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ABSTRACT

The effectiveness of the water shield above the core and in the pool for shielding gamma rays
and neutrons was investigated by measurements and calculations for a tank-in-pool type reactor,
Ghana Research Reactor-1, GHARR-1. Experimental determination of y - dose rates were

made using Radiation Alert Monitor-4 and halogen counter type J613y probe with readout on
y -radiation monitoring system of the control console and the microcomputer control system.

The PC version ofthe one-dimensional transport code ANISN was used to estimate the gamma
and the neutron dose-rates at various positions of the reactor. All computations were carried out

using the Sgangular quadrature in a cylindrical geometry pertaining to the reactor GHARR-1.
The P3scattering order was assumed. The microscopic cross-sections of materials for various

regions were extracted from VITAMIN C master library consisting of 171 neutron and 36 photon
energies. Concentrations in various regions were computed based on procedures outlined in

WIMS-D/4. The calculational result of gamma dose rate was 25.8 fiSv / hr at the edge of the
pool for nominal power of 30kW which agreed with the experimental one of 25 juSv/ hr.The

maximum and minimum percentage variation of the calculational and the experimental results
were 8.21 and 0.27 respectively with corresponding standard deviations 0f0.42 and 0.04. Based
on this satisfactory result, the dose profile along the slant tubes used to commission the reactor
was studied using the code and an assessment was also performed for the radiological
consequences of postulated accidents due to loss-of-coolant accidents. With the available
information on the variation ofthe neutron and the gamma doses along the slant tubes, high dose
theimolumniscent (TLD) badges could be used to confirm the calculated values in the future.
The tubes could then be mapped for studies on the effect of neutron and gamma irradiation on
mutation breeding of seeds in the field of agriculture. The effectiveness ofthe shielding in the
case of loss-of-coolant due to abreak in the pipe ofthe reactor vessel or crack in the pool caused
by an earthquake was investigated. The results of the study indicate that the dose rates around
the reactor vessel and pool would be abnormally high. However, core melt-down is not expected
because the design features of the reactor are such that the core will remain covered with coolant
in the event of abreak in a pipe line to the purification plant.
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CHAPTER 1
INTRODUCTION

The main purposes ofareactor shield system are to protect operating personnel from possible injury
by escaping radiation and in some cases to reduce the radiation exposure of structural components.
Since the radiations entering the shield from the reactor can produce internal heating and possibly
cause radiation damage to shield materials, it is necessary to estimate the types and intensities ofthe
radiations throughout the shield. The shielding ofnuclear reactor systems is therefore concerned with
the study of radiation distribution in the shield, for the dual purpose of reducing the escaping
radiation to acceptable levels and of limiting the adverse physical effects on the shield materials
[1,2]. Inprinciple, the radiations which might escape from a reactor system include alpha and beta
particles, gamma rays, neutrons of various energies, fission fragments, and even protons resulting
from (n, p) reactions. As far as shield design is concerned, however, only gamma rays and neutrons
need be considered since these are by far the most penetrating. Any material which attenuates these
radiations to a sufficient extent will automatically reduce all the others to negligible proportions [3],

Some indication of the complex character of the nuclear radiations due to neutrons and various
gammaradiations arising from areactor is apparent from Fig. 1.1. The fission process itselfproduces
fission fragments, neutrons, and gamma rays. These undergo various reactions both within the
reactor itselfand in the shield, leading to the formation of a complex variety of other radiations. For
the purpose of shield design, the neutrons and gamma rays are considered from the standpoint of
their place of origin: the primary radiations are defined here as those which originate within the
core, whereas the secondary radiations are produced outside the core as aresult ofthe interaction of
the primary radiations, chiefly the neutrons, with nuclei in the reflector, coolant, and shield materials

31,

The most significant primary radiations are fast neutrons, the prompt fission gamma rays, the decay
gamma rays from fission products, and capture gamma rays. There are also thermal neutrons,
inelastic scattering gammarays, and decay gammarays from radioactive products ofneutron capture
reactions. The gamma rays in this latter group are ofvery low energy and therefore non-penetrating
consequently, they do not significantly affect the shield thickness, but the neutrons captured outside
the core produce secondary gamma rays which are very important [4,5],

In considering the applicability of a particular calculation procedure, it is advantageous to have a
knowledge of the major sources of error that in general affect calculations in the particular field of
study. Uncertainties in source data, and basic cross section data contribute to errors in estimating
shield thickness. In addition, inadequacies ofthe calculational methods and complexityofgeometries
may lead to errors. It is generally accepted that in most practical shielding calculations, the main
single source of error stems from the simplifications that must be made concerning the complicated
geometry.

When first considering the subject of shield analysis, it may appear that there is little need to
distinguish between shielding calculations procedures and reactor calculation procedures, since the

-1-



FISSION

Fig. L1 Radiations from a nuclear reactor.



behaviour of the particles of interest in both fields can be described by the same Boltzmann
transport equation. But there are special features ofthe typical shielding problem which have led to
the development of techniques peculiar to shield analysis. The distinctive features of the shield
problem can be summarized as;

(a) the distribution of the source of radiation is not restricted to the reactor core; the source is also
distributed throughout the shield;

(b) the severe reduction in the radiation intensity during transit of the shield [6],

The Ghana Research Reactor-1 (GHARR-1) is a commercial Miniature Neutron Source Reactor
(MNSR),installed at the National Nuclear Research Institute (NNRI) of the Ghana Atomic Energy
Commission (GAEC) in Kwabenya. Detailed description of the reactor is presented in Chapter 4.

For shielding of neutron and gamma-rays, the reactor vessel and the pool are filled with deionized
water to certain levels. The levels are monitored on the control console and the reduction in levels
would lead to high gamma doses which would be detected on the monitoring system of the control
console or the microcomputer control system. However, there is the need to ascertain the
effectiveness of the water shield above the core.

Inthe Safety Analysis Report (SAR) for the Ghana Research Reactor-1 [7], the postulated accident
of Loss - of - Coolant Accident (LOCA) for the reactor vessel and pool were discussed. Actual
calculations of dose rates were not performed to ascertain the effectiveness of the water shields.
There is the need therefore, to simulate the postulate. In addition, two slant tubes are attached to the
lower section ofthe reactor vessel in the region ofthe core. The tubes were used for commissioning.
After the commissioning, the slant tubes form part of the reactor. It is envisaged that the tubes can
be used to study the effect of neutron and gamma irradiation on mutation breeding of seeds. There
is therefore the need to determine the variation of dose rates around and along the tubes. The
objective of this thesis is therefore three- fold:

(1) Theoretical shielding calculations of dose rates using one-dimensional (1-D) transport code
ANISN for neutron- and gamma-dose rates for different power levels at different positions around
the pool and the reactor vessel, and the experimental measurement of dose rates using Radiation
Alert Monitor-4 and Halogen Counter Type J613y GM probe instruments. The experimental results

will be used to validate the computational results by the ANISN code for the GHARR-1. Based on
the validation, the ANISN code will be used to;

(2) Determine the variation ofdose rates with distance along and around the slant tubes, for possible
mapping of dose rates in the future for the study on the effect of neutron and gamma irradiation on
mutation breeding of seeds in the field of agriculture.

(3) Simulate postulated accidents of loss-of-coolant in reactor vessel and pool.

In Chapter 2, the computational methods are reviewed. Chapter 3 describes the application of 1-D
transport code ANISN to GHARR-1 reactor shield analysis.



Chapter 4 presents the neutron and the gamma dose rates for normal operational conditions. Chapter
5 presents the estimation of neutron and gamma dose rates for loss-of-coolant accidents, and finally
the main conclusions and recommendations for future works on GHARR-1 are presented in Chapter
6.



CHAPTER 2
COMPUTATIONAL METHODS

In shielding calculations, analytical and computational methods are widely used. The analytical
method is useful primarily to provide background for the principles involved as well as to provide
estimates of neutron and gamma-ray attenuation in shields for preliminary designs. However, for
design purposes, more exact computer methods are necessary. Although the use of computer
methods is required for all phases of nuclear design, it is particularly true for shield applications for
two reasons. First, the directional aspect of radiation transport through the various layers ofa shield
systemrequires the applications ofthe Boltzmann transport equation. Secondly, acceptable exposure
levels outside the shield demand attenuation of the neutron and gamma-ray levels by many orders
of magnitude with little margin for error. Thus the power of sophisticated codes are preferred to
analytical methods [3,8].

The use of a particular code in a reactor shield analysis depends on the geometry in question. For
instance, the discrete ordinates technique for obtaining approximate solutions to the transport
equation, is commonly used for 1-D shielding calculations, for example, by the ANISN code [9],
Codes such asthe DOT-111 [10] are used for 2-D calculations. For relatively simple geometries, use
of Monte Carlo codes such as MORSE [11] and KENO V.a [12] are usually neither justifiable nor
necessary. However, for more complex shield geometries, where a 3-D treatment is required, the
Monte Carlo method is preferred. In some cases, the overall analysis may be simplified by using the
discrete ordinate method inpart ofthe calculation and the Monte Carlo method in another part. Other
combinations of procedures for solving the transport problem are also possible[l 1,13,14],

2.1. THE TRANSPORT EQUATION
Although the linear Boltzmann equation can be derived from first principles of physics, it is more
easily obtained by a simple balancing of the various mechanisms by which particles can be gained
or lost from an element in a phase-space (r,Q ,E ), that is
Time rate of particle Change due to Change due Sources

densitychange =  Physical leakages + tocollisions  +

This balance condition may be expressed mathematically as



j.fIP(r,Q,E,t) = Q Vo(r,Q,E,t)-£ ,(r,E,t)® (r,Q,E,1)
V,, gt d>

+]dE Jdfi 2 (r;E -> E;Q .Q,t)<D(r,n,E ,t) + S(r,Q,E t).
0 4n

where

r is the position of the particle at atime t
Cl is the direction in which the particle moves

E isthe energy ofthe particle
Vs the speed of the particle

O (r,Q ,is,0isthe angular flux, or angular particle path length
2 1(r,-£,0 isthe total macroscopic cross section.

2 (r,E —E,Q .Q ;0 isthedifferential transfer cross section.

S(r,Q,E,t) isthe source term.

The first term is the rate of change of particle density.

The second term represents the change due to physical leakages.

The third term is the change due to collision due to absorption.

The fourth term is the change in energy and direction at time t due to collision scattering process (ie
the transfer kernel term).

The last term accounts for group fixed sources.

Eqgn.(l) can be applied to neutrons or photons, depending on the correct physical interpretation of
the interaction between the particle and the host medium.

For neutrons, besides a scattering reaction, a collision of neutrons with a host medium can generate
other neutrons by fission (multiplying medium) and so the transfer kernel may include a term like



X(E) \dE" \dO. v(E)Yif (X, E", Q. 1) @)

4n
where
%(E) is the energy distribution of fission neutrons .
V(E ) is the average number of neutrons released per fission and

N (r, E ,t) isthe macroscopic fission cross section, assumed to be isotropic.

Usually, for practical applications, Eqn.(l) is solved in steady-state. Also, in case of multiplying
media, it is to be expected that systems containing fissile nuclides can be regarded as being either
subcritical, critical, or supercritical. The criticality problem can often be best approached by
introducing the effective multiplication factor, , to balance the fission source with other terms

in the transport equation, in a manner such that the resulting system is critical, that is, any system
containing fissile material could be made critical by varying the number of neutrons emitted per

fission from the original value (v ) to, (). Therefore, Eqn.(l) is rewritten in the form

EIV O (r,n,£,t)+ X (r,£>0J)('-A £,t) =

f -+QE ->E)<$>(r,d,E)dtidE
QAT ©))
+ir-T | f (r,EN®(r,E',ri)dridE’' +S(r,E,n,t)

Keff 04~

The scattering kernel depends on the physical interaction, and usually, the angular dependence is
expanded in Legendre polynomials ( Pt) of the scattering angle (Q.Q =//0); that is,

E.(rE->EK)=E  ZR(rE-->E)P (i )
1=0

The energy dependence is treated by a multigroup model, in which the energy range is divided into
afinite number G, of intervals separated by the energies Eg,g=1,2,3,...,G [15]. Thus the multigroup

transport equation with anisotropic scattering, is written as;



Vog(r, X,009(r,Q) =t t
Q.VOg(r,Q) + X,g0g(r,Q) Ol )

+iLV ('k.) $ ,(r)+S(r).
Kffv ~An }* *K g

g=1,2,3,...G.
where

<+ (r,Q) isthe angular flux and is given by

Egi
®g(r,Q)= E}SO(F,E,Q)OlE; ©)

and

®,(r) = Jog(r,Cl)dCl
n

is the total flux [6].

The group cross sections, or group constants, ( <) are A™ weighted

cross sections averaged over the group energy interval, that is,

\YJ{r,E)~(r,E)dE
1,00 - 8.(r) ()

and



> E)\nr,E\Q')P,(ii0)dE'da

®)
\I<I>(r,E',n')PMdE"'dn’

The reason is that the group constants that appear in these equations depend on the knowledge ofthe
group fluxes which are not known before solving the transport equation for the problem. To
overcome this difficulty, it is used as weighting function<D(r, E) in Egn. (7). The pointwise cross

sections needed to evaluate the group cross section is given from Nuclear data libraries such as
“Evaluated Nuclear Data File” (ENDF) [6],

Depending on the geometry ofthe radiation source, Eqn.(5) is transformed and solved numerically
through computational procedures.



CHAPTER 3
APPLICATION OF 1-D TRANSPORT CODE ANISN FOR GHARR-1 SHIELD ANALYSIS

The 1-D transport code ANISN with its solution technique, the discrete ordinates method, is applied
in this work.

In the next section, the numerical techniques employed by the code are reviewed.

3.1 NUMERICAL TECHNIQUES

ANISN is a 1-D transport code which forms part ofan MTR_PC computer package. It was originally
developed by Oak Ridge computing Technology Center and Oak Ridge National Laboratoiy[9], to
solve the 1-D linear particle transport equation, also known as the linear Boltzmann transport
equation numerically in plane, spherical or cylindrical geometry to estimate the particle flux[9,16].
The solution technique is an advanced discrete ordinates method which comprises a number of
numerical techniques which have mostly been developed in the context of reactor calculations.

Since the GHARR-1 reactor is of cylindrical geometry, the streaming term( Q.V® )ofEqgn.(5)

has to be expressed accordingly to pave the way for its numerical solution by the discrete ordinates
technique employed by the ANISN code. The form of linear transport equation for Eqn.(5) in 1-D
cylindrical geometry ( r,ju,% ) becomes

Vs COS/@ (_r,_r_l_,_g_)___jl-MZah* o v- N
=\i:d'erIs E %dx@g(r"\x)Pi(vW +sg(r,n,x)

where / isthe scattering orderand 1=0 for isotropic scattering.

For radiation shielding problem for gamma coupled systems the fission term in Eqn.(2) used for
criticality search is not included in Egn.(9).
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There can be further simplification of equation (9). In order to couple neutrons and gammas, the
equation is divided into sets, an upper set consisting of N-groups of neutrons (g=I,2,...,N ) and a
lower set consisting of G-groups of gammas (g=N+I, N+2,...,N+G ).the two sets are coupled by a

transfer cross section ( / , ) due to nuclear cross sections with neutrons producing gammas,

that is, capture or inelastic scattering reactions [6,17].

The steady-state linear transport equation presented above applies to physical problems which are
typical boundaryvalue problems. There are different boundary conditions but the reflection boundary
condition which is commonly used is applied in this study. This boundary condition assumes that
particles are reflected at the surface with angle of incidence equal to the angle of reflection.
Mathematically, it is expressed as

®(rs,Q,E)= <S{5,Q*,E), Q.«<0 (10)
where

A A Al A

Q*.n=-Q.n; DxQi=0 ,n isaunitvector [6].

Equation (9) is solved numerically by the discrete ordinates technique in the next section.

3.1.1. The Discrete Ordinate (SN) Method.

An alternative to expressing the spatial distribution of the neutron angular flux 0 in terms of
Legendre Polynomials is to employ the method of discrete ordinates [18], In this procedure, the
angular flux is considered in a limited number of directions, and it is assumed to vary in a linear

manner between these discrete directions. The symbol S Nis commonlyused to describe the discrete

ordinates method, where S stands for segments and N is the number of directions. The accuracy
attainable increases with N because a better approximation ofthe actual angular flux distribution is

possible, but so does the complexity of the computations. In practice, S4approximation has been
found to be satisfactory for most purposes, although Sgand S\ 6 have sometimes been used [3,19],

The SN expression in terms of discrete directions applies only to the angular neutron flux
distribution in space.

For this work, the quadrature weight of % was selected in order to attain greater accuracy. The P3
scattering order was selected for the cylindrical geometry pertaining to GHARR-1 reactor.
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By discretising the angular variable into a number of discrete directions, the angular fluxes are
calculated using a set of// values and carrying out all integrations by a quadrature scheme, so that

1 m=1

Discrete ordinate quadrature set Q mand wmweights are selected to discretise the transport equation.
The approximate value of the integral is

M
JO(F,Q)JO =Yj (12)
a nH

The quadrature weights wm and um form part ofthe data for the problem. The solution has to satisfy

the principles of (i) physical symmetry and (ii)the arrangement of discrete directions on latitudes on
the unit sphere, [20] have details on discrete ordinate angular quadratures.

For 1-D geometries, the following underlisted criteria must be satisfied by the quadrature sets
Wmand ¢y o

(a) invariance projection, that is,/Jm must be symmetric about // =0, or fij =- and
wt = wm+w (Symmetric upon reflection).

(b) positivity of the solution, that is, wm> 0 with the condition

T W= 1 (13)
m-

-12-



ANISN code employs the quadrature scheme which satisfies conditions (a) and (b). In addition, the
diffusion theory condition must be satisfied;

Wil = § (14)

The full discretized multigroup discrete ordinate 1-D equation with isotropic scattering (I - 0) for
geometries of slab, cylinder and sphere can be written in the general form as

VmA I0® 1~A 1 1~a 1®* 1)/Wm
i+2 mM2 1 2 m2 mZd m2

(15)

Vo8 Ty =S§V,

i=1,2,3,...1, m=l,2,...,M,
where the area A and volume V for slab, cylindrical and spherical geometries are given in Table 3.1
below

Table 3.1 [6]
Geometry < . r
=
1-Dslab 1 vXxt
1-D cylinder 4nr2x AnrVn
+2
1-D sphere 2nr j 2nr\J nt
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The curvature coefficient, a, is obtained from the recurrence relation

a i=a |, - At) (16)

with

the centre fluxes are related to the edge fluxes such that

= i+(0-a)®s

m’i+2 mJ~2

i=1,2,...,I and m=1,2,3,...,.M.

1
The diamond scheme (a = > ) is used in ANISN.

3.1.2. Matrix Equation.

After discretizing the transport Egn.(9) into discrete phase-space cell, a resulting system of an
algebraic equation at discrete mesh points for energy group g, is obtained. The matrix form is
presented as

AO =BO +S (17)
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where
A is a matrix representing the streaming-collision operator Q. V +

B is a matrix representing the group in-scattering term.
S is a matrix representing the external, plus group-to-group scattering sources, including fission.

<Dis the angular flux vector.

The direct solution of the matrix equation by inversion of (a -B ) is not feasible and

uneconomical. Instead a dual strategy is employed which consists oftwo nested iterations; outer and
inner iterations, fig 3.1. The outer iteration scheme sweeps through all energy groups in the order of
decreasing energy and thus provides an updated value of the flux for the entire system [15]. This is
accompanied by splitting the matrix B into four parts as

B=BS+Bu+Bd+Bf (18)

where J$s is the in-group scattering, JJ" for upscattering, JJ< for downscattering andgf is for
fission. Thus, the outer iterative scheme becomes

(A-Bd- Bs)0" = (Bu+Bf)0nl+s (19)

The old flux O n+l is used to calculate the upscattering and fission contributions using Eqn. (19) and
the new flux @" is calculated by solving the last equation group-by-group.

The presence of self scattering termB' makes direct inversion of the matrix (A - Bd- Bs)
impractical therefore the following inner procedure is applied;

A@H - :BEg.O,';/'1+ Qé’ (20)

where

nk isavector whose components are values ofthe angular flux in group g for the space and

angular mesh for outer iteration n and inner iteration k. The source Q n is the within group source
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QQ=[BdS' + (Bu+Bf)D"1+S]g (21)

The source is calculated with the most recently available fluxes which means that the downscattering
term uses fluxes from the outer iteration while the upscattering and the fission contributions are
computed from the flux in the previous outer iteration. This implies that the effective source and the

previous estimate for the within group flux $ gk ] are used to sweep through all the directions and

regions to calculate O nk .

For multiplying medium, the effective factor, K eff is included in Egn.(19) and in the absence of
external source, the equation becomes

AO =[Bu+Bs+BdkD+r'B f® (22)

The procedure as presented above is applicable for its solution.
There are two options for convergence test that are available;

(i) integral convergence which is expressed in the form

1fo'l-®"-1
~Jf— " —Ydv<E <)

(ii) the pointwise convergence criteria;

0'- 0"-1
max[— o "— ]<£ (24)

The simplified flow chart of multigroup calculation for ANISN code [6] is shown in fig.3.1.
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FIGURE 3.1BLOCK DIAGRAM OF A MULTIGROUP CALCULATION



3.2. NEUTRON AND GAMMA SOURCE DISTRIBUTION

The microscopic cross-sections of materials of various regions through which neutron and gamma
rays pass were extracted from amaster library named VITAMIN C, consisting of 171 neutron energy
and 36 gamma-ray energies. The sources which enter the code from the basic data of ENDF/B file

through the 17** card were obtained using the utility code GENSOU, Fig.3.2 also incorporated into
MTR_PC package. The primary sources of neutrons and gamma rays produced in the core could be
classified into three categories;

(i) Fission Neutrons;

(25)

where
p (r) =total number of neutrons emitted by thermal fission,

v = mean number of neutrons produced.
Xg- fraction of neutrons emitted by fission.

Ej- = amount of energy released per fission.

(ii) Prompt fission Gamma Rays;

(26)

where

F I is the number of gammas emitted in the energy group per fission and calculated using spectrum
[21].

6.6,0.1<E <0.6Mev
T(E) = 20.2exp(-1.78Z5);0.6 <E < 1.5Mev
7.2exp(-1.09£);1.5 <E< 10.5Mev
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Fixed Source

(17* array) Input Data

f.GER file] [AM file] ANISN.LIB
Stdr. output Evaluated F. R. Collapsed & condensed
[.PAO file] [.PAP file] XS data library, ready

to use by ANISN.

Fig. 3.2 ANISN utility programs: Flowchart.
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(iii) Scattering of Neutrons and Photons;

Q7>

where g = 1,2,3,...,171(g = 172,173,...,207)

and ~ N . isthe macroscopic scattering cross-section and <€ gis the flux which is dependenton

the reactor power.

The concentrations of elements in various regions were computed on procedures outlined in the
manual of WIMSD/4 [22]and reported by [23] for neutronic calculations of the reactor.
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CHAPTER 4

NEUTRONS AND GAMMA DOSE RATES FOR NORMAL OPERATIONAL
CONDITIONS

This Chapter deals with the theoretical calculation of dose rates at various regions and positions in
the reactor GHARR-1 using the 1-D ANISN transport computer code. Experimental measurements
were also carried out to validate the calculated results. Based on the validated results, further
theoretical calculations such as the determination of the variation of dose rates around and along
the slant tubes in the reactor and the estimation of neutron and gamma dose rates for loss-of-coolant
accidents were also carried out and presented in this Chapter and Chapter 5 respectively.

A brief description of GHARR-1 for which the present work is being conducted is presented in
Section 4.1 followed by reactor shield analysis for normal operational states.

4.1. DESCRIPTION OF GHARR-1 REACTOR

GHARR-1 is a 30kW low power research reactor. It is designed and manufactured by the China
Institute of Atomic Energy. The reactor is similar in design to the Canadian SLOWPOKE-2. It is
a tank-in-pool reactor which is operated and utilized for Neutron Activation Analysis (NAA) in a
large number of fields like mineral exploration, medicine, agriculture, environment, food and
industry. It also finds use in other areas such as in short-lived radioisotope production, research,
teaching and training. Its maximum licensed power is 30kW with thermal neutron flux inside the

inner irradiation site ofIx 1012n / cm2.s . The vertical cross section of the reactor is shown in
Fig.4.1 and the layout of the reactor complex can be seen in Fig.4.2.

The main specifications ofthe reactor are tabulated in Table 4.1. The fuel cage ofthe reactor which
is located on a Be plate is also surrounded by a Be reflector to ensure effective shielding. On top of
the core is placed an Al tray which may contain some quantities of Be plates with known thickness
depending on the duration of operation. The core ofthe reactor is located at the lower section ofthe
reactor vessel of height 0.9m. The upper vessel of the reactor container is 4.7m. The reactor vessel
is suspended on a square bracket in a stainless steel lined pool of diameter 2.7m. The reactor
container and pool which is embedded in reinforced concrete of 40cm thickness are filled with
deionized water to specified levels as shown in Fig.4.3 to provide shielding from radiation during
reactor operation.

There is a gas space 0f44.5cm above the water in the vessel for radioactive gases suchas H2, 0 2,

and Ar which are purged weekly. All these designs are to ensure effective shielding of radiation
hence the inherently safe nature of the reactor [21].
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Fig. 4.1 Vertical cross section of GHARR-1 vessel and its components
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Table 4.1; Main Specifications of GHARR-1 [21,24]

Parameters
Reactor Type
Rated thermal power

Fuel

U-235 enrichment

Core shape

Core diameter

Core height

Fuel element shape

Fuel element number in the core
Total weight of U

Total weight of U-235

Reactor continuous operating time(at rated
power)

Refuel period

Bumup

Temperature coefficient

Control rod (Cd)

Total number of irradiating sites

Number of inner irradiating sites

Thermal neutron flux (at rated power in inner

irradiation sites)

Number of outer irradiation sites

Thermal neutron flux (at rated power in outer

irradiation sites)

Description
Tank-in-pool
30kW
UAl4dispersed in Al base material

90.2%
Cylinder
23cm
23cm
Thin rod
344
1106.559qg
998.116g
6.5hours

More than ten years

-1%

—0.10mk/degree Celsius (average)
One in the centre ofthe core

10

5

1.0x 1012n/cm2.$

5 (2 larger, 3 smaller)
~5.0x 10"n / cm2.s



Height of outlet orifice 7.5mm

Inner diameter of annular Be 23.1cm
Outer diameter of annular Be 43.5cm
Height of annular Be 23.85cm
Thickness ofbottom Be plate 5.00cm

4.2. THEORETICAL CALCULATIONS

The 1-D code ANISN, was applied to estimate the neutron and gamma dose rates at various regions
and positions in the reactor as shown in Fig.4.4. The various material regions ofthe reactor showing
the dimensions through which particles are transmitted are shown in Table 4.2.

The instructions for preparation of input data listed in Appendix A were followed in accordance
with procedures and method of analysis for the code ANISN discussed in Chapter 3

In order to use the 1-D transport code for the determination ofthe variation of dose-rate around and
along the slant tubes and for the estimation of dose rates during loss-of-coolant accidents, it was
decided to validate the code with experimental data. The experimental procedures and measured
results in comparison to computed results are presented below.
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Fig.4.4 Regions and Positions in the reactor and the slant tube
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Table 4.2 The regions of the reactor and the slant tube

REGIONS MATERIALS THICKNESS /cm
1 Fuel 1251
2 Aluminium + Water 0.33
3 Aluminium Tray 1.20
4 Water 52.68
5 Aluminium Tank 2.54
6 Water 8.40
7 Slant tube 0.19
8 Air 1.00
9 Aluminium Tube 0.19
10 Air 181

4.3. VALIDATION OF THE CALCULATED VALUES WITH EXPERIMENTAL DATA

Radiation monitoring equipment which were used during on-site critical and full power experiments
at the GHARR-1 Centre, were to measure the gamma and neutron dose rates respectively. The
SGI102 monitor is fitted with an external Nal detector for the detection ofthe gamma-radiation and
is recorded on its analog meter. The instrument has an outlet in which the analog signal was
converted to a digital signal through a multimeter for precise recording to be made to higher
significant figures. The range of measurement is 0-10fi Sv/hr.

The NH-1A neutron monitor is made ofa 22.5cm diameter cadmium-loaded polyethylene sphere
with a BF 3 counter in the center of the sphere and is used to measure the neutron dose equivalent

from the neutron detection reaction wB(n,a ) 'L i. The full scale deflection of the analog meter is
10V Sv/hr and that of the digital counter is 999counts.

Measurements at the top of the reactor at various positions are shown by the alphabets in Fig.4.5.
Because ofthe limited range ofthe SGI 02 monitor, experimental determination of gamma dose rates
were carried out at the following positions:
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(i) along the midplane of the core to the concrete shield beyond the liner of the pool.
(ii) at the edge of the pool liner.

(iii) at the edge of the reactor vessel.

(iv) at the centre line of the reactor vessel.

Gamma dose rates were also checked against those recorded by Radiation Alert Monitor-4 with
range 0-5mSv/hr and four halogen counter type J613y GM probes with readout on the gamma

radiation monitoring system of the control console and the microcomputer control system. No
significant level ofneutron dose rate was measured due to the effective shielding provided by water
in the reactor vessel and pool.

The calculated results ofthe ANISN code has been validated using experimental results in order to
set standard procedures to be applied in future studies. In developing such a standard method, the
errors to the final results of the dose rates from the centre ofthe core to the edge of the reactor pool
have been quantified. The computed and experimental results of the average gamma dose rates
recorded at 30kW and at different reactor power levels are listed in Tables 4.3 and 4.4 respectively.
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Table 4.3 Comparison of Calculated and Experimental Gamma Dose Rates

Distance from centre  Calculated Value/  Experimental Value/  "/(:Variation ~ Standard

of Reactor Core /cm liSv/ hr pSv / hr Deviation
162 25.83 25.00 3.32 0.59
102 25.83 24.00 7.63 1.29
44 79.10 80.00 113 0.64
0 79.30 80.00 0.88 0.49

Table 4.4. Comparison of Calculated and Measured Gamma Dose Rates for Different Reactor Power

Levels
Neutron Flux/ Reactor Calculated Dose  Measured Dose % Variation  Standard
Power/ Rate/ Rate/ Deviation

|
NZCM2S 4w jusv/hr  fisv/hr

0.03 7.84E-02

1.0x10’

o o 0.3 7.90E-01 7.80E-01 128 0.01

x

10x 10" 3.0 7.90E+00 7.30E+00 8.21 0.42
25x% 10" 7.5 1.88E+01 1.875E+01 0.27 0.04
50x 101 15.0 3.96E+01 4.00E+01 1.00 0.28
80x 101 24.0 6.33E+01 6.50E+01 2.62 1.20
10x 10D 30.0 7.90E+01 8.00E+01 125 0.71

It can be seen from Tables 4.3 and 4.4 that the calculated results approximately agreed with the
experimental data with a maximum percentage variation of 8.21 and standard deviation of 1.29.

Fig.4.6 shows the calculated dose rates operating for 30kW power for neutron and gamma (n+g),
neutron only (n) and gamma only (g) as a function of radial distance from the centre of the core to
the concrete. A drastic reduction of dose rates from the annular Be reflector through the water, the
stainless steel liner and the concrete was noticed. The dose rate at the end ofthe 40cm thick concrete
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is very low suggesting that shielding is very effective in that direction. The earth surrounding the
pool provides additional attenuation effect for the neutrons and the gammarays. The variation ofthe
dose rates with distance from the core to the edge ofthe pool, shown in Fig.4.7 at an operating power
of30kW indicates similar trend. The computed results reproduced the tendency in the experimental

results as shown in Fig.4.8.
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4.4. DOSE MAPPING ALONG THE SLANT TUBES.

Two slant tubes are attached to the lower section ofthe reactor vessel in the region of the core. The
tubes were used to commission the reactor in December, 1994. After the commissioning, the slant
tubes became part of the reactor. It is envisaged that the tubes can be used to study the effect of
neutron or gamma irradiation on mutation breeding of seeds. There is the need therefore to study the
variation of dose rates along and within the tubes for future mapping.

Following the procedure in the manual for ANISN input preparation [9], five main positions Pl to
P5, in the slant tubes, as shown in Fig.4.4, were selected and the dose rates calculated to study the
variation of dose rates from the core to these positions. The main material regions ofthe reactor and
the slant tube showing the dimensions for a typical input data are contained in Table 4.2 shown above.
The dose profile within the slant tube from the bottom P5 to the top P1, was also calculated. All the
calculations were carried out for maximum thermal power of 30kW.

The results ofthe variation of dose rate with distance from the core to the P positions, and within the
slant tubes are also presented. The distribution of neutron + gamma (N+G), neutron only(N) and
gamma only(G) shown in Figs.4.90 to 4.92, follow similar trend as the validated results. The neutron
population in the core of the reactor is far higher than that of the gamma but decreases drastically
from P4 to P |. The reason might be that the neutrons are much more attenuated by the water and the
various media on the paths. However, at position P5 in the slant tube, the presence of neutrons is
much more prevalent than the gammas. This might be due to the very small amount of water and
other few attenuating agents such as beryllium and the reactor vessel on the path from the core.
Another contributing factor mightbe the very short distance from the core to the P5 position. Along
the slant tube, there is an increase in the gamma dose rate from about 1.50Sv/hr at position P5 to
about 2.50Sv/hr at P4, and a slow decrease thereafter to almost OSv/hr at position P1 as shown in Fig.
4.93. The trend between P5 and P4 might be due to the dominance ofthe neutron. The dominance of
the gamma from position P4 to P 1 might largely be due to its penetrating power compared to that of
the neutron which is low, especially with the increase in the water thickness from the reactor core as
shown in Fig. 4.94. The fast neutrons that escape from the reactor core are slowed down due to
scattering collision. 1fthe collisions are of the inelastic type, the process will be accompanied by
inelastic scattering gammarays [8,17,25,26]. These scattering gammarays might constitute the major
part ofthe secondary radiations in these positions. The distribution ofthe neutron + gamma (N+G),
at the P positions is also shown in Fig.4.95.

With this available information on the variation ofthe neutron and the gamma doses along the slant
tube, high dose thermolumniscent (TLD) badges could be used to confirm the calculated values.
Consequently, the tubes could be mapped properly to pave way for the study on the effect of gamma
or neutron irradiation on mutation breeding of seeds in the field of agriculture.
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CHAPTERS

ESTIMATION OF NEUTRON AND GAMMA DOSE RATES FOR LOSS-OF-
COOLANT ACCIDENTS

Two credible accidents of loss-of-coolant reported in the Safety Analysis Report of GHARR-1[7],
are loss of reactor coolant and loss of pool water. An assessment of the effectiveness of the shields
during these loss-of-coolant accidents is necessary for the reactor. For the analysis ofthese accidents,

the initial condition is that the reactor vessel containing water of 1.2m3in a pool water inventory of

2.7m 3should be operating at its maximum power of 30kW when the accidents will occur. It is also
assumed that the reactor is using a fresh core with no fission products and it contains no beryllium
plates in its tray located at top of the core.

Furthermore, the assumption for the loss of reactor coolant accident is that there occurs a break on
the main pipe at the discharge point ofthe pump ofthe purification system. Such a loss of substantial
quantity ofwater in the reactor vessel would be detected by the operators from the low level alarm
signal and y - radiation monitoring system installed on the control console and microcomputer

control system. In case the operators failed to notice its occurrence there will be at least 500cm
thickness ofwater above the core because the location of the lowest position ofthe inlet pipe ofthe
purification system is 500cm above the core.

The loss of pool water shielding is only possible due to the maximum credible accident caused by
amajor earth movement; breaking ofthe pool and allowing the pool water to drain. It is not credible
that there could be simultaneous loss of reactor vessel water due to the fact that the container was
designed to support its contents while suspended within the empty pool.

An assessment ofthe effectiveness ofthe shields during these loss-of-coolants accidents is necessary
for the update of the Safety Analysis Report for the reactor. The main objective of this work is to
describe the theoretical analysis of these accidents and to present calculated results in order to
ascertain the effectiveness of the water shield as its height is lowered in order to ascertain the
radiological consequences.

In the analysis, the 1-D transport code was used to do the simulation.

Based on the satisfactory result ofthe validation ofthe calculated results ofthe ANISN code, it was
decided to simulate postulated accidents of loss-of-coolant. The variation of dose rates for the
neutron and gamma (n+g), neutron only (n), and gamma only (g) with distance are plotted in Fig. 5.1
for the reactor vessel at a depth of 200cm and for the pool depth of 240cm in Fig.5.2.

Figs. 5.3 and 5.4 show the increase of gamma dose rates with reduction ofwater shield in the reactor

vessel and the pool respectively. It can be observed from Fig.5.3 that for the credible accident ofloss
of reactor vessel water, the gamma dose rates at the edge of the reactor vessel increased drastically
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from 79.1 /u Sv/hr at Ocm to 246.6 jj. Sv/hr at 50cm. The effect shown in Fig.5.4 is not very

pronounced for the loss of pool water as compared with the accident associated with the reactor
vessel.
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CHAPTER 6
CONCLUSIONS AND RECOMMENDATIONS

These studies present the results of the dose rates based on the solution ofthe 1-D transport equation
solved by ANISN computer code for a tank-in-pool reactor, GHARR-1. Conclusions and
recommendations that could be reached are presented as follows;

6.1 CONCLUSIONS

(@) The analyses show that the calculated results for the Gamma dose rate at different power levels
agreed favourably with experimental values, with a maximum percentage variation of 8.21 with
corresponding standard deviation of 0.42.

(b) The results show a drastic reduction in dose rates from the annular Be reflector through the water,
the stainless steel liner and the slant tubes. This suggests the effectiveness of the water shield above
the core of the reactor.

(c) Based on this satisfactory result, it was decided to study the variation of neutron (n), gamma (g)
and gamma-+neutron (n+g) dose rates along the slant tubes used in commissioning the reactor and to
simulate postulated accidents of loss-of-coolant. The results show that;

(i) Calculations of neutron and gamma dose rates along the slant tube show decreasing levels from
the bottom to the top ofthe slant tube. With this available information, the tube can be mapped in the
future for the studies on the effect of gamma and neutron irradiation on mutation breeding of seeds
in the field of agriculture.

(if) Calculations ofthe effectiveness ofthe water shield during a loss-of-coolant in the reactor vessel
and pool show significant effects ofhigh levels ofradiation. The dose rates inside the reactor hall will
be high. For a break in pipe-line of the reactor vessel to the purification plant, the accident will be
more severe than the case of a crack in the pool.

(iii) During a loss-of-coolant for the reactor vessel the core will not be uncovered. The consequence
ofthe accident is likely to be less severe than that of the maximum hypothetical accidents such as
collapse of the reactor building during a plane crash, fast leakage of reactor coolant and pool water
or complete exposure of the core into the air.

(iv) The occurrence of a loss-of-pool water accident caused by an earthquake would result in high

dose rates. Although the reactor zone is a restricted area, and no individual would be expected in the
area during an accident, any staff on duty or visitor within the hall would be evacuated immediately.
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6.2 RECOMMENDATIONS

(i) Apart from the instruments used in the dose measurements in this work, high dose
thermolumniscent (TLD) badges could also be used as very good experimental tools to measure
neutron and gamma dose rates. Itis therefore recommended that measurement using ahigh dose TLD
badges be carried out in experimental measurement of neutron and gamma dose rates at different
positions along the slant tube. Measured data will be used to confirm computed results to enable the
tube to be mapped for the studies on the effect of neutron and gamma irradiation on mutation
breeding of seeds in the field of agriculture.

(i) 1t is recommended that 2-D transport code DOT 3.5 and Monte Carlo MCNP4 for 3-D analysis
be used to perform detailed shielding calculations for the reactor and all radiation emitting sources
at the GHARR-1 Centre.
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APPENDIX A

ANISN INPUT DATA PREPARATION
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Path: C:\GHANA\SH!ELD\SHELL
File: J0G1 ANI 39,207 .a.. 8-23-99 5:10:16 pm Page

HIELDIND FOR GHARR-1 C RAD,P3, S8, 171 N, 36 G, SLANT-TUBE.
5%$%

1D PROBLEM ID NO.

ITH 0/1 = REG./ADJ.

ISCT ORDER OF SCATTERING

ISN QUADRATURE ORDER

IGE 1/2/3 = PLA/CYL/SPH

IBL 0/1/2/3 = NO REFL/REFL/PER/WHITE

IBR RT. B.C. SAME ASLEFT B.C.,IBL

0 1ZM NO. OF ZONES
9 IM NO. OF INTERVALS

IEVT 0/1/2/3/4/5/6=Q/K/ALPHA/C/Z/R/H
07 IGM NO. OF GROUPS

IHT POS. OF SIGMA T
IHS POS. OF SIGMA GG

13 IHM TABLE LENGTH
52 MS MIXING TABLE LENGTH
MCR NO. MATLS. FROM CARDS
8 MTP NO. MATLS. FROM LIB TAPE
8 MT NO. OF MATLS.

IDFM  0/1=NONE/DENSITY FACTORS(21%)
IPVT 0/1/2 =NONE/K/ALPHA
IQM  0/I=NONE/DIST. SOURCE
IPM  0/1/IM=NONE/S(MM,IPP)/S(MM,IM),17
IPP INTERVAL OF SHELL SOURCE
0 1M INNER ITER. MAX.
IDI  0/1/2/3=NO/PRNT ND/PNCH N/BOTH
ID2 0/1/2 =NO/X-SEC TAPE/PREV
ID3  0/N=NO/N ACT. BY ZONE
ID4 0/1=NO/N ACT. BYINT.
ICM  OUTER ITER. MAX.
IDAT1 0/1/2 =NO/MIN/MAX TAPE
IDAT2 0/1=NO/DIFFUSION (248%)
IFG  0/I=NO/FEW GRP.
IFLU 0/1/2=BOTH/LINEAR/STEP
IEN 0/1/2 =INPUT 2*/3 */PREV. CASE
IPRT 0/1 = PRINT X-SEC/DO NOT
IXTR 0/1=CALC/READ P-L CONSTANTS

6**

.0 EV EIGENVALUE GUESS

.0 EVM EIGENVALUE MODIFIER
.0E-4 EPS PRECISION DESIRED

.0 BF BUCKLING FACTOR

.0 DY CYL OR PLA HEIGHT

.0 Dz PLANE DEPTH

.0 DFM1 HT. FOR VOID CORR.

.0 XNF NORM. FACTOR

.0 PV IPVT=I/2 K/ALPHA

.5 RYF LAMBDA2 RELAXATION
.0E-4 XLAL PT CNVRG EPS. IF .NE.O
.0 XLAH 1-LAMBDA MAX.-SEARCH
.0 EQL EV CHANGE EPS.-SEARCH
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