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The burn-up dependent steady-state thermal hydraulic analysis of Pakistan research reac-
tor-1, reference operating core, has been carried out utilizing standard computer codes
WIMS/D4, CITATION, and RELAP5/MOD3.4. Reactor codes WIMS/D4 and CITA-
TION have been used for the calculations of neutronic parameters including peaking factors
and power profiles at different burn-up considering a xenon free core and also the equilibrium
xenon values. RELAP5/MOD3.4 code was utilized for the determination of peak fuel center-
line, clad and coolant temperatures to ensure the safety of the reactor throughout the cycle.
The calculations reveal that the reactor is safe and no nucleate boiling will commence at any
part of the core throughout the cycle and that the safety margin increases with burnup as

peaking factors decrease.
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INTRODUCTION

Pakistan research reactor-1 (PARR-1) is basically
a swimming pool type material testing research reactor
(MTR), which is being utilized for the training of man-
power, production of radioisotopes, and as a source of
neutrons for basic and applied research. PARR-1 was
originally a 5 MW research reactor using highly en-
riched uranium (>93% enriched) fuel. In the view of the
proliferation concerns caused by the use of highly en-
riched uranium (HEU) and restricted supply of the
HEU fuel to research reactors, PARR-1 was converted
to operate on low enriched uranium (LEU) silicide fuel,
containing 19.99% 233U. At the same time, in order to
meet the high thermal flux requirements for isotopes
production and other experimentation, the reactor out-
put thermal power was initially upgraded to 9 MW; the
further enhancement in the operating power level i. e.
up to 10 MW was made. The MTR fuel element is a
stack of straight fuel plates supported by side plates at
both ends throughout its height. Fuel elements, control
rods, graphite reflector elements, water boxes for irradi-
ation of samples, and fission chambers with their guide
tubes are assembled on a grid plate, having 54 holes ar-
ranged in 9 x 6 array, with a lattice pitch of 81.0 mm x
x 77.1 mm [1]. Demineralized light water is used as a
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coolant and moderator. On one side the core is reflected
by athermal column, while the opposite side is reflected
by graphite reflector elements and light water. The bot-
tom side is reflected by a combination of aluminum and
water. The rest of the three sides, i. e. the top and two lat-
eral sides, are reflected by light water only. For reactiv-
ity control at PARR-1 five control rods (Ag-In-Cd al-
loy) are used. These control rods are employed for the
startup, shutdown, and power leveling control. These
control rods have enough strength that can scram the re-
actor in any unpredictable situation. The core configu-
ration of PARR-1 reactor consists 0of 29 standard fuel el-
ements (SFE) and 5 control fuel elements (CFE) as
shown in fig. 1.
PARR-1 has two cooling modes:

— cooling by natural convection when the reactor
power is <100 kW, and

— cooling by gravity driven downward flowing
coolant when the reactor power is >100 kW.

The PARR-1 core provides numerous irradiation
set-ups, which include water boxes, a graphite thermal
column, pneumatic rabbit tubes, beam port tubes, a dry
gamma cell, a bulk irradiation area, and a hot cell. The
salient details of the PARR-1 core and its fuel elements
are given in tab. 1 [1].

At PARR-1 the integrity of the fuel cladding is
ensured by avoiding the nucleate boiling, i. e. cladding
burnout throughout the cycle. The power profile al-
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Figure 1. Core configuration

Table 1. Main specifications of PARR-1
Reactor type

Swimming pool

Nominal core power [MW] 10
81.0 x 77.11
Fuel material and enrichment | U;Si>-Al (19.99% by wt)

Lattice pitch [mm]

Cladding material Aluminum
Coolant/Moderator Light water (H,0)
Coolant flow rate [m*h™'] 950

Reflector Light water and graphite

Fuel element description Straight plate MTR type fuel

element

U™ contents per fuel plate [g]| 12.61

Control rods Oval shaped 5 rods
Composition of control rods | 80% Ag, 15% In, 5% Cd
Operational modes

Manual and automatic

Irradiation sites: Neutron flux:

— Beam tubes
Beam-tube #6 3.8.10" cm s
Beam tubes #2 and #5 1.1-10% em %!
— Thermal column Depends on the depth in
thermal column
— Pneumatic rabbit ~4.5.10" em 57!

ways changes with the burn-up of the fuel as peaking
factors are changed with the changes in the position of
the control rods. Kinetic parameters also change with
burn-up [2, 3]. The steady-state thermal hydraulic
analysis of the PARR-1 equilibrium core at the begin-
ning of the cycle with cold conditions has already been
studied [4], as well as the simulations of reactivity
transients [5-7]

In the present study the typical core of PARR-1
has been analyzed and power profile and peaking fac-
tors have been calculated at different burn-up steps
during the life cycle of the core at critical position uti-
lizing the standard computer codes WIMS/D4 [8]
along with Borges [9] and CITATION [10]. The
steady-state thermal hydraulic analysis of PARR-1
core was carried out at different burn-up utilizing
RELAPS. Woodruff et al. [11] have used the code to
compare the results for IAEA benchmark reactor and
have shown good agreement with the PARET results.
The analysis has been carried out at the beginning of
the cycle (BOC) for 14 full power day and 35.26 full
power day burn-up of PARR-1 core.

METHODOLOGY
Neutronic analysis

MTR PC26 package was used for the generation
of fuel burn-up dependent microscopic cross-sections
for different regions of the core. This package uses
WIMS/D4 code for this purpose along with BORGES.
The WIMS/D4 code generates the cross-sections while
BORGES reads the output of WIMS/D4 code and
writes it in the format required for multidimensional
diffusion theory based code, CITATION input.
WIMS/D4 code uses its own 69 group library and
solves the neutron transport equation in one dimension
with reflective boundary conditions. At the beginning
of'the cycle, the burn-up of each fuel element was taken
from the reactor operation group (ROG), incorporated
by taking the burn-up option of WIMS/D4 to calculate
the number density of fuel and fission products in the
fuel region. Microscopic cross-sections were generated
for the fuel region, structure region, water reflector,
thermal column graphite, thermal column lead, graphite
elements, control absorber, control follower, irradiation
sites and fission chambers, and end caps of the fuel ele-
ments. All calculations were performed in ten energy
groups [12] shown in tab. 2. For finding the power pro-
files and peaking factors at the corresponding burn-up,
the reactor core (fig. 1) was modeled in XYZ geometry
of CITATION. Thetotal core active length of 60 cm was
divided into five axial planes. The burn-up of every fuel
element at each of the five axial planes was taken and
accommodated in the code input. The control rods were
fully modeled and at each burn-up step the criticality
positions were found. Power profiles and peaking fac-
tors at the beginning of the cycle (BOC) for 14 full
power days and 35.26 full power days burn-up were
calculated. Burn-up through CITATION gives number
densities at its output with xenon in the equilibrium
level. Sometimes the reactor remains shut down for
many days and xenon decays to about zero level. For the
xenon free core, the number densities were taken from
CITATION output at the corresponding burn-up and the
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Table 2. Ten energy group structure
for generation of cross-sections

ncl};r(l)gle)r Energy intervals [ev]
1 10-10° to 0.821-10°
2 0.821-10° to 0.3025-10°
3 0.3025-10° to 0.183-10°
4 0.183-10° to 367.262
5 367.262t0 1.15
6 1.15 10 0.972
7 0.972 to 0.625
8 0.625t0 0.14
9 0.14 to 0.05
10 <0.05

xenon concentration was set to zero. Again CITATION
was executed without using the burn-up option employ-
ing the above mentioned number densities with zero
xenon inventory. In this way, peaking factors were cal-
culated for the critical core with zero xenon inventory.
These peaking factors were used for the steady-state
thermal hydraulic analysis of the core.

Thermal hydraulic analysis

Two channel model approach was adopted in the
RELAP5/MOD3.4 code, i. e. the hottest plate with the
associated flow channel and other being an average
plate with the associated flow channel. The standard
fuel element consists of 23 fuel plates while the control
element consists of 13 fuel plates as shown in figs. 2
and 3. Thus overall 732 coolant channels are formed
within the fuel region of the core. One of these chan-
nels with the maximum power density is considered as
the hot channel and the rest of the core channels are
taken as the average channel. Axial profiles, repre-
sented by 21 equidistance mesh points at each burn-up
step calculated through CITATION were incorporated
in the RELAP5/MOD?3 [13] code for the steady-state
thermal hydraulic analysis of the core. To account for
the uncertainties, the engineering hot channel factor
1.584 was incorporated using the conservative multi-
plicative method [ 14] which accounts for the factor 1.2
for the coolant temperature rise due to manufacturing
tolerances in the coolant channel spacing, the factor of
1.2 for the film temperature rise due to uncertainties in
the heat transfer coefficient and inhomogeneities in
235U distribution and the factor of 1.1 for uncertainties
in the calculated power distributions. Assumptions
were made that 90% of the total fission energy was de-
posited in the section fuel, about 4% was produced in
the moderator, about 1% was produced in the other re-
actor materials and the remaining 5% was carried
away by neutronos [15]. All calculation have been
done with the coolant inlet temperature of 38 °C and
the inlet pressure of 1.712-103 Pa, which corresponds
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Figure 2. LEU standard fuel element cross-section
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Figure 3. LEU control fuel element cross-section
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to the static height of water from the core top to a point
of 15 cm below the normal level of the pool (low level
set point) [14].
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Table 3. Results of neutronic and thermal hydraulic analysis of a typical core of PARR-1
Xenon free core Equilibrium xenon
BOC 114 full power | 35.26 full power | 14 full power |35.26 full power
ays burn-up | days burn-up days burn-up days burn-up
Radial peaking factor 1.729 1.74 1.78 1.954 2.126
Axial peaking factor 1.798 1.75 1.67 1.457 1.237
Engineering peaking factor 1.584 1.584 1.584 1.584 1.584
Total peaking factor 4.92 4.82 4.71 4.51 4.17
Steady-state coolant temperature | ) g5 | 23 045 23.583 25.583 27.605
rise across hot channel [°C]
Peak clad surface temperature [°C] 102.32 100.54 99.69 98.27 95.95
Peak fuel centerline temperature [°C]| 104.49 102.67 101.76 100.23 97.71
RESULTS AND DISCUSSION mal neutron flux at this location is higher due to the

The calculated radial and axial peaking factors
with zero/equilibrium xenon level are shown in tab.
3. Atthe beginning of the cycle, the axial peaking fac-
tor is larger than at the end of the cycle while the ra-
dial peaking factor increases towards the end of the
cycle. The overall peaking factor decreases with the
life cycle of the core for xenon free and also for equi-
librium xenon. The steady-state thermal hydraulic
analysis shows that the peak temperatures of fuel
centerline and clad decrease with burn-up, because
the axial peaking factor decreases with the life cycle
of the core. The maximum coolant temperature of the
core increases with burn-up due to the increase in the
radial peaking factor. The total nuclear peaking fac-
tor at different states of the core is plotted against the
active height of the fuel meat in fig. 4. The maximum
value of nuclear peaking factor occurs at BOC due to
the maximum insertion of control rods at this state.
Axial flux depression at BOC places the peak value
of nuclear peaking factor at 42.9 cm from the top of
the core. The hot spot lies in the control fuel element
at B-6 position of the core throughout the cycle; how-
ever, its axial position is changing with burn-up. The
hottest plate is adjacent to the control follower. Ther-

following reasons:
— the control fuel element at B-6 is the fresh fuel ele-
ment,
— the control fuel element at B-6 is located close to
the central water box set-up, and
— water is being used as the control follower in con-
trol fuel elements
Due to larger thermal neutron flux at this loca-
tion, the peak power density lies in this fuel element.
At the equilibrium xenon value, the peaking factor
profile is nearly sinusoidal at the end of the cycle and
the maximum value of the total peaking factor is de-
creased.

CONCLUSION

The burn-up dependent steady-state thermal hy-
draulic analysis of PARR-1 typical core shows that the
total nuclear peaking factor is higher at the beginning
ofthe cycle; therefore, the maximum clad surface tem-
perature also occurs at BOC which is 102.32 °C, while
the saturation temperature at this point is 113.45 °C
and the coolant bulk temperature is 53.33 °C, which
shows that there is no chance of nucleate boiling
throughout the burn-up cycle.

Figure 4. Nuclear peaking factor
(radial x axial) along hot channel
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Ata MYXAMAJ, Macyny UKBAJIL, Tajad MAXMY I

TEPMO-XUAPOANHAMNYHA AHA/IN3A CTABMIHOI CTAIbA
IMAKNCTAHCKOT UCTPAXKNBAYKOI' PEAKTOPA-1
CA YPAYYHATUM U3TAPAIBLEM

Kopumthewmem  craHmappHux

payyHapCcKUX

nporpama  WIMS/D4, CITATION u

RELAP5/MOD3.4, u3BpliieHa je aHaa3a TEPMO-XUPOJUHAMUIKE CTaOUITHOT CTalka CTaHAApIAHOT je3rpa
TTakucTaHCKOT MCTpaXkKUBAUKOr peakTopa-1 y yHKIMjU Off M3rapama HyKlIeapHOT ropuBa. [Iporpamun
WIMS/D4 u CITATION ynotpe6ibeHn cy 3a popauyHe HEYTPOHCKUX NapaMeTapa, yKIbYdyjyhu MUKIHT
dakTope 1 pacrnoyese cHare je3rpa 6e3 KCeHOHA 1 je3rpa ca paBHOTESKHOM KOHIIEHTPAIMjOM KCEHOHA 3a
pasnuuuTa u3rapama HykjaeapHor ropuBa. [Iporpam RELAPS5/MOD3.4 kopuntheH je fa ce ofipesie Tem-
nepaTtype y HEHTPY FOpUBa, Y KOIIYJLUIM U XJIAAUONy, pagu o6e30ebema curypHocT peakTopa TOKOM
ropusHor nukiyca. [Ipopauynu norBpbyjy fa je peakTop CUTYpaH U ia TOKOM F'OPHUBHOT IIUKJyca HeMa
3aMounkhama Kibydarma y je3rpy, ia ce ca u3rapameM CUTYpHOCT noBehasa, a mukuHT (hakTOpH Onanmajy.

Kmwyune peuu: uciipaxcusauku peaxitiop, HyKaeapHu ipecek, u3zapare 20pusad, HyKaeapHu UUKuHz
¢axiuop, paciiodeaa cHaze, ilepmoxuopayauxa, WIMSD/4, CITATION, RELAP5/MOD3.4



