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1. INTRODUCTION 

The Pakistan Research Reactor (PARR) has been 
operating for the last two decades. The KTR type fuel 
elements loaded in che PAP.R are fabricated using 932 
enriched uranium and the reactor can be operated with 
a maximum power levol of 5 iiW. It has now been proposed 
to redesign the reactor core so thuf. low enrichment 
uranium (202 235^} foe] can be used. It is further aimed 
to raise the reactor power level to 10 MW. 

In order to study the characteristics of ae* 
fuel composed of low enrichment uranium (LEU) and to 
assess the performance of new PARR core containing LEU 
fuel a detailed neutronic analysis has to be performed. 
In this report, a typical fuel element, likely to be used 
is described .• Tiie methods applied for tlw lattice cell 
analysis and cross-section generation and the results 
obtained are also discussed. 



2 . UESuKimOrt OF THE FUEL ELEHENT 

2 . 1 The LEU - Fuel 

235 Tor low enrichment fuel the upper limit of U enrichment 
has been accepted internationally to be 202. In the present cal
culations for the PARR-core consisting of LEU fuel the enrichment 

235 of uranium has been assumed to be 19.75% of U. The fuel is 
taken to be in the form of u\0g. 

2.2 The Standard Fuel Element 

The standard fuel element is illustrated in Figure 2.1. It 
235 consists of 23 straight fuel plates. The amount of U in a 

standard fuel element is taken to be 270 grams which corresponds 
to 1367 grains of uranium per fuel element. This fuel loading 
has been chosen because it is easily achievable and meets the 
requirements. It may be noted that the existing HEU fuel contains 

O i c O "> t 
196 grams of U per element. The extra amount of U in LEU 238 fuel is required to balance the enhanced absorption in U and 
to increase the burnup. All plates are fuel bearing and there 
are no dummy plates. However, fhe two outermost plates have re
latively higher thickness i.e. 1.5 mm. The physical dimensions 
of the fuel element are 75.92 x 79.63 mm. The present grid plate 
lattice is 77.11 x 81 mm so that there is a water gap of 1.19 mm 
between the side plates of two adjacent fuel elements. Similarly 
there is a water gap of 1.37 mm between two fuel elements in the 
direction perpendicular to the fuel plates. The fuel core composed 
of U 30„ and Al and sandwiched between aluminium cladding has a 
thickness of 0.51 mm. 

2.3 The Control Fuel Ele;nenf. 

The control fuel element is shown in Figure 2.2. It is 
similer to the standard fuel element witn the exception of 3 
plates on each side. The plates numbering 1,3,21 and 23 consist 
of aluminum with a thickness of 1.5 mm each whereas the plates 
2 and 22 are not present and provide gaps for the control blades. 
The central 17 plates (i.e. plates 4 to 20) dre the fuel plates 
identical to those in the standard fuel element. Overall physical 
dimensions of the control element are the same as those of a 
standard element. The uranium loading of control element is 1011 g 
out of which 200 g is 2"^u. 
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2.4 The Control Plates 

Each control element has gaps for two control blades 
which are moved together like a fork. The control material 
consists of Ag, In and Cd having a nickel coating of 0.04mm. 
The dimensions of the absorber region are 64.96 x 3.1 mm 
whereas the dimensions of the control blaJe including nickel 
coating are 65.4 x 3.18 mm. The active height of the control 
blades is 600 raui. The distance between control blade and 
the surroundings (consisting of the two aluminum plates and 
the side plates) is 1.03 mm on all sides. Material properties 
of the absorber region are listed in Table 2..1. 

Table 2.1: Control Rod Description 

1. Absorber material Ag-In-Cd alloy 
2. Density of the absorber 9.32 g/cm3 

material 
3. Absorber dimensions 64.96 x 3.1 x 600 (mm) 
4. Coating material Ni 
5. Coat thickness 0.04 (mm) 
6. Density of Hi 8.9 g/cm 
7. Atomic weight of Mi 58.687 

Composition of the Absorber Material 
t _________________ __________________ 

Element Weight Dens i t y i n the a l l o y Atomic weight 
J {%) J (g /cm 3 ) } (a .m.u . )J 

Ag 8 0 . 5 7 . 5 0 1 0 7 . 8 5 8 

In 14 .6 1 .36 1 1 4 . 8 1 8 
Cd 4 . 9 0 . 4 6 112 .426 

GENERATION OK GK0UP CUHSTANTS F0K NEUTK0NIC CALCULATIONS 

3 • * D e s c r i p t i o n of the Codes used 

To eva lua te the weighted cross sec t i ons to be used 
in neu t ron i c a n a l y s i s the l a t t i c e c e l l c a l c u l a t i o n s ware 
performed us ing computer codes WIMS-D* ' and CGM* ' . 
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UIMS-D is a general purpose lattice code which provides 

cell averaged cross sections for reactor calculations. It 

solves the neutron transport equation by differential (i.e. 

discrete ordinates) as well as integral (i.e. collision probab

ilities) methods. WIHS-U uses its own 69 group library which 

consists of 14 fast eroups above 9.118 KeV and 42 thermal groups 

below 4.0 eV. The resonance range is covered by 13 groups. For 

resonance nuclides the IrflMS library contains resonance integrals 

for different background cross sections assuming homogeneous 

mixtures of absorber and scatterer nuclides. WIHS determines the 

background cross section for each resonance absorber using equi

valence principle and interpolates resonance cross sections. 

CGM is a system for generation of group constants for 

different geometries. It generates the heterogeneous cell spectra 

using the integral transport theory. The cell is then hotnogin-

ized and B N calculations are performed. CGM performs the spectral 

calculations for the fast, resonance and thermal energies success

ively and uses three lioraries for these energy ranges. In the 

present set up the fast library contains 01 groups above 3.059 eV 

and 151 thermal groups below 2.059 eV. For the resonance nuclides 

a fine group resonance library (8500 groups between 4.3074 KeV 

and 0.87642 eV) is available. In the unresolved resonance range 

(above 4.3084 KeV) the cross sections are evaluated by inter

polating the library values for the problem and nuclide dependent 

background cross sections. In- the resolved resonance range, 

however the spatial spectra avc evaluated for a very fine energy 

mesh (1000 groups/unit oi lethargy). Thv spectral calculations 

in different enerjy ranges can be performed with different desired 

levels of acci.racy according to the nature of the problem. The 
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code tflHS-D Mas used for the generation of feM group cross 
sections whereas CGH Mas used for the study of aore sensitive 
parameters such as temperature and void effects, spectrua 
hardening etc. 

3.2 Description of the Unit Cell 

Both C6M and UIHS-0 solve the transport equation for a 
one-diaensional region with reflective boundaries on both sides 
so that a unit cell out of an infinite lattice has to be analyzed. 
Figure 2.1 isolates ;uch a unit cell out of the array. Since 
the lattice calculations are perforaed for a one-diaensional cell 
the regions should extend infinitely in the transverse direction. 
To achieve this the edge border, the side plate portions and the Mater 
between the fuel elements have to be homogenized. Siailarly the 
abnoraalities of the two external fuel plates (increased plate 
thickness and water gap on outer side) have to be distributed in 
the entire fuel element so that a truely one-diaensional slab 
lattice could be assuaed. Since the relative volumes of these 
regions are small this process of homogenization is not likely 
to introduce a significant error. Figure 3.2 shows the actual 
lattice cell consisting of fuel meat, clad and coolant used for 
the generation of group constants. Since the cell is symmetric 
about the centre line only half of the cell needs to be analyzed. 
Cross sections for the non-fissile regions, such as graphite and 
water reflector are averaged over a neutron flux calculated by 
introducing a unit fission spectrum source in these regions. 
Generation of cross sections for the control rod cell and the 
control rod follower is discussed in section 3.4. 

PARR type small reactor cores containing several control 
rods* Irradiation gaps and different reflectors have ^ery sharp 
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flux gradients so that a larger number of energy groups has to be 
used to coapjte core fluxes. This, however, has liaitations 
because of the computation tine for the three diaensional cal
culations. For present study a five group scheae (with one group 
in fast energy range, one each in unresolved and resonance range 
and two for theraal energies) was used. The group energy bound
aries are shown in Table 3.1 

Table 3.1 Energy Group Boundaries 

Group Energy Range Remark 

1. above 0.821 HeV Fast 
2. 821 KeV - 5.530 KeV Unresolved resonances 
3. 5.53 KeV - 0.625 eV resolved resonances 
4. 0.625 eV - 0.140 eV Theraal 
5. below 0.14 eV Thermal 

3.3 Nuclide Data used for the Cell Calculations 

The composition of the meat and physical properties of the 
Isotopes constituting meat are listed in table 3.2 In table 3.3 
the volume fractions of different materials in the homogenized 
fuel region of the unit cell (Fig. 3.1) are given. It may be 
noted that the volume fractions do not sum out to be one, the 
missing part being the oxygen. The number densities of different 
isotopes present in the fuel, clad and coolant regions of the 
homogenized cell are given in table 3.4. It may be noted that 
the number densities of oxygen and hydrogen are temperature 
dependent. 
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Table 3.2: Composition of the Heat 

1 
Parameter 

2 3 8 U 23f> 
u 

1 1 Wt.l of U Isotope 80.25 19.75 
1 1 

3 * Density in meat (g/cm ) 2.4842 
1 

0.6114 I 
| 0.2013 
| 3 Material densities (g/cm ) 1 

19.01 
1 

18.75 1 " 
Atomic weight ( 1 2C) 238.05 235.044 1 

26.982 

* based on 1367 g of U (270 g of 2 3 5 U ) per 
fuel element with U 3 0 Q density of 8.0 g/cm' 

Table 3.3: Volume Fractions of Materials 
in the Fuel Region 

Material Volume Fraction 

235y 0.02654 
23 8 u 0.10635 
Al 0.61319 

H20 0.01530 

includes side plates, edge border and meat 
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Table 3.4 : Isotoplc number densities in various regions 

1 1 1 
Number density in 1 1 the homogenized cell !io Z 4/« 3) 

Isotope 
1 1 1 Fuel region 1 

| Clad region 1 Coolant region 
235y 1.275 x 10~ 3 - -

23»U 5.115 x io- 3 - -

1 6 0 * 1.755 x 10 ' 5.072 x 10" 4 2.935 x 10" 2 

lH 1.010 x io- 3** 1.014 x 10~ 3 5.870 x 10~ 2 

Al 3.697 x JO' 2 5.9367xl0 - 2 6.897 x 1Q - 3 

* These number densities are dependent on the water temperature 
The entries in this table are given for the average coolant 
tewperature of 42 "C. 

** Includes oxygen from H O and U, 0 g. 
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3.4 Cross sections for the Control Region 

As shown in figure 2.2 the control element has 17 fuel plates 
and three plates on each side farm a control cell. Due to extremely 
high absorption of the absorber region special measures have to be 
taken to generate the cross sections for it. The usual method for 
the non-fissile materials (i.e. introducing a unit fission spectrum 
source, generating the spectra and weighting the cross sections over 
this spectra) does not work. Due to self shielding of the absorber 
region it has to be considered along with its neighbouring regions. 
Moreover, the presence of a control rod modifies the spectra in the 
neighbouring regions so that their cross sections are also affected. 
It is therefore, necessary to form a super cell consisting of the 
control region along with its neighbouring regions and to weight 
their cross sections with the effective spectra. During the course 
of calculations it was found that the cross sections of only first 
neighbour fuel plate on each side of the control region are affected 
significantly. After first fuel plate the neutron spectrum restores 
itself to a great degree and the change in the cross sections is 
relatively small. Therefore, a super cell consisting of the control 
plate, the aluminum guide plates on each side and a fuel plate on 
each side was constructed. Figure 3.2 shows such a super cell. It 
may be noted that next to the control element is a standard fuel 
element. Since there is 1.37 mm gap between the fuel elements and 
thickness of the external half water channel of the outermost plate 
is also larger (1.88 mm instead of 1.05 mm), there is a larger 
coolant gap on one side of the outer guide plate. This has to be 
accounted for while constructing the super, cell. In case ''.he control 
element lies in the outermost row then adjacent to the control cell 
is the graphite reflector instead of standard fuel element. This 
may also under estimate the worth of the respective control plate 
slightly because actual thermal flux will be enhanced due to presence 
of graphite. However, the worth of such a control plate at the core 
boundary is relatively small so that the expected ?rror could be 
ignored. 

Cross sections for the control rod follower are determined 
by replacing the control plate with the coolant material. These 
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cross sections are also generated for the same super cell. Some 
of the lattice calculation results are reported in table 3.5 to 
3.8. 

Table 3.5: Macroscopic cross-sections of the 
homogenized lattice cell 

Group Sig-R Sig-A Nu * Sig-f 

1 2.516 7.028xl0"2 1.009xl0'3 1.474X10"3 

2 1.177 8.312xl0"2 7.176xlO"A 8.173xl0"4 

3 1.356 7.632xl0"2 1.402xl0"2 1.02&xlQ~2 

4 1.037 3.919X10"1 4.024xl0"2 6.863xl0'2 

5 7.399x lO"1 3.413xl0"2 1.109X10'1 1.969X10"1 

Table 3.6: Macroscopic cross-sections of the 
homogenized control cell 

Group Sig-R Sig-A Nu * Sig-f 

1 
2 
3 
4 
5 

4.581 5.702x10 
2.109 6.720x10 
1.452 1.044x10 
1.285 1.670x10 
9.832X 10"1 4.804x10 

-2 

-2 

6.357x10 
3.245x10" 
9.568x10" 
4.451x10" 
4.832x10 

-4 5.956x10 
3.255x10 
2.915x10 
2.370x10 
8.870x10' 

-4 
-3 
-2 
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Table 3 . 7 : rtacroscopic c r o s s - s e c t i o n s of the 
c o n t r o l rod f o l l o w e r c e l l . 

Group 0 Sig-R Sig-A Nu * S i g - f 

1 2.524 

2 1.178 

3 1.435 

4 1.097 

5 8.060x10 

Table 3.8: Scattering matrix for the fuel cell 
with self scatter modified to zero 

Group Group 1 Group 2 Group 3 Group 4 Group 5 

1 0. 6.990xl0"2 3.825xi0"4 0. 0. 

2 0. 0. 8.311X10"2 6.7O6X10"6 1.374x10 
3 0. 0. 0.000 6.374X10"2 1.258x10 
4 0. 0. l.SOlxlO"3 0. 3.901x10 

5 0. 0. 0. 3 . 4 1 3 x l 0 " 2 0. 

7.266x10 

8.926x10 

8.628x10 

4.632x10 

3.218x10 

6.823x10 

3.204x10 

6.519x10 

2.013x10 

5.390x10 

6.010x10 

3.259x10" 

4.196x10" 

2.801x10* 

7.819x10" 
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