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Utilizing low enriched uranium silicide fuel (U;Si,-Al) of existing uranium density (3.285 g/cm3),
different core configurations have been studied in search of an equilibrium core with an improved
performance for the Pakistan Research Reactor-1. Furthermore, we have extended our analysis to
the performance of higher density silicide fuels with a uranium density of 4.0 and 4.8 U g/cm3. The
criterion used in selecting the best performing core was that of “unit flux time cycle length per 235U
mass per cycle”.

In order to analyze core performance by improving neutron moderation, utilizing higher-density
fuel, the effect of the coolant channel width was also studied by reducing the number of plates in the
standard/control fuel element. Calculations employing computer codes WIMSD/4 and CITA-
TION were performed. A ten energy group structure for fission neutrons was used for the genera-
tion of microscopic cross-sections through WIMSD/4. To search the equilibrium core, two-dimen-
sional core modelling was performed in CITATION. Performance indicators have shown that the
higher-density uranium silicide-fuelled core (U density 4.8 g/cm3) without any changes in stan-
dard/control fuel elements, comprising of 15 standard and 4 control fuel elements, is the best per-

forming of all analysed cores.
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INTRODUCTION

Pakistan Research Reactor-1 (PARR-1) is a
swimming pool-type material testing research reactor
(MTR) with a parallelepiped core comprised of LEU
(U,Si,-Al) fuel, containing 19.99% 233U. Demineral-
ized light water is used as coolant and moderator. One
side of the parallelepiped core is reflected by graphite,
i. e. the thermal column, while the opposite side is re-
flected by a blend of graphite reflector elements and
light water. The bottom side is reflected by a combina-
tion of aluminum and water. The three remaining
sides, i. e. the top and two lateral sides, are reflected
by light water only. Fuel elements, control rods, graph-
ite reflector elements, water boxes for the irradiation
of'samples and fission chambers with their guide tubes
are assembled on a grid plate bearing 54 holes, ar-
ranged ina 9 x 6 array, with a lattice pitch of §1.0 mm x
x 77.1 mm. At PARR-1, five control rods (Ag-In-Cd
alloy) are employed for the power-level control of the
operating reactor and safe shutdown in normal or pos-
sible accidental circumstances. The PARR-1 core pro-
vides numerous irradiation facilities which include
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water boxes, a graphite thermal column, pneumatic
rabbit tubes, beam port tubes and a dry gamma cell,
bulk irradiation area, and hot cell. Main PARR-1 spec-
ifications are given in tab. 1[1].

In the current study, various research reactor
models based on different fuel (U;Si,-Al) loadings
and coolant gaps have been studied. The effect of ura-
nium silicide fuel density variation was analyzed to
propose an optimum fuel loading based on: thermal
neutron flux at irradiation sites, cycle length, con-
sumption of 233U per cycle and the initial inventory of
235U. A higher neutron flux at irradiation sites is al-
ways desirable in a research reactor for irradiation
samples, basic research and isotope production. Mini-
mum fissile material consumption per cycle length and
longer cycle lengths are economical. Therefore, the
criterion chosen for the selection of the best core per-
formance was determined as “unit flux time cycle
length per 2>3U mass per cycle”. An analysis was car-
ried out by assuming the PARR-1 grid plate and no
changes in the PARR-1 current system concerning
structural/embedded piping systems for core cooling
or primary and secondary pump systems, motors ezc.
At PARR-1, control rods should be at Ieast 50% out of
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Table 1. Main specifications of PARR-1
Type Swimming pool

Nominal core power [MW] 10
Lattice pitch [mm] 81.0 x77.11
Fuel material and enrichment | U;Si,-Al (19.99 % by wt.%)

Cladding material Aluminum
Coolant/moderator Light water (H,0)
Coolant flow rate [m’°h™'] 950
Reflector Light water and graphite
Fuel element description Straight plzfgmMeﬁf type fuel
5 contents per fuel plate [g] 12.61

Control rods
Composition of control rods
Operational modes

Oval shaped 5 rods
80% Ag, 15% In, 5% Cd
Manual and automatic

Feedback coefficients:
Doppler coefficient,

-3
Y%Aklk — °C ~191-10

Moderator coefficient, 3
Y%oAklk —°C —59710
Void coefficient, 034

%Aklk — °C Voids
Irradiation sites:

Neutron flux [em s ']
~1.0-10"

Depends on the depth in
thermal column

~3.0-10"

Beam ports

Thermal column

Pneumatic rabbit

position in the critical core. The end-of-cycle excess
reactivity of the equilibrium core should be 1.0% Ak/k,
so as to account for 0.5% Ak/k of the sample load and
0.5% Ak/k for temperature effects at full power [2].
This criterion has also been considered during critical-
ity calculations of the currently analyzed cores.

With higher-density fuel, the fuel-to-moderator
ratio increases and the core which is otherwise criti-
cally-moderated becomes highly under-moderated
[3]. Utilizing higher-density fuel, the effect of the
coolant channel width was also studied by reducing
the number of plates in the standard fuel element and
control fuel element to check the performance by im-
proving neutron moderation. By reducing the number
of plates in fuel elements, the heat transfer area is de-
creased, limiting the steady-state power. Although the
coolant flow per fuel plate is increased by reducing
fuel plates in the element, this cannot counter the de-
creasing effect of the heat transfer area.

HEU fuel is the best option for a research reactor
due to the higher burn-up, longer operating cycle and
lesser radioactive waste [4]. Through the global threat
reduction initiative (GTRI) and the reduced enrichment
for research and test reactor (RERTR) Program, the in-
ternational community has come together to minimize,
and to the extent possible, eliminate the use of HEU in
civil nuclear programs throughout the world. There-
fore, LEU fuel is being considered worldwide as a de-
sign solution for future research reactors. The density of
235U is much lower in LEU fuel than in HEU. The

higher inventory of 233U in LEU fuel is a source of
prompt negative reactivity feedback, also affecting neu-
tron economy and making the fuel requirement higher
than that of HEU. To counter this effect, one option is to
increase the number of fuel elements and plates per fuel
element in the LEU-fuelled reactor core. The other one
is to replace the low-density HEU fuel with LEU fuel of
a higher density. Thermal neutron flux at irradiation
sites and cycle length are improved by using higher
density fuel. Both options have been analyzed in the
current study. Enrichment reduction by simple substitu-
tion of lower-enriched uranium in existing fuel designs
has the immediate effect of reducing core performance.
Fuel burn-up capability decreases, while fuel costs in-
crease. The burn-up potential can be matched to that of
the unmodified reactor by increasing the 2>>U content in
the LEU core to an amount slightly over that of the HEU
core, at the expense of a slight decrease in the in-core
thermal flux-per-unit-power performance [5]; there-
fore, reactor power also needs to be upgraded within the
limitations imposed by the thermal-hydraulic.

METHODOLOGY FOR ANALYZING
THE EQUILIBRIUM CORE

A MTR-PC26 package was used for the genera-
tion of microscopic cross-sections of the different re-
gions of the PARR-1 core. This package uses the
WIMS/D4 [6], an upgraded version of the Winfrith
improved multi-group scheme (WIMS) [7] computer
code, along with an attendant code called BORGES
[8]. The BORGES is used to read the output of
WIMS/D4, as per instructions of the user, and then
writes it in a form that is readily usable in the multi-di-
mensional, diffusion theory code, CITATION [9]. The
WIMS/D4 code uses its own 69-group library and
solves the neutron transport equation in one dimension
with reflective boundary conditions.

Ten-energy group microscopic cross-sections
were obtained. The energy group structure used is
given in tab. 2 [2, 10-12]. All cross-sections were
evaluated at 40 °C. The unit cell shown in fig. 1 [13]
was selected for the generation of cross-sections and
number densities of the fuel part of the standard and
control fuel element. The half-unit cell shown in fig.
2, containing fuel meat, cladding, coolant and the ex-
tra region was used in WIMS/D4 to generate the
cross-sections of the fuel element containing 23 fuel
plates. The extra aluminum in the clad of the end fuel
plate with the extra water in front of the end fuel plate
have been equally distributed over 46 half-unit cells
and were accommodated in the extra region. The side
plates, the non-fuelled lateral portion of the fuel
plates and the water in the non-fuel portion were
modelled as structural materials in a separate unit
cell. Control rods and control-follower regions were
modelled in a separate unit cell. Microscopic
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Table 2. Ten energy group structure for microscopic cross-sections

Energy Upper WIMSD4 | Average
gIOUD | gy | SMETEY | energy Remarks
[eV] group [eV]

1 10-10° 1-5 2.87-10° Above threshold fission of 2**U and no delayed production
2 0.821-10° 6-7 4.98-10° Average energy of 2 to 6 delayed neutron groups produced
3 3.025-10° 8-8 2.353-10° Average produced energy of first delayed neutron group
4 0.183-10°) 9-20 8.2:10° Fourth and fifth groups are of equal lethargy intervals in WIMSD groups from 9-33
5 367.262 | 21-33 20.551
6 1.15 34-40 1.057 Group covers the resonance of **Pu i. e. at 1 eV
7 0.972 41-45 0.78 Group 7 separates the energy boundaries of group 6 and 8
8 0.625 46-55 0.296 This group covers the resonance of 2’Pu i. . at 0.3 eV
9 0.14 56-60 0.0837 | The ninth group is based on the maximum thermal neutron cut-off energy (0.14 eV (5 kT)
10 0.050 61-69 | 2210 Remaining thermal groups

cross-sections and number densities for the water re-
flector, graphite reflector and the thermal column
lead and graphite regions, were also generated utiliz-
ing the WIMS/D4 code and BORGES. Similarly,
half-unit cells shown in figs. 3 and 4 were employed
to generate the cross-sections for the standard fuel el-
ement containing 22 fuel plates and 21 fuel plate, re-
spectively.
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Figure 1. Standard fuel element of PARR-1 with unit cell
configuration
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Figure 2. Half-unit cell configuration with a 23
plates-standard fuel element for WIMS/D4
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Figure 3. Half-unit cell configuration with a 22
plates-standard fuel element for WIMS/D4
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Figure 4. Half-unit cell configuration with a 21
plates/standard fuel element for WIMS/D4

In order to analyze equilibrium cores of different
configurations, different fuel densities and a varying
number of fuel plates listed in tab. 3 were used in
WIMSD/4. The cores were modelled in x-y geometry
(2-D) of CITATION, without a control absorber. In the
third dimension, buckling was incorporated, with
8.0 cm reflector saving from top-to- bottom of the ac-
tive part of the core [2]. For static, depletion and fuel
management analysis, the diffusion theory based
code, CITATION, was used. Research and power reac-
tors are operated according to a certain fuel manage-
ment scheme, based on reactor safety and economy.
Foraresearch reactor, the scheme should be optimized
on peaking factors, cycle length and neutron flux at ir-
radiation sites. Initially, fresh fuel elements with zero
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Table 3. Results of the analyzed equilibrium cores

U density [gem ] 48 48 48 4 4 4 3085 | 3.85
No of standard fuel elements 15 15 15 17 17 17 24 29
No of control fuel elements 4 4 4 5 5 5 5 5
No of plates/fuel 21 2 23 21 2 23 23 23
Mass of 2°U loaded per cycle [kg] 1.36 1.44 1.51 1.14 1.20 1.26 1.32 1.32
Initial inventory of U [kg] 6.61 6.96 731 6.33 6.66 7.00 778 9.23
Thermal flux & ngr fradiaton € | 1 g4p+14 | 1.83E+14 | 1.83E+14| 1.59E+14) 1.5TE+14 | 1LS6E+14| 1L63E+14 | 139E+14
Full power days 355 38 41 24 27 30 35 47
Average burn-up at beginning of
AN 10.29 1044 | 1071 | 7.66 8.19 856 | 1192 | 1697
Maximum burn-up at discharge [%] | 31.81 | 3222 | 3293 | 2349 | 2496 | 2595 | 37.63 | 47.74
Average burn-up of discharged 23.69 | 2402 | 3075 | 2172 | 23.01 | 2420 | 3341 | 4330
elements [%]
. 235
Unit flux.cycle length/="U 4.80E+15 | 4.83E+15 | 4.97E+15 | 3.35E+15 | 3.54E+15 |3.71E+15 430E+15 |4.95E+15
mass per cycle
Unit flux.cycle length/initial °U mass | 9.90E+14 | 9.97E+14 | 1.02E+15 | 6.02E+14| 6.36E+14 |6.67E+14] 7.31E+14 | 7.10E+14

fission products were taken for studying the equilib-
rium core. The cycle length of the equilibrium core
was determined by burn-up analysis. Reshuffling
schemes for all cores were selected so that a fresh ele-
ment was first introduced to the core periphery and, af-
ter each cycle, moved towards the centre of the core in
order to be, ultimately, discharged from it. The inbuilt
convergence criteria for searching the equilibrium
core in CITATION code is 9.999-1073 i. e. the maxi-
mum difference between the number densities of all
isotopes of two successive cycles should be less than
this number. At the beginning of cycle (BOC), the
CITATION code checks the number densities of each
isotope with previous cycle number densities for the
effective multiplication factor and group neutron flux
distribution, so as to test the equilibrium core condi-
tions

| N"(r,0) )
! N (r,0)

e, =|I- eff(o) <g )
eff (0)

S AIGUI ®
9" (r,0)

where ¢,, &, and g4 are the small numbers for testing
equilibrium core conditions, while N ™ (r, 0), k(”) (0)
and ¢” (r, 0) are the isotopic number densities, multl-
plication factor and flux at the n™ cycle at position ( )
at BOC.

RESULTS AND DISCUSSION

Adopting the above mentioned criteria, equilib-
rium cores were studied for different configurations.
The thermal flux atirradiation sites, fuel burn-up at the

beginning of equilibrium cycle (BOEC), initial fissile
inventory, cycle length (full-power days) and fissile
consumption per cycle were determined and results
summarized in tab. 3 so as to identify the best perform-
ing core.

From tab. 3 it is obvious that, while keeping the
same size and reducing the number of plates per fuel
element, the core size is reduced and that this is fol-
lowed by an increase in the thermal flux at the irradia-
tion site. Nevertheless, the decrement of fissile inven-
tory reduces the cycle length and, hence, the average
burn-up at discharge also decreases. The performance
of high density fuel (U density 4.8 g/cm?) with 15 stan-
dard fuel elements, 4 control fuel elements, 23 fuel
plates per standard fuel element, and 13 fuel plates per
control fuel element, is the best of the cores examined.
The proposed core is shown in fig. 5, with water boxes
at C(7) and C(4) positions. This is a compact and
highly under-moderated core. It is reflected by graph-
ite blocks from three sides, while the remaining one
features a graphite thermal column, so as to minimize
neutron leakage and flatten the flux profile.

The reshuffling scheme for analyzing the pro-
posed equilibrium core is shown in tab. 4, based on the
criterion of minimizing the peaking factors from a
safety point of view. Starting with fresh fuel, the
burn-up increases with each cycle number, as shown in
fig. 6 and, hence, k4 also decreases with burn-up, as
shown in fig. 7, until the equilibrium core is estab-
lished. When the equilibrium core is established, at
each BOEC, the burn-up is the same and, hence, the
multiplication factor for consecutive cycles remains
the same. It is obvious from figs. 6 and 7 that a total of
nine steps are sufficient for establishing the equilib-
rium. The 10™ step is BOEC.

The maximum discharge burn-up is 32.93%,
while the average discharge burn-up is 30.745%. A to-
tal of 1511 gram of 23U is loaded per cycle. The
burn-up at BOEC is shown in fig. 8. Fresh elements are
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Figure 5. Proposed equilibrium core configuration

loaded at the core periphery, low-burned elements are
also away from the core centre and high-burned ele-
ments are located almost at the very core centre, so as
to minimize the peaking factor. Figure 9 shows the
burn-up at end of equilibrium cycle (EOEC). Elements
at C(8), C(6), D(7), and D(8) positions achieved the
highest burn-up at EOEC. These elements should be
discharged and the core reshuffled according to the

N

o

Fuel burn-up (% 2*°U depletion)

1 2 3 4 5 6 7 8 9 10
Cycle number

Figure 6. Fuel burn-up at BOC of each cycle
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Figure 7. BOC multiplication factor with the increasing
cycle number

scheme given in tab. 4 for the new BOEC. The burn-up
of discharged elements is not very high but, due to in-
sufficient reactivity, the core cannot be further oper-
ated after 41 full-power days.

With the increasing burn-up of the fuel, the ini-
tial loading of 23U is depleted and 23°Pu and its higher
isotopes are produced. Due to the internal conversion
of 238U, plutonium isotopes are also contributing to
power-generation as the burn-up increases. Therefore,
the composition of the discharged fuel is also impor-
tant, due to plutonium isotopes. Table 5 shows the
composition of the fuel in the core and discharged fuel
elements at BOEC and EOEC.

Table 4. Reshuffling and refuelling scheme for analyzing the proposed equilibrium core

From core position To core position From core position To core position

E(5) (Fresh) D(5) B(7) E(8)
D(5) E(6) E(8) C(6)
C(5) B(7) D(8) Discharge

B(5) (Fresh) C(5) C(8) Discharge
E(6) E(7) B(8) C©9)
D(6) C(8) E(9) (Fresh) B(6)
C(6) Discharge D(9) D(8)
B(6) D(6) C©9) D(9)
E(7) D(7) B(9) (Fresh) B(8)
D(7) Discharge
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Figure 8. Burn-up (% age of ***U) for the proposed core
at BOEC

From tab. 5, itis clear that the 233U depletion rate
is high because of the high fission cross-section in the
thermal region, while 233U is depleted slowly, due to
the fast fission and the internal conversion to pluto-
nium isotopes. All plutonium isotopes are on the in-
crease with burn-up.

Keeping the fixed core geometry for constant
power generation, the flux and fissile concentration
are inversely proportional to each other. When fissile
contents are depleted, the flux increases, therefore the
flux increases at EOEC. Moreover, with increasing
burn-up, the fuel-to-moderator ratio decreases, lead-

Figure 9. Burn-up (% age of 2*°U) of the proposed core
at EOEC

ing to a soft neutron spectrum [2, 14]. Figure 10 shows
the thermal neutron fluxes in the core, at different loca-
tions, including water box stands and control fuel ele-
ments at BOEC and EOEC.

The fast/thermal neutron flux averaged over
each standard fuel element, control fuel element and
water boxes for the proposed core are shown in figs. 11
and 12. The fast flux is increasing towards the core
centre, while decreasing at the periphery, due to leak-
age. The thermal flux is at its maximum at C(7), i. e.
the water box location for sample irradiation.

Table S. Composition of fuel in the core and the discharged fuel element

Nuclide Mass of nuclides [g] in core Mass of nuclides [g] in the discharged fuel element
BOEC EOEC BOEC EOEC
35y 6467.46 6017.56 324.4397 294.74
28y 29186.3 29139.0 1684.13 1680.0
3%y 66.86 96.33 7.88 9.38
240py 4.68 8.48 0.75 1.19
#ipy 0.89 1.94 0.18 0.36
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proposed core at BOEC

CONCLUSIONS

With higher density fuel, the fuel-to-moderator
ratio increases, the core otherwise criticality-moder-
ated, becomes highly under-moderated. The perfor-
mance of high-density fuel (U density 4.8 g/cm?), with
15 standard fuel elements, 4 control fuel elements, 23
fuel plates per standard fuel element, and 13 fuel plates
per control fuel element, has proven to be the most ef-
ficient of the cores examined. Our 2-D depletion anal-
ysis of the core reveals that it can be operated for 41
full-power days at 9 MW, continuously. Therefore, ev-
ery standard fuel element will be irradiated for 205
full-power days, while every control fuel element will
be for irradiated 164 full-power days. Although the
discharge burn-up of the low-density fuel is higher,
due to higher values, the thermal neutron flux is low at
irradiation sites and, thus, the performance of these
cores is inferior to those of the higher density fuels
proposed.
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Ata MYXAMAJ, Macyxy UITBAJL Tajad MAXMY 1

YHAIIPEBEIBE MOI'YRHOCTU PABHOTEXKHOT JE3I'PA
NCTPAXKUBAYKOI PEAKTOPA

Y mwby noGosbiiamka MOTyhHOCTM paBHOTEXHOr je3rpa IlakucTaHCKOr HCTpaXKUBayKoOT
peakropa-1, mpoydaBaHe Cy pa3iuyuTe KOHq)I/IrypauI/Ij e jesrpa ca HUCKMM oOorahewmeM CHIMKATHOT
ropusa (U,Si,-Al) rycTuHe ypaHujyma 011 3.285 g/cm”. [ToTOM je aHanM3a NPOILIMPEHA HA CUITUKATHA ropusa
Behe rycrune ypaHH]yMa on 4.0 g/cm u 4.8 g/cm®. 360p jesrpa ca Ha]60.TbI/IM ocobMHaMa U3BpIIeH ]e Ha
OCHOBY KpHTEPHjyMa Ja IIPOU3BOJI jeIMHMYHOT (hTyKCca M BpEMEHA TPajaka IMKJIyca, IOofle/beH MacoM * U,
Oyne HajBehn.

Y nmby aHaIU3Upama OCOOHMHE je3rpa y HOIefy MoOosbIIamha HEYyTPOHCKOT yCIopaBambha Ipu
kopuithewy ropusa Behe rycTuse, npoydasaH je yTUllaj IIMPUHE KaHajla XJ1aguola ceobemeM Opoja ioya y
CTaHJIapTHOM/KOHTPOJIHOM TOpWBHOM ejeMeHnTy. O6aBibeHm cy mpopauyHu nporpamuma WIMSD/4 u
CITATION. 3a ¢pucroHe HeyTpoHe KopHIltheHa je leCeTOrpyIHa CTPYKTYpa 32 TEHEPUCAEE MUKPOCKOIICKUX
npeceka y nporpamy WIMSD/4. McnutuBame paBHOTEXKHOT je3rpa usBpiieHo je nporpamoM CITATION
KopuithekbeM IBOMMEH3NOHATHOT Mofiesia je3rpa. Ha ocHOBY ncTpaskeHux nepgopMaHcH OKa3aHo je fa
CHJINKATHO FOPHBO Behe TycTuHe ypaHujyma off 4.8 g/cm?, 6e3 UKaKBe IPOMEHE CTaH/apHO/KOHTPOIHOT
TOPUBHOT €JIeMEHTa CauumkeHOr off 15 craHpgapgHux ¥ 4 KOHTpOJHA €JIeMeHTa, uMa Hajoolbe
KapaKTEPUCTUKE Off CBUX aHAIN3UPAHUX.

Kwyune peuu: ucitipaxcusaquku peakiuop, peaxinopcko zopuso, MTR-PC26, WIMS/D4, CITATION



