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ABSTRACT 
 

A code called TRISUL has been developed for the fuel cycle studies 
involving a large-scale utilization of thorium. It has been specially 
developed for the design studies of a thorium breeder reactor (ATBR) 
core. In this core, a high rate of breeding of 233U is achieved by placing 
the thoria rods in the ambience of high thermal neutron flux, generated by 
a combination of enriched uranium or an equivalent seed material and 
D2O moderator. The core consists of a number of such seed and blanket 
type fuel assemblies arranged in a regular hexagonal lattice array 
surrounded by D2O reflector on all sides. At least one batch size of pure 
thoria clusters without the seed fuel rods are considered to be loaded 
uniformly in the same core at twice the assembly lattice pitch. TRISUL 
solves the few group diffusion theory equations by the center-mesh finite 
difference method. Regular hexagonal or triangular right-prismatic 
meshes are considered. Since the ATBR core considers boiling light water 
as coolant, a thermal hydraulic model is incorporated in the TRISUL code 
to calculate the void or steam fraction as a function of core height in each 
fuel assembly. The homogenized two group lattice parameters have been 
generated by the PHANTOM code system for the two types of fuel clusters 
stated above. For thoria clusters, the parameters depend on absolute flux 
level, irradiation time in days and void fraction. For the seed and blanket 
type clusters, they are provided as a function of burnup, starting fluence in 
thoria rods and void fraction. Consideration of using starting fluence in 
thoria rods to prescribe the two group lattice parameters of a fuel 
assembly cell is a novel feature for such core follow-up codes. Power-
dependent feedback corrections due to fuel temperature, xenon etc. are 
applied to the two group cross sections of each mesh point during power-
void iterations. Equilibrium core burnup studies are carried out for 
different loading patterns and cycle lengths. The core-loading pattern is 
devised by means of a semi-auto-fueling scheme. TRISUL output consists 
of the core characteristics including keff or effective multiplication factor 
and three dimensional power distributions as a function of cycle burnup. 
TRISUL can be used for reactor simulations of cold and other off-nominal 
reactor states with appropriate lattice database. The power coefficient 
consisting of Doppler, void and saturated xenon loads can be estimated at 
different power levels. Reactivity swing due to complete decay of 233Pa to 
233U can also be estimated in cold state. The worth of all the thoria 
clusters in the core, or any groups thereof, can be estimated. TRISUL also 
computes the inventory of the heavy metal, seed content, and the fissile 
component thereof, at the beginning of cycle as well as at the end of cycle. 
This information is vital for inter-comparison and evaluation of various 
fuel cycle strategies. 
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1. INTRODUCTION 
 

India has a special interest in evolving reactor concepts for a large-scale utilization of thorium in 
thermal power reactors. The thorium reserves are nearly six times the uranium reserves in India. It was 
therefore realized, right in the early stages of our nuclear power programme, that thorium shall have a 
major role in the growth of nuclear power. Since thorium does not have any intrinsic fissile content, the 
nuclear power reactors of the first stage use mainly uranium. In India, the pressurized heavy water reactors 
(PHWRs) are chosen in the first stage because they allow the use of natural uranium having 0.71 wt. % of 
the fissile isotope, 235U. An important characteristic of PHWRs is that more than double the quantity of the 
man-made fissile material plutonium would become available from the discharged fuel as compared to the 
Pu from the discharged fuel of a light water reactor (LWR) core using enriched uranium, after the 
generation of the same gross electric power. Plutonium, when used in a fast reactor is capable of breeding 
more fissile atoms than what are consumed. It is planned to load thorium in the blanket region of the fast 
breeder reactors (FBRs) to produce 233U. 233U is a fissile isotope like 235U. In fact, it is a much superior 
isotope, in the sense, that it has less wasteful fraction of fissionless capture of neutrons. The value of η, 
which is the ratio of the number of fission neutrons produced per absorption of a neutron, is ∼2.3, 
practically in the entire energy range. In view of this characteristic, it is possible to conceive a thermal 
breeder reactor with (233U - 232Th) oxide fuel. A light water breeder reactor (LWBR) of 90-MW (electric) 
capacity was successfully demonstrated in the United States at Shippingport, Pennsylvania. It operated for 
5 yr from 1977 to 1982, using 501 kg of 233U inventory at the beginning of life (BOL). The end-of-life 
(EOL) fissile content was adjudged to be 1.3% greater than the BOL inventory.1 (233U - 232Th) oxide fuel, 
however, has strikingly different physics characteristics as compared to the natural UO2 fuel that is used in 
present day PHWRs. 232Th has nearly three times the thermal absorption cross section compared to the 
fertile isotope 238U. One would require higher fissile content in the seed fuel rods. If one considers 233U as 
externally fed seed content, as is planned in the third stage of thermal power reactors, one must bear in 
mind that it is a much costlier fuel than natural uranium. Since 233U is obtained by reprocessing of highly 
active spent fuel and the re-fabrication is also high-technology based, it is prudent to design this fuel with 
as high a discharge burnup as possible, from economic considerations. Thorium oxide fuel, fortunately, 
has much better thermal and mechanical characteristics than the uranium oxide fuel and hence 
can allow very high burnup. One can therefore design the thorium fuel cycles with very long cycle 
lengths of some years, in order to ease out the pressure on reprocessing, prior cooling period, 
and re-fabrication. A batch mode of refueling and well-planned fuel management strategies are 
mandatory for the design of the thoria fueled cores. 

 
A search for such an optimal reactor core design has been taken up in the recent past. Physics 

design of A Thorium Breeder Reactor (ATBR) was conceived.2-7 ATBR is not a thermal breeder of 
conventional sense. In this core, a high rate of breeding of 233U is achieved by placing seedless thoria rods 

   



in the ambience of high thermal neutron flux, generated by a combination of enriched uranium or an 
equivalent seed material and D2O moderator. The core consists of a number of such seed and blanket type 
fuel assemblies arranged in a regular hexagonal lattice array surrounded by D2O reflector on all sides. At 
least one batch size of natural seedless thoria clusters without the seed fuel rod rings are considered to be 
loaded uniformly in the same core at twice the assembly lattice pitch. The thoria clusters in ring cluster 
form, after one fuel cycle irradiation, are supposed to be integrated with fresh seed fuel rods also in ring 
cluster form. The combined clusters undergo irradiation for 3, 4 or 5 more fuel cycles before being 
discharged at nearly the same accumulated burnup in seed and blanket thoria rods. The possibility to induct 
natural thoria rods without any externally fed seed is the novelty of the ATBR physics design. Such thoria 
rods constitute 50 to 60% of the core by weight in the equilibrium core. The ATBR, as conceived by us, 
need not be a reactor for only the third stage of our nuclear power programme. If enriched uranium fuel is 
available it can be considered for implementation even earlier. 

 
For the fuel cycle burnup studies of this core, the diffusion theory code TRISUL was developed. 

TRISUL is an acronym derived from ‘Thorium Reactor Investigations with Segregated Uranium Loading’. 
TRISUL is an extension of the diffusion theory code TRIHEX-3D that was developed for hexagonal lattice 
core analyses.8 TRIHEX-3D code uses the center-mesh finite difference method with regular hexagonal or 
triangular right prismatic meshes. TRIHEX-3D code has several special features. It is possible to perform a 
pin-by-pin simulation of the entire reactor core. Alternatively one can use the auto-triangularisation scheme 
whereby the large homogenized hexagonal fuel assembly region can be subdivided into a number of fine 
triangular meshes like 6, 24, 54 … or 6n2 triangles where ‘n’ is the number of subdivisions on a side of the 
hexagon. TRIHEX-3D is being used essentially for fresh core simulations. For the ATBR core follow-up 
studies, we found that hexagonal meshes are adequate since the mean free path in a heavy water moderated 
system is large. The center-mesh finite difference method, auto-triangularisation scheme, solution methods, 
and the acceleration techniques used in the inner and outer iterations are described in detail in Ref.8 and are 
not repeated here. In this report, we will present in Section 2, the specification of core geometry, 
description and the handling of a complex lattice database input. The fluence accumulated in thoria clusters 
during their first fuel cycle of irradiation and their subsequent integration with fresh enriched seed fuel 
rods, and the refueling scheme all have a bearing in the fuel assembly and core characteristics. The 
equilibrium core burnup modeling, method of void or steam fraction estimation, power-dependent feed 
back corrections due to void, Doppler and xenon, will be described. Moveable thoria clusters are used as a 
means of reactivity control for xenon over-ride and is a novel feature in the ATBR core. It may be 
mentioned here that the moveable fuel control was used in the LWBR core in the United States that was 
referred to earlier.1 Some illustrative sample core analyses will be presented in Section 3. The description of 
the case-dependent input data file, other invariant input data files of geometry, cross section database, fuel 
composition with burnup etc are given in Appendices. Recently the physics design of control and 
instrumentation system for ATBR has been taken up.9 The control system consists of a number of 
interchannel poison tubes or absorber rods. Detailed description of the control absorber simulation is given 
Ref. 9. The versatility of TRISUL code to test out a large variety of fuel management schemes in ATBR 
type cores is brought out in Sections 3 & 4. 

 
2. CALCULATION MODEL 

 
The potential of a core diffusion theory code depends on proper discretisation of the problem 

domain into sub-regions or meshes of a definite shape and the ability to prescribe appropriate few group 
cross sections in each mesh for a particular reactor state. We follow the methodology used in the CEMESH 
code which was developed for the analysis of all types of Indian PHWRs in a large variety of reactor states 
from cold sub-critical to hot full power.10 In hexagonal lattice cores, the subregions take the shape of a 
regular hexagonal or triangular right prism. In the active core, they represent the homogenized regions of 
the assembly lattice cells. The fuel assembly cell can be of different fuel types. The other parameters 
influencing the cross section property are the fuel burnup or duration of irradiation at a given flux level, 
steam production in the fuel assembly, fuel and other material temperatures, soluble boron in moderator, if 
present, and prevalent xenon concentration. For a constant power history, the xenon attains an equilibrium 
value. Since the core diffusion codes normally simulate the saturated xenon, and stabilized distribution of 
void and temperature profiles, they are called steady state diffusion codes. Additional modeling, by way of 
explicit treatment of transient iodine and xenon concentrations, is necessary to simulate non-equilibrium 

   



xenon loads. The presence of control, if any, perturbs the assembly cell cross sections. De-coupling the data 
on location and movement range of control devices from the normal fuel material disposition is an 
important feature used in CEMESH code, which allows the simulation of any combination or reactivity 
devices. The movement of these devices can be modeled by using the principle of perturbing the 
uncontrolled cross sections in the zone of influence of a given control device. This method is useful in 
performing a criticality search by altering the position of a set of reactivity devices within their range of 
movement. In reflector region, the materials correspond to the reflector and/or other structural materials 
like core barrel and thermal shields, which normally have an annular cylindrical shape. It is necessary to 
use the appropriate volume weighted (or preferably, flux and volume weighted) cross-sections of these 
regions so that they can be approximated as equivalent hexagonal or triangular regions. The reflector 
material cross section must be prescribed for different temperatures. When boiling water coolant is 
employed, the presence of void in top reflector should be accounted. Soluble boron also influences the 
cross section. In D2O moderated and reflected cores, the purity variation of D2O should also be taken into 
account. In the author’s view, the bifurcation of the various data sets pertaining to the fuel 
disposition, control device configuration and use of an extended few group lattice 
parameter database for a large variety of reactor states ranging from cold subcritical to 
hot full power, are all features that offer immense flexibility to a core diffusion code and 
hence is recommended for adoption by every core simulation code. 

 
The TRISUL code as described in this report deals with the specific problem of ATBR core design 

computations. The code is however sufficiently general. With some relevant changes, TRISUL can be used 
for the design computations of other hexagonal reactor cores like the Russian VVER-1000 MW (electric) 
reactor. For the ATBR fuel cluster, which is described in detail in the references 2 to 7, the lattice burnup 
code CLUB11 of the PHANTOM code system12 is used to generate the lattice parameters. For VVER core, 
the lattice database may be generated by the hexagonal lattice cell burnup code EXCEL13 and a modified 
version of the TRISUL code can serve as the core simulation code. 

 
A typical method of structuring the parametrically dependent lattice database is illustrated in the next 

section, taking the ATBR fuel types as an example. 
 

2.1 Two Group Lattice Parameter Database 
 

The hexagonal fuel assembly regions are assumed to have been homogenized by a lattice cell 
code. The core consists of homogenized fuel regions surrounded on all sides by some reflector regions. To 
perform the few group diffusion calculations of such a core, it is necessary to prescribe the lattice 
parameters for every subregion having a hexagonal or triangular right prismatic shape. We consider two 
energy groups with energy cut-off at 0.625 eV. 

 
The code TRISUL, as described here, has been specially developed for the ATBR 

core design computations. The ATBR equilibrium core consists essentially of two types 
of fuel, viz., natural thoria clusters and seed fuel clusters integrated with irradiated thoria 
clusters. Figs.1 and 2 show the cross sectional view of these two types of fuel clusters. 
Fig.3 shows the typical core layout for an equilibrium core. We will describe the 
generation of lattice parameters for the above two types of fuel clusters. 

 
It is well known that the lattice parameters of natural thoria clusters cannot be 

described simply as a function of fuel burnup in conventional units like MWd/tonne. This 
is because natural thoria rods do not have any intrinsic fissile content to start with and 
hence would generate negligible fission power. Depending on the ambient flux level they 
would accumulate fissile material at different rates and the power generation would 
proportionately increase. A given burnup can be attained by a variety of combinations of 
flux level and residence times. Thus at the same burnup, the neutronic characteristics can 
be significantly different, since the accumulated 233U depends on the absolute flux level 

   



prevailing in a particular region. The flux is however not known a priori. It is therefore 
necessary to evaluate the lattice parameters of the thoria clusters parametrically for 
different absolute flux levels as a function of irradiation time in days. From initial test 
runs, it was judged that the one group absolute flux levels of (0.5, 1.5 and 2.5) X 1014 
n/cm2

•s-1 and a maximum irradiation time of 1500 days would be adequate to cover the 
range of variation of flux levels and irradiation times encountered in the ATBR core 
design. These values were used to generate the lattice parameters of thoria cluster with 
the PHANTOM code. 

 
The seed and blanket fuel clusters are designed to be constituted by juxtaposing 

irradiated thoria rods in ring cluster form around the fresh enriched seed fuel rods also in 
ring cluster form. Such clusters will be referred to hereafter as the ATBR fuel cluster. 
The neutronic properties of such integrated fuel clusters depend on the fluence already 
accumulated in the thoria rods. The lattice calculations for the ATBR fuel cluster are 
carried out parametrically for different starting fluence in thoria fuel clusters. The cycle 
length duration can typically vary from 300 effective full power days (EFPD) to 700 
EFPD depending on the refueling batch size. Full power is 600 MW electric or 1875 MW 
thermal for the ATBR core. Thus the two group lattice parameters of the ATBR fuel 
clusters are parametrically evaluated by the PHANTOM code for the starting fluence in 
thoria rods pertaining to each of the aforementioned absolute flux values and a irradiation 
time of 300, 500 or 700 days.  

 
Since ATBR considers boiling light water as coolant, the void or steam fraction changes typically 

from 0 to 70% as a function of core height. In natural thoria clusters, the void formation would be absent at 
their beginning of life and at end of first fuel cycle, the core exit void fraction could be ∼40%. The lattice 
parameters are evaluated for constant void fraction values of 0, 40, 70 and 100%. For the natural thoria 
cluster, the fuel isotopic densities are evaluated with zero void fraction as reference void history. These 
isotopic densities are then used for getting homogenized cluster parameters at other void fractions. For the 
ATBR fuel cluster, the reference void history is taken as 40% void. The parameters for other void fraction 
values are evaluated with the isotopic densities pertaining to 40% void. The case of 100% void is included 
in the database, to evaluate the reactivity effect of 100% voiding, which may occur following an unlikely 
event of a loss of coolant accident (LOCA). For the ATBR fuel cluster, the burnup unit is MWd/tonne and 
the maximum burnup considered is 50,000 MWd/tonne. 

 
Two-group lattice parameter database is separately evaluated for cold state with 

and without saturated xenon and for cold-voided state. For the no xenon state, another set 
of lattice parameters are evaluated for the case in which all 233Pa and 239Np are assumed 
to have been completely decayed into 233U and 239Pu respectively. 

 
Table-I gives the summary description of the parametrical dependence of the two group lattice 

parameters for the above hot and cold database. It must be noted that nominal values of fuel, coolant, and 
moderator temperatures, moderator D2O purity, soluble boron in moderator, average linear heat rating etc. 
are used in the above database generation. When there is a variation in these nominal values, corrections 
must be applied to the lattice parameter database. In TRISUL code the space or mesh-power-dependent 
feedback corrections for Doppler and xenon loads have been modeled as under.  

 
2.1.1 Doppler Perturbations 
 

Cross section perturbations are evaluated for different fuel temperatures as 
indicated in Table-I. The k∞ values are determined for the ATBR fuel cluster in its fresh 

   



condition and for a typical starting fluence in thoria rods of 1.5 X 1014 n/cm2
•s-1 and 

irradiation time of 300 days. For the Doppler or fuel temperature effect, the change in k∞, 
as obtained by the lattice code, is converted into equivalent ‘δΣa1’ or perturbation to the 
epithermal absorption cross section. 

 
δΣa1 is evaluated as, 
 

δΣa1  = Σa1
pert

 - Σa1
ref. 

 
Σa1

ref is the epithermal absorption cross section at the nominal fuel temperature of 600°C. 
 

Σa1
pert = [νΣf1 + νΣf2 • c - k∞

pert.
  Σa2 •  c ] / k∞

pert. 

 
where,     c = Σ1→2 / (Σa2 + Σ2→1) 

 
All cross sections correspond to the reference state. The perturbations are evaluated at 
zero burnup. The ratio (Σa1

pert / Σa1
ref ) or (1 + δΣa1/ Σa1

ref ) is used to perturb the cross 
section at any burnup, void and thoria rod fluence. This model can be improved by 
evaluating these perturbations at several burnups, void and thoria rod fluence values. 
 
2.1.2 Xenon perturbations 
 

The saturated xenon reactivity load is estimated by the lattice code for nominal 
rated power level at all burnups and at zero burnup for various power levels as indicated 
in Table-I. The case of 40% void and thoria rod fluence of (1.5 X 1014 n/cm2

•s-1) X 300 
days is considered for the above. The saturated xenon load for a given power level is 
converted into equivalent thermal absorption cross section perturbation, or ‘δΣa2’ by the 
following formula. 
 

δΣa2  = Σa2
pert - Σa2

ref. 

 
Σa2

pert = [νΣf1 • Σ2→1 + νΣf2 • Σ1→2 - k∞ 
pert.

 • Σa1 • Σ2→1] / [k∞ 
pert. 

• (Σa1 + Σ1→2) - νΣf1] 
 

Σa2
ref is the thermal absorption cross section of the fuel with no xenon. Σa2

pert is the thermal absorption 
cross section of the fuel with xenon corresponding to rated power level. k∞

ref and k∞
pert. are the infinite 

multiplication factors pertaining to the above two states. The magnitude of ‘δΣa2’ values as evaluated at the 
rated mean power level at a given burnup is designated as ‘x1’. The ‘δΣa2’ values are also evaluated at 
various power levels at zero burnup. The dependence of ‘δΣa2’ on the relative power ‘P’ in a mesh is 
obtained as, 
 

δΣa2 = [(x1 • (1 + x2 (P)) • P] / [P + x2 (P)] – x1 
 

It can be seen that when P = 0, we get δΣa2 = – x1, and for P = 1.0, δΣa2 = 0.0. This is because the hot 
database considers saturated xenon corresponding to nominal average power level and no perturbation is 
required, if the relative mesh power is unity. The above equation is used to evaluate x2(P) as a function of 
the relative mesh power ‘P’. The x1 values are evaluated as a function of fuel burnup. The dependence of 
x2(P) on relative power level ‘P’ is assumed to be the same at all burnups. 
 
 The structure of the two-group lattice parameter database input files and the cross 
section perturbation input file are described in Appendix-A. The preparation of these 

   



input files from PHANTOM output files is also explained in Appendix-A. TRISUL code 
also computes the inventory of important fuel isotopes in the core. To enable this 
calculation, the table of isotopic composition variation with burnup as computed by 
PHANTOM code for different fuel types is collected. The structure of this input file is 
also explained in Appendix-A. The data files described in Appendix-A remain invariant 
for a given fuel cluster design. Hence the user need not change this input during the 
equilibrium core studies with the same type of fuel. 
 
2.2. Geometrical Input 
 
 TRISUL can simulate the full core or a symmetric part of the core. The active core consisting of 
hexagonal fuel assemblies surrounded by circular reflector regions are to be described. In TRISUL, it is 
possible to describe the reflector region by simply specifying the radius up to which a given reflector 
material extends. The code converts these circular boundaries into an approximate hexagonal zigzag 
boundary, by retaining all assembly centers falling within a specific radius and ignoring the ones falling 
outside. Starting with the outer-most radius, one can specify several types of reflector region with 
successively diminishing radii. When several thin layers of water and steel material regions are present in 
the reflector, it may become necessary to combine a few annular regions, since they cannot be 
accommodated in regular hexagonal layers of normal assembly lattice pitch. This will involve proper 
judgement by the user and special efforts to prescribe two group parameters for such complex annular 
zones. 
 
 The scoping study of the equilibrium core is normally done with six-fold symmetry. It is possible 
to use reflective as well as rotational symmetric boundary conditions. In case of reflective symmetry, the 
symmetry line will pass through the centers of the hexagonal assembly and hence half assemblies will 
appear on the symmetry line. Because of half assembles, it is found that there are an unequal number of 
fuel locations belonging to each fuel batch. In case of rotational symmetry, only integral hexagons are 
considered. It would be noted that with rotational symmetry boundary condition, one can consider the same 
number of fuel assembly locations for every fuel batch number. This feature is very useful in devising a 
semi-auto-refueling scheme. By arranging the fuel assembly burnups in ascending order, slicing them into 
number of batches of equal number of assemblies and linking the locations of assemblies of the same order 
number of every batch, the fuel-reshuffling scheme could be semi-automated. The fuel-loading pattern is 
then described by the user by simply specifying the batch number for each assembly location in the core. 
This is further explained with some illustrative examples in the ensuing sections. As a rule, one can follow 
a typical (OUT-IN cum low leakage loading scheme) as a starting guess pattern. A routine called 
‘COREBDY’ is specially developed for this purpose and is explained in Appendix-B. The loading pattern 
can then be improved by exchanging the cycle numbers of fuel assemblies in pair so as to achieve a 
balanced power distribution by trial and error method. 
 
 Appendix-C describes the geometric input data file. It also describes the input data for control 
device locations, the range of their movement etc. The internal structure of fuel cluster assembly is also 
described for thermal hydraulic calculations. The data supplied in this file remains invariant, after the 
reloading pattern for a given fuel batch size and corresponding cycle length is fully optimized. 
 
2.3 Problem Dependent Input 
 
 Since the bulk of the input data that remain normally invariant are already covered in the auxiliary 
files described above, the problem dependent input file is fairly simple. It is described in Appendix-D. This 
file describes the reactor state taken up for analysis. It may be cold state or hot operation at some power 
level. The input specification consists of reactor power in MW (thermal), coolant flow, inlet subcooling etc. 
For equilibrium core studies, the cycle length, burnup step, names of the files for reading and writing the 
three-dimensional burnup, void history, flux history and other distributions are given. It is important that 
appropriate cross section database is used for the intended type of reactor simulation. These files are 

   



specified normally in a ‘*.run’ type files used to execute a given problem in batch mode. It is a good 
practice to use separate ‘*.run’ files for each type of core simulation. 
 
2.4 Core Model - Neutronics-cum-Thermal Hydraulics Model 
 
 TRISUL code solves the multi-group steady state diffusion equations, 
 

 ∑∑
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The boundary conditions are of the type: 0=ϕΓ+
∂

ϕ∂
n

D ρ  for each group. 

The symbols in Eq. (1) have standard meaning. Center-mesh finite difference method with one mesh per 
hexagonal assembly is used. The finite-difference technique, solution methods, acceleration techniques are 
well explained in Ref. 8. The main task in TRISUL analysis is to make use of the lattice parameter 
database, described in Section 2.1 and assign appropriate cross section to every mesh point in the problem 
domain. We shall describe here the methods used for the burnup study of the ATBR core. 
 
 The cross sections for the thoria clusters is considered as: 
 

Σthoria = Σ (φhis, d, v) 
 
φhis is the average flux seen by the thoria rods up to the present irradiation time ‘d’ days, during the first 
cycle of irradiation. ‘v’ is the volume fraction of void or steam. 
 
 The cross sections for the ATBR fuel cluster is considered as: 
 

ΣATBR fuel  = Σ (E, φ0
his, d0, v) 

 
E is fuel burnup in MWd/tonne, φ0

his and d0 are the average flux history seen by the thoria rods and the time 
elapsed prior to their integration with fresh seed fuel rods. d0 is normally the cycle length considered for the 
equilibrium core. ‘v’ is the volume fraction of void or steam. 
 
 It is seen that to enable interpolation, one must know the fuel burnup, thoria rod fluence and the 
void fraction pertaining to a fuel mesh. We will explain the method of obtaining this information. All these 
parameters depend on the flux and power distribution prevalent in the core which are yet to be determined. 
It is therefore necessary to devise iterative procedures so that all the above three dimensional distributions 
shall have an internal self-consistency. 
 
a) Fuel burnup: While starting the equilibrium core study, for fresh thoria clusters the burnup and the 
initial fluence values are set to zero. For other ATBR clusters the guess value of the three-dimensional (3-
D) burnup distribution at the beginning of cycle (BOC) is defined as, 
      Ed n-1 
   En (z) =  ----  Σ    Pm

 
• Sin (πz/H) • C 

      N m=1 
 
The axial profile En (z) is the same for every fuel assembly belonging to the fuel batch number ‘n’. Ed is the 
discharge burnup in MWd/tonne, N is the total number of fuel batches, ‘z’ is axial height from bottom of 
the active core, H is the core height along with axial reflector saving (full reflector thickness for D2O 
reflector), C is a normalization constant such that the axially averaged burnup value corresponds to the 
mean burnup of m-cycled fuels, Pm is a guess value of power fraction in the fuel assemblies which have 
completed (m-1) fuel cycle operation. Pm can be obtained with a trial core simulation with all Pm set to 1.0. 

   



 
Ed is obtained from, 
 

Ed = POWER X DAYS / (Nb X W) 
 
‘POWER’ is full power of the reactor in MW (thermal) and ‘DAYS’ is cycle length in EFPD, ‘Nb’ is the 
number of fuel assemblies in a batch and ‘W’ is the initial heavy metal weight in one fuel assembly in 
tonnes. 
 
 The above definition of burnup distribution is used only for first core follow-up run. Subsequently 
the end of cycle burnup profile and the user-specified fuel-reshuffling scheme are together used to define 
the 3-D burnup distribution at BOC. A typical reshuffling scheme, in one-sixth symmetric part, is indicated 
in Fig. 4 in terms of fuel cycle number for the ATBR fuel clusters. Thoria clusters are all fresh ones. There 
are two categories in them, 72 are fixed ones (zone 6), while 19 are moveable (zone 9) to cater to xenon 
override. The numbering scheme indicating the fuel assembly locations is given in Fig. 5. The end of cycle 
(EOC) assembly average burnups are arranged in ascending order for all the fuel assemblies and are sliced 
into (N+1) segments with the same number of fuel assemblies in each. The thoria clusters with the least 
burnup would naturally be the first segment. We select the highest burnt ones of exactly one batch size 
from these thoria clusters for integration with fresh seed rods. To define the BOC burnup distribution, we 
set the burnups of all thoria clusters and that of the I-cycle ATBR fuel assemblies as zero. For the nth batch 
fuel (n > 1), the fuel burnups of (n-1)st batch fuel assemblies from the corresponding locations of the same 
burnup order number is picked up. Table-II gives an example of the burnups and the fuel assembly location 
link-ups for every fuel cycle batch. The V-cycle assemblies will all be discharged from the core. 
 

 φ0
his and d0 are picked up from the thoria rod locations. At the start of equilibrium core study, the 

guess values of φ0
his and d0 are taken as 1 X 1014 n/cm2

•s-1 and the cycle length in EFPD respectively. After 
a core followup run for one fuel cycle, the average flux seen by the thoria rods would be available. This 
data and the number of days of operation (cycle length in EFPD for the present study, which assumes full 
power operation at all times) are important parameters in determining the lattice parameters for an ATBR 
fuel cluster. Thus the locations indicated below thoria clusters are used in assigning the flux history 
interpolation parameter for the entire lifetime of an ATBR fuel, which moves from first to fifth batch 
locations in successive fuel cycles.  
 
 The above procedures allow us to define the 3-D distributions of exposure or burnup, ‘E’ in 
MWd/tonne, flux history (in 1014 n/cm2

•s-1 units) in thoria rods and time of irradiation in days. The void 
distribution would depend on power distribution, the coolant flow thorough each channel and the inlet 
enthalpy of the coolant. The thermal hydraulic model to determine ‘v’ is explained in Appendix-E. After 
obtaining all the above parameters, the cross sections for a given mesh is obtained by linear interpolation 
with burnup, Lagrange interpolations for flux history, irradiation time and void. Void distribution is 
periodically updated, after every eight inner iterations. During void loop, the other power-dependent 
feedback corrections due to Doppler and xenon are also applied. It is necessary to evaluate the average fuel 
temperature and average fuel rod power in a mesh, relative to the rated power, in order to apply the above 
feedback corrections. 

 
The mean fuel temperature in a fuel cluster is determined by assuming a simple 

linear variation of the form, 
 

Tf  = 286 + (600 - 286) • Prel 
 
where, Prel is the power in a fuel mesh relative to the reference power used in lattice calculations. Tf is 
600°C when Prel = 1.0, and is equal to the coolant temperature of 286°C when Prel-= 0.0. Prel is evaluated as, 
 

Prel = Pi,k X Pavg. / Pref. 
 

Pavg. = POWER X PTC X 106 / (NASS X NPIN X HEIGHT) 

   



 
where Pi,k  is relative power in radial mesh ‘i’ and axial node ‘k’, Pref. is reference linear heat rating used in 
lattice calculations, it is considered as 160 w/cm for ATBR. PTC is fraction of power deposited into coolant. 
It is taken as 0.95 for ATBR. ‘NASS’ is number of ATBR type fuel assemblies in the core, ‘NPIN’ is 
number fuel pins in one fuel cluster (84) and ‘HEIGHT’ is the active core height. The fuel temperature ‘Tf’ 
is used to evaluate the ‘δΣa1’as per cross section perturbations described in section 2.1.1. 
 
 To evaluate the xenon perturbation correction, Prel value in a mesh is calculated after omitting the 
factor PTC in the expression for Pavg. given above. ‘δΣa2’, is obtained by interpolation for the fuel burnup 
and the relative power as per perturbation formulae described in Section 2.1.2. 
 

3. DESCRIPTION OF OUTPUT 
 

TRISUL code is used at present for equilibrium core studies. It computes eigenvalue or keff, three 
dimensional distributions of flux, power, void, fuel burnup and void history, fluence in thoria assemblies 
etc as a function of fuel cycle burnup. During followup runs, the power level is maintained at full power of 
1875 MW thermal. All thoria clusters remain fully IN. No external control absorber is present. The 
optimization of power distribution is carried out by prescribing appropriate refueling scheme, which is 
improved by trial and error method starting with an OUT-IN cum low leakage loading scheme. For a given 
fuel cluster design, it is possible to vary the cycle length by changing the fuel batch size. For instance, for 
the same number of 360 ATBR fuel clusters in the core, a 3, 4 or 5 batch fueling would give a batch size of 
120, 90 or 72 assemblies. The larger batch size would give a longer cycle length. Since the fissile 
conversion in thoria clusters is enhanced by higher fluence, the longer cycle length is found to have an 
added advantage. By virtue of the ATBR design philosophy, the core excess reactivity was found to remain 
low and flat for as long as 22 months with a Pu seeded core (see Ref.7). Long fuel cycle has the merit of 
allowing sufficient time for fuel reprocessing, prior cooling time and time for re-fabrication. The refueling 
pattern should however be optimized for each seed fuel type, batch size and cycle length. The optimized 
refueling patterns present a variety of attractive floral designs. A few of them are given in figures 6 to 14 
for illustrative purpose. They correspond to three seed types, viz. eUO2, PuO2 in ThO2 and 233UO2 in ThO2, 
and batch sizes 72, 90 and 120. These patterns are produced by a Visual C++ program specially developed 
for the purpose by Dr. T.K. Thyagarajan17. TRISUL normally simulates one-sixth core. To enable a full 
core view, the pattern is reflected to other sectors by using rotational symmetry. The output of the full core 
loading pattern is written on a file with ‘.map’ extension. It is read by the Visual C++ software ‘HEX’ to 
produce the visual output illustrated in the above figures. Fig.15 gives the typical keff plot with cycle burnup 
for the above three seeds with 120 assemblies per batch.  

 
One of the unique characteristics of ATBR core design is that the flux and power distributions 

intrinsically remain flat for a well-optimized core. Since the core excess reactivity remains low and flat, 
there is no need for any control absorber maneuvers. Figures 16 to 21 give the epithermal and thermal flux 
distributions at cycle burnups of 0, 360 and 660 EFPD, near the core mid-plane for the Pu seeded core. 
These fluxes are absolute fluxes. It is seen that the epithermal flux shows dips at regular intervals. These 
are locations of natural thoria clusters where the fission neutron production is negligible at the beginning of 
cycle and remains low during the first cycle of irradiation. However due to the slowing down process, the 
ambient epithermal flux gets converted into thermal flux. Since the absorption potential of natural thoria 
clusters is less than that of the seeded regions, there is a net accumulation of thermal flux in these regions. 
There are, therefore, small mounds seen in the thermal flux distribution at the thoria cluster locations. The 
thermal flux is also seen to rise in the D2O reflector region, where epithermal flux has rapidly tapered 
down. Thus the thermal flux profile presents the shape of a larger size cake. Figs. 22 to 24 give the 3-D 
plots of power distribution, corresponding to the above cases where fluxes are plotted. The power 
distribution is plotted in the form of block histogram, where the height represents the relative assembly 
power. Thoria assembly powers are zero at BOC and are not visible. However at at higher burnups small 
blocks appear at thoria locations, representing the relative power in them. It is seen that power peaking 
factor intrinsically decrease with cycle burnup. It is worth mentioning that the gross peaking factor 
decreased from 1.724 to as low as 1.272, radial peak from 1.286 to 1.052 and axial peak from 1.266 to 
1.186 for the Pu seeded core during a cycle length of 660 EFPD. These plots have been produced with the 
help of the PLOT-3D code developed by Shri B. Jayaswal18. The procedures to be followed to produce 

   



these 3-D plots are explained in Appendix-F. Figs.25 to 27 give the picture of heavy metal inventory in the 
seed input and in the seed output for three seed fuel types with 72, 90 and 120 assemblies per batch. This 
information is vital in inter-comparison and evaluation of different fuel management strategies. 

 

TRISUL code has been used for finding various reactivity coefficients like, power coefficient 
comprising of the Doppler and void collapse. Saturated xenon load can be determined at different power 
levels. Using the database of cold reactor state, it is possible to estimate the reactivity swing from hot zero 
power to cold zero power. Reactivity gain due to complete decay of 233Pa into 233U can also be estimated 
using the relevant database. The reactivity worth of moveable thoria clusters can also be determined. These 
are presented for ATBR design with eUO2 seed in Ref. 4. Physics design of control and instrumentation 
system has been taken up recently. Control is needed essentially for fast shutdown and shutdown hold. 
Liquid poison injection is suggested for the former and a slow acting mild steel or borated steel tube type 
absorbers moving in from core bottom in a telescoping type movement is suggested for the latter. These are 
explained in Ref. 9. 

 
4. CONCLUSIONS 

 
The code TRISUL has been developed for thorium reactor investigations with segregated uranium 

loading. It is used for the equilibrium core studies of a novel thorium breeder reactor. One can consider 
eUO2, Pu or 233U in ThO2 or in depleted uranium as the seed materials. Thoria fuel rods are introduced in 
this core with no external feed enrichment. They constitute nearly 50 to 60% by weight. This feature is the 
one that helps in maintaining a low and flat excess reactivity and flat power distribution with no 
conventional mechanical absorbers. Void reactivity coefficient is estimated by a detailed core simulation 
using the extended lattice database including the voided state. Negative void reactivity coefficient is 
ensured by design. Other temperature coefficients also remain negative, but low in magnitude, in 
comparison to other thermal reactor types. These features render the ATBR reactor concept to be economic 
and inherently safe. 

 
Additional work is necessary to include transient xenon loads. The possibility of xenon oscillations 

and effective control of the same, if found to be necessary, will be studied using TRISUL code. 
Appropriate modeling of the time-dependent spatial xenon variation is necessary. 

 
Acknowledgements 

 
The author is grateful to Dr. D.C. Sahni, Head, Theoretical Physics Division for constant 

encouragement of this research and development work. The 3-D view plots of the flux and power 
distributions add an extra dimension to the perceptive ability of the work, not only to the author, but to all 
those who would be engaged in evolution of new ideas for effective utilization of thorium. The PLOT3D 
code was provided by Shri B.Jayaswal, Computer Division and the same is gratefully acknowledged. The 
visual look of the optimized refueling patterns present some curiously attractive floral designs. They may 
be useful in eliciting more innovative ideas of thoria loading schemes in future. These figures were 
produced by the Visual C++ software developed by Dr. T.K. Thyagarajan, L&P TD. The author is pleased 
to acknowledge the same. The author is thankful to his colleagues, Shri R. Karthikeyan and Ms. Usha Pal 
for generating the optimum refueling patterns with different types of seeds using TRISUL code, and 
bringing out its potential. Thanks are due to Shri R.P. Jain for many useful discussions. 

   



References 
 
1. L. B. Freeman, B. R. Beaudoin, R. A. Frederickson, G. L. Hartfield, H. C. Hecker, S. Milani, 

W. K. Sarber And W. C. Schick, “Physics Experiments and Life-time Performance of the 
Light Water Breeder Reactor,” Nucl. Sci. Eng., 102, 341 (1989). 

2. V. Jagannathan, R. P. Jain, P. D. Krishnani, G. Ushadevi and R. Karthikeyan, ‘ An Optimal 
U-Th Mix Reactor to Maximize Fission Nuclear Power’, p.323 Proc. of The International 
Conference on The Physics of Nuclear Science and Technology, Oct. 5-8, 1998, The Radisson 
Hotel, Islandia, Long Island, New York. 

3. V. Jagannathan and S. V. Lawande, ‘A Thorium Breeder Concept for Optimal Energy 
Extraction from Uranium and Thorium’, Proc. of IAEA TCM on ‘Fuel Cycle Options in 
LWRs & HWRs’, at Victoria, Canada, April 28-May 1, 1998, IAEA-TECDOC-1122, p.231, 
Nov. 1999. 

4. V. Jagannathan, Usha Pal, R. Karthikeyan, S. Ganesan, R. P. Jain, and S. U. Kamat, ‘ATBR – 
A Thorium Breeder Reactor Concept for An Early Induction of Thorium in An Enriched 
Uranium Reactor’, accepted in the Journal of Nuclear Technology, revised version under re-
review. 

5. V. Jagannathan, Usha Pal, R. Karthikeyan, S. Ganesan, R. P. Jain and S. U. Kamat, 'ATBR – 
A Thorium Breeder Reactor Concept for An Early Induction of Thorium', Report B.A.R.C./ 
1999/E/017, 1999. 

6. V. Jagannathan, 'ATBR - A Thorium Breeder Reactor Concept for Early Induction of Thorium 
with no Feed Enrichment', published as a feature article in B.A.R.C. Newsletter-187, August 
1999.  

7. V. Jagannathan, Usha Pal and R. Karthikeyan, ‘A Search into the Optimal U-Pu-Th Fuel 
Cycle Options for the Next Millennium,’ paper presented at PHYSOR' 2000 Int. Conf. - ANS 
International Topical Meeting on "Advances in Reactor Physics and Mathematics and 
Computation into the Next Millennium", May 7-11, 2000, Pittsburgh, Pennsylvania, U.S.A. 

8. V. Jagannathan and R. P. Jain, 'TRIHEX-3D - A Multigroup Diffusion Theory Code For 
Hexagonal Lattice Core Analyses with Auto-Triangularisation', Report B.A.R.C.-1515, 1990. 

9. V. Jagannathan, R. P. Jain and R. Karthikeyan, ‘Physics Design of Control and 
Instrumentation System for ATBR – A Thorium Breeder Reactor,’ paper presented at the 
Conference INSAC’2000, held at Multi-purpose Hall, Training School Hostel, 
Anushaktinagar, June1-2, 2000. 

10. V. Jagannathan, S. U. Kamat, A. N. Nakra and R. P. Jain, 'A Full-Fledged Lattice Database 
for A Comprehensive Analysis of Indian PHWRs by PHANTOM-CEMESH Code System', 
B.A.R.C./1996/I/005, 1996. 

11. P. D. Krishnani, Ann. of Nucl. Energy, 9, 255 (1982). 
12. V. Jagannathan, R. P. Jain, Vinod Kumar, H. C. Gupta and P. D. Krishnani, 'A Diffusion 

Iterative Model for Simulation of Reactivity Devices in Pressurized Heavy Water Reactors, 
Nucl. Sci. and Eng., 104, pp.222-238, 1990. 

13. V. Jagannathan, R.P. Jain and P. Mohanakrishnan, ‘Development of A Calculational Model 
Based on Supercell Concepts for Hexagonal PWR Fuel Assembly,’ Report Unpublished. 
(1983) 

14. S. Levy, GEAP-5157, General Electric Company (1966). 
15. N. Zuber And J. A. Findlay, GEAP-4572, General Electric Company (1964). 
16. N. Zuber et al., GEAP-4517 General Electric Company (1967). 
17. T. K. Thyagarajan, private communication, 1999. 
18. B.Jayaswal,‘PLOT-3D (Version-5): A Computer Code for Drawing Three Dimensional 

Graphs, Maps, and Histograms in Single or Multiple Colours, for Mono or Stereoscopic 
Viewing,’ Report B.A.R.C.-1369, 1987. 

   



APPENDIX - A 
STRUCTURE OF THE INPUT FILE OF  

TWO-GROUP LATTICE PARAMETER DATABASE  
 
 
 TRISUL code uses the homogenized two group lattice parameters generated by the PHANTOM 
code.  
 
A.1 Lattice database for thoria clusters 
 

For thoria clusters the database is generated by PHANTOM separately for different constant one-
group absolute flux levels in thoria rods. The PHANTOM calculations are done for several reactor states 
like hot operating condition with different inchannel void fractions, and for cold states with and without 
xenon. The output file of two-group cross section contains burnup dependent cross section for each of these 
states. The burnup unit for thoria clusters is in days for a given absolute flux level. 

 
A.2 Lattice database for ATBR Fuel clusters 
 

As explained in Table-I, the database depends on several parameters like burnup, boron, void, 
initial fluence in thoria rods etc. PHANTOM code is executed parametrically for each case of initial fluence 
in thoria rods say, irradiation of (300, 500, 700) days at one group absolute flux levels of (0.5, 1.5, 2.5) X 
1014 n/cm2

•s-1. 
 
The structure of the cross section input file for thoria cluster and for ATBR fuel cluster is 

described in Table-A.1. 
 
It is possible to prepare these files by collecting the two-group parameters from PHANTOM 

output files manually. However, to minimize the human error in collection of the multi-parameter 
dependent database a special routine called ‘PREPXSEC’ has been developed. It is recommended to use 
this routine to prepare the cross section input file for TRISUL code. The two-group lattice parameters for 
hot, cold and other states are collected separately by running the program PREPXSEC as many times, for 
the thoria cluster and for the ATBR fuel cluster. The routine ‘PREPXSEC’ and sample input files to this 
program for thoria cluster and for ATBR fuel cluster are given here as illustration.  

   



Table-A.1 Description of the two group cross section input files to TRISUL code  
 
Card set no. Format Description 

1 A12 Fuel type descriptor. For natural ThO2 cluster, it is ‘ptho2’ 
only. 

2 * Heavy metal weight in kg. 
3 * NSTEP – No. of burnup steps. 

NPHI    – No. of flux levels for ThO2 rods. 
NVOID – No. of void fraction values. 
NBORON – No. of boron values. 
NDAYS   = No. of cumulative days of prior irradiation in 
ThO2 rods. 

4 * BUP (NSTEP) – Burnup values in ‘DAYS’ or in GWD/T. 
5 * PHI (NPHI) – Flux values in 1014 n/cm2

•s-1 units. 
6 * DAYS (NDAYS) – Cumulative days of prior irradiation in 

ThO2 rods 
This input is applicable only for ATBR fuel cluster. For 
natural ThO2 cluster this input is dummy. 

7 * VOID (NVOID) – Void fraction values. 
8 * BORON (NBORON) – Boron values in ppm. 

The two group cross sections are given for each value of  
boron, days, flux, void and burnup. 

9 A12 First boron value in ‘ppm’ 
10 A12 First cumulative DAYS in ‘days’ 
11 A12 First flux values in 1014 n/cm2

•s-1 units 
12 A12 First void fraction  
13 A12 First burnup values in ‘DAYS’ for THO2 cluster and in 

GWD/T for ATBR fuel cluster 
14 * (Σfg, Σ ag, νΣ fg, Σ trg, Dg, (Σsg’→g, g’=1,2).g=1,2) 

These are fission, absorption, ν-fission and transport cross 
sections, diffusion coefficient, and scattering from group g’ to 
g, given for two energy groups. 
These are given for the above boron, days, flux, void and 
burnup value. Repeat card sets 13, 14 for every burnup step, 
then 12, 13, 14 for every void, 11, 12, 13, 14 for every flux, 
10, 11, 12, 13,14 for every ‘DAYS’, 9, 10, 11, 12, 13, 14 for 
every boron. 

15 * (φfuel/φcell) ratio of fuel to cell average fluxes in epithermal 
and thermal groups as a function of burnup as calculated by 
PHANTOM code. Use typical output file CLUB.FL1 
corresponding to a representative PHANTOM calculation in 
hot / cold state. 

 
Description of the Input file ‘THORXSEC.INP’ 

 

   



Card set no. Format Description 
1 A12 Fuel type descriptor. For thoria fuel it is ‘ptho2’ always. 
2 * Heavy metal weight in thoia cluster in kg. 
3 * NSTEP – No. of burnup steps. 

NPHI    – No. of flux levels. 
NVOID – No. of void fraction values. 
NBORON – No. of boron values. 
NDAYS    = 1 (dummy for natural ThO2 clusters). 
LNVOID   – No. of states to be picked up. 

4 * BUP (NSTEP) – Burnup values in days. 
5 * PHI (NPHI) – Flux values in 1014 n/cm2

•s-1 units. 
6 * DAYS (NDAYS) – Dummy for natural ThO2 clusters. 
7 * VOID (NVOID) – Void fraction values. 
8 * BORON (NBORON) – Boron values in ppm. 
9 * LVOID (NVOID) – The states to be picked up in order♦. 
10 A12 ‘FILNAM’ – Name of the file containing two-group cross 

section sets (in PHANTOM output file structure). These 
filenames are given for (NPHI X NDAYS X NBORON) 
times for each set of two group cross section file inputs. 

11 * (φfuel/φcell) ratio of fuel to cell average fluxes in epithermal 
and thermal groups as a function of burnup as calculated by 
PHANTOM code. Use output file CLUB.FL1 
corresponding to a representative PHANTOM calculation in 
hot or cold state. 

 

♦ While performing the PHANTOM computations, several reactor states are 
analyzed as a function of burnup and these states are considered in the following order. 
1. Hot with rated xenon –  0% void 
2. Hot with rated xenon – 40% void 
3. Hot with rated xenon – 70% void 
4. Hot with rated xenon –100% void 
5. Cold with xenon  
6. Cold voided with xenon 
7. Cold with no xenon  
8. Cold voided with no xenon 
9. Cold with no xenon + 233Pa & 239Np added to 233U & 239Pu respectively 
10. Cold voided with no xenon 233Pa & 239Np added to 233U & 239Pu respectively 
 
For preparing hot database use (LVOID(I),I=1,4) as (1,2,3,4), for cold database with 
xenon, (LVOID(I),I=1,2) as (5,6), for cold no xenon, (7,8) and for cold no xenon with 
233Pa & 239Np decayed into to 233U & 239Pu as (9,10).  

File ‘THORXSEC.INP’ for preparing Thoria cluster database 
 

ptho2                             ;TITLE 
 106.5                            ; HMWT (Fuel assembly weight in kgs) 

   



17  3  2  1  1 10                ; nstep,nphi,nvoid,nboron,ndays,lnvoid 
   0.0   0.0   50.0  100.0  150.0  200.0 
 250.0 300.0  350.0  400.0  500.0  600.0 
 700.0 800.0 1000.0 1250.0 1500.0  ; Burnup values in days 
 0.5  1.5  2.5                ; Flux levels in ThO2 clusters in 1014 
units 
 0.0                               : Days of operation 
 0.0 1.0                           ; void fraction values   0.4  0.7 
 0.0                               ; Boron values (ppm) 
 9 10  ; 7  8  ; 5 6  ; 1 2 3 4    ; lvoid(lnvoid) 
305thN05.2g 
305thN15.2g 
305thN25.2g 
 1.1736E+00 8.2660E-01 
 1.1736E+00 8.2653E-01 
 1.1726E+00 8.1967E-01 
 1.1717E+00 8.0937E-01 
 1.1710E+00 7.9989E-01 
 1.1703E+00 7.9122E-01 
 1.1697E+00 7.8405E-01 
 1.1692E+00 7.7795E-01 
 1.1687E+00 7.7274E-01 
 1.1683E+00 7.6805E-01 
 1.1675E+00 7.6070E-01 
 1.1669E+00 7.5482E-01 
 1.1664E+00 7.5024E-01 
 1.1659E+00 7.4646E-01 
 1.1651E+00 7.4092E-01 
 1.1643E+00 7.3621E-01 
 1.1637E+00 7.3301E-01 
FINISHED 
 

File ‘PREPXSEC.INP’ for preparing ATBR cluster database 
 
e6050                            ; Title of the fuel 
 241.1                           ; HMWT (Fuel assembly weight in kgs) 
 30  3  2  1  3  10              ; nstep, 
nphi,nvoid,nboron,ndays,lnvoid 
  0.0  0.0  0.2  0.5  1.0  2.0 
  3.0  4.0  5.0  6.0  7.0  8.0 
  9.0 10.0 12.5 15.0 17.5 20.0 
 22.5 25.0 27.5 30.0 32.5 35.0 
 37.5 40.0 42.5 45.0 47.5 50.0   ; burnup values (GWD/MTM) 
 0.5     1.5     2.5             ; Flux levels in ThO2 clusters 
(1.0E14) 
 300.0   500.0   700.0           : Full power days of operation 
 0.0    1.0                      ; void fraction values   
 0.0                             ; Boron values (ppm) 
 9 10   ; 7  8  ;  5 6 ; 1 2 3 4   ; lvoid(nvoid) 
65NEA305.2g 
65NEA315.2g 
65NEA325.2g 
65NEA505.2g 
65NEA515.2g 
65NEA525.2g 
65NEA705.2g 

   



65NEA715.2g 
65NEA725.2g 
1.1779E+00 4.8523E-01 
1.1777E+00 4.8023E-01 
1.1772E+00 4.7931E-01 
1.1766E+00 4.7786E-01 
1.1757E+00 4.7597E-01 
1.1743E+00 4.7298E-01 
1.1732E+00 4.7111E-01 
1.1721E+00 4.6960E-01 
1.1711E+00 4.6832E-01 
1.1702E+00 4.6727E-01 
1.1693E+00 4.6642E-01 
1.1684E+00 4.6534E-01 
1.1676E+00 4.6480E-01 
1.1668E+00 4.6439E-01 
1.1650E+00 4.6386E-01 
1.1634E+00 4.6374E-01 
1.1620E+00 4.6440E-01 
1.1607E+00 4.6547E-01 
1.1595E+00 4.6689E-01 
1.1583E+00 4.6843E-01 
1.1572E+00 4.7041E-01 
1.1562E+00 4.7259E-01 
1.1552E+00 4.7494E-01 
1.1543E+00 4.7736E-01 
1.1533E+00 4.7997E-01 
1.1524E+00 4.8264E-01 
1.1516E+00 4.8534E-01 
1.1507E+00 4.8806E-01 
1.1499E+00 4.9076E-01 
1.1491E+00 4.9341E-01 
FINISHED 
 

 
Description of the input file ‘PREPXSEC.INP’ 

 
Card set no. Format Description 

1 A12 Fuel type descriptor like eUO2.  
2 * Heavy metal weight in ATBR fuel cluster in kg. 
3 * NSTEP – No. of burnup steps. 

NPHI    – No. of flux levels for ThO2 rods. 
NVOID – No. of void fraction values. 
NBORON – No. of boron values. 
NDAYS   = No. of cumulative days of prior irradiation for 
ThO2 rods. 
LNVOID   – No. of states to be picked up. 

4 * BUP (NSTEP) – Burnup values in GWD/T. 
5 * PHI (NPHI) – Flux values in 1014 n/cm2

•s-1 units. 
6 * DAYS (NDAYS) – Cumulative days of irradiation for ThO2 

rods. 
7 * VOID (NVOID) – Void fraction values. 

   



8 * BORON (NBORON) – Boron values in ppm. 
9 * LVOID (NVOID) – The states to be picked up in order♦. 
10 A12 ‘FILNAM’ – Name of the file containing two-group cross 

section sets (in PHANTOM output file structure). These 
filenames are given for (NPHI X NDAYS X NBORON) times 
for each set of two group cross section file inputs. 

11 * (φfuel/φcell) ratio of fuel to cell average fluxes in epithermal 
and thermal groups as a function of burnup as calculated by 
PHANTOM code. Use output file CLUB.FL1 corresponding 
to a representative PHANTOM calculation in hot or cold 
state. 

♦ See the footnote of THORXSEC.INP. For ATBR fuel cluster 40% void is run first. 
Hence, for hot database (LVOID(I),I=1,4) is given as (2,1,3,4). For cold database it is 
similar to the earlier footnote. 
 

Input Data file Giving Isotopic Composition Variation with Burnup 
 

Card set no. Format Description 
1 * NSTEP – No. of burnup steps 

NPHI – No. of flux history values 
NDAYS – No. of cumulative days for each flux history 
For thoria cluster NDAYS=1 only. 
(ITYPR(I),I=1,3) – Fuel type in each ring 
ITYPR(I) = 1  means Natural ThO2 fuel 
ITYPR(I) = 2 means eUO2 fuel 
ITYPR(I) = 3 means ThO2 + PuO2 

2 * (HMWRING(I),I=1,NRING) – Heavy metal weight in kg in 
each ring 

3 * Three title cards 
4 * Two title cards  
5 * EX – Burnup in DAYS for ThO2 fuel and in GWD/MTM for 

other fuel types 
(THUPU(I), I=1,NISOT) – Isotopic composition in g/kg 
Give the values for (232Th, 233Pa, 233U, 234U, 235U, 236U, 238U, 
239Pu, 240Pu, 241Pu, 242Pu, 239Np) 
Repeat this NSTEP times for all burnup steps. Repeat card 
sets 4 & 5 for each flux history value and then for each 
cumulative days. 

The isotopic density files output of CLUB code are appropriately named for a fuel type, 
flux history and cumulative days and are given ‘*.den’ extensions for easy identification. 
The program ‘FISUPU23’ is run in a batch mode by giving the above ‘*.den’ files as 
input with increasing order of flux history and cumulative days. The combined output of 
‘FISUPU23’ program is the isotopic composition input file for TRISUL code. 
 

Listing of routine PREPXSEC.FOR 
 

   



PROGRAM PREPXSEC 
      COMMON /INOP/ NI,NO 
      CHARACTER *12 FUELID,TITLE 
      CHARACTER *12 FILNAM 
      DIMENSION CXB(7,2,30,4,12,3,1),BUP(30),VOID(4),FI(4),LPHI(4) 
     &,FTOC(30,2),DEYS(4),BCON(4),LVOID(4) 
      NI=21 
      NO=31 
      NTXS=41 
      ITL=7 
      IGM=2 
      OPEN (NI,FILE='thorXSEC.INP') 
      OPEN (NO,FILE='thorXSEC.OUT') 
C     Comment the above two liens and uncomment the following two lines 
for ATBR  
C     cluster cross section preparation 
C     OPEN (NI,FILE='PREPXSEC.INP')   
C     OPEN (NO,FILE='PREPXSEC.OUT') 
C 
      READ (NI,5) FUELID 
      READ (NI,*) HMWT 
      READ (NI,*) LSTEP,LFI,NVOID,LBORON,LDAS,LNVOID 
      READ (NI,*) (BUP(I),I=1,LSTEP) 
      READ (NI,*) (FI(I),I=1,LFI) 
      READ (NI,*) (DEYS(I),I=1,LDAS) 
      READ (NI,*) (VOID(I),I=1,NVOID) 
      READ (NI,*) (BCON(I),I=1,LBORON) 
C 
      READ (NI,*) (LVOID(I),I=1,NVOID) 
 
      WRITE (NO,5) FUELID 
      WRITE(NO,15) HMWT 
      WRITE(NO,25) LSTEP,LFI,NVOID,LBORON,LDAS 
      WRITE(NO,15) (BUP(I),I=1,LSTEP) 
      WRITE(NO,15) (FI(I),I=1,LFI) 
      WRITE(NO,15) (DEYS(I),I=1,LDAS) 
      WRITE(NO,15) (VOID(I),I=1,NVOID) 
      WRITE(NO,15) (BCON(I),I=1,LBORON) 
      DO 110 M=1,LBORON 
      DO 110 KD=1,LDAS 
      DO 110 K=1,LFI 
      READ (NI,5) FILNAM 
      IF (FILNAM.EQ.'FINISHED') THEN 
      WRITE (*,5) FILNAM 
 
      CLOSE (NTXS) 
      WRITE (NO,201) 
 201  FORMAT (' READING OF DATA COMPLETED') 
      GO TO 200 
      ELSE 
      WRITE (*,5) FILNAM 
      OPEN (NTXS,FILE=FILNAM) 
      END IF 
      DO 210 LL=1,LNVOID 
      DO 210 N=1,LSTEP 
      READ (NTXS,5) TITLE 
      WRITE (*,*)   TITLE 

   



      DO 120 J=1,IGM 
      READ (NTXS,*) (CXB(I,J,N,K,LL,KD,M),I=1,ITL) 
 120  CONTINUE 
 210  CONTINUE 
      CLOSE (NTXS) 
 110  CONTINUE 
 200  CONTINUE 
      DO 10 M=1,LBORON 
      WRITE (NO,130) BCON(M) 
      DO 10 KD=1,LDAS 
      WRITE (NO,140) DEYS(KD) 
      DO 10 K=1,LFI 
      WRITE (NO,150) FI(K) 
      DO 10 LL=1,NVOID 
      L=LVOID(LL) 
      WRITE (NO,160) VOID(LL) 
      DO 10 N=1,LSTEP 
      IF (LDAS.GT.1) WRITE (NO,170) BUP(N) 
      IF (LDAS.EQ.1) WRITE (NO,171) BUP(N) 
      DO 20 J=1,IGM 
 20   WRITE(NO,115) (CXB(I,J,N,K,L,KD,M),I=1,ITL) 
 10   CONTINUE 
      DO 30 L=1,LSTEP 
      READ (NI,*) FI1,FI2 
      WRITE(* ,*) FI1,FI2 
 30   WRITE(NO,115) FI1,FI2 
      STOP 999 
C 
 130  FORMAT('Boron=',F7.1,' ppm') 
 140  FORMAT('Days =',F7.1) 
 150  FORMAT('Flux =',F7.1,' X 1.0E14 n/cm2/sec') 
 160  FORMAT('Void fraction=',F7.1) 
 171  FORMAT('Burnup='F7.1,' Days') 
 170  FORMAT('Burnup='F7.1,' GWD/MTM') 
   5  FORMAT (A12) 
  25  FORMAT (8I5) 
  15  FORMAT (8F9.1) 
 115  FORMAT (1P7E11.4) 
 116  FORMAT (2F11.1) 
      END 
 

APPENDIX - B 
ROUTINE ‘COREBDY’ 

 
 The equilibrium core simulations are done in one-sixth core with rotational symmetry. It is 
necessary to use a trial refueling pattern before arriving at an optimum kind of refueling scheme for every 
type of seed fuel, batch size and the corresponding cycle length in EFPD. We recommend the use of the 
routine ‘COREBDY’ to create the starting refueling pattern.  
 The principle used in this program is as follows. When a n-batch fueling scheme is to be studied, 
the beginning of cycle core will consist of at least one batch load of thoria clusters, and one batch load of 
every other batch that has completed 0, 1, 2,…, n-1 fuel cycles. The program identifies hexagonal assembly 
centers of a regular hexagonal lattice. Thoria clusters are placed initially at core center and at every other 
center at twice the normal lattice pitch. The hexagonal centers are then grouped such that a particular group 
lie on the same radius. ‘n+1’ core radii are then worked out such that each annular zone accommodates 
approximately one fuel batch size of assemblies, after allowing for thoria clusters in that zone. It may be 
necessary to manually redefine/exchange the fuel batch number so as to achieve the same number of fuel 

   



assemblies in every batch. The 60° symmetric core is then manually picked up from the output, to be used 
as part of geometrical input to TRISUL code. 
 

Table-B.1  Description of the input file CORE.INP’ to COREBDY.FOR  

Card set no. Format Description 
1 * NBATCH  - No. of fuel batches.   
2 * P – Fuel Assembly pitch in cm. 
3 * NASSB – No. of fuel assemblies per batch  

NEXTH – No. of additional thoria clusters  
4 * (LBATCH(I) , I=1,NBATCH)  The batch number to be 

assigned for NBATCH concentric radii from core center. 
5 * CORRAD – Core radius along with reflector. 

 
Sample Input files for ‘CORE’INP’ 

Three batch fueling with 120 assemblies per batch – Extra thoria clusters = 19 
 
3                      ;NBATCH ,NRING=NBATCH+1(NO. OF RINGS) 
30.0                   ;P (PITCH) 
120  19                ;(NASSB NO. OF ASSEMBLIES /BATCH) 
2  1  3   4            ;(LBATCH(I),I=1,NBATCH) 
450.0 ;CORRAD(CORE RADIUS) 
 

PROGRAM COREBDY 
      DIMENSION X(-28:28),Y(-16:16),LNM(-28:28,-16:16),ILM(-16:16), 
     1IRM(-
16:16),RAD(10),NASS(10),DELR(10),LBATCH(10),NHEX(16),NTHR(72) 
     2,NISOR(72),NRADII(16),ICOL(72),JROW(72),RADISO(72) 

DATA ILM/ -28,-27,-28,-27,-28,-27,-28,-27,-28,-27,-28,-27,-28,-
27, 
     &-28,-27,-28,-27,-28,-27,-28,-27,-28,-27,-28,-27,-28,-27,-28,-27, 
     &-28,-27,-28/ 

DATA IRM/ 28, 27, 28, 27, 28, 27, 28, 27, 28, 27, 28, 27, 28, 27, 
     &28, 27,   28, 27, 28, 27, 28, 27, 28, 27, 28, 27, 28, 27, 28, 27, 
     &28, 27, 28/ 

DATA NTHR/1, 1,  1,7,  7,7,  13,13,19,  19,19,19,  19,31,31,37, 
     &37,37,37,37,  43,43,55,55,61,  61,61,61,61,61,  
61,73,73,85,85,91, 
     &91,91,91,91,91,91, 97,97,109,109,121,121,127, 
     &127,127,127,127,127,127,127,  127,139,139,151,151,163,163,169, 
     &169,169,169,169,169,169,169,169/ 
      DATA NISOR/1, 7, 13,19, 31,37, 43,55,61, 73,85,91, 
97,109,121,127, 
     & 139,151,163,169, 175,187,199,211,217, 229,241,253,265,271, 
     & 277,289,301,313,325,331,  343,355,367,379,391,397, 
     & 403,415,427,439,451,463,469,  481,493,505,517,529,541,547, 
     & 553,565,577,589,601,613,625,631, 
643,655,667,679,691,703,715,721/ 
      DATA ICOL/1, 2, 1,3, 2,4,  1,3,5,  2,4,6,  1,3,5,7,  2,4,6,8, 
     & 1,3,5,7,9,  2, 4, 6, 8,10,  1, 3, 5, 7, 9,11,  2, 4, 6, 8,10,12, 
     & 1, 3, 5, 7, 9,11,13,  2, 4, 6, 8,10,12,14, 
     & 1, 3, 5, 7, 9,11,13,15,  2, 4, 6, 8,10,12,14,16/ 
      DATA JROW/1, 2, 3,3, 4,4,  5,5,5,  6,6,6,  7,7,7,7,  8,8,8,8, 
     & 9,9,9,9,9, 10,10,10,10,10, 11,11,11,11,11,11, 12,12,12,12,12,12, 
     & 13,13,13,13,13,13,13, 14,14,14,14,14,14,14, 

   



     & 15,15,15,15,15,15,15,15, 16,16,16,16,16,16,16,16/ 
      DATA NRADII/1,2,4,6,9,12,16,20,25,30,36,42,49,56,64,72/ 

DATA PI/3.141592653/ 
      OPEN (9,FILE='CORE.INP') 
      OPEN (8,FILE='CORE.BDY') 
      READ (9,*)NBATCH 
      NRING=NBATCH+1 
      READ (9,*)P 
      READ (9,*)NASSB,NEXTH 
      READ (9,*)(LBATCH(I),I=1,NRING) 
      READ (9,*)CORRAD 
      ASSAREA=P*P*SQRT(3.0)/2.0 
C     AREA=ASSAREA*INNFAS 
      RADI=SQRT(AREA/PI) 
      S=P/SQRT(3.0) 
      DO 12 L=1,72 
      XX=(ICOL(L)-1)*P*0.5 
      YY=(JROW(L)-1)*S*1.5 
      R=SQRT(XX*XX+YY*YY) 
      RADISO(L)=R 
   12 CONTINUE 
      DO 22 L=1,72 
      IF (NTHR(L).LE.(NASSB+NEXTH)) GO TO 22 
      LH=L 
      GO TO 23 
  22  CONTINUE 
  23  RADL=RADISO(LH)+0.05 
      L1=1 
      L2=72 
      DO 19 I=1,NBATCH 
      DO 32 L=L1,L2 
      NCUM=I*NASSB 
      IF (NTHR(L).GE.NASSB)NCUM=NCUM+NEXTH 
      IF ((NISOR(L)-NTHR(L)).LE.NCUM) GO TO 32 
      LH=L 
      GO TO 33 
  32  CONTINUE 
  33  RAD(I)=RADISO(LH)+0.05 
      L1=LH+1 
  19  CONTINUE 
      RAD (NRING)=CORRAD 

WRITE (8,801) (RAD(I),I=1,NRING),RADI,RADL,CORRAD 
  801 FORMAT(' RADII',/(10F11.5)) 
      P2=P*0.5 
      S=P/SQRT(3.0) 
      S2=S*0.5 
      X(0)=0.0 
      DO 10 I=1,28 
      X(I)=I*P2 
      X(-I)=-I*P2 
   10 CONTINUE 
      Y(0)=0 
      DO 20 J=1,16 
      Y(J)=Y(J-1)+3*S2 
   20 Y(-J)=Y(-J+1)-3*S2 
      IJ=0 
      DO 40 J=-16,16 

   



      DO 40 I=-28,28 
   40 LNM(I,J)=0 
      CALL FILLTH(LNM,P,RADL,RADI) 
      DO 150 L=1,NRING 
      LB=LBATCH(L) 
      DO 140 J=-16,16 
      I1=ILM(J) 
      I2=IRM(J) 
      DO 50 I=I1,I2,2 
      XX=X(I) 
      YY=Y(J) 
      R=SQRT(XX*XX+YY*YY) 
      IF (R.GT.RAD(L)) GO TO 50 

IJ=IJ+1 
      IF (LNM (I,J).EQ.0) LNM (I,J)=LB 

WRITE (8,60) IJ,I,J,XX,YY,R 
   50 CONTINUE 
  140 CONTINUE 
  150 CONTINUE 
      I1=-28 
      I2=28 
      DO 70 J=16,-16,-1 
      WRITE (8,80) J,(LNM(I,J),I=I1,I2) 
   70 CONTINUE 
      WRITE (8,81) (I,I=I1,I2,2) 
   60 FORMAT(3I5,3F8.2) 
   80 FORMAT(I3,2X,57I2) 
   81 FORMAT(5X,57I2) 
      END 
      SUBROUTINE FILLTH(LNM,P,RADL,RADI) 
      DIMENSION X(-28:28),Y(-16:16),LNM(-28:28,-16:16),ILM(-16:16), 
     1IRM(-16:16),RAD(7),NASS(6) 
      DATA ILM/ -28,-27,-28,-27,-28,-27,-28,-27,-28,-27,-28,-27,-28,-
27, 
     &-28,-27,-28,-27,-28,-27,-28,-27,-28,-27,-28,-27,-28,-27,-28,-27, 
     &-28,-27,-28/ 

DATA IRM/ 28, 27, 28, 27, 28, 27, 28, 27, 28, 27, 28, 27, 28, 27, 
     &28, 27,   28, 27, 28, 27, 28, 27, 28, 27, 28, 27, 28, 27, 28, 27, 
     &28, 27, 28/ 

P2=P*0.5 
      S=P/SQRT(3.0) 
      S2=S*0.5 
      X(0)=0.0 
      DO 10 I=1,28 
      X(I)=I*P2 
      X(-I)=-I*P2 
   10 CONTINUE 
      Y(0)=0 
      DO 20 J=1,16 
      Y(J)=Y(J-1)+3*S2 
   20 Y(-J)=Y(-J+1)-3*S2 
      IJ=0 
      DO 40 J=-16,16 
      DO 40 I=-28,28 
   40 LNM(I,J)=0 

DO 140 J=-16,16,2 
      I1=ILM(J) 

   



      IF (MOD(J,4).NE.0)I1=I1+2 
      I2=IRM(J) 
      DO 50 I=I1,I2,4 
      XX=X(I) 
      YY=Y(J) 
      R=SQRT(XX*XX+YY*YY) 
      IF (R.GT.RADL) GO TO 50 
      IJ=IJ+1 
      IF (LNM (I,J).EQ.0) LNM (I,J)= 9 

WRITE (8,60) IJ,I,J,XX,YY,R 
   50 CONTINUE 
  140 CONTINUE 
  150 CONTINUE 
      DO 240 J=-16,16 
      I1=ILM(J) 
      IF (MOD(J,4).NE.0)I1=I1+2 
      I2=IRM(J) 
      DO 250 I=I1,I2,2 
      XX=X(I) 
      YY=Y(J) 
      R=SQRT(XX*XX+YY*YY) 
      IF (R.GT.RADI) GO TO 250 
      IJ=IJ+1 
      IF (LNM (I,J).EQ.0) LNM (I,J)= 7 

WRITE (8,60) LNM(I,J),I,J,XX,YY,R 
  250 CONTINUE 
  240 CONTINUE 
   60 FORMAT(3I5,3F8.2) 
      RETURN 
      END 

APPENDIX - C 
INPUT DATA FILE DESCRIPTION FOR FUEL DISPOSITIONS  

and CONTROL DEVICES 
 

Card set 
no. 

Format Description 

1 * P – Fuel Assembly pitch in cm. 
DEGFR – Problem domain starting from angle – normally zero 
DEGTO - Problem domain ending at angle – usually 60° 
IROTA – 1 Rotational symmetry, Card Sets 2,3,4 are required 
              - 0 Reflective symmetry or full core. Card sets 2a,3a are 
required. 

2a * Card sets 2a to 3a are given if IROTA = 0 
RAD(MR) – Outer radius of a reflector material 
MR – Material zone no. Repeat RAD(MR), MR as many times as 
required and terminate with 0.0, 0 

3a * Quarter core disposition of fuel zone map is given. 
IC – No. of fuel zones in the row JR from vertical midplane 
IFTYP(IC) – Fuel zone nos. appearing in this row JR 
Repeat for all JR up to core bottom row 

2 * Card sets 2 to 4 are given if IROTA > 0 
IM – No. of columns at P/2 spacing 

   



JM – No. of rows at 3•S spacing where S=P/√3 
IZM – No. of material zones 

3 * (ILM(I),I=1,JM) – Left limit of hexagons in each row 
4 * (IRM(I),I=1,JM) – Right limit of hexagons in each row 
5 * NZBOT – No. of bottom reflector meshes 

NZFUEL - No. of meshes in active core region 
NZTOP - No. of top reflector meshes 
NZON – No. of axial zones 
FULLHT – Full height of the core with reflector 
COREHT – Active core height 

6 * NFUEL – No. of fuel types 
NREFL – No. of reflector materials 
NEMTH – No. of empty channel cross sections – to account for 
void in bottom and top extensions of coolant tube beyond the 
active fuel region. (Given as 2 ; 1 for ATBR fuel cluster and 2 for 
natural thoria cluster) 
NCONTG – No. of control groups 
NCTYP – No. of control types 
NMAP – No. of control maps 
NFBATCH – No. of fuel assemblies per batch in the symmetric 
part of the core 
NBATCH – No. of batches 

Card set 
no. 

Format Description 

7 * IGM – No. of energy groups (2) 
NSTEP – No. of burnup steps (Give the maximum no.) 
NBORON – No. of boron values (1) 
NPHI – No. of flux history values (3) 
NVOID – No. of void fraction values (typically 4) 
NDAYS – No. of cumulative ‘DAYS’ at the above flux history (3)  

8 * (M0 (I), I=1,IMJM) – Radial zone map, IMJM being no. total of 
hexagons in the problem domain. Give from row 1 to row JM, and 
in each row from left to right limits 

9 * NSPEC – No. of axial zone specifications 
IZ – Axial zone number 
K1 – Staring axial mesh number 
K2 – Ending axial mesh number. Give these values NZON times 

10 * (M2(I,K),I=1,IZM) ; Give for K=1,NZON 
Material or fuel type in each radial zone for each axial zone 
Normal reflector material like D2O (n) is indicated by (100-n). For 
extended sections of (PT+CT) into axial reflector region, empty 
channel cross sections must be used and hence they are indicated 
by (100+m). For thoria clusters, there is a possibility to consider 
them as moveable. Hence (100+m) value is assigned throughout 
the axial length. 

11 * (MBZ(I),I=1,IZM)  

   



Burnup zone no. in each radial zone 
It is typically the fuel batch number for ATBR cluster, 
(NBATCH+1) for thoria clusters and zero for non-fuel (reflector) 
zones. 

12 * (IFT(I),I=1,IZM) – Fuel type is each radial zone. Zero for reflector 
zones. 

13 * (CHI(I),I=1,IGM) – Fission spectrum 
14 * (EXZ(I),I=1,IZM) – Burnup value to be assigned for each batch 

fuel (Over-defined by program using the next input) 
15 * (PFAC(I),I=1,NBZON) – Guess value of power fraction in each 

burnup zone. ; NBZON = NBATCH+1 ; Power is negligible in 
thoria rods. Hence, give PFAC(NBZON)=0.0. 

16 * (FLOF(I),I=1,IZM) – Orifice flow factor for each radial zone. 
Tight orifice factor in thoria rods is arbitrarily fixed as 0.5. For 
other ATBR fuel cluster it is obtained by conserving the total flow. 
Give zero for non-fuel zones. 

17 * FULPOW – Full power in MW thermal (1875) 
PRATED – Rated power used in lattice calculations (1875) 
PTOCOL – Power fraction to coolant (0.95) 

 
Card 

set no. 
Format Description 

18 * CRFE(7,2,NREFL) Give reflector cross sections 
Title for the cross section 
(Σfg, Σ ag, νΣ fg, Σ trg, Dg, (Σsg’→g, g’=1,2).g=1,2) 
Give NREFL times 

19 * (CEMP(7,2,NVOID,NEMTH) –Empty channel cross sections are 
given as a function of coolant void fraction. 
Title for the cross section 
(Σfg, Σ ag, νΣ fg, Σ trg, Dg, (Σsg’→g, g’=1,2).g=1,2) 
Give NVOID X NEMTH times 

20 6(I1,I2,
E9.1) 

(ZM(K),K=1,KM+1) - Axial mesh boundaries – Given in Los 
Alamos format 

21 * NQTY = If this is equal to NASS, which is No. of fuel assemblies 
in the problem domain = (ATBR clusters+thoria clusters), then full 
control map in the entire solution domain is read. (see Card Set 22) 
If NQTY ≠ NASS, then give Card set 23 
NVEREF =  0 Means control is like natural thoria clusters 
                 > 0 means – It is reference vertex number or the corner 
of the hexagon where the interchannel device is assumed to be 
present. This control device would perturb the cross sections of 
three adjoining hexagonal cell which would be identified by the 
code. (see Ref. 8 for vertex numbering) 
NREFDEV – Reference device number as assigned in the 60° 
sector lying between 0° to 60°. For each successive 60° sector, the 
device location would be shifted by one vertex corner every time. 

   



(see Card Set 22) 
22 * (IFAS(L),L=1,NASS) 

i) When NVEREF =0, and IFAS(L) > 0 means thoria cluster type is 
present 
ii) When NVEREF > 0, and IFAS(L) > 0, device type IFAS(L) is 
present at the corner NREFDEV or its rotated position as described 
above. A control type IFAS(L) with a weight of 1.0 is assigned to 
the adjacent three hexagonal cells. 

23 * Give Card Set 23 when NQTY≠ NASS (see Card Set 21) 
ID – Device type 
IN – No. of hexagons influenced by ID (typically 3) 
(IFAS(M),M=1,IN) – Assembly Nos. influenced by ID 
(RAF(M),M=1,IN) – Weight to be assigned to cross section 
perturbation (typically (1/IN) ) 

24 * (ICTYP(I),I=1,NCONTG)  
Control device type of each control group  

25 10(A4, 
1X) 

(NAMCON(I),I=1,NCTYP)  
Name of each type of control device 

Card 
set no. 

Format Description 

26 * (ICRTYP(I), I=1,NCTYP) 
ICTYP(I) =1 means controlled cross sections are separately supplied 
ICTYP(I) =2 means (1 + δΣ/Σ) is given for thermal group 
ICTYP(I) =3 means it is thoria cluster, hence cross sections are 
supplied like fuel. 

27 * (IXSPER(I),I=1,NCTYP) ; IXSPER(I) = 0 no action 
IXSPER(I) = n>0 means control type I uses the perturbation type ‘n’ 

28 * NSEQ – No. of the sequencing of the devices 
(ISEQ(I),I=1,NCTYP) –Order number in which devices are taken 
OUT for criticality search. (input yet to be tested) 

29 * (DRDH(I),I=1,NCTYP) – (∂ρ/∂H) Reactivity slope mk/cm of 
withdrawal for each device type (yet to be tested) 

30 * (ZMIN(I),I=1,NCTYP) – Minimum position of each device type in 
cm as measured from bottom reflector edge 

31 * (ZMAX(I),I=1,NCTYP) – Maximum position of each device type in 
cm as measured from bottom reflector edge 

32 * (ALEN(I),I=1,NCTYP) – Absorber length of each device 
33 * NCONXS – No. of control perturbations 
34 * (PERT(I),I=1,NCONXS) - (1 + δΣ/Σ) Thermal cross section 

perturbations for NCONXS device types 
35 * If (IROTA.GT.0) 

Give for rotational symmetric line 1 indices (L1, L2, L3) such that 
L1 X I + L2 X J + L3 = 0, where (I,J) are column and row numbers 
of hexagonal centers on this line 
ANGLE – Angle by which this line must be rotated to get 
symmetric hexagons 

   



S1,S2 – Surface numbers of the sides where the neighboring 
hexagon is missing 
Repeat this for two symmetry boundary lines 

36 * NFGAM – No. of problem boundaries where free gamma or zero 
return current boundary condition is applied 
GAM(NFGAM) – Gamma or current to flux ratios (J/ϕ) 

37 * GZB – Bottom gamma boundary condition (0.4692) 
38 * GZT – Top gamma boundary condition (0.4692) 
39  * NFTYPE – No. of type of fuel clusters for thermal hydraulic 

calculations (typically 2 – ATBR Cluster and thoria cluster) 
40 * (NRINGS(I),I=1,NFTYPE) – No. of fuel rings in each fuel type 
41 * (PDIA(I),I=1,NR) –Diameter of fuel pins in each ring for fuel type I 

in cm (NR=NRINGS(I))  
42 * (NPINS(I),I=1,NR) – no. of fuel pins in ring NR 
43 * (CHDIA(L),L=1,2) – Inner BeO dia and PT inner dia in cm 

Repeat 41, 42, 43 for each fuel type. 

   



APPENDIX - D 
PROBLEM DEPENDENT INPUT 

 
Card 

set no. 
Format Description 

1 A80 Title of the problem 
2 * ICOLD = 0 – Hot state simulation 

ICOLD > 0 – Cold state simulation 
IFOLO > 0 – Followup type simulation 
IVOID > 0 – Simulation with uniform void distribution specified 
IEXTS = 0 No external source – keff or eignvalue option 
IEXTS > 0 Calculation with external source 
LTRGL = 0 – Hexagonal finite difference method 
LTRGL = n > 0 – Triangular finite difference method with 6n2 
triangles per hexagon (yet to be tested) 
IOPT = 0 Next card set not required. Default values assumed 
IOPT > 0 Next card set given 
IPERT = 0 No Xe, Doppler perturbation applied 
IPERT =1 Only Doppler perturbation applied 
IPERT = 2 Xe and Doppler perturbation applied 
ICLOOP = 0 No control loop 
ICLOOP > 0 Calculations are done ICLOOP times with change in 
control device configurations only. Rest of the reactor state is 
unaltered. 
NFEED – Fuel type number for fresh fuel feed (default 1)  

3 * Give this Card Set if IOPT > 0 
IADJ=0  Direct flux calculation only 
IADJ=1  Adjoint flux calculation is also done 
IPHI = 0/1 Flag for not printing/printing fluxes 
IFLUXW=0/2 Flag for not writing/writing fluxes on to a file 
IPOWR = 0/2 Flag for not writing/writing power dist. on to a file 
IXSEC = 0/2 Flag for not printing/printing control map and material 
zone distributions 
IWH = 0/2 Flag for not printing/printing coupling kernels 
ISURVO = 0/1 Flag for not printing/printing surface &volumes 
INEIGH = 0/1 Flag for not printing/printing neighbors of a hexagon 
ICRF = 0/1 Flag for not printing/printing coarse mesh rebalance 
factors (each zone material is treated as a coarse mesh by default) 

4 * PACTUL = Operating Power in MW thermal 
BORON – Soluble boron in moderator (in ppm) 
FPDS = Starting full power days (FPD) of simulation. If > 0.0, a 
burnup profile for this FPDS is assumed to have been prepared and 
is available prior to this simulation 
FPDE – Ending FPD of simulation. 
  

Card 
set no. 

Format Description 

   



4 
contd. 

* DFPD – Burnup step in FPD units 
TINLET – Coolant inlet temperature in °C 
DHSI – Inlet subcooling in Btu/lb units 
W1 – Inchannel coolant flow in lbs/hr 
VFAC- Core average void fraction, used if IVOID > 0 
AVFLX – Average flux history in thoria rods. A guess value for first trial 
simulation 
CUMDAY – Cycle length in EFPD units 
BUCK – Buckling in cm-2 in case of 2-D simulation (not used) 
DHSF – if >0 it is the coolant inlet subcooling to be used after middle of 
cycle 

5 A20 If FPDS > 0.0, give the file name for reading input burnup profile 
6 A20  If DFPD > 0.0, give the file name for writing output burnup profile 
7 * CDEF – Default position for all control devices 
8 * ND – No. of control devices whose positions are given here 

ID – No. of the Device type 
POS – Position of bottom edge of the device in cm from core reflector 
bottom. Repeat (ID, POS), ND times 

9 * If ICLOOP > 0 give Card Set 9 ICLOOP times for as many simulations of 
control device configurations 
In the last case ND is given as zero for termination. 

10 A4 OVER – Give ‘OVER’ at the end of input file 
 

Description of the Structure of Burnup output file 
S.No. Format Description 

1 29X,F10.5 Burnup file written at current FPD= FPDS + m X DFPD up to FPDE, 
m is burnup step no. 

2 (I5,8F10.5/ 
(5X,8F10.5))  

I – Fuel assembly no. 
(EX(I,K),K=1,KM) – Axial burnup profile in GWD/MTM for 
assembly I. Repeat for I = 1, NASS 

3 (I5,8F10.5/ 
(5X,8F10.5))  

I – Fuel assembly no. 
(VH(I,K),K=1,KM) – Axial void history (or burnup weighted relative 
coolant density) profile for assembly I ; Repeat for I=1, NASS 

4 (I5,8F10.5/ 
(5X,8F10.5))  

I – Fuel assembly no. 
(PHID(I,K),K=1,KM) – Axial fluence (effective one group flux X 
irradiation time in days) profile for assembly I. Repeat for I = 1, NASS 

5 (I5,8F10.5/ 
(5X,8F10.5))  

I – Fuel assembly no. 
(DAYS(I,K),K=1,KM) – Axial cumulative days profile in days for 
assembly I. Repeat for I = 1, NASS 

6 (I5,8F10.5/ 
(5X,8F10.5))  

I – Fuel assembly no. 
(PHITH(I,K),K=1,KM) – Axial thoria rods fluence (effective one 
group flux X irradiation time in days) profile to be used in assembly I. 
Repeat for I = 1, NASS 

7 (I5,8F10.5/ 
(5X,8F10.5))  

I – Fuel assembly no. 
(DAYS(I,K),K=1,KM) – Axial thoria rods cumulative days profile in 
days to be used in assembly I ; Repeat for I = 1, NASS 

   



APPENDIX - E 
Thermal Hydraulic Model of TRISUL Code 

 
 The homogenized lattice parameters depend on the void (or steam) fraction, which is not known a 
priori. The void depends on power distribution, which is also unknown. Hence power-void iterations are 
necessary. The void distribution is determined from the guess power distribution or the latest iteration 
profile. 
 
 The quality of steam (weight fraction of steam) in a fuel channel i, and axial mesh 
k is calculated as 
 

   Qex – Q0 P i,k   k-1 

  Qi,k = Q0 +    -------------- {---------  +  Σ      P i,m } 
    KM X Fi,t  2   m=1 
 
where Q0 is inlet quality, Qex is exit quality. KM is the number of axial meshes in active 
core region, P i,k is relative power in mesh (i,k), Fi,t is the relative flow in the fuel channel 
i, and fuel type t. Fi,t depends on the relative power Pi of the fuel channel i.  
 
  Fi,t = Fi {d1 + d2 (Pi -1)} 
 
     1 KM 

  Pi =   ---------   Σ      P i,m 
   KM m=1    
 
Fi is orifice factor. d1 and d2 are constants depending on the fuel type ‘t’ and orifice zone. 
Ideally they must be determined by detailed pressure drop and mass flow redistribution 
calculations for a given power profile. In TRISUL code, d1 and d2 are tentatively taken as 
1 and –0.1 respectively. The flow in thoria clusters and peripheral fuel assemblies is 
reduced by using a tighter orifice factor of 0.5, while for other fuel regions it is obtained 
by normalization such that the total flow through the entire core is conserved. 
 
 The inlet and exit qualities are calculated as follows. 
 
     -∆Hs 
    Q0 =   ------- 
       Hfg 
 
      Pth X PTC X 3.41297 X 106 
    Qex = Q0 + ----------------------------------- 
                    Hfg X W 
 
where ∆Hs is the inlet subcooling in Btu/lb, W is the total inchannel coolant flow in lb/hr, 
Pth is the reactor thermal power in MW, PTC is fraction of power to coolant (95% 
assumed) and Hfg is the latent heat of vaporisation in Btu/lb. 
 

   



 The volume fraction of void, αi,k (referred to as v in Section 2) is calculated from 
Qi,k in a somewhat complicated manner because of phenomena like, subcooled boiling, 
transition boiling and different velocities of water and vapor. These models are described 
below. 
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q/A    q/A F[Npr, YB
+] 

∆H =       Cp ---------  -  --------------------- 
  h  G √f/8 

 
The nomenclature is described in the end. The surface heat flux q/A is obtained by, 
 
  q/A = Pi,k X Pth X PTC X 3.41297 X 106 / A 
 
The Prandtl number Npr is given by 
 

      Cp µl 
    Npr   =  ---------- 
          Kl 
 
The friction factor f is a function of Reynold’s number. 
 
    f =  a NRe

-b 
 
a and b are fitted constants. (a=0.184, b=0.2) 
 
     GDe 
    NRe = --------- 
       µl 
 
        4 X Flow Area 
    De = -------------------------- 
     Wetted perimeter 
 
De is the hydraulic diameter. Flow area is the cross section area within the fuel cluster 
where the coolant flows, wetted perimeter includes the heated surface (perimeter per unit 
length) of fuel rods and that of the structural material like pressure tube, inner Be block 
etc. The heat transfer coefficeint ‘h’ is calculated from the Nusselt’s relation 
       h De 
[Nusselt number]  NNu = ---------- = 0.023 NRe

0.8 X Npr
0.4 

        Kl 
 
YB

+ is a dimensionless quantity related to the bubble radius and is given by  
 
    C [σ gc ρl De]1/2 
   YB

+ = ---------------------- 
     µl  
 
C is a constant equal to 0.01. 
 
The function F [Npr, YB

+] is given by Martinelli’s relations. 
 

F[Npr, YB
+] = Npr X YB

+     if 0< YB
+ ≤ 5 

   



 
    = 5{Npr + ln[1+ Npr (YB

+/5-1)]}  if 5< YB
+ ≤ 30 

 
    = 5{Npr + ln[1+ 5Npr] + 0.5 ln[YB

+/30]} if YB
+ > 30 

 
If Hf is the saturation enthalpy, the enthalpy Hi at which subcooled boiling starts is given 
by 
 

  Hi = Hf - ∆H 
 
The equilibrium enthalpy Hi,k for a mesh (i,k) is obtained from thermal equilibrium 
quality Qi,k  defined above. 

  Hi,k = Hf + Qi,k X Hfg  
 
Note : Qi,k would be negative for subcooled regions. 
 
c) Flow Quality 
 

As mentioned earlier, the thermal equilibrium quality from heat balance cannot take into account the 
formation of void in the subcooled region. For this purpose, another quality, called flow quality, is 
determined by the expression,15 

 
    Hi,k - Hf + ∆H {1 – H+} 
   x =  ------------------------------------- 
        Hfg+ ∆H {1 – H+} 

where,  
 
     Hi,k - Hf 
   H+ =   tanh  { ------------} 
      Hf – Hi 
It will be easiliy seen that the flow quality approaches equilibrium quality when Hi,k >> 
Hf. 
 
d) Void Fraction Estimation 
 

Since the velocity of steam and velocity of saturated water are in general different, i.e., slip ratio is 
not unity, it is very difficult to estimate the volume fraction even when the weight fraction or flow quality 
is known. Zuber and Findlay have used the model16 which gives, 
             x 
    α = ------------------------------------- 
     C1[(1-x) ρg/ρl + x] + B/G 
 
Where B is the drift velocity given by  
 
      σ g gc (ρl - ρg) 
    B = C2 ρg { -----------------------} ∗∗ 0.25 

   



       ρl
2 

C1 and C2 are constants. 
 
Nomenclature 
 
q/A  - Surface heat flux (Btu/hr/ft2) 
A - Total heat transfer area (ft2) 
Pi,k - Relative power in the mesh (i,k) 
Pth - Thermal power (MW) 
PTC - Fraction of power to coolant 
Cp - Specific heat of liquid (Btu/lb/°F) 
h - Forced convective heat transfer coefficient (Btu/hr/ft2/°F) 
G - Mass flow per unit area (lb/hr/ft2) 
f - Darcy friction factor 
De - Equivalent of hydraulic diameter (ft) 
Kl - Thermal conductivity of fuel + air gap + clad (Btu/hr/ft/°F) 
µl - Viscosity of liquid (lb/ft/hr) 
σ - Surface tension (lb/ft) 
gc - Conversion of lb force to lb mass 
g - Gravity constant (ft/hr2) 
ρl - Density of saturated liquid (lb/ft3) 
ρg - Density of saturated steam (lb/ft3) 
H fg - Latent heat of vaporisation (Btu/lb) 
αi,k - Volumetric void fraction in the mesh (i,k) 

 
 
 

APPENDIX – F 
PROCEDURES TO PRODUCE THE 3-D PLOTS OF  

FLUX AND POWER DISTRIBUTION 
 
 This appendix gives the procedures to be followed to obtain the view plots of the 
three-dimensional flux and power distribution of hexagonal core simulation with 
TRISUL code. The code PLOT3D developed by Shri B. Jayaswal, Computer Division, is 
used for this purpose. PLOT3D code requires the x- and y- coordinates and the values of 
the function f(x,y) at every discrete space point of a rectangular grid formed by these x- 
and y- coordinates. We describe below the method of generating this function f(x,y) 
using the TRISUL output of three-dimensional flux and power distributions. 

 
The few (two) group flux and power distributions are written onto separate files 

by the TRISUL code. They are written successively for several burnup steps and in each 
step the radial distribution is written for each axial plane and repeated for each group. 
There are a few problems to be overcome before the code PLOT3D can be used to plot 
these flux or power profiles. We normally perform calculations for one-sixth core with 
rotational symmetry boundary condition. It is desirable to have a full core view of the 
distributions. For this purpose, one must obtain the values in all other sectors using 

   



appropriate symmetry conditions. An auxiliary code ‘REFLECT’ is given here which 
processes the output of TRISUL code to generate the input to PLOT3D code.  

 
The hexagonal assembly centers can be assumed to be cast into a rectangular grid 

with x-mesh spacing of P/2 and y-mesh spacing of 3S/2 where ‘P’ is the hexagonal pitch 
and ‘S’ is the hexagonal side or P/√3. When we perform a hexagonal core calculation, 
there will be no mesh points considered outside the active core or the cylindrical reflector 
approximated by a zig-zag boundary in the solution domain. The value of f(x,y) is set to 
be zero by the code REFLECT for all mesh points lying outside this solution domain 
boundary. Further, in the rectangular grid, hexagonal centers will appear only at alternate 
x-mesh points with a spacing of P. i.e., no mesh point is considered in every other 
alternate grid point. It is not possible to assign zero for these interior (x,y) points for 
which the function f(x,y) is not directly available. Thus it is necessary to prescribe an 
interpolation scheme. We use bilinear interpolation using the adjacent f(x,y) values of 
four neighboring grid points. The input required for REFLECT code for processing flux 
or power distributions are different and are described below. A set of plot instructions are 
needed by PLOT3D code, to specify the viewing angles and a reasonably fine grid 
spacing in x- and y-direction to get a continuous and smooth profile in the 3-D plot. The 
recommended values of these parameters are given as ‘PLOTINS’ files separately for 
flux and power plots. These plot instructions are appended to every output file of 
REFLECT code. The power distributions are plotted as histograms and not as continuous 
curves. Hence no special interpolation is done for missing grid points of this distribution. 
A specimen of the batch and run files that can be used for running the PLOT3D code is 
given in the end. By modifying the code REFLECT one can pick up as many axial 
planes, burnup steps, etc to view the 3-D plots. 
      PROGRAM REFLECT 
      DIMENSION ILM(100),IRM(100),LNM(200,100),POW(200),NBZ(200) 
      COMMON /TAPES/NTCOR,NTFLX,NPLOT,NOUT 
      COMMON /DIM/ IM,JM,KM,IGM,NSTEP,PITCH,IIM,JJM,IMJM 
      COMMON /TINOP/ ITIN,ITOUT 
      COMMON /FLXPOW/ FLX3D(400000) 
      DIMENSION POW3D(400000) 
      EQUIVALENCE (FLX3D,POW3D) 
      CHARACTER*20 GROUP(2),DUMMY 
      CHARACTER*15 IFTYPE,FILNAME 
      CHARACTER*12 IFORM 
      CHARACTER*2 INAM 
      CHARACTER*4 NAM 
      DIMENSION KPLANE(3) 
      DATA NAM /'.FLX','.POW'/ 
      DATA KPLANE/7,15,24/ 
      DATA GROUP/' Epi-thermal ',' Thermal '/ 
      ITIN=5 
      ITOUT=6 
      NOUT=20 
      NPLOT=30 
      NTCOR=10 
      NTFLX=15 
      CALL FILOPEN (ITIN,NTCOR,'Geom. input  ',dummy,'tpplot3d.dat') 
      CALL FILOPEN (ITIN,NTFLX,'flux/power inp ',dummy,'tp120660.flx') 
      READ (NTCOR,*) IM,JM,KM,IGM,NSTEP,PITCH,NASS,NFAS,NBATCH,NTHORIA 

   



      READ (NTCOR,90) INAM,IFTYPE 
      READ (NTCOR,*) (ILM(I),I=1,JM) 
      READ (NTCOR,*) (IRM(I),I=1,JM) 
      CALL NOHEX (ILM,IRM,LNM,IM,JM,IMJM) 
      IF (IGM.EQ.1) READ (NTCOR,*) (NBZ(I),I=1,IMJM) 
      IF (IGM.EQ.1) THEN 
      CALL READFLX (POW3D,NASS,KM,IGM,NSTEP) 
      OPEN (NPLOT,FILE='PLOTINS.POW') 
      ELSE 
      CALL READFLX (FLX3D,IMJM,KM,IGM,NSTEP) 
      OPEN (NPLOT,FILE='PLOTINS.FLX') 
      END IF 
      DO 120 IB=1,NSTEP,2 
      DO 120 JJ=1,IGM 
      DO 120 KK=1,3 
      K=KPLANE(KK) 
      IF (IGM.EQ.1) THEN 
      J=1 
      CALL SELFLPW(POW,POW3D,IB,K,J,NASS,KM,IGM,NSTEP) 
      ELSE 
      J=JJ 
      CALL SELFLPW(POW,FLX3D,IB,K,J,IMJM,KM,IGM,NSTEP) 
      END IF 
      CALL ROTATF (IM,LNM,ILM,IRM,POW,NBZ) 
      XMIN=0.0 
      YMIN=0.0 
      SIDE=PITCH/SQRT(3.0) 
      XMAX=(IIM-1)*PITCH*0.5 
      YMAX=(JJM-1)*SIDE* 1.5 
      IF (IGM.EQ.1) THEN 
      WRITE (IFORM,43) INAM,IB,K,J 
      ELSE 
      WRITE (IFORM,44) INAM,IB,K,J 
      END IF 
  43  FORMAT(A2,3I2.2,'.POW') 
  44  FORMAT(A2,3I2.2,'.FLX') 
      FILNAME=IFORM 
      OPEN (NOUT,FILE=FILNAME) 
      WRITE (NOUT,10) XMIN,XMAX,IIM,YMIN,YMAX,JJM 
  10  FORMAT (2(2F8.3,I5)) 
      CALL INTPOL 
      WRITE (NOUT,40) 
   40 FORMAT ('X CO-ORDINATE (cm)'/'Y CO-ORDINATE (cm)') 
      IFPD=(IB-1)*30 
      IF (IGM.EQ.1) THEN 
      WRITE (NOUT,45) 
      WRITE (NOUT,55) NFAS,IFPD,K 
      ELSE 
      WRITE (NOUT,50) 
      WRITE (NOUT,60) NFAS,IFPD,K,J 
      END IF 
      NCLUSTERS=NFAS*NBATCH 
      WRITE (NOUT,70) NCLUSTERS,IFTYPE,NTHORIA 
      WRITE (NOUT,80) 
   45 FORMAT ('Relative power') 
   50 FORMAT ('Flux * 10**14 n/cm2/sec') 

   



   55 FORMAT ('ATBR Core',I4,' FAs/batch - Burnup',I5,' fpd ; Axial 
plan 
     1e',I5) 
   60 FORMAT ('ATBR Core',I4,' FAs/batch - Burnup',I5,' fpd ; Axial 
plan 
     1e',I5,' Group',I3) 
   70 FORMAT (I5,' (54',A13,' + 30 Irradiated Tho2) +',I4,' fresh 30 
rod 
     & Tho2 clusters') 
   80 FORMAT (' (Drawn with the help of PLOT3D code)') 
   90 FORMAT (A2,A13) 
      REWIND NPLOT 
      CALL COPY (NOUT,NPLOT) 
      CLOSE (NOUT) 
 120  CONTINUE 
      STOP 999 
      END 
      SUBROUTINE COPY (NOUT,NPLOT) 
      CHARACTER*80 ITIT 
  20  READ (NPLOT,35,ERR=30) ITIT 
      WRITE(*,35) ITIT 
  35  FORMAT (A80) 
      WRITE (NOUT,35) ITIT 
      GO TO 20 
   30 RETURN 
      END 
      SUBROUTINE NOHEX (ILM,IRM,LNM,IM,JM,IMJM) 
      COMMON /TAPES/NTCOR,NTFLX,NPLOT,NOUT 
      COMMON /TINOP/ ITIN,ITOUT 
      DIMENSION ILM(1), IRM(1), LNM(IM,1) 
      CALL ICLEAR (0,LNM,IM*JM) 
      IJ=0 
      DO 20 J=1,JM 
      I1=ILM(J) 
      I2=IRM(J) 
      DO 10 I=I1,I2,2 
      IJ=IJ+1 
 10   LNM(I,J)=IJ 
 20   CONTINUE 
      IMJM=IJ 
      WRITE (ITOUT,50) IMJM 
   50 FORMAT (20X,' No. of hexagons=',I6) 
      RETURN 
      END 
C 
C     Obtains full core map by rotational symmetry 
C 
      SUBROUTINE ROTATF (KIM,LNM,ILM,IRM,POW,NBZ) 
      COMMON /INOP/ NI,NO 
      COMMON /TAPES/NTCOR,NTFLX,NPLOT,NOUT 
      COMMON /DIM/ IM,JM,KM,IGM,NSTEP,PITCH,IIM,JJM,IMJM 
      COMMON /FULL/IMIN,JMIN,IMAX,JMAX,NMSS(-60:60,-30:30) 
     &,ILIM(61),IRIM(61),RPOW(-60:60,-30:30),IPOW(-60:60,-30:30) 
C 
      DIMENSION LNM(KIM,1),ILM(1),IRM(1),POW(1),NBZ(1) 
      IMIN=100 
      JMIN=100 

   



      IMAX=0 
      JMAX=0 
      ICOR=1 
      JCOR=1 
      CALL ICLEAR (0,NMSS,121*61) 
      CALL CLEAR (0.0,RPOW,121*61) 
      DO 150 J=1,JM 
      CALL ICLEAR (0,IPOW,121) 
      I1=ILM(J) 
      I2=IRM(J) 
      DO 140 I=I1,I2,2 
      IJ=LNM(I,J) 
      IF (IJ.LE.0) GO TO 140 
      IF (IGM.EQ.1) THEN 
      NC=NBZ(IJ) 
      IF (NC.EQ.0) GO TO 140 
      Z=POW(NC) 
      ELSE 
      Z=POW(IJ) 
      END IF 
      RPOW(I,J)=Z 
      NMSS(I,J)=IJ 
      IF (Z.GT.0.0) IPOW(I,J)=Z*1000.0 
      IH=I-ICOR 
      IK=J-JCOR 
      IX=I 
      IY=J 
      DO 130 L=1,6 
      IF (I.EQ.ICOR.AND.J.EQ.JCOR) GO TO 120 
      GO TO (60,70,80,90,100,110), L 
C                ROTATION BY  +60 DEGREES 
 90   IX=ICOR+(IH-3*IK)/2 
      IY=JCOR+(IH+IK)/2 
      GO TO 120 
C                ROTATION BY +120 DEGREES 
 100  IX=ICOR+(3*IK-IH)/2 
      IY=JCOR+(IH+IK)/2 
      GO TO 120 
C                ROTATION BY +180 DEGREES 
 110  IX=ICOR-IH 
      IY=JCOR+IK 
      GO TO 120 
C                ROTATION BY -180 DEGREES or +180 degrees 
 60   IX=ICOR-IH 
      IY=JCOR-IK 
      GO TO 120 
C                ROTATION BY -120 DEGREES OR +240 degrees 
 70   IX=ICOR+(3*IK-IH)/2 
      IY=JCOR-(IH+IK)/2 
      GO TO 120 
C                ROTATION BY  -60 DEGREES or +300 degrees 
 80   IX=ICOR+(3*IK+IH)/2 
      IY=JCOR+(IK-IH)/2 
      GO TO 120 
 120  NMSS(IX,IY)=IJ 
      RPOW(IX,IY)=Z 
      IF (Z.GT.0.0) IPOW(IX,IY)= Z*1000.0 

   



      IF (IMIN.GT.IX) IMIN=IX 
      IF (JMIN.GT.IY) JMIN=IY 
      IF (IMAX.LT.IX) IMAX=IX 
      IF (JMAX.LT.IY) JMAX=IY 
 130  CONTINUE 
 140  CONTINUE 
 150  CONTINUE 
C      WRITE (* ,180)  (I-IMIN+1,I=IMIN,IMAX,2) 
C      WRITE (NO,180)  (I-IMIN+1,I=IMIN,IMAX,2) 
C      DO 165 J=JMAX,JMIN,-1 
C      WRITE (NO,185) (IPOW(I,J),I=IMIN,IMAX) 
C 165  CONTINUE 
C     DO 160 J=JMAX,JMIN,-1 
C     WRITE (NT,170) J-JMIN+1,(NMSS(I,J),I=IMIN,IMAX) 
C      WRITE (* ,370) (RPOW(I,J),I=IMIN,IMAX) 
C160  WRITE (NO,370) (RPOW(I,J),I=IMIN,IMAX) 
C      WRITE (* ,180)  (I-IMIN+1,I=IMIN,IMAX,2) 
C      WRITE (NO,180)  (I-IMIN+1,I=IMIN,IMAX,2) 
C 
      DO 280 J=JMIN,JMAX 
      ICHEK=0 
      DO 280 I=IMIN,IMAX 
      IF (ICHEK.NE.0) GO TO 270 
      IF (NMSS(I,J).EQ.0) GO TO 280 
      ICHEK=1 
      ILIM(J-JMIN+1)=I-IMIN+1 
      IRIM(J-JMIN+1)=I-IMIN+1 
      GO TO 280 
 270  IF (NMSS(I,J).EQ.0) GO TO 280 
      IRIM(J-JMIN+1)=I-IMIN+1 
 280  CONTINUE 
      IIM=IMAX-IMIN+1 
      JJM=JMAX-JMIN+1 
c      WRITE (NOUT ,190) IMIN,IMAX,JMIN,JMAX,IIM,JJM 
c      WRITE (NOUT ,190) (ILIM(J),J=1,JJM) 
c      WRITE (NOUT ,195) (IRIM(J),J=1,JJM) 
 170  FORMAT (I4,2X,70I3) 
 370  FORMAT (6x,1P10E12.4/(6X,1P10E12.4)) 
 180  FORMAT (4X,60I4) 
 185  FORMAT (4X,121I3) 
 190  FORMAT (' ILM=',60I3) 
 195  FORMAT (' IRM=',60I3) 
      RETURN 
      END 
C 
      SUBROUTINE ICLEAR (IA,IB,N) 
      DIMENSION IB(1) 
      DO 10 I=1,N 
 10   IB(I)=IA 
      RETURN 
      END 
      SUBROUTINE  CLEAR (A,B,N) 
      DIMENSION  B(1) 
      DO 10 I =1,N 
 10   B(I)= A 
      RETURN 
      END 

   



C 
      SUBROUTINE INTPOL 
      COMMON /DIM/ IM,JM,KM,IGM,NSTEP,PITCH,IIM,JJM,IMJM 
      COMMON /TAPES/NTCOR,NTFLX,NPLOT,NOUT 
      COMMON /FULL/IMIN,JMIN,IMAX,JMAX,NMSS(-60:60,-30:30) 
     &,ILIM(61),IRIM(61),RPOW(-60:60,-30:30),IPOW(-60:60,-30:30) 
      DIMENSION FPOW(60,40) 
      JJ=1 
      DO 20 J=JMIN,JMAX 
      II=1 
      DO 10 I=IMIN,IMAX 
      FPOW(II,JJ)=RPOW(I,J) 
   10 II=II+1 
   20 JJ=JJ+1 
      ILIMIT=IMAX-IMIN+1 
      JLIMIT=JMAX-JMIN+1 
      DO 40 J=1,JLIMIT 
      I1=ILIM(J) 
      I2=IRIM(J) 
      IF (IGM.GT.1) THEN 
      DO 30 I=I1,I2 
      IF (FPOW(I,J).GT.0.0) GO TO 30 
      SUM=0.0 
      IF (I.GT.1     ) SUM=SUM+FPOW(I-1,J) 
      IF (I.LT.ILIMIT) SUM=SUM+FPOW(I+1,J) 
      IF (J.GT.1     ) SUM=SUM+FPOW(I,J-1) 
      IF (J.LT.JLIMIT) SUM=SUM+FPOW(I,J+1) 
      FPOW(I,J)=0.25*SUM 
   30 CONTINUE 
      END IF 
c     WRITE (*   ,370) (FPOW(I,J),I=1,ILIMIT) 
   40 WRITE (NOUT,370) (FPOW(I,J),I=1,ILIMIT) 
  370 FORMAT (6x,1P10E12.4/(6X,1P10E12.4)) 
      RETURN 
      END 
C 
      SUBROUTINE READFLX(FLX,JMJM,JKM,JGM,JSTEP) 
      CHARACTER*120 TITLE 
      COMMON /TAPES/NTCOR,NTFLX,NPLOT,NOUT 
      COMMON /DIM/ IM,JM,KM,IGM,NSTEP,PITCH,IIM,JJM,IMJM 
      DIMENSION FLX(JMJM,JKM,JGM,JSTEP) 
      DO 5 N=1,NSTEP 
      READ (NTFLX,30) TITLE 
   30 FORMAT (120A1) 
      DO 5 J=1,IGM 
      DO 5 K=1,KM 
   5  READ (NTFLX,*) (FLX(I,K,J,N),I=1,JMJM) 
      RETURN 
      END 
      SUBROUTINE SELFLPW (POW,FLX,IB,K,J,JMJM,JKM,JGM,JSTEP) 
      DIMENSION FLX(JMJM,JKM,JGM,JSTEP),POW(1) 
      CALL EQUATE(FLX(1,K,J,IB),POW,JMJM) 
      RETURN 
      END 
C     ROUTINE FOR OPENING A FILE 
C     STRING - DESCRIPTION OF THE FILE NAME ASKED FOR 
C     FILE NAME - DEFAULT IS FILEIN 

   



C     NTAP IS UNIT NO. 
C     IF NI=NINP FILE NAME IS GIVEN IN NORMAL INPUT FILE (21) 
C     IT IS READ FROM TERMINAL OTHERWISE                  (5) 
C     ALL FILES ARE FOR FORMATTED READ/WRITING ONLY 
C      CALL FILOPEN (ITIN,NI,'INPUT  ',HEXINP,'TRISUL.INP') 
      SUBROUTINE FILOPEN(NINP,NTAP,STRING,FILNAM,FILEIN) 
      COMMON /TINOP/ ITIN,ITOUT 
      COMMON /INOP/ NI,NO 
      CHARACTER*(*) STRING 
      CHARACTER*12 FILEIN,FILNAM 
      IF (NI.EQ.NINP) THEN 
      READ (NI,170) FILNAM 
      ELSE 
      WRITE (ITOUT,180) STRING,FILEIN 
      CALL DEFFIL (FILNAM,FILEIN) 
      END IF 
      OPEN (NTAP,FILE=FILNAM,FORM='FORMATTED') 
      WRITE (ITOUT,190) STRING,FILNAM 
 170  FORMAT (A12) 
 180  FORMAT (/'$  FILE FOR (',A12') DEFAULT (',A12,') : ') 
 190  FORMAT (10X,'FILE FOR ',A20,3H : ,A12) 
      RETURN 
      END 
      SUBROUTINE DEFFIL (FILE,FILDEF) 
      CHARACTER *(*)FILE,FILDEF 
      CHARACTER *12 FILEIN,BLANK 
      COMMON /TINOP/ ITIN,ITOUT 
      DATA BLANK/' '/ 
      READ (ITIN,10) FILEIN 
      IF (FILEIN.EQ.BLANK) THEN 
      FILE=FILDEF 
      ELSE 
      FILE=FILEIN 
      END IF 
      WRITE (ITOUT,15) FILE 
      RETURN 
 10   FORMAT (A12) 
 15   FORMAT (5X,A12) 
      END 
      SUBROUTINE EQUATE (B,A,N) 
      DIMENSION A(1),B(1) 
      DO 10 I=1,N 
 10   A(I)=B(I) 
      RETURN 
      END 

Description of the Input file to Plot Group Fluxes 
 

S.No. Format Description 
1 * IM – No. of columns 

JM – No. of rows 
KM – No. of axial meshes 
IGM – No. of energy groups 
NSTEP – No. of steps in the core followup run 
PITCH – Hexagonal pitch in cm 
NASS – No. of fuel assemblies in the problem domain 

   



NFAS – No. of fuel assemblies per batch in full core 
NBATCH – No. of batches 
NTHORIA – No. of natural thoria clusters in full core 

2 A2,A13 ITIT – Two letter key word that would become as prefix 
to all the *.flx output files to be created by REFLECT 
eg. ‘EU’ for enriched U seed, ‘TP’ for Pu seed in thorium 
etc. 
IFTYPE – A name for fuel seed type, eg. eUO2 

3 * (ILM(I),I=1,JM) – Left limit of hexagonal center in each 
row 

4 * (IRM(I),I=1,JM) – Right limit of hexagonal center in 
each row 

 
Sample Input to REFLECT code to Process Flux Output file 

 
 27 14 30  2 11 30.5 76 72 5 91 
EU eUO2 
1  4  5  6  7  8  9 10 11 12 13 14 15 14 
27 26 27 26 25 24 25 24 23 22 19 18 17 14 
 

Description of the Input file to Plot Power Distribution 
S.No. Format Description 

1 * IM – No. of columns 
JM – No. of rows 
KM – No. of axial meshes 
IGM – 1  
NSTEP – No. of steps in the core followup run 
PITCH – Hexagonal pitch in cm 
NASS – No. of fuel assemblies in the problem domain 
NFAS – No. of fuel assemblies per batch in full core 
NBATCH – No. of batches 
NTHORIA – No. of natural thoria clusters in full core 

2 A2,A13 ITIT – Two letter key word that would become as prefix to all the 
*.flx output files to be created by REFLECT 
eg. ‘EU’ for enriched U seed, ‘TP’ for Pu seed in thorium etc. 
IFTYPE – A name for fuel seed type, eg. eUO2 

3 * (ILM(I),I=1,JM) – Left limit of hexagonal center in each row 
4 * (IRM(I),I=1,JM) – Right limit of hexagonal center in each row 
5 * (NBZ(I),I=1,IMJM) – Fuel assembly no. in each radial mesh of 

the problem domain. This data can be pick up from the TRISUL 
output. (see Fig.5 for example – Give for row 1 to JM) 

 
Sample Input to REFLECT code to Process Power Distribution Output file 

 
27 14  30  1  11  30.5 76 72 5 91 
EU eUO2 
1  4  5  6  7  8  9 10 11 12 13 14 15 14 
27 26 27 26 25 24 25 24 23 22 19 18 17 14 
1     2     3     4     5     6     7     8     9    10    11    12     0     0 

   



          13    14    15    16    17    18    19    20    21    22     0     0 
             23    24    25    26    27    28    29    30    31    32     0     
0 
                33    34    35    36    37    38    39    40    41     0     0 
                   42    43    44    45    46    47    48    49     0     0 
                      50    51    52    53    54    55    56     0     0 
                         57    58    59    60    61    62     0     0     0 
                            63    64    65    66    67     0     0     0 
                               68    69    70    71     0     0     0 
                                  72    73    74     0     0     0 
                                     75    76     0     0 
                                         0     0     0 
                                            0     0 
                                         0 

PLOTINS.FLX – PLOT INSTRUCTIONS FOR FLUX PLOTS 
^      <--------------plot3d commands begin from here--------------- 
O 
0 70 15 
W 
-.7  .71  -.84  .65 
N 
200  800 
S 
N 
N 
SEL 
.6  .35 
Y 
(F4.0) 
(F4.0) 
(F8.2) 
A 
5  5  5 
4 
4 
4 
4 
B 
L 
0 0   0 0   0 1.8 
T 
A 
T 
X 
Q 
 

PLOTINS.POW – PLOT INSTRUCTIONS FOR POWER PLOTS 
^      <--------------plot3d commands begin from here--------------- 
O 
0 65 15 
W 
-.7  .71  -.83  .64 
N 
200  800 
S 
N 
N 
SEL 

   



0.6  0.35 
Y 
(F4.0) 
(F4.0) 
(F8.2) 
A 
5  5  5 
4 
4 
4 
4 
B 
I 
0F 
L 
0 0   0 0   0 3.00 
T 
A 
T 
X 
N 
10  900 
B 
T 
Y 
Q 
Sample File e.bat to run the PLOT3D Code 
PLOT3D  /R  4000 <eutflx.run 
PLOT3D  /R  4000 <eutpow.run 
 

Sample File eutflx.run 
n 
t 
5 
h 
rf 
EU011501.FLX 
x 
n 
t 
5 
h 
rf 
EU011502.FLX 
q 
q 
 

Sample File eutpow.run 
n 
t 
5 
h 
rf 
EU011501.pow 
x 
t 

   



5 
h 
rf 
EU111501.pow 
q 
q 
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Fig.1.  ATBR - 30 natural ThO2 rods fuel cluster Fig.2.  ATBR -- (54 Seed + 30 Irradiated ThO2) rods fuel cluster.
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Table – I 
Description of the Parameterized Lattice Database and Perturbations Thereof 

 
Nominal parameters held constant for the hot/cold lattice database 

Parameter Natural thoria cluster ATBR fuel cluster 
 Hot Cold Hot Cold 
Fuel temperature (°C) 
Moderator temperature (°C) 
Coolant temperature (°C) 
Moderator purity (%) 
Average linear heat rating (w/cm) 
Boron in moderator (ppm) 

300 
80 
286 
99.8 
--- 
0 

25 
25 
25 

99.8 
-- 
0 

600 
80 
286 
99.8 
160 
0 

25 
25 
25 

99.8 
-- 
0 

 
Parametrical dependence for natural thoria cluster database  

Parameter Hot Cold 

One group absolute flux level (1014 n/cm2
•s-1) 

Irradiation time (days) 
Void fraction (%) 
Saturated xenon 
233Pa → 233U & 239Np → 239Pu 

0.5, 1.5 and 2.5 
0 - 1500 (17 steps) 
0, 40, 70 and 100 
Yes 
No 

0.5, 1.5 and 2.5 
0 - 1500 (17 steps) 
0 and 100 
Yes & no 
Yes & no 

 
Parametrical dependence for ATBR fuel cluster database 

Parameter Hot Cold 
Starting fluence in thoria rods : 
One group absolute flux level (1014 n/cm2

•s-1) 
Irradiation time (days) 
Void fraction (%) 
Burnup (MWd/tonne) 
Saturated xenon 
233Pa → 233U & 239Np → 239Pu 

 
0.5, 1.5 and 2.5 
300, 500 or 700  
0, 40, 70 and 100 
0–50,000(31 steps) 
Yes 
No 

 
0.5, 1.5 and 2.5 
300, 500 or 700 
0 and 100 
0–50,000(31 steps) 
Yes & no 
Yes & no 

 
 

Cross section perturbation to the hot nominal database 
Evaluated for ATBR fuel cluster at zero burnup; 40% void; 
and thoria rods fluence = (1.5 X 1014 n/cm2 •s-1) X 300 days 

 
Parameter Values 

Fuel temperature  (°C) 
Linear heat rating for saturated xenon (w/cm) 

300, 600, 900 and 1200 
1.6, 16, 80, 240, 320, 1600, 16000 

 

   



 
Table-II 

Illustration of Semi-auto Refueling Scheme used in TRISUL 
 

ATBR cluster Movement – Linking of Locations of a batch with that of previous one 
depending on and the ascending order no. of burnup (in MWD/T) in each batch 

 

Natural 

Thoria Cluster 1→2 2→3 3→4 4→5 5→discharge 

 

S.No
. 

Loc. ∗ Burnup Loc. Burnup Loc. Burnup Loc. Burnup Loc. Burnup Loc. Burnup 
1 45 1399 73 6647 70 13353 44 19887 10 25691 12 30018 
2 7 1409 31 6663 40 13366 36 19889 48 25813 32 30477 
3 1 1417 72 6837 52 13989 51 20614 66 26416 76 30860 
4 3 1430 21 6858 37 13990 27 20628 54 26529 22 31445 
5 60 1437 61 7291 15 14284 17 20960 35 26803 75 31452 
6 69 1439 55 7298 33 14288 25 20985 53 27005 74 31696 
7 47 1442 13 7383 65 14739 50 21163 14 27196 41 31719 
8 30 1446 42 7490 39 14832 34 21263 46 27211 71 31999 
9 9 1506 16 7498 19 14884 4 21403 23 27249 49 32132 
10 5 1523 8 7630 63 14921 20 21452 6 27476 67 32445 
11 58 1540 59 7754 64 15090 68 21647 18 27602 56 32483 
12 28 1546 38 7763 29 15098 2 21702 57 27796 62 32794 

 
∗ - Loc. refers to the location in the one-sixth symmetric core shown in Figure 5. 

   



 
 
Col 1  2  3  4  5  6  7  8  9 10 11 12 13 14 15 16 17 18 19 
20 21 22 23  
 
Row  11                                   5     5                
 10                                    1     1     5                     
  9                                 3     6     2     5                  
  8                              2     2     2     4     5               
  7                           4     6     1     6     1     
5                      
  6                        3     3     2     4     4     1     
5               
  5                     1     6     3     9     4     6     
4     5               
  4                  2     3     4     3     2     1     2     
2     5               
  3               4     9     3     6     3     6     2     
6     1     5               
  2            1     4     2     1     3     4     2     3     
1     5               
  1   9     3     6     3     6     4     6     1     6     
4     9     5               
 
  Col 1  2  3  4  5  6  7  8  9 10 11 12 13 14 15 16 17 18 
19 20 21 22 23  
 

1 I Cycle - Fresh Seed + irradiated ThO2 – (72) 
2 II Cycle – (72) 
3 III Cycle – (72) 
4 IV Cycle – (72) 
5 V Cycle – (72) 
6 I Cycle Fresh natural ThO2 – (72) (Fixed) 
9 I Cycle Fresh natural ThO2 – (19) (Moveable) 

 
 

Fig.4 Optimized fuel reshuffling scheme (Typical) 

   



 
 
 
 

Col  1  2  3  4  5  6  7  8  9 10 11 12 13 14 15 16 17 18 
19 20 21 22 23  
 
Row 11                                   75    76               
 10                                   72    73    74                     
  9                                68    69    70    71                  
  8                             63    64    65    66    67               
  7                          57    58    59    60    61    
62                      
  6                       50    51    52    53    54    55    
56               
  5                    42    43    44    45    46    47    
48    49               
  4                 33    34    35    36    37    38    39    
40    41               
  3              23    24    25    26    27    28    29    
30    31    32               
  2           13    14    15    16    17    18    19    20    
21    22               
  1   1     2     3     4     5     6     7     8     9    
10    11    12               
  
  Col 1  2  3  4  5  6  7  8  9 10 11 12 13 14 15 16 17 18 
19 20 21 22 23  
 

 
Fig. 5 The numbering scheme for the fuel assembly locations 
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