shown in Fig.2.2 The radial
dimension of the tank is about 2 metres with the core supported
at a depth of 5 metre by the use of 4 radial beam supports
(Fig 2.3).
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Shielding of the core is done by the use of cheap and
available shielding materials like water and concrete, On
the sides of the core, the shielding is light water,2 * concrete,
= 4"~ bottom of the core, the shielding is light-water,
concrete and earth while the core top is shielded by light
water at a height of 5 metres. By this design the light water
equally provides for the cccling of the core by natural convec-
tion 2s well as being a transparent shield on top of the core
thus affording an easy access for the manipulation of fuel
elements and experimental apparatus (Fig.2.2). The core itself
could be inspected from the reactor bridge mounted on top of
the swimming pool as shown in Fig.2.2. This is a special advan-
taze Triga reactors have in using light water as shield and
coolant. The proposed A.B.U. reactor should therefore use
light water as shield and cooclant owing to its natural abundance
cheapness and availability. In the Mark 111 models the pool
water is circulated around the core by a pump through a heat
exchanger and is continuously purified in an auxilliary loop
by a2 mixed-bed demineralizer (ion-exchangecs) and filter system
at 20 g/min (IAEA, 1970). If the proposed A.B.U. reactor is

a Mark III model, the loop system used as heat exchanger could
be used for basic research in energy conversions (thermal to
electrical) as is obtained in large power reactors used in the

production of electricity.
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Control of the operation of Triga reactors could be
accomplished by the use of 1 regulating rod (for fine control)
2 shim rods (for coarse control) and 2 safety scram rods (for
rapid shutdown). The control of neutrons (by absorption) in
the core is achieved by Borated Graphite poison rods (thermal
absorption cross - section of Boron being 750 barns). The
rods could be cladded in stainless steel. The control rods
are operated by an electromagnet which responds to a servo-
mechanism, allowing them to fall under gravity in a& scram time
of less than 0.35 seconds,

2.5 TIriga models and their common features

Apart from other specialized reactors, General Atomic(GA)
has designed four Triga reactor models commonly called the
Mark I, II, I1I, and 1V models. These models are the most
widely used research reactors out of the 60 Triga reactors in
20 countries around the world. All the four models are open
pool, light-water-cooled reactors, using Uranium Zirconium
Hydride as fuel, at low enrichments. One special advantage
of the swimming pool type of Triga reactors is that all
radicactivity emanating from the core must first pass through
the water (which submerges the core; before it reaches the
air at the water surface., The pool water acts as a biological
shield, thus reducing the conesntration of radiocactivity in

the reactor building.
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The experimental facilities common to all the four models
include: (a) a rotatry svecimen rack, (b) a central in~core
irradiation thimble, (¢) a pneumatic transfer system and (d)
facility for inserting experimental specimens in various in-
core locations, Features that identify each model from others
include, thermal power ratings, core locations, irradiation
room, access to the reactor core, and exposure rcom facilities.
Fach model is considered in detail below.

2.5.1 Mark I

The Triga Mark I was the first in the series of Triga
reactors developed by General Atomic. The precintype
was first put into operation at General Atomic, San Diego,
Cnalifornia, in 1958 at a power level of 10 Kw. It is the
simpi :t and least expensive model available (General Atomic,
19€0) .,

The reactor core is placed at the bottom of the open
cvlindrical tank with the top of the taiuk at grade level. The
reactor can be manipulated through an access at the top only.
T22 cove is r Yindrical with annular graphite reflectors.

The Mark I models have low power levels. The highest
rowir of an operational Mark I is at 1 MW (Gietzen, 1980) A
Tocant, Jietins of facilities to which nuclear reactor instruments

" Coneral Atomic has been approved shows that 16 of this

wodzl are in operation all over the world.
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Limitations of this model in research work is as a result
of the restrictive access to =he core(verticzlly only), low
thermal output (less than 1 MW), abscence of bulky specimen
irradiation facility, and difficulty in upgrading to high
power levels.

2.5.2 Mark II

The first Mark II reactor was construted in 1960, at the
University of Illinois (USA). The Mark II model has a shield
structure above the floor level, allowing for horizontal and
vertical accesses to the reactor core. The core itself is sub-
mergec in a pool of water within a cylindrical tank. Also
incorporated into this model are radial and tangential beam-
ports. This model has a reactor platform for core loading and
other manipulations, There is a large pool irradiation faci-
lity for the irradiation of bulky samples (Fig.2.2).

Some major limitations in the use of the Mark II model is
the stationary nature nf the -~ore and the ab.:cence of ¢+
exposure room for neutron and gamma ray therapy. However,

a typical Mark II reactor can be re-modeled to suit this
purpose, although the cost and considerable change of struc-
tures in the thermal cdolumn may not, in some cases, Justify

the need for the re-modelling.
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Such a re--modelling has been succesfully achieved at the
Musashi Institute of Technoloygy. Japan (Fig 2.4). where a
Triga Mark 11 reactor rated 100 Kw was re-modeled to include
an irradiation room (Aizawa et al. 1980). The Mark II model
is the most widely used Triga. with 20 currently in operation
(Gietzen. 1980).
2.5.3 Mark III

Basically the design of this model is identical to the
other two models. The core is a movabie type, supported on
& bridge.

The reactor core. cooled by natural convection oI pool
water. could be made to move along the bridge to three core
pesitions (Fig.2.£). This makes the model more flexible in
reactor experiments than those with stationary cores. The
core can be manipulated to move along *“he bridge *o the
exposure room position, sllowing for the utilization of thermal
neutrons for noutsor *kapsn-c o4 +he evsm-sens mgom. The pres-
cence of . 'arge exposure room in this model makes it more
desirable for biomedical research.

The rotatry specimen rack in this madel can be constructec
to contain as many as 81 specimen vials, which can be rotated
about the core. allowing an equal neutron exposure to specimens

inspite of an azimuthal variations of neutron flux density.
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There are & of this wodel currently in operation all over the
world (Gietzen. 1980).
2.5.4 lark IV

This mwodel is not commonly used by research institutions
and Universities. They are high powered Triga reactors with
high neutron fluxes. The pool and shield structures are larger
than tnose of the cther models, and the power levels are in
the range of 5 to 15 ilw. They are wostly used ior power reactor
fuel testing, and investigation of special ef 2cts of radia=
tion bursts. This mocdel has the bacgic configuration of the
other models but with additional three radial beun~ports,
(Fig.2.6)
2.6 DPrososrils

‘rom the discusslons on reactor models, it is

hereby suggested that a2 reactor proposed for the Ahmaedu Bello
University Nuclear Kesearch Centre should have the following
features:--

(a) Low U=235 fuel enrichment, so as to conform with 1
the International A*~ric Energy Agency requirements. l

(b) The reactcr snould use cheap available light water
as coolant for economic reasons. [t is not possible to oparate:

a heavy water wmcderated reactor without installing first a

heavy water piant. Heavy water plants are expensive.
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(c) The Zaria reactor should have a high neutron flux

13 -2 =1
ncn s since in some medical

of the order of 8.0 x 10
treatment, like neutron capture therapy a flux rate above

2.5 x 1012n cm-2 may be required for a considerable length

of time (Aizawa et al, 1980)

(d) Since installing a reactor is an expensive invest-
ment, and since reactors are not installed too frequently,
Ahmadu Bello University should go in for a reactor in the
range of 1 Mw, rather than those in the kilowatt range. These
low power reactors have limitations in neutron fluxes.,

(e) The Zaria reactor should be one that enjoys popular
demand, as well as common to most developing countries, and
Universities., Out of the 30 research reactors in developing
countries (see Appendix E) 80% of them are rated below 5 MW.
Of this number, 50% of them are rated 1 MW, and most of them
are utilized by Universities for educational and research
purposes. Such a reactor(1 MW) therefore wiil allow for a
wide range of joint research programmes as well as quick
identification of reactor faults and problems, which may be
similar w21 other' users.

(f) The proposed reactor should be such that could be
quickly and easily constructed and installed so as to minimize
the ever increasing cost of construction materials due to in-;
flation. This will keep the overall cost of the reactor as

low as possible.
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(g) As beginners in the guest for nuclear technology in

Nigeria, the ABU reactor shou.d be easily op:rated and

maintained so as to give

assurance of its safety.

rating is desirable in this context,

2.7 Recommendations

the University community constant

A moderate power reactor of 1MW

Using as guidelines the proposals and the salient dis-

cussions in this chapter, it is recommended that the principal

design parameters of the proposed Ahmadu Bello University

research reactors be as follows:-

Reactor model

Maximum steady ~ state power level

Type

Neutron flux

Coolant

Cooling system

Fuel element design

Fuel-npuderator matesrlal

Enrichment
Shape
Cladding

No. of fuel elements

TRIGA Mark Il
1 MW(th)

Swimming pool
reactor

8.0x10 > el

n cm “g
Light water (H20)
Iatural convec-

tion

Triga fuel (UZer)

20% U-~235
Cylindrical
Stainless Steel
Up to 70



Reflector Graphite rods

No. of control rods

Safety 2 scram rods(rapid shut-
down)
Regulating 1 (fine control)

2 (coarse control)
Transients 1

Experimental facilities

No. of beam tubes i

Reflector irradia#®ion

poesitions As may be required

Specimen racks 100

Rabbit systems As may be required
Utilization Multipurpose, Radioi~

sotope production,
Education and Research.
schedules
Period of construction
studies 1982 - 1983
Tor=iruction period 198 ~ 1087
Staff training [ tigeriane) 4082 .. 1587
Commissioning 1987

Reactor life span 30 years



CHAPTER 3
SITING

3.1 Siting criteria and safety aspects

The siting cf a nuclear facility is always considered
more carefully and restrictive than other industrial facilities
as a result c¢f the assoclated environmental problems antici-
pated from either normal operations or the worst possible
accident, Siting criteria thercfore varies, with more demand-
ing conditions laid dewn in Safety Analysis Reports (SAR) for
power reactors and fuel reprocessing plants, than is expected
for research reactors, Alsc it varies from country to country
depending on licensing legislations, Rosen and Schmidt (1980)
outlined some typical siting practices maintained by some
countries(table 3.1). Such siting practices are used for
siting power reactors, The proposed reactor being a research
reactor should have its siting criteria scaléd down considerably,

In siting a nuclear facility, the criteria used for
site assesment includes: reactor zones, site topography, land-
use, meteorology, demography, ecclogical problem, accessibilty,
and proximitv to coolant source, These details are hereby con-
sidered in assessing the proposed site,

3.2 Reactor zones

It is common practice to acquire two zones around a reactor
for constant monitoring of radiations. The zones are the
'exclusion' and the 'restrictive zones',

-~

31



TABLE 3;1
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Country Exclusion Restrictive Remarks
Zone Zone

Canada 1 km - Individuals and
collective dose
limits used,

India 1.6 km 5 km No population centre
of 16,000 within
16 km in the main
wind axis.

Italy 0,8 - 1 km - Typical value
adopted,

USA 0.65 km S km Accepted value
for plants licensed
in 1960's,

USSR 3 km - Typical value,

—— i o -, .

(after Rosen and Schmidt, 1980)
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For the proposed rescarch reactor location, both zones should
extend extensively in the norta-east/soutn-we .t directions,
since they are the prevalent wind directions.

The exclusion zone as the name implies 1s a zone completely
under the control of the institution or agency running the
reactor. In most research reactors this zone is well marked
around the reactor by the use of a well secured fence on which
the internaticnally accepted radiation emblemsare cisulijzed at
some convenient intervals. In the vicinity of the fence there
should be a continuous margin of accessible road enclosing the
reactor and its allied laboratories. This road is necessary
for the continuous and fast sé;eilance of boundary dosimeters
in times of emergency and alsc for a quick movement of the
patrol team(Security Unit) along the reactor fence,

The restrictive zone may not be within the control of the
University )operating the reactor). However, the University
may be reqguired to influence tie development ..nd growth of
facilities around this zone as well as restricting the concen-
tration of population within this zone. Land use in this zone
may also be restrictive. This zone dces not require any fence
on its borders. Extensive use of this zone for agricultural
purposes like planti. £ of vezetables and livestock grazing
should be discouraged for fear of contamination by precipita-
tion of airborne radicnuclides during reactor operation,

especially in the downwind direction.
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Since the waste water pathway will be within this zone, soil
contamination could he an¢ ther limiting 1 :ctor for effective
land use of the area around the waste water patnway.

ts lor; as the proposed 1 MW research reactor is a nuclear
facility ''sing nuclecar fuel, any abnormal condition could arise
which may cause unnecessary anxiety and fears amongst those
living near the reactor. Population concentrations centres
like staff guarters, students population, and Jam'~r village,
will give the reaclor management sericus environmental problems
to contend with should there be any reactor accident. To
elimate these fears, the reactor should be located at a conve-
nient distance of say 2 km from ruman populations. If this
is done, the Health Physics unit will have enough area to
monitor effectively as well as establish a high degree of
confidence on those living around. This aspect of reuactor
management is important for a smooth taic--off of nuclear
technology in Nigexin If # | Paealth Dhwgies unit fails to
inform the public accuratzly about the safety of the first
reactor, it will be difficult for legislators in the National
Assembly to effect tho necessarv bills for the smooth licensing
of reactore in the country. 1In this regard therefore, the
analysis of the safety of the first reactor in Nigeria will
be very crucial t¢ che acceptance of puclear technology in

the country.
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Some research reactors sited at distances remote from
human populations are the 5 MW rated Galileo Gaolilei at Pisa
(Italy), the 2 MW Triga reactor at Inshas(Cairo), and the
Oregon State University Triga reactor of 1 MW power located
at the Radiation Centre,

3.3 Accessibility to users
The parcel of land constituting the reactor site is

bordered by area A staff quarters, the Zaria abbattoir,

Jam'ar village, the water works and the university dam(fig. 2.1).

The major road nearest the si%te is the Zaria - Sokoto road, which
is about 2 km from the site. This road serves as the main link
between the reactor site to other off campus institutions, that
may likely use the reactor. They include the A.B.U. Teaching
Hospital and the Institute of Agricultural Research (IAR),

These two institutions will make heavy demands on the use of
radio-isotopes for medical research 2nd seed irradiation studies,
The site is also well located and accessible to other users
requiring the services of the reactor like the department of
Geology. Nuclear techniques (isotopes used 2S gpacers) 2re

among the most modern means for studying direction and ve-
locity of groundwater flows, dynamics of lakes, leakages from

lakes and reservoirs in geological research,



37
The departments of Geology and Physics (Geophysics) could
plan for joint research programmes, studying the hydrologic
cycle of the arid zorn=s in the country. The reactor will
therefore be - useful if it is located close to these depart-
ments, Other faculties that have access to the reactor are
the faculties of Engineering, Environmental Studies, Faculty
of Science, Pharmaceutical Sciences and Vertinary Medicine,
3.4 Topography:

The most conspicicus envircnmental problem of a nuclear
facility on the aesthetics of a landscape is the abrub® change
in the visual quality of the site as at the pre-construction
stage, The ¢xoct topographical nature of the site could be
infered from topographical maps: Zaria SW and SE sheets 102 on
a scale 1:50,000, The site is located on a relatively flat
plain with the terrain gently sloping towards a dry valley.
Scanty sclitary shrubs and tree groupings of Baobab and Mango

are found scattered all over the terra.n. The view-
scape, which extends over 10 ki is broken by the c¢nly topo=-
graphical relief-the Kufena Hill, outcropping at the back-
ground while in the south-easterly direction, the horizon meets
the skyline boundary at a strongly defined interface. The
area surrounding the site is completely cultivated except
towards the University dam where there are no farm lands due

to the rocky nature of the soil.



TABLE 3.2

NOBLE GAS AND HALOGENS Im_ghg_QquTQﬁ(a)
Radionuclide wuantity (Ci)
Br - 83 g
Kr = 63 m 1,080
Br - 84 2,000
o = 85 2;1T9
Kr - 85 m 2,150
Kr - 85 113
Kr - 87 5,400
Kr - 88 75700
Kr - 89 9,750
Kr = 90 10,852
Kr - 91 75350
I -13 5,950
Xe =131m 5,950
1 =132 8,850
I =133 14,350
Xe =-133m )
Xe =133 1,350
I -134 16,100
1 '135 13:14-00
Xe -=-135m L ,050
Xe =135 13,850
I =136 12,550
Xe ~137 12,550
Xe =138 11,700
Xe =139 11,800
Xe =140 6,1C0

a - 250 KW Triga Mark - II KReactor of the Technicza
Uiniversity of Istanbul, Turkey.



Where the slope is steep, deep gorges exists and the soil
layers are highly weathered and eroded. All 'he eroded matorlal:
appear to be draired towards the dry valley around tie iow
plains of the dam.

3.5 Ecological congiderckions.

The land use around the site is primarily for agricuitural
purposes with millet, pepper. maize and sugar caune predominani-
ly cultivated along the valleys Grazing routes {(livestock)
terminate at the flood plains of the dam where crinking water
exists for the grazing animals. The conspicuous presc.nce
of several grazing paths around the site could bde atiriibuteu
to the proximity of the Zaria abbatioir al 2 km east of Che
site, If the site is accepted for the operatinsn of the
reacter, the reacgﬁgfggﬂgn%aVe to establish the level of
radiation released, although it is known thal such releases
are well below harmful levels. Table 3.2 is a list of accumu-
lated amount of airborne fissiom praducts(fvh »s5 and Yavuz,
1978) during a continuous four year operation of @z 257 kv
Triga research reactor, Aybers listed the atmospher < burden

of the planned releases as follows:-

e B 100% of the noble gases are discherged through the
chimney.

2 10% of the Halogens are in the form of organic
compounds which are totally discharged a* the

chimney.
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3. Of the remaining 90% in organic halogens, 1% afe
discharged through the chimney.

b Amourt of gases that escape from the fuel element
are ¢stimated as follows: L9.54 pCi for the noble
gases and 24.9% CL for the lodines.

Todine will create seri~.. -=2ological problems around the

reactor site if a reaclor a--ident occurs. because of:

(a) Its role in all food chains terminating in wmilXk.

{b) Its high adsorption on plant foliages. Gaseous Is131

will adsorb on piant leaves(e.g. Millet foliages) with
35% to LO% penctrating the leave epidermis and about
2% wmoving to other parts of the plants (Sclders and
) Hungate, 1956}, . . .._
Other critical nuclides include Argon -h1, Cesium -~ 137, and
Strontium - 90. These nuclides are going to be of radioclogical
interest to the radiation wmonitoring unit, while monitoring
the waste water pathway. Cesgium and strontiu:s fends to accumu-
late as surface contaminants on vegetation along the waste
water pathway. Soii contamination is predominantly as a result
of these nuclides, leaching into the subsurface layers. Apart
from foliage depositions, Sr-Y0 may be deposited on the soil
and held long enough for some absorbtion by plants rooh “a o .

(Slade, 1968).
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The dceposition of neutral salts from the drift in the wa
water pathway will bc ancther ccological problem. A smal
increment of sulpnates, o::lor:.ec n1  chlorides may acid
or 'bind' Selenium to the soil and may effect the chemis

of Selenium in the soil(kdy~. 1901).
It is known that these 1. leuses are well below the

Maximum Permissible Values (MFV) allowed by the Internat
Committee on Radiclogical Protection (ICRP), but there e
tence will afford the Heulth Physics unit a lot of monit
experiences,

3.6 Demography

ASsesin,, the site in terns of population density is
difficult owing to the absence of accurate and reliable
National demographic records. The population centres ar
the reactor site is shown in fig. 3.2. Most population d
are mere estimates, Although the present population den
does not affect the siting of a low power research react
(1 Mv) like that proposed for the University, it is worti
while considering some of the demographic conditions use
assesing the criteria for the siting of the proposed rea
if there are future intentions of upgrading it to 5 Mvw.

Such population densities are normally considered il
sectors of 30° are (12 - point compass rose) amd by conc
zones with emphasis placed on the downwind trend. Such

population c¢stimate is shown in fig.3.3.
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In the estimate of population within 6 km radius, the area
extends to the Leather Kesearch Institute(LERIN), Samaru
village and the Institute of agriculturel Hesearch Samaru
(IAR). Along the prevailing wind direction(NE-SW) the
population settlement that should be restricted from further
expansion is the Jam'ar village.

The growth of Samaru village and the Main Campus in
terms of human population under 20 years is comparatively
high. As at 1963(Census figures), Samaru was 4,147 while the
Main Campus then called Nigeria College stoed .t 1,226,
Presently the figures estimated for 1961 are Main Campus
{over 10,000) and Samaru (14,000). This showa a high popula-
tion growth. If the reactor life span is estimated at L0
years, then by 2020, the reac=or will be surroundcd by dense
po ulation. centres. This will affect an effective uwena,_ement
in terms of environmental radiation monitoring and could cause
unnecessary tension and anxiety in case of reactor accidents,
It is expected that the Nuclear Research Centre will grow
in terms of additional laboratories hence it will be a waste
of funds to duplicate the centre due to expansion limitations,
Thus the research reactor could be located in an area where
extensive expansion programmes of the centre up to 2020 will
be unhinderd. Due to the necrness of population units such
as the Jam'ar village, staff quarters and the Main Campus,
the present parcel of land proposed for the reactor will not

be adequate for expansion purposes by the year 2020,
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The 250 kw(th) Triga Mark II reactor of the Indonesian
National atomic Energy Agencv is sited at Bandung. Open
fields exist on the north west and south sides, with the
campus located on the east, 4 low population density of 100
peoples/km2 exists at a radius of 1 k. It could therefore
be concluded that even research reactors couid be sited at
remote distances(where there is available space) to allow
for future expansion. This is necessary because once the
core is installed, it can not be woved but rather human
settlements around it may be forced to move. If human settle-
ments are forced to evacuate in order to create rooin for
further expansion of reactor facilities, it will set a bad
precedence for the nuclear 'industry' in Nigeria,

3.7 Seil characterestics

In colloboration with the department of Soil ~cience
\A4BU), studies on the nature of the soil at the proposed site
was performed in £pril 1981. The main objective of the study
was to obtain information about the engineering properties
of the scil.

Three soil pits were duy, one at the lower slope close
to the stream(along the valley), and two at the hipher slope.
The depths of the pits were 1.80,2.%1, and 1.9% meters respece
tively. O5c0il samples obtained from the pits were tested for
particle size, soil reaction(pﬂ), bulk density(Lb), and
particle density (Dp)' The soil samples were analysed and

the soil data interpreted (Ojanuga, 1981).
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Excent for a narrow strip of land close to the stream,
the soils are well drained, Water table and its effects are
not obscrved within the 2 m depth soil., The soils in the
narrow strip close to the stream are i mperfectly drained, to
poorly drained; implying tuat the water table 1s at or near
the surfi:ce at some period of the year, particularly during
the raind}y seascn. Soil reaction (or pH) is Sfrongly acid to
slightly acid. The soils have a hard consitency when hard and
are firm when moist. They can be considered plastic, Textura-
1ly, they are losua soils having an appreciable amount of fines
(about 50 or more). Therefore to be usedrsn subgrade, they
have to be compacted properly., The soils are deep {(deeper
than 2 meters) and wel strutured, DIepth to bedrock is not
reached at 3 meters, Root and ant activities are significant
in the upper 2 m of the soilg; their effect becoming minimal
below this depth. In gudging the soils as foundation for struc-
tures, a more detailed study of stress measurements, soil resc-
tion to load pressure, and the cdeptl: of the water level should
be known, The soill characteristic at depth beyond 10 meters
could be investigated for this purpose,
3.8, E@ﬂ@orology:_ ,& | e -

The meﬁeoroh%ﬁgal.t é;ﬁditiohs éround the nuclear research
site proposed for ABU, Zaria will follew the trend as recorded
at the two nearest stations namely:- the Zaria Airport Meteoro-
logical O:fice and the Institute of Agricultural Research (IAR).

o1
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A bricef onealysis of the meteorclogical observations which will

affect the operation of the resctor as huas betn recorded for

the past twenty yeurs is hereby reviewed.

3.8.1 Solar radiztion |
| The intengity of solar radiation reaching fhe ground
varies seassonully. In 1979, Zaria received o maximum of 8,9
daily mean hours of sunshine within the months of January and
February, after whicn it fell to 5.7 for the months of august.
Kecords noted for the past 25 yenrs (1954-1979) show almost
the same trend with a mean of 8.0 doily hours of sunshine
(Appendix &) Such a long durction in sunshine will eventually
raise the surface temperatutres considerably leading to high
evaporation ot Zoria. Long overcast also affect soil tempera-
tures. Solar radiation could be reflected or transmitted,
depending on the properties of the scil. Hipgh s0il tempera-
tures cewhances evaporation wilch in turn reduces percolation.
Reactors built for treopical countries especiclly in a place
such ns Zaria, should be designed to be able to withstand
such additional temperature stresses, ﬁ

3,8.2 Evaporation

Bvaporaticn rates measured at the Samaru Observatory
showed an annual mean of 171,8 mum for 1979 and a correspon=

ding total wean of 174.8 mm for over 25 years (fip.3.4).

i
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wWaste heat from ccoling towers are more favourably disposed
of during conditions of high <vapor:tion and low humidity.
In the discharge of thermally contaminated liquid wastes, the
slow rate of percolation of the waste in disposal wells around
the site could delay the seeping of radionuclides down the
soil strata to shallow water tables.
3.8.3 Humldity

The hunidity chart ut Samuru shows a normal distribution
all through the ycar, with a maximum during the months of
intense reins, July-August(Fi;.3.5). As 2 result of low
precipitation around Zaria, the relative humidity mezsured
in the mornings cnd evenings ure aluost identical (Fig.3.5).
Mean values of 49.9 and JU.7(1979) as well as 49.2 and 37.4
(1954=-1979 for the mornings and afternoons respectively have
been obtained ot Samaru., The effect of such a low hemidity
on the reactor monagement will be on the fast cooling rate of
water frouw the cooling ponds. This will consequently readuce
the cost of muintaining o large quantit’y of water for cooling,

3.8.4 501l temperatures

S0il temperatures depend on several weather coanditions
like insolation, humidity, wiad and evaporution rates,
Measurements of scil profiles at Samaru shows a decreuse of
s0il temperatures with soil d=pth(Table 3.3). The qualities
of the soil that permit the transmission of heat energy depend

on the physical properties of the soil matericl.
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TABLE 3. _3_

Suil temperatures at varicus depths for 1954 to 1979

.
Depths Mean temperatures (¢)

for 25 vears

Morning Afterncon
5 com 32,1 33.1
30.5 cm 36.4 27,0
122 cm 26,6 27.2

Measurements made at 0900 and 1500 Hours GhT.

Source: Field Heport, Samaru Meteorological Ytation.
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The two physical properties of importance are thermal conduc-
tivity and specific heat., When the thermal condutivity is
high, hezat is transmitted through the soil to great depths
during the daey. At night this stored energy flows upwards
through the soil, and werms the atmosphere at the surface.

In the absence of night precipitation (rainfz11, dew etc.)
the soil temperatures at mornings and afterncons are likely
to be identical or differing by a little factor(Table 3.3).
This is the soil temperature condition that prevails at
Samaru. If the open cooling pond system is utilized for a
reactor at Zaria(for thermal treatment of waste water), such
a high soil temperature will militate against fast evaporation
by inducing lccalized convection currents due to thermal
mixing in the ponds. It should be noted that a reactor at
Zaria may not operate on z once-through cooling system due to
conspicuous absence of a lurge body of water. Also since
there is ro large body of wat r, nearby, the draining of the
waste water of thermally polutted water will be another
problem,

3.8.5 C(Cloud cover/air tewperatures

k11 through the year, the cloud cover at Zaria varies
with thick clouds only appearing within the months of heavy
rainfall (June to September). The remaining months are
almost cloudless~thin overcast. when clouds are present,

incoming solar radiation is depleted.
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In the absence of clouds insolation is greatest thus leading
to high surface temperatures, The average air temperature
at a given location is as a result of the energy balance of
the atmosphere at that location and could lead to several
climatic results, This will invaeriably aifect the functioning
of the reactor if it is designed wituaout taking into conside-
ration the temperatures of the local environment. Tempera-
ture patterns could be quite complicated, varying at different
elevations, Since the reactor will be installed at ground
level, it is worth .nn\AnS the temperature variation at this
level. The Samaru Observatory records air teper: tures, taken
a few feet from the ground, For a thorough understanding of
air temperatures, other elevations above an effective reactor
stack heislit of say 60 metres should be considered since air
borne eifluents will be released at such heights. For Zaria,
Mean (Maximum) air temperature of 31.4°C (1938-1979) was recorded
for screen height, ©Since thils average has Leen maintained for
the past 2!} years, the designers of the reactor should consi-
der 31.&90 as the local air temperature and should incorporate
this in the design of the research reactor.
3.8.6 dind:

The atmosphere is a continium in space and time. Like
any turbulent fluid it has a wide variety of perturbations on
all possible time and space scales, Such turbulence is charac-

terized in random motions of air parcels isotropically.
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When the air parcels are streamlined and “sensible", they
form a wind pattern fcr a given wrea, The wind pattern at
Samaru including Zaria and its envirous is mostly in tne NE
and SW directions with slight seasonal changes (fig.3.6).
Mixing and turbid air flows are well known in the upper layers.
Such mixings result in wind inversiors which on a large scale
induce atmospheric instubility. 4 pollutant released from
o stack at Zaria will under pasquill~A weather conditions
spread rapidly in both the lateral (downwind NE or SW) and
vertical dircections. The vertical spread is limited by the
viscous drag of the particulate in air aided by gravity.
Other factors thut may moke the prediction of the direction
of the relecse difricult is air mixing, turbulent atmosphere
due to strong winds, in dispersing radicactive plumes released
into the atmosphere. The wind puttern at Zaria fluctuates
with most periods of ca@lms observed in the mornings between
6 a.m. to 10 a.m. The afternocons are always turbulent. The
difussion protlems of reactor effuents are lessened in the
afternoon, when wind masses are considered larger than stack
effluents, The former tends to tear apart the latter down
the gradicnt leading to a quick dilution of airborne
aeroscls. The prediction of atmospheric stability depends

on the adiabatic lapse rate for a temperature profile.
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With the prevailing wind pattern at zaria, the plume
spread will be in the SW direction for winds blowing NE and Kb
winds in the SW direction. The proposed site will have an
advantage of natural mixing and dilution actions of the
atmosphere, | .

3.4 Dispersion and deposition of airborne effluentss

Once the reactor begins operation Yminute® quantities of
air borae radionuclides, will be released continuously at the
reuactor stack either by way of natural or forced convection.
airborne particles once digpersed remain in the atmesphore
as long as the residence times permit otherwise they are
subjected to depusition forces like precipitation, surface
impaction, electrustatic attraction, adsorption as well as
their appropriate gravitational wvelocities. They therefore
settle down cn various surfaces depending on their deposition
velocities and nature of surface of contact {Slade, 1968},
Primarily the surfuce of contoct inciude water, soll, grass
and sticky surfaces, “Zaria has a wide grasland, therefore
presumably attention will be focusscd on radionuclides, that
have heavy depositions on grasslands, Convair (1959,1960)
computed some deposition velocities for various radionuclides
identificed with fission product releases from reactor stacks.
The airborne effluents include:- Cuesium, Huthenium, Zirconium,

Cerium, Niobium and Tellurim,
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The large deposition velocities on water followed by
that on sticky paper is Xpected as 2 result of the nature of
the surfaces for the contact. Deposition on vegetation (grass)
and soil could be obstructed by movements of grass blades as
well as any localized object at the time of deposition,

Iodinc - 131 is one of the criticol nuclides released at

rcactor stucks cs fission products. Chamberlain(1960), made
important measurements of the deposition of radiozctive vapours
and aerosols including Iodine - 131, Although Icdine - 131 is
released as a vapour, it is known thut I-131 cculd be adsorbed
on condensation nuclei which are too smnll te have an appre-
ciable gravitational settling velocity hence it could be
transported as airborne aercsols at downeind distances.
Apart from poor performance of exhaust filters, the releasc
of radioiodine will not cause serious radiclogical problem
at the proposed site except for the occurence of the worst
accident,

3.9.1 Wet deposition

Zaria enjoys a very short period of rainfall - an average
of only 84 days of rainfall annually. The rainfall pattern
for a period of over 51 years of observation is similar (fig.
3.8). A total aversge of 85.2 days of rainfall unnually has
been recorded for 1928 to 197.(appendix 4). Wwith such a low
frequency of rainfall, wet dcposition may not be considered

predominint in Zaria,
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During atmospheric relecses under precipitation conditions,
rain will wash out souwe of the radionuclides released in the
plume based on the chemicol reactivity of the isotopes in
air, their particle or droplet size, and the precipitation
rate. Predicted wash-out vzlues for Iodine gas are between

-7 -1

3 x 106 to 2 x 10 and in rainfall of 0.5 to 3.0Omm/hour,

- -1
30 tc 4O micron uroplets are expected to runge from 2 x10 us
(Slade, 1968).

Low precipitation for zZaric implies low wash-out frequen-
cy hence it is expected that most vegetution spread and soil
strata with deposited radionuclides, will retain much of thein
depcsits., This will increase the probability of contact of
such deposits by furmers and grazing cuttles since an average
of 85 days cf rainfall annually, implies over 200 days for
cattle grazing.

Summarilly, because of the loucation of the site with
respect to grazing routes, planned releases should be very
low and environmental surveilince should be given serious
attention at the take=-off stage of the reactor.

3.10 siting and Cooling woter facility

The siting of the reactor ot the propused site will have
an advantuge of obtaining cooling water from the University
Dam. A typical Triga rcactor of 2 iMw rating has a coclant
flow rate of 1,000 gallons per minute (Gen. Atomic, 1Y75).

R we
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One can infer from this, the flow rute for 1 MW Triga
reactor. Such 2 large veluse of water will require re-cyeling
after dimineralization ctherwise the volume of water ot the
Dam will be reduced. One main problem of siting a reactor
at Zaria is the abscence ¢f naturally flowing rivers. The
nearest larpge body of woter is the River kaduna and it is not
possible to direct the waste water from the re:ctor to this
river becuzuse of the inexistence of a link from Zaria. Waste
water from the reactor will be stored in cooling ponds after
which it may be druained away after the necessary treaztment
has been perfomed.
3:11 Siting and transport

The main transport systems that are likely to be used
for hauling reactor components in Nigeria uare mainly the road
and railway transport systeiss. The use of the ports via its
waterways is limited since the inland waterways trunsport
connections from the ports tc the reactor site (Zaria) are
not in existence and the nearest linking route via River
Kaduna 1s not fully developed to accomodzte large vessels,
Reactor components arriving in Nigeria may be discharged in
one of the four port complexes namely:- Lagces, Port-Harcourt,
Calabur and Delta ports. The choice of any of the ports as
landing berths for the reactcr components will be determined
by the econoumic cost of transportation of these components

frou the port cof call to the reactor site at zaria,
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The main traffic routes and transport systems that will be
involved in haulage ure consiuered,

3.11.1 Roads zand rcud transport

koad systems in Nigeria consists mainly of Trunk » =nd
B rcads forming a network with varying mesh widths, The
routes relevant to the siting and utilizotion of the reactor
are theose that link the ports to the reactor site as well as
those that link the reactor site to institutions requiring
the services of the reactor. The distances of the roazds from
two of the ports to the site zre: Lagos to Zaria, about 412.8
km znd Port-Harccurt to Zarin, about 1156.8km.

Most of the road shoulders thin down to less than 3.6 m
wide, conscquently the clder bridges linking these roads are
only 3 to 3.6 m wide. These dimensions are nct large enough
for containner trailers that will be used in transperting
reactor components., OCOther defects of the road system include
numerous bends which are not desirable for container huulage
especiully in the use of 121.9 m long trailers. For these
reasons therefore, it will not be convenient to transport
reactor components from the ports through roads for fear of
eccident hazards.

3.11.2  Wuterways

Zaria has no water link to other inland waterway stations,

The nearest inland waterway connection to Zaria is the

Kaduna terminal stution at the Kaduna Kiver,
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A possible route therfore could be the Escravos licht-
house station to Hiver kaduna via the River Niger con-
fluence, The distancec is opprexinctely 946 km,

Althouph it is cheaper to tionsport compenents Ly
river transport, this route is not navigable, The main
reasons include the shollow deptl:s of the river channels.
The Least Available Depth (LLQ), varies seasonally and
at some points the depths are not suificient for inland
waterway vessels to sail throush (Metherlands Ensincering
Consultants = NEDRCO, 1271). L. is based upon depth-
discharge relations c¢stablished during the Niger - IDenue
survey c¢f NEDECC (1955 - 1938). .ot rway transport is
therefore not feasible for the tironsport of reactor
components from any port of cull te The reactor site
at Zaria.

3113 Railways

The Nigerian Rallway Corporstion (NHC), operates a
1.06 m gaure railway system with tws main lines running in
a north casterly/westerly direciion, starting from the two
lareest ports cf Nigeria (La7os -ud Port-Harcourt)., Zaria
serves as a junction for the Kaura Nameda and Nyuru
teruinals, The Zaria to Kaura Nomoda line runs aluost
parallel to the Zaria-Sokoto rozd and passes throurh
Samaru, close teo the reactor sile at a distance of approx-
imately L km.

The rail-route distance frum zaria to the two main



ports are as follows : Zarin to Logos(984 km) and

Zaria to Port-Harcourt (993 km), Comparing these dis-

tances with the read distances, it is cobvicus that trans-
porting by rail invelves a shcrier ‘iistance, althourh it
invelves a lenrer duration, The alvantnges of using the rail
system includes =

(1) 4ssurance of the ~zfcly of containers con-
veying reactcr cumpenents from road accilents,

(2) Cheap cost of transportation frem any of the
twe major perts to ihe reactor site,

(3) Little or no limitaiions to weights of reactor
components reguired for haulage.

(4) Isolation cf delicate .nd dangerous reactor
materials (fuel elemuitts including spent fuel
rods) from the public,

For these reasons therefore, it is supgested that the
rail route be used in trenspertin: reactor components from

any of the berthing vorts tc the renctor site,

3.12  Summary
From the above considerations, the followine conclusions
¢cn the siting of the ABU research rcactor are ocutlined:
(1) The reactor requires iwo zones: the exclusion
and restrictive zon¢, as limiting arcas for
radiation monitcrins,
(2) If the reactor is sited at the proposed site, it

will be accessible to users.
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(3) The proposed site is just enough for a reactor
operated as a university research facility,

(L) The meteorological factors at Zaria, favour the
siting of @ reactor at the proposed site and at
any other site around Zaria,

(5) A reactor sited at Zaria, should not have a dense
human population in the NE - SW wingd direction.
Since the reactor is a low power reactor (1 MW,
depositions along the wind axis may be considered
insignificant, and of no radiological danger as
long as the planned releases are low and there is
no reactor trip.

(€) The siting of a reactor, requires cooling water
facility. The university dam which is close to the
site will scrve this purpose.

(7) In transporting reactor components, the rail system

is economically cheaper and it involves less hazards,
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It is hereby concluded thst o 1 Mw reactor con be
sited at the proposed site te be onerated as a University
rescarch facility. Howev gr,if the renctor is to be up-
graded, there will be limitations tu the new power, in
view cf the proximity of human scttlements, In this
regard therfore, the Centre may be restricted from

installing hiphly pewerad radiotion sourcces,



CHAPTER U
ENVIRCNMENT/L PROELEMS

Rescarch reactors are considered as nuclear facilities
since they operate on nuclear fuels. The siting therefore of
the proposed reactor will raise anxieties in people
living within the vicinity of the reactor. The University
community and other population units living around the reactor
site will want assurance on the safety of the reactor from
all forms of accidents. This assurance is guaranteed as it
has been noted that during 1,800 reactor years of reactor
operation, no one has been killed or injured outside a nuclear
plant in an accident (IAEA -~ 1980 Stockholm conf. reports).
However, once the reactor is installed, the success of the
safety programmes of the rezctor will depend largely on the
safeguard measures, waste management programme and the en-
vironmental monitoring programme rlanned for the Centre,
Considerations on reactor accidents, safegurrds, waste
management and other environmental problems that may be
associated with the reactor arc considered,

4.1 Reactor accidents (Instrumental failures )

The safety of the operation of the proposed reactor
could be considered under three main categories of reactor

accidents such as :-

(a) Reactivity accidents,

68
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(b) Cooling-failure accidents commonly
called loss-of-coolant (LOCA)
acclidents,

(c) Fuel element failure.

L.1.1 Reactivity accidents with Triga reactors

Most Triga reactors use low graded Uranium enrichment
in the form of Uranium -~ Zirconium Hydride (UZer). The unique
property of UZrHx as having a negative temperature coefficient
of reactivity for an increase in core temperature has been
discuszsed, Reactivity accidents in Triga reactors could be
studied, assuming that absolute failure of all the control
rods is possible.

The reactor is loaded to maximum excess reactivity, all
the control rods (except the transient rod ) are slowly with-
drawn completely out of the reactor so that the reactor
operates at the highest stealy-state power(Aybers and Yawvuz,1978).
For a Triga Mark III reactor(Texas, 1967 ) r ted 1 Mw, a power
level of 1.4 Mw was reached when all the control rods were
up. Under this condition. the prompt insertion of 2.1 % /k
reactivity results in an average temperature rise of 233°C in
the core and a peak temperature of 399°C. Studies with Triga
corcs (Texas, 1967), show that power excursions of 1,200 Mw
at = maximm coic Lewpesature of 539°C could be reached

without any harm to the reactor ccre. Triga Mark cores are
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therefore safe in terms of reactivity accidents.

4.1.2 Loss-of-coolant accidents (LOCA)

A loss-of=-coolant accident can occur in a Triga core as
a result of leaks in the piping system or blocking by obstacles.
Such lecks are in the form of slowly growing cracks, or other
imperfections caused by fatigue, corrosion or creep.
Birkhofer(1980); e rlved 1itely pyvents bbnt soy leod 4 T

Peaanleal socilent h tn taN)

A loss-of-coolant at shutdown raises the fuel temperature
of a typical Triga reactor of thermal rating 250 Kw up to
275°C (Aybers and Yavuz, 1973). At such a high temperature,

a mechanical stress is imposad on the fuel cladding at a
pressure of 1,200 psi, Triga cores are built to withstand
cladding stresses of 3,500 psi (General Atomic, 1975), hence
such a coolant accident will be far below the yield stress of
the claddi.gs.

Aybers and Yavuz(1978), studied the response and inter-
grity of Triga vessels at zero cooling (complete draining of
the reactor tank), It was noted that a broken 6 inch. radial
beam port without plugs will drain the reactor tank in
215 seconds., Ayber considered 2 coincident accident, when a
rapid insertion of control rods lead to excess reactivity

with a coolant loss 2 secods after transient. Heated elements
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rose to an average and maximum fuel temperatures of 697°C

and 939°C respectively, If this occurs, it is assumed that
the cladding rupture of (the highest power density) fuel
element may occur which may eventually initiate a core
meltdown. The possibility of both events occuring in practice
seems very remote., Triga resctors have emergency core cooling
systems to prevent coolant zccidents. If the proposed reactor
is a Triga reactor, a LOCA accident may not occur and if it
occurs, the emergency cooling system will minimize the

extent of the accident.

hate3 Fuel element failure

A failure of fuel element involves the breaching of
the cladding. Bobe (1976), defined fuel failure as a per=-
foration or defect of the fuel cladding, or any structural
change which may cause abnormal maintenance or early re-
placement of a fuel assembly or its component, Garzarolli
et al (1979), identificd seven different failure mechanisms
prevalent with water-cooled reactors. They are: primary
hydriding, stress corrosion cracking of the clad, accelerated
corrosion, rod collapsing or flattening, structural changes,
rod bowing and wear corrosion on fuel rods. The investigation
of cladding rupture duc to Fuel element failure in research

reactors has been studied extensively (General Atomic, 1975).
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It has been observed that fuel elements located within the
innermost ring are more likely to fail due to the high

power density. General Atomic(1975), estimates a release of
1.5 x 1075Ci of fission products due to a breach of the
Uranium - Zirconium Hydride fuel cladding of a typical

Triga core for a 250 Kw reactor, However, fuel element failure
is not common in research reactors because of the low percen-
tage duty cycle and low fuel burnup.

L.2 Natural or site-induced accidents

Most site~induced accidents with a high potential of
occurence depend on the location of the reactor, Some of these
disasters that should be examined in relation to the proposed
ABU research reactor includc crashes of aircrafts, floods, o

forest fires and failure of the University dam,

4.2.,1 Aircraft crashes

Samaru is quite close to a small airport which also serves
as an aviation training ccntre, Most of the planes used, fly
at low altitudes. Heavy planes like the jet passenger planes
do not land on the airport, The reactor, if sited at the
proposed site, should consider the hazards that may occur if
there is an aircraft crash,

Nuclear facilities especlally the reactor core(containment)

are normally designed to absorb aircraft impacts by the use of
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several layers of corcrete that can contain the greatest
impact. In special cases (m2inly for power r :actors), the
design takes into consideration such impacts. If the pro-
bability of an gircraft strike were determined to be
greater than 10™7 per year (Grimes, 197L4), the first step
would be , to ask the constructing firm to examine the
inherent capability of the nuclear facility structures with-
standing a strike of the type of the aircraft that ply the
airspace , where the reactcr is sited. In some cases,
additional protection of tke reactor may require several
layers of concrete as well as protection against fire out-
break due to combustible fuels when aircrashes occur.
Grimes (1974), notes that on the basis of aircrash disas-
ters, the design of the Three-~Mile~Island (TMI) reactor,
was provided with six feet of reinforced concrete on flat
wall strucures, tc protect against the impact of 200,000 1b
aircraft striking at a velocity of 200 knots.

Aircrafts used at the Zaria airport are light aircrafts
used mainly for training. One can infer thereforc that air-
crashes could be highly probable in this case., The designers
of the proposed reactor should therefore take note of all
possible damages a light aircraft can cause on a rescarch
reactor and the safety measures to be implemented if this

heppens. This should be well laid out in the Safety Analysis
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Report for the reactor.

Since the University has no direct cont ‘ol over off-
site private activities, it is necessary for safely reasons
to make arrangements with the Aviation Centre, so that they
can plot their low-level flying routes some ceonvenient dis-
tance away from the reactor, This safety measure by itself
could reduce the possibility cf an aircraft hazard.

L.2.2 Floods

The proposed site is located in a gently rolling terrain
which is relatively flat, Tac site is a2lso bordered on the
south-west by an extensive flced plain and towards the
western margin by a gently descending slope with a run-—-off
gradient towards a dry river valley( over 80 metres wide).
Presently under low rainfall. it is most likely that the
area might not be flooded, but with prolonged raianfall,
flood problems might be encountered., Since the flooding of
river basins occur without wa ning during mor ths of heavy
rainfall, it is recommended that the reactor be built as far
as possible beyond the edge of the valley. The constructing
firm should also undertake a2 detailed study of the flecoding
possibilities so as to integrate this inte the design of the

foundation structures for the reactor.
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4.2.3 Forest fires

Forest fires are well krnown to be a disnstrous hazard
in Zaria, In most cases, it is always difficult to trace
the causes of such fire out-breaks, Forest fircs may not
cause serious problems if the design of the centre takes
into consideration, this hezard.

Forest fires require continuity of fuel source, like
an extensive continuous mass of dry vegetation, Cnce this
continuity is therefore broken, the fire is abated. This
could be achieved at the Centre by the construction of a
continucus stretch of road arocund the ¢ ,., enclosing the
Centre, However, the placemznt cf combustible fuels in
storage facilities at the fence perimeter, could activate
the spread of forest fires into nuclear facilities at the
Centre, hence,this shculd be avoided,

A fire fighting unit is alsc desirable for the Centre,
This is necessary, since other forms of firee (apart from
forest fires) need experience hands in fire extinguishing,
Such fires include on-site Iires from electrical cables,
oil storage facilities and nearby transport fire outbreak.

L.2.4, Dam failure

The proposed site is quite close to the University dam,
It is necessary to examine lhe consequences of the failure

of the University dam situated at about 2 km from the reactor
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Isite. Although by the design of the dam, faiiure may appear
impossible, it is however, probable, |

The volumne and depth of water in the dam varies sca=
sonally, with shallow depths during the dry secascns to a
high depth -, large and extensive volume during menths of
heavy rainfall,., If the dam fails, that is the embankment
breached, water held back by Llhe embankment will be forced
to flow tewards the flood plains. If this happens during the
period of heavy rains, the river valley at the slope of the
site will be flooded, This may likely affect recactor facili-
ties built near the slope. For this reason, reactor facili-
ties should be built at corvenicnt distances farther up
the slope of the wvalley. Dam failure should he examined
also in the safety analysis report,

4.3  Objections

Objections are always lodged whenever nuclear facilities
are to be sited, This is alwnys as a result of a foew mig~
informed public. The anticinaled fears and risks of nuclear
accidents has always hampered the smeooth take-~off of nuclear
technology. Since the reactor will be sited near the
University, various anti-nuclear pressure groups within the
University community may lodge 'strong' objections in the
course of the site congtruction and licensing of the

reactor.
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Objections are always stated without sufficient proof
of the claims. Objections if nct well handled, could pro-
long the passage of a licensing bill (for the reactor ) at
the National Assembly, Public hearings and regular lectures
on the safety aspects of the reactor, are measures which
should be used in dispelling rumours and countering all
forms of objections put forward by anti-nuclear pressure
groups.

L.t Nuclear thefts and safsguards

African states involved in the acquisition of nuclear
technolopy intend to use it for peaceful purposes especially
in the development of nuclear techniques in science, medicine
and agriculture., Research rcactors are ultimately acquired
for this purpose. Already, 33 African states having interest
in the development of nuclear technology are parties to the
Non-Proliferation Treaty (NPT). These states arc also
members cf the International \tomic Energy A .ency (IAEA),
whose aims include the provisicn of technical assistance
(on the acquisition of nuclear technology), to all her
members (Cisse, 1980),

The IAEA maintains strict safeguards policies on the issue
of siting nuclear facilities as well as the use of
nuclear materials, Such safeguards make it imperative on

recipients of nuclear tcchnology to guard against all
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TABLE .2
Threshold smounts and quantities of safepuard significance

A THRESHOLD AMOUNTS
Material "7 Threshold Amount (T4)  TA applied to
Pu (Pu-239, 95% ) € kg Total element
U=-233 & kg Total isotope
U (u-235, 90-95%) 25 kg U-235

B. GU/NIITIES OF SAFEGUARDS SIGNIFICANCE

Material Cuantity of Safepuards SQ applied to
Significance (SQ)

(a) Direct use material

Pu 8 kg Total element
U-233 8 kg Total isotope
U (U-235 >20%) 25 kg U-235

Pilus rules for mixtures where appropriate

o ——

(b) 1Indirect usc material
U ( U-235 <20%), 75 kg U-235
Th 20 kg Tctal element

Plus rules for mixtures where applicable
+ Includine natural and depleted Uranium
Source : IAEA Bulletin, Vol., 22 No, 3/4 August, 1980,
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forms of nuclear thefts, perpetrated for the diversion of
nuclear materials (especially spent fuel) for the fabrica-
tion of nuclear weapons. The operation and maintenance of
the ABU research reactor, will therefore require some safe-
guard measure since it operates with nuclear fuel,

The objectives and criteria for safeguards are well
laid down in IAEA documents coded INFCIRC/66/Rev.2 and
INFCIRC/153 (IAEA, 1980). The IAEA identifies threshold
amounts of nuclear materials that have safeguard signifi-
cance, The 'threshold amount ' is defined as the approximate
quantity cof special fissionable material needed for a

nuclear explosive, Such matcrials include plutonium,

Table 4,2 shows the threshold amount for various nuclear
materials having safeguards significance,

Although spent fuel from the proposed reactor will
fall below threshold amounts, by IAEA standards, they should
be stored under close supervision, Special precaution should
be applied to guard against the theft of nuclear materials
used for research in hot laocratories, and irradiated fuel
rods from glove boxes, The prcposed reactor should there-
fore have an irradiated room facility as close as possible
for the wet storage of spent fuel, before they are packed

away for dry storage at the waste storage facility,
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L.i.t  Terrorism and gecurity measures

One of the most disturhing aspects of nuclear safe-
guards involves the action of terrorists, Terrorism could
stem from any anti-social group. Terrorist blackmail has
become an increasingly popular vehicle for wide spread
political, and economic satisfaction. One of such anti-
social attitude that could affect the « - operation of the
reactor, may stem out from the incessant students demonstra-
tions within the University. In a violent student demon-
stration, a well financced and Imaginative extremist group
could hide under the guise of the students and conceivably
force its way into positions of threatening the nuclear
Centre with disaster if some compelling demands are not met.
If the terrorists succesfully destroy the reactor; the risk,
mechanical damage, economic waste and radiological problems
that will be suffered by the University will be unparalled
to any other hazard, invelving the reactor, |

Kupperman et al (1978) noles that inspitc of the fact
that the constraints of retalintion and jail terms are
punitive enough, a terrorist group may have little to lose
and much to gain in selling ablaze or disrupting a nuclear
instalation; for such radicols often lack a sufficient stake
in the established social order, They generally perceive .

themselves to be outside the system; they lack the fears of
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losing assets; indeed they way have no assets to lose,
The University must therefore improve iis ability to

1imit or avert such c¢rises by considering strict measures

that will ensure the safety of nuclear materials and the .. .4

reactor Centre, The following recommendations are therefore
suggested for consideration, . g

| The reactor security department, should be divided into
three namely: S ( )  .Tf}

(1) the site sesurity unit
(2) the investigating/safeguards unit
and (3) the fire gervice unit. (
The organizational chart of the Reactor Safeéy Boara.(RSB),
is shown in fig. 4.7, and a brief note on the functions

of each department is given in Appendix F,

For an efficient safeguard of the reactor and its
allied facilities, the following recommendations are also

sugegested,

(a) All users of nuclear facilities in the Cenére
must be duly authorized by way of access permits,
before they are allowed within the cXclusion
zone of the reactor. 41l other workers must always
display their identification cards whenever they

~are on duty , within the reactor premises. Permits
- and identification cards should be issucd by the

investigating/safeguards unit,
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(b) Within the exclusion zone, there should be
limiting areas for reactor users, and only com-
petent cperators should be allowed around the
the storage room of fuel assemblies, and other
nuclear materials.,

(c) Film cameras, and microprocessor closed circuit
television (CCTV) systems, coupled to special
alarming devices could be used for the effective
monitoring of the movements of authorized and un-
authorized persoms around the reacter hall,

(d) Basically, threc security post should be built
within the nuclear installation, One at the en-
trance of the exclusion zone, the second to ad-
mit perscns into the nuclear science laboratories,
and the third strictly for persons working with
the reactor., Thesc posts should screen effectively
workers, staff, stu ents and guest scientists
entering and leaving the research centre,

Safeguards if given due consideration, will reduce the risk
of nuclear theft, terrorist hold-ups and viclent attacks on
the proposed nuclear installation. If safeguard programmes
are well implemented, there will be a succesful nuclear
programme, rather than become victim to an unprecedented

damage that could have been averted, with effective safe=-

guard measure,
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4.5 Waste Management

The continuous operation »f a nuclear facility gene-
rates different categories of substances whose radioactive
content could cause some serioas environmental problems, if
not well monitored. Nuclear wastes covers a wide range, in-
cluding solids, liquids and gases of which, some are known

to contain radioactive contaminants (pctential wastes), while

others have unknown radioactiv: contents (suspect wastes).
These wastes are the main problems, generating growing
public awareness of the need to protect the environment and
the population surrounding = naclear facility.

The classification of radioactive waste into three
main classes of high, low and medium or intermediate level
waste is merely arbitrarily, varying from place to place,
depending on the handling and ultimate disposal techniques
developed in the management scneme, Classification could be
based in terms of activity (Lenneman, 1967), as required for
burial packages at the Oak Ridge National Laberatory (ORNL),

Low - having a radioactive content of less than

353 Curies per cubic meter,

Intermediate - having 2 radioactivity content

between 353 to 353,000 Curies per cubic meters.
High - having a radicactivity content of over
353,000 Curies per cubic meters.

Roberts (1979) also maintains =hree categories of
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classification with emphasis on sources of the various
wastes from the reactor:

High-level wastes: associated with the fuel

elements themselves,

Medium~level wastes: associated with fuel element

claddings, certain process streams in the
reactor, laboratory equipment and plutonium
contaminated waste,

Low=level wastes: includes a large category of

plant and laboratory trash effluent,

including solid particles released from

stacks, . liquid 2{fluents drained into

sewage ponds,
Nuclear research lahoratories are likely to generate large
quantities of low-level wastz in view of all the materials
that are likely tc be handled during irradiation and labo-
ratory investigations, Most of them will be suspect wastes.

The physical nature of wastes arising from the low-

activity category is highly teterogenous (Howels, 1967),
including materials such as;

Paper: Towels, cleaning tissues, contaminated floor
covering materials, cardboard boxes, drums
and bags,

Plastics: Sheeting materials, bags and sacks, bottle

tubings, protective clothing, footwcar,
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gloves, recspirators and cables,

Metals: Scrap metals, ccncduits and elec.rical cables,
scrap instrumerts, engineering tools, buckets,
metal drums anc containers.

Miscallaneous: Laboratory rubbles, brooms, mops
glasswares etc,

These materials require meonitoring to ascertain their radio-
active level before packing for burial.

4.5.1 Waste storage facility and disposal of high-level

waste, a2t the proposed centre,

A waste storage facility is essential, to act as an
ultimate barrier in protecting the environment from being
contaminated with high-~level waste., The building will
LerePare Serve as a shelter for the drums from weathering,
mechanical and corrosive damnzage or any interference by un-
authorized persons.

A storage building coulc either be on-site or off-site.
In designing and constructing a waste storage building for
the ABU research reactor, certain structural features (Graf
and Rottenberg, 12977), should be taken into consideration
as follows:

(1) The floor of the storage hall must be smooth and

impermcable, Its mechanical strength must be
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chosen such that it could withstand the heaviest
anticipated load,

(2) The whole building including the roof structures
should cousist of =ncembustible (fire resistant)
material to withstund any fire out-brcak or fire
raid due to sabotage,

(3) The entrance to the building should be sccured by
steel doors with safcty locks. The entrance could
be monitored with —“he use of television cameras.

The requirements of the International Committec on Radiolo=-
gical Protection (ICRP) is that the overall activity of a
filled drum stored in the building should have a radiation
level of 10 mR/h at a distance of one metre, and 200 mR/h
at the surface, for each drum (IAEA, 1965).

In siting the waste storage building, the following
features proposed by Graf (1967) could be used as siting
criteria,

(1) Remote location, with respect to inhabited buildings.

(2) It should be as far as possible from any impcrtant
round water source,

(3) The scil and sub-soil of the site should have
homogenous permcability and good water control
combined with a high ion exchange and absorption

capacity,
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(4) The site should have year rcund easy accessibility
from reactor and lacoratory site.

In view of the requirements for a storage building as proposed
by Graf(1967), Graf and Rottenberg (1977), the site may not
be suitable for a storage building., Howevr, for a low power
reactor {1 Mw), as the one proposed for the Centre, it could
be assumed that the radiation level of the waste may be much
lower, hence a detailed study of the suitability of the site
for a storage building may be necessary.

Lh.5.2 Low = level waste disposal at the site

The composition of low-liuvel waste expccted from the
research Centre has been discusscd., Most of the wastes will
be regarded as suspect wastes, and if they give a radiation
of 80 mR/h at a distance of 30 em from a detector, they could
be disposed of in shallow pits (IAEA, 1966) as recommended by
ICRP, The problem therefore is, whether the proposed site is
suitable for such shallow dispcsals. The suitability of the
proposed site for shallow pit disposal could be considered if
it satisfies certain basic criteria as defined, below,

(1) Burial sites should be land of low industrial
potential, little agricultural value and remote
from human settlements,

(2) Disposal trenches should have deep ground water

with a low soil permeability, sc as to reduce the



penetration of surface water, reaching the radio-
active containers.

(3) Disposal sites so chusen, need not be re-excavated
for any purpose for a period of over 20 years.

(4) Burial sites should be well protected to keep un-
authorised persons from tampering with the dispo-
sal trenches,

Based on the above criteria, the proposed site is therefore

examined in order to ascertain its suitability for an on-site
burial of low-level waste,

From the topography of the proposed site, it seems that
all the surface run-off will eventually out-crop at a flood
plain near the University dam, Unless it is proved otherwise,
the existence of a continuous saturated region of water at
the flood plains could be attributed to a continuous direc-
tional flow of subsurface water to that region. From all
indications, the plains of thc dam is a water catchment area
for both surface and subsurfaze water,

From the forgcne discussions, any burial site around the
proposed site will be too close to the water catchment zone,
hence undesirable for shallow burial of radiocactive contami-
nants., It is therefore suggested that the disposal trenches

for the nuclear rescarch centre be off-site.
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;.6 Environmental monitoring cf radiations at the Nuclear

Research Centre.

The radiation protection department is mainly respon-
sible for all forms mconitoring ionizing radiations in nuclear
establishments. In the organization plan proposed for ABU
(fig. L4.1), the department is made up of four units, compri-
sing the Radioecology, Dosimetry, Metcorclogy and Health
Physics units. The main objective of radiation monitoring
by all the four units could bte summed up as follows:

(1) To protect the hecalth and safety of all the

the staff of the centre, others performing various
research programmcs as well as the immediate public
located within the reactor menitoring zone,

(2) To ensure that the planned relecases does not

exceed the laid down limit,

(3) To constantly monitor the dose commit ment of

the environment, tr..ough pathways including air,

water, and ground cuntamination,
Radistion monitoring is being given scrious attention where
even low power rescarch reacturs are operated. At Yugoslavia
where a 250 Kw pool-type Triga reactor is operated, an
intersive monitoring of all categories of worters is perlormed
conatontly 1+ order to asogriain the whrorbed dose, The Health Physios

unit monitor about L0 staff, consisting of reactor operators
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and experimental staff (Kristan ct al, 1978). All of them
wear dosineter badges with woaitoring films or gammas and
fast neutrons. The lowest moaihly evaluated dose for both

films is 50 mrem whilc the highest dose is 300 mrem with

non exceeding 500 mrem (Kristan ¢t al, 1978), These radiation
- &L , _
| _
levels arc very low as compared to the maximum permissible

dose (MFD), The MPD for radiation workers as recommended by

|
ICRP (1959), is as follows:

Critical organ MPD(annual)
' rem

Gonads, red bone marrow

and whole body ' « 5

Skin, thyroid znd bone | 30_?ﬂj
T Hands, forearms, feet and ;_ o e
e, . ankles .. .. ;;w;| ﬂ{ ; T Q»?Eap .\

.« . All other organs

o

811 operators of nucleer facilities are expected by [nter-

national standards to protect individuals, working in..,.
nuclear establishments, bW ensuring that the occupatiocnal
eXposures fall below the levols stated above. The radiation
protection department propused for the ADBU regearch centre
will be saddled with this responsibility. In addition to the

AR Rl L AT ek s Aol ST R T
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MED values, Piesch.(1977) notes that in personnel monitoring

the following quantitices shou'd be monitored In reactor

centres:

(1)

(2)

(3)

Radiation

Skin dose or the surface absorbed dose; To assess

the dose equivalent tc the basal layer of the

epidermis at a devnth of 5 - 10 mg/cmz (fcr X-rays
and beta rays with cnergy less than 15 KeV ).

The body dose or depth absorbed dose at a depth of
L4oo - 1,000 mg/cm2 belew the surface of the body tr
assess the mean valuc of the dose equivalent in the
critical organs for penetrating radiation ( X-rays,
gamma rays and neuftrons ).

Surface water dose commitment in the reaclor hall
for 6 MeV gamma rays due to the reaction 160(n,g)17N
in the water used for neutron moderation and core
cooling.

monitoring ic ther..wre cecsential in nuclear esta-

blishments hence the followiag proposals aie considered

necessary

for the protection of individuals from undue expo-

sure to ionizing radiations 2t the centre.

L.6.1  Aerosol content of the air

This

requires continuous monitering for long lived alpha

and beta activity. It is acihieved by ensuring that the site

boundaries are lined with fence detectors at low warning



thresholds of 1 mR/h and alarm thresholds at 100 mR/h for
beta and pamma dose rates. These detecters should be fixed
to aluminium poles of 3 metres height above ground level.
Solid state dosimeters could also be zoned in two coneentric
circles of radii 100 meters and 200 meters from reactor
chimney. They should be more concentrated in .the main wind
direction. Filter systems could be install :d and monitored
in measuring huts weekly for air samples.
4.6.2 Precipitatiocn

Zaria has fairly, low precipitation, with rainfall, dew
mist and fcg being the commcnest ones. Scme specific nuclides
associated with precipitaticn within the neighbourhood of a
reactor include Tritium, Strentium-90 and Caesium-137. These
nuclides should be monitored constently for alpha and beta
gross activity monthly. Rain’all samples obtained from wet
collecting funnel  tanks and dew/fog precipitates collected
from special collecting surfaces by swabbing, could be
analyzed for the prescence o these nuclides,
4.6.3  Water

Surface water contamination should be measured from
shallow streams, wells and the dam ' in the neighbourhood
of the reactor. The nuclides monitored are those with long
lived alpha and beta activity with special emphasis on

Potassiun (K-40) and Tritium. This could be performed weekly



so as to ensure that drinking ond ground water are not con-
taminated,

4.6.4 Biological materials

Zaria is an agricultural area, where food crops such as
guinea corn, millet, maize, vegetables, tomatoes, onions, okro
and sugar cane are widely grown, These foodcrcps will also
require weekly and monthly monitoring for short and long lived
alpha, beta and gamma radiations., The critical nuelides monitored
should include K-40, I-131 an! other emitters.

It is hoped that the reacior centre menagement will
ensure that these measurements are made (and some of the
results published), to assure the public constantly of the
safety of the reactor envircument,

On grounds of environmental safety, a 1 Mw rcactor could
operate at the proposed site without any serious e¢nvircnmental
problems, but the acceptance of this view by the public may be

a matter of serious debate wichin the univer;ity community,
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CHAPTER 5 -

CONCLUSIONS AND RECOMMENDATIONS

A case study of the proposed Ahmadu Bello University

nuclear research reactor has been made, with respect to the

reactor mocdel, siting and environmental problems, The need

to operate a research reactor in Nigeria has becen stressed.

On the guestion of the reactor model to be chosen, the

fellowing conclusions are made ;

5.1  Reactor model

(a)}

(b)

(c)

(d)

Two types of research reactors are commonly
used namely : Argonauts and Triga reactors,
In terms of popular demand, versatilifty, Isw
enrichment of fuel, and assurance of safetly,
a Triga reactor is recommended for the
University.,.

0f the four models (Mark I, I, III, and 1V),
the Mark Il model is recommended., This model
is common, easily operated, a:rd has a moderate
neutron flux of the order of 10 n cm'2s"1,
hign enocugh for biomedical reseafch.' |

The reactor power rating recommended is

1 Mw (th). As beginmers in nuclear technelogy,

the ABU reactor should be such that could he

- easily operated, cheap, easily constructed

and maintained, as well as common in most of



the developing countries currently operating
research reactors.
5.2 Siting
Two zones have been proposed at the site as limiting
areas for radiation monitoring, namely, the exclusion and
restrictive zones,
There are merits and demerits on the siting of the
reactor at the proposed site. The merits include :-
(a) accessibility to users
(b) good road networks linking the site with users
(c) fairly good site-topography
(d) proximity to a cooling water source
(e) suitable meteorological conditions

and the demerits include :-

(a) sefesuard problems s~nticipated as & result of violent

nts demonstrs tion
(k) proximity to population units like the
University and cam'ar village
(c) fear of'strong' obj-ctions that may be raised
by the academic communities of the University
Lerehy bringing to a halt progress of the work
at site

These demerits could be considered not restrictive encugh if:

(a) The laboratories and other allied nuclear
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facilitieé proposed fof the Cenfre in 20 BN
years time are all low radiation sources.

(bh) The reactor planning commititee considers
objections as common, wherever nucliear
facilities are to be sited.

In view of this therefore, the planning committeec could

plan ahead, the organisation of public hearings, in order

to inform and educate the Universiily community on the safety

of the prOposed reactor. | | S
Based on the merits outlined, if is therefore concluded

that a 1 Mw reactor operated as a University research

facility could operate safely at the proposed site.

5.3 Environmental Problems
. It has .been examined that Triga reactors are safe in
terms of reactivity accidents and loss=of=-coolant {LOCA)
acclidents,

Aircraft crashea and forest fire ocutbreaks are con-
sidered as having a high potential of occuring. In order
to prevent aireraft crashes, it is suggested that the
University request the Aviation Centre to plot their low
level flying routes at a convenient distance off the reactor
site. Por combating fire hazards, it is recommended that a

well trained fire fighting -.unit should be attached to the

" Centre,

The possibility of terrorist acts and nuclear thefts
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were cdnsidered, and the saféguards recommended inclﬁde”the
use of close circuit television cameras (CCTV), for moni-
toring personnel iM® the restrictive zone. |

For an e#fective management of the reactor, a Reactéf"
Safety Board (RSb), has been proposed (fig.h.1), and the
organizational chart, duties and responsibilities of each
department and unit outlined.

Waste management has been considered as another major
environpental problem. It has been suggested that the
present site is not sultable for on-site waste buriczl of
low radicactive wuste that will be generated from the
reactor and its ancilliary laboratories. An off=-site

burial is therefore suggested.

5.4 General Conclusion

There are several research reactors in operatioﬁ all
over the world. Some of them include the Canadian SLOWe
POKE, the French reactors like the ARIANE reactors, the
ORPHEE, EL 3 and OSIRIS reactors. Others are the Russian
WwR=C reactors and the American General Atowm@t TRIGA
reactors (Appendix G). -
Some of these reactors are not suitable for #4.B,U.

nuciear research centre because of the following reasons,
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Reactors such as the OSTRI3 (70 MW) and the EL 3 (18 MW)
are advanced material testing research reactors which may be
difficult to be operated by beginners in the field of nuclear
technology. Others like the SLOWPCKE, and ORPHEE types have
very highly enriched fuels (93% of U-325), which may involve
difficult safeguard measures. The low power reactors like
the ARIANE and the SLOWPOKE, have low neutron fluxes (less
than 10°n cm'23-1) that limits their use in some aspects of
neutron therapy in biomedical research, Sincce the preoposed
reactor is intended to be used for Isotope production as
well as research in neutron therapy, the proposed reactor
should therefore have a moderate neutron flux (1013n cm'25?1).

A reactor of 1 MW rating znd probably a TRIGA Mark II
model is therefore recommended for the university, This

23'1), and uses

reactor has a moderate necutron flux (1013n cm
fuel of low enrichment, It is easily maintained and operated
as well as technically flexible for upgrading. The reactor
could be sited and operated safely at the proposed site

with little or no environmenta.. problems.
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APPENDLIA A

ERVATIONS SAMARU 1979 (Sheet One)
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METEOROLOGICAL OBSERVATIONS SAMARU 1979(Sheet Two)
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APPENTIX C
1963 Population of human settlements arownd Zaria

Settlements Population
Dasawa 1,708
Bomo 3,197
Gwanda 1,005
Hanwa 2,718
Jam'ar Kubani 795
Pan Ladan 1,194
Sabori Gari Bindare 6,835
Dogon Bauchi 3,229
Jushin Waje 3,969
Muchiya Dan Auta 9,020
Sabon Gari 15, 8L2
Tsugugi 1,061
Sakadadi 2,18l
Samaru L, 147
Shika 973
7abi 1,513
Nigeria College 1,226
Fescarch Samaru 1,760
GOURCE:

Population of Northen Nigeria (1963)
Federal Office of Statistics, Lagos, 1965,

[



| | 104
APPINDIX D - o . \
WIND DIRPOTION, DISTRIBUTION oT ZARIA ( ANNUAL AVIRAGGT . 1972-1975)

YIAR CLIM _ WE B SF S W no
1972 15 L6 05 11 3l 29 7 10
1973 29 60 28 5 18 L9 37 17

174 32 55 33
1975 L2 49 38

v h

u .
i Lé 36 g . 14
6

16 L 36 12

NOTE: .
Direction measured by a wind vain, hourly at a height of 33 feet

above ground level,

SOURCE: - -
Field Data, Zaria Meteoroloszy Office (Zaria Airport).
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RESEARCH REACTORS IN

AFPENDIX E

o ————— e =

- ———— 4 b o 4 e — s . o b . — el

Research

DEVELOPING COUNTRIES

Type,

Maximum

Country Location Designation Output Inrichment, Moderator, Coolant Thermal flux(n nn_lmml._
—— - e SR carths R - i a e
~rgentina Bueros Aires Ra - 0; ®a = 1, Ra = 2

Ezeiza Ra = 3 S ¥w (th) Tank, 90 U, H,0 b x 10'3
Trazil Sao Paolc IER = 1 5 Mw Pool, 20% U, H,0 7.1 x ._o._u

Belo Eorizonte  Triga - Brazil 100 K Solids homog. 208 U, Zrf = H,0 L x 10'°

Rio de Jemeiro  RIEN — 1 10 Kw Argonaut, 19,9. U, graph, E,0 1.2 x 10"
Sulgaria Sofia IRT - Sofia 1 Mw Fool, 105 U, K,0 1.6 x 102
China Hsir Chu TOPR 1 v Pool, 20¥ U, H,0 9.9 x 1012
Colombia Sogota I « RI 20 Xw Pool, 90¢ U, mmo Geb X 10"
Congo(Den, Rep.) Kinshashe TRICO 1 1w Solid homog. 205 U, E,0 2 x 10'2
Greocec Athens CRR = Democritus 5 Mw Pool, 209 U, H,0 1.5 x ._o._.w
Eungary Csi1lsberg WWR - C - Budapest 2 Mw Tank, 10X U, H,0 2 x107
Tndia Trembay Aspara, CIR, Zerlina 1 Mw Pool, 46 & T, E,0 2 x10'3
Indonesia Banduag Triga - II 1 Mw Solid. homog, 20% U, ZrEl + H0 7.2 x 10"3
Iran Anirabad UTRR 5 Mw Pool, 20% U, H,0 7 x 103
Traq Twartha WR - C ~ Baghdad - Tank, 10% U, H,0 -
Israel Nalel Soreq InR -1 5 Mw Pool, 90¢ U, mmo T = ._ok_u
. Dimona IR - 2 - - \ - - 13
Forea, Rep. of Seoul Triga = II - Seoul 250 Kw Solid. homog. 203 U, 2rH + mwo 1 x10
Mexico Salzzar Trige Mark III - - . - 13
Pakistan Islanabad PARR 5 Mw Pool, 90§ U, H,0 5 x10
Philipines Quezon City PIR = I 1 Mw Pool, 20¢ U, H,0 3,5 x 10
Poland Swierk WWR = C - Warsaw - Eva 10 Mw Tank, 104 U, H,0 1074
Romenia Bucharest WWR - C - Bucharest 3 Mw Tenk, 10 U, B0 L x 103
Thailand Bar.g'cok TRR - 1 1 M Pool, 90% U, H,0 6 x10'2



Research reactors in developing coun

[ 2]

o

tries oonﬁnn

. -— - e — o —— - o  —— e — e A —— — S —— *
Reactor Type,
Country Location Designation Output Enrichment, Mcderatot, Coclant Thermal flux
Turkey Cekmece ™ =1 1 Mw Pool, 90) U, mmo 53 x QQAw
R (Egypt) Inshas, Cuiro  WWR =C~ Cairo 2 Mw Tank, 10§ U, H,0 2 x10'3
Uruguay Montevideo Univ, of Montevideo - - = 4
Venazuela altos de pipe RV = 1 3 Mw Pool, 20y U, H,0 3.5 x 10 3
Vietnam palat Triga - II - Dalat 250 Kw Solid, homog. 20U, ZFH:E,0 1 x 10"3
-’ —————— . d— . oo e - - - — - N— P >

(2)

»

(3}

Peaceful Use of Atomic Fnergy in Africa: ' Role of research reactors in developing
countries ' by B. I. Spinard, V. Tchernilin (IAEA, Vienna, 197L)

Directory of Nuclear Reactors Vol. VIII (IAEA, Vienna, 1370)

Directory of Nuclear Reactors Vol. X (IAEA, Vienna, 1970)
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APPENDIX F

Functions of the various departments, and units of the ieactor

Safety Board (RSB) proposed for the Ahmadu Bello University Nuclear

Hesearch Centre.

The Reactor Safety Board (RSB).

The RSB is an advisory board made up of heads of departments from

the Technical Safety, Radiation protection and Security departments,
Their main function is to draw up , study and ensure that safety guide-~
lines for the safe operation of the reactor are maintained, The compo-
sition could be increased to include the participation of other experts
in the field of reactor safety, radiation protection and reactor safe-
guards, The RSB is the highest policy board in charge of the safely of
the reactor (fig. L.1).

1 Technical Safety Department

This department is made up of safety engineers whoee main duties
include the safe coperation of the reactor, protection, and maintenance
of the reactor, The departuent compiles reports on the state of the
reactor from time to time emsuring that the maximum duty cycle of the
reactor is not exceeded, The department also accepts and considers the
feasibility of all research programmes planned for the reactor and
ispues acceptance permits for all researches that can be carried out
with the reactor. The composition of thie department will Le made up of
all categories of engineers in Nuclear Science as well as all the
operators who are egpected to be trained on reactor operation,

2 The Badiation Protection Department.

This is a large departnent comprising the Radioecology uwnit, the
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Desimetry, Meteorology and Health Physics units.

2.1 "adioecology Unit

The radioccology unit will monitor radiations (alpha,beta and gamma)
from all liguid effluents frow the reactor and all water sources around
the reactor monitoring zone. Also vegetation and soil monitoring for
eritical nuclides emitted will be conducted by this unit. The unit could
runl and maintain counting tubes and measuring stations around the
monitoring zone. Tor the proposed reactor site, measuring stations could
extend as far as LIRIN and Jam'ar villages.

2,2 Dosimetry Unit

The Dosimetry unit is mainly responsible for the distribution,
ingpection and interpretation of all formg of dosimetres used in personnel
and environmental monitoring., Neutron dosimetry involving measurements of

seattered neutron fields ig ~ also the respongibility of this unit.

243 Meteorology Unit JJ--  : _ --  . "i .._-AQ |
The meteorology unit will uﬁdurtake diffﬁssioh éfﬁdies.for gir-
borne radionuclides. The extent of atmospheric pollution by radiations
eiitted at reactor stack and exhaust pathways will be determined by this
unit, For a proper study airborme nuclides it is recommended that &
measuring tower with platforms at different heights be erected at the
Centre, These platfomms will be used for atmosphoric diffusion studies

using tracer techniques for detectable aerosols. -

2.4 Health Physics Unit - s e

The Health Physics Unit is responsible for the monitoring of
pergonnel working at the reactor centre. This uwnit will undertake

decontamination whenever there are surface contaminations,



The personnel monitoring include body, hand and foot ccontaminations.
They will also monitor objects for surface contamination ensuring that
all objects monitored have radiatim. levels conformin: with either

National or International standards.

3 The Security Department

The Security department is made up of three units namely: the
Investigating /Safeguards, Site Security and Fire Services,

3.1 Investigating and Safeguarcs Unit

The Investigating unit is solely responsible for all forms of
investigations relating to the safety of the reactor, They are respon-
sible for the storage of confidential documents ( classified and uncla-
ssified) of the Centre, This unit is alsoc responeible for the issus and
withdrawal of identity cards issued to all the staff and visitors of the
centre. The safeguards aspect involves the safety of all nuclear materialis
used in the Centre. This unit should regularly inspect nuclear fuels
under close circuit television caneras (CCTV), They should also monitor
the movemen® of all staff, guest sc’entists, researchr *s witliin the
reactor building by the use of CCTV, They are expected to inform the
site security unit of any hazard posed by any personnel within the

reactor hall.
3?2 Site Security Unit

The Site Security unit is responsible for the overall security of
the Centre. This is achieved by constant patroling, guarding accesses
at the sates as well as periodic surveillance of all areas which ave

security risks within the centre, ueing short range transmiticrs.
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This unit also controls the movement of traffic in and out of the

centre. They also confirm how genuine access permits issued to visitors
are,
CONCLUSIONS

All the departments and units ars not expected to functien in
isolation . Most of their duties and responsibilities may overlap. It

is the extent of flexibility and purposefulness allowed by the over-

lapping that will ensure the smooth running of the A,B.U nuclear research

centre, The ommission of staff strenght and qualifications is deliberate.
It is hoped that this may vary depending on available skilled man-power

and experts in their respective fields,

The reactor safety board proposec for the centre could be taken as
an ideal model, This may not be obtained in reality owing to acute shortage
of experta, funds snd facilities, A more attainable board composition may
comprise of at least two specialist in radiation pretection, threee safety
engineers and o few well trained security officers. The sceurity department
could be linked with the fire fightinz unit of the university for immediate
fire services, However, no matter thes strenght of the staff, it is very
necceasary that the board should be able to assure the public of the safe

operation of the reactor , through varicus study reports as cutlined in

the functions column of the chart (Fig. L.1).



APPENDIX G
COMMON TYPES OF RESEARCH REACTORS

TYPES MODEL POWER FUEL, MODER..TOR NEUTKON USES
(RANGE) WNRICHMENT? COOLANT FLUX
(n oslmmnév
SLOWPOKE 1 & II Zero U=235,93%  Hu0 Under 1073 RyI.P
ARIANE - Under 500KW U0z Hp0 Under 10713 R,1.P.
ORPHEE - ATw U-235,93% K20 3 x 10k R, NP
EL 3 - A8 MW 11-235,93%  Do0 2.2 x1otk 7, NP, MTR
OSIRIS Pool 70 Mw Caramel . 1L
(UOp, 8%) HZ0 2 x 10 R,1P,MIR
OSIRIS I3IS Under 800Kv Caramel 12
(U0, 8%) Ho0 3.7 x 10 NP
WWR - C  Tank Under 10 MW U-235,10% H,0 Under 1074 R, NP, MTR
TRIGA 1,1I,1II,IV 10Kw-15MW Triga ”
(U-235,20%) UZrkiy*H,0 Under 10 R, IP.MIR
USES: R = Research, IP - Isolope Production, +«. § MTK - Material Testing Reactor
NP - Neutron pProduction.
SOURCLS:

(1) OSIRIS Bulletin 1982
(2) ORPHEE Reactor Bulletin 1981

(3) Directory of Nuclear Reactors Vol. VIII and X (IaEa, Vienna, 1970)
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