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Abstract
Core # 99 of Pakistan Research Reactor-1 (PARR-1) approached its end of cycle, 
therefore in order to install core #100 of PARR-1, neutronic and thermal hydraulic 
analyses were carried out. Reactor core parameters important for reactor operation and 
safety have been calculated. These parameters include: excess reactivity, shut-down 
margin, control rod worth, peak power density location, criticality position, peaking 
factors, neutron flux in the fuel elements and neutron flux at irradiation sites in the core. 
Calculated thermal hydraulic parameters include: steady state temperatures and peak 
temperatures for fuel centerline, clad surface and water coolant. In order to determine the 
safety margins, heat fluxes at Onset of Nucleate Boiling (ONB), Onset of Flow Instability 
(OFI) and Departure from Nucleate Boiling (DNB) were determined using standard 
correlations. The core was assembled in April 2010 and some of the core parameters 
namely: excess reactivity, shut down margin, control rod worth and flux profile at in-core 
irradiation sites have been measured. On comparison with the experimental data, 
reasonable agreement has been found between the calculated and the measured 
parameters.
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Pakistan Research Reactor-1 (PARR-1) is a pool type research reactor, using low 
enriched uranium (LEU) fuel, having reactor thermal power of 10 MW. PARR-1 core is 
totally reflected, i.e. reflected on all six sides. This core is reflected by graphite on two 
sides. Rest of the core sides are reflected by water. The coolant at PARR-1 is 
demineralized light water, and is available for natural convection as well as forced flow 
cooling. In forced flow cooling mode, coolant flow is gravity driven. The fuel elements at 
PARR-1 are of two types, i.e. the standard fuel elements and the control fuel elements. 
Essentially these two types of fuel elements are same in fuel material, enrichment, 
composition and metallurgical states. They only differ partially in their geometry with 
respect to: i) the total number of fuel plates per fuel element, and ii) presence or absence 
of channel for the control rod movement. The fuel material is uranium having 19.99% 
235U. This fuel is in the form of silicide, i.e. U3 Si2-Al. The PARR-1 grid plate is made of 
127 mm thick aluminum. It has 54 holes in 9x6 pattern with a lattice spacing of 81x77.11 
mm. These holes accommodate the end fittings of the fuel elements. Equilibrium core 
configuration of PARR-1 consists of 29 standard fuel elements (SFE) and 5 control fuel 
elements (CFE). Each SFE contains 23 fuel plates while CFE contains 13 fuel plates. The 
control rod or control follower (water) has replaced space for 10 fuel plates in CFE. 
Material composition of control rod is 80% Ag, 15% In, and 5% Cd. All these 5 control 
rods are used as safety rods while one of them with lowest reactivity worth is being used 
as power regulating rod. There are two irradiation positions inside the core at the 
positions C-4 and C-7. Other irradiation sites are also available on periphery of the core 
[ ! ] •

1.1 Description of PARR-1 Core

Core configuration # 99 of PARR-1 as shown in Fig. 1, was assembled on 12 June 2007. 
At beginning of equilibrium cycle (BOEC), average bumup of the core was 24.45% of 
initial 235U loading. At the end of equilibrium cycle (EOEC) on 12 April 2010, average 
burnup of the core was 29.96% of initial U loading. When equilibrium core # 9 9  
approached its end of cycle, excess reactivity in the core was 2250 pcm. Therefore it was 
planned to assemble the core #100 such that excess reactivity in the core becomes
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available to compensate the negative reactivity due to samples loading in the core and 
Xenon buildup. Core # 99 was operated for 39 full power days. A total of five standard 
fuel elements with maximum burnup were retired from the core # 99. For PARR-1 LEU 
fuel, fission density limit is lxlO21 fissions / cc which corresponds to maximum 
allowable burnup of 70% [1]. Four fresh standard fuel elements and one irradiated fuel 
element with intermediate burnup (41.1% of initial U loading) were loaded in the core. 
Irradiated fuel element S-70 was loaded at B-7 position (Fig. 2). Majority of the 
remaining fuel elements were reshuffled to flatten the flux profile. Fresh fuel elements 
were loaded on the core sides to flatten the flux profile and burnt fuel elements were 
moved to higher flux zones in the core. Typically a fuel element remains in the core for 
five to six cycles i.e. 200 to 240 full power days. Based on the above mentioned criterion, 
core configuration #100 (Fig. 2) was proposed. Assembling of the core #100 was 
completed on 19 April 2010. Before installation of the core, complete neutronic and 
thermal hydraulic calculations were performed for the feasibility of this core. In Table 1, 
burnup data of each fuel element at five axial planes of the core # 100 at BOEC has been 
presented. This detailed data at five axial planes has been used for neutronic calculations 
of the core. After installation of the core #100, a series of experiments were performed to 
determine control rod worth, shut down margin, excess reactivity of the core and thermal 
flux at the in-core irradiation sites.

1.2 Computer Codes Employed for Neutronic Analysis

To perform neutronic analysis of the core, microscopic cross-sections for different 
regions of the core have been generated using MTR-PC26 package [2]. This package is a 
collection of standard computer codes and libraries for conducting reactor core static, 
depletion, transient, thermal hydraulic and shielding studies for MTR type reactors using 
personal computers. In the current analysis, only neutronic option for cross-section 
generation has been used from this package. For this purpose the MTR-PC26 package 
uses the “WIMS/D4” [3] code, an upgraded version of the Winfrith Improved Multi
group Scheme (WIMS) [4] computer code, along with an attendant code “BORGES” [5]. 
The latter code is used to read the output of WIMS/D4, as per instructions of the user, 
and then to write it in a form that is readily usable in the multi-dimensional, diffusion
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theory code, “CITATION”. Three dimensional core modeling was performed employing 
CITATION code. CITATION is designed to solve problems using the finite difference 
representation of neutron diffusion theory, treating up to three space dimensions with 
arbitrary group to group scattering. X-y-z, theta-r-z, hexagonal z, and trigonal z 
geometries may be treated [6].

1.3 Computer Codes Employed for Thermal Hydraulic Analysis

For the determination of pressure drop, velocity distribution and flow rate through 
different channels of the core, effective and bypass flow, computer code “DP [7]” was 
employed. The code computes velocities through an iterative procedure after converging 
to the same pressure drop across the core for each channel.

Computer code PARET [8] was employed to carry out steady-state and transient 
thermal hydraulic calculations. The code was originally developed for power reactors for 
the analysis of SPERT-III experiments [9], which was later modified [10] to include 
library of various parameters suitable to research reactors. PARET code supports a 
selection of heat transfer correlations. For the current analysis, in order to have 
conservative estimates, Dittus-Boelter [11], McAdams [12] correlations were selected for 
the single phase and two phase heat transfer, respectively. The use of latter (which covers 
low pressure range i.e. 0.2 < p < 0.7 MPa ) is a better choice [13] for fully developed 
nucleate boiling conditions and has been found to give realistic estimates for pool type 
research reactors. For the determination of onset of nucleate boiling, Bergles and 
Rohsnow [14] correlation was used. The heat flux at onset of flow instability has been 
computed using both Forgan [15] and CEA [16] correlations. The value of bubble 
detachment parameter was conservatively taken as 48 [17]. For critical flux 
determination, Labunstov [18] and Mirshak [19] correlations were employed. For 
conservative results, correlations were extrapolated with zero sub-cooling [20]. The 
PARET code predicts the course and consequences of nondestructive reactivity accidents 
in small reactor cores. It is basically a coupled neutronics-hydrodynamics-heat transfer 
code employing point kinetics, one-dimensional hydrodynamics, and one dimensional 
heat transfer.
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2. Methodology
2.1 Lattice Calculations
To generate microscopic cross-sections for different materials of the core, a unit cell 

model was developed in WIMS/D4. Top view of the standard fuel element along with a 
unit cell selected for lattice calculations in WIMS/D4 is shown in Fig. 3. This unit cell is 
representative of the entire standard fuel element and multiple unit cells of this type form 
the entire fuel element. Since this unit cell is symmetric about its central line, half unit 
cell has been modeled for cross sections generation. Dimensions and model of the half 
unit cell for fuel region employed in WIMS/D4 is shown in Fig. 4. Extra region in this 
half unit cell model corresponds to the additional Aluminum clad thickness of end fuel 
plates and additional water of the channel between end fuel plates of consecutive fuel 
elements. Employing this unit cell model, burn up (Table 1) dependent cross sections and 
number densities were generated for each of the five axial positions of all fuel elements. 
Unit cell was separately modeled for the structure region of fuel element, which 
additionally contains the extra region comprising the lateral non fuel region of fuel plates 
with associated portion of the coolant channel plus side plates and water between side 
plates of two fuel elements.

Similarly, a unit cell model was developed for control rod absorber region, control 
follower, water reflector, graphite reflector, water box and axial non fuel regions of the 
fuel elements. In this study, ten energy group microscopic cross-sections were obtained. 
The energy group structure used is given in Table 2. Last three groups have been taken as 
thermal in current analysis. All cross-sections were generated at the average coolant 
temperature of 40 °C [21].

2.2 Global Core Modeling

For PARR-1 core parameters calculations, the reactor core has been modeled in XYZ 
geometry of CITATION. Total core active length of 60 cm was divided into five axial 
planes. Detailed burnup of every fuel element at each of the five axial planes was 
accommodated in the code input. Water reflector of 21 cm was taken along horizontal 
directions outside the core except the one side o f core where thermal column is located.
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Along axial directions of the core, water reflector of 30 cm was provided after modeling 
the both non-fuel ends of the fuel elements. Control rods were fully modeled and their 
shadow effect was taken while calculating the excess reactivity o f the core. Structural and 
fuel regions of the standard fuel element simulated in CITATION along horizontal 
direction are shown in Fig. 5. Ten group cross sections and number densities evaluated 
through WIMS/D4 and BORGES were employed in CITATION. Twelve cross section 
sets were made for fuel region of the fuel element, structure region of the fuel element, 
control absorber region, control follower region, control structure region, lead, thermal 
column, graphite elements, water reflector, water gaps, axial non fuel region of the fuel 
plates and end caps of the fuel elements. Analysis was carried out at the beginning of 
equilibrium cycle (BOEC). Reactor core parameters calculated through CITATION 
include excess reactivity, shut down margin, control rod worth, peak power density 
location, criticality position, peaking factors, neutron flux in the fuel elements and 
neutron flux at irradiation sites in the core. Maximum peaking in the core occurs at 
BOEC due to zero Xenon inventory and maximum insertion of control rods for the 
critical reactor. Therefore analysis was carried out for zero Xenon inventory at the 
beginning of equilibrium cycle (BOEC).

2.3 PARET Model
Two channel model was adopted in the code. One consisting of the hottest fuel plate 

and associated flow channel and other being the average fuel plate and flow channel. 
Axial power distribution along the hot spot has been represented by 21 equi-distance 
mesh points having peak-to-average ratio of 1.888, obtained from the neutronic analysis. 
The radial peaking factor of 1.586 was determined by neutronic calculations. To account 
for the uncertainties, an engineering hot channel factor was incorporated using the 
conservative multiplicative method. This factor is the product of three components: (i) a 
factor 1.2 for the coolant temperature rise due to manufacturing tolerances in the coolant 
channel spacing, (ii) a factor of 1.2 for the film temperature rise due to uncertainties in 
the heat transfer coefficient and inhomogeneities in U distribution etc. and (iii) a factor 
of 1.1 for uncertainties in the calculated power distribution. It has been assumed that 
about 90% of the total fission energy is deposited in fuel, about 4% is produced in
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moderator, about 1% is produced in other reactor materials and remaining 5% is carried 
away by neutrinos [22], All the calculations have been carried out with coolant inlet 
temperature of 38°C and inlet pressure of 1.712 bar, which corresponds to the static 
height of water from core top to a point 15 cm below normal level (7.1 m above reactor 
core) of the pool.

2.4 Experimental Procedure for Reactivity Measurements
After assembling o f core # 100, experiments have been performed for reactivity 
measurements of the control system. To determine the reactivity worth of a control rod, 
reactor was made critical with the help of four control rods except the one for which 
reactivity worth was to be found. Then the control rod to be calibrated was withdrawn by 
a certain amount and a positive period was introduced in the reactor. After giving due
allowance for the time in which the period transients die down, the stable reactor period
was carefully measured for the e-fold increase in the power using a stop watch. To 
determine the corresponding reactivity value, stable period value was used in the 
following inhour reactivity equation [23],

p  =  a / t + ] T  P i / ( l + ^ i )  (1)
(=1

Where,
p = System reactivity 
A = Neutron generation time (41 |usec) 
x = Reactor period
|3j = Delayed neutron fraction for ith group 
X\ = Decay constant for ith group of precursors
Reference values [24] of Pi and X\ for the LEU fuel were used. Employing this type of 
repeated measurements, differential worth of the whole control rod was measured. 
Integrated worth of the control rod was obtained by summing the entire differential worth 
steps of that control rod. The total negative reactivity of control system was obtained by 
summing individual integral reactivity worth of all control rods. Critical position of all 
control rods was noted and corresponding reactivity inserted in the core was obtained 
from the curves of integral control rod worth for each control rod. Summation of these
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individual reactivities of control rods for critical reactor gives shut down margin. Excess 
reactivity of the core was obtained by using the following relation [24],

Pcxcess ~  Ptotai — S D M  ( 2 )

Where,

SDM = Shut down margin

ptotai = Total (negative) reactivity worth of the control system
p e x c e s s  ~ Excess reactivity of the fuel
These core parameters are shown in Table 3.

2.5 Experimental Procedure for Neutron Flux Measurement
To measure thermal neutron flux at in-core irradiation sites, gold activation foils were 
lowered inside the water gaps with the help of thin flat perspex stringers of height 70 cm. 
Each perspex stringer contained seven gold foils placed at equal distances along the 60 
cm height of stringer (active fuel meat height is 60 cm). These activation foils were 
irradiated at low power level of 100 Watts to avoid high foil activity. Irradiation time was 
15 minutes at the above mentioned power level. After irradiation in the reactor, gold foils 
were removed from the stringers and were allowed to cool down to obtain reasonably low 

activity before counting at the gamma spectrometric counting system. This system 
consisted of an HPGE detector, PC based multi channel analyzer and associated pulse 
shaping electronics. Irradiated gold foils had different activity values depending upon the 
incident flux. Detector was shielded with a circular lead shield to reduce the background 
gamma count rate. Already measured cadmium ratio was used for the thermal neutron 
flux measurement at irradiation sites. The foil activity was obtained by incorporating the 
detector efficiency using the following relation [25]

Aabs = Cr/r|d (3)
Where,
Aabs= Absolute foil activity (counts/sec)
Cr = Observed count rate (counts/sec)
rjd = Measured detector efficiency (0.00109)
Detector efficiency was measured using point gamma ray source of I52Eu. Energy 
calibration was performed using gamma ray sources (60Co, l37Cs, 241Am).
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Absolute thermal neutron flux was obtained by using the following relation [26]:
in  = pAahsd  -  1/CR) (4)

mZa(l -  e 'wi)e'McWhere,
p = Density of the foil material (gm/cm )
CR ~ Cadmium Ratio 
m = Weight of the foil (gm)
Sa = Macroscopic thermal absorption cross-section (cm*1)
X -  Decay constant (0.00018sec']) 
ti = Irradiation time (15 minutes) 
tc = cooling time
The experimentally measured thermal neutron flux distribution at in-core irradiation sites 
using above mentioned procedure is shown in Fig. 9.

3. Results and Discussion
3.1 Neutronic Analysis

3.1.1 Core Integral Parameters
Reactor core parameters including: excess reactivity, shut down margin, control rod 

worth and reactor criticality calculations have been performed for the proposed core # 
100 of PARR-1. Comparison has been made between calculated and experimental data in 
Table 3. For theoretical calculations, it can be seen that 50% rod out is the criticality 
position of core. Core excess reactivity is sufficient to balance the equilibrium xenon 
worth (3200) and reactivity worth for experimental load/temperature coefficients/fuel 
burn up (2000) of the equilibrium cycle consisting of 40 full power days. Experimental 
values for criticality position and excess reactivity are close to the theoretical predictions. 
However calculated value of the shut-down margin is somewhat higher as compared to 
experimental value. One of the reasons for this discrepancy is limitation of diffusion 
theory near neutron absorbers. Other reason is, that for theoretical analysis, supplied 
inventory of control rod materials from manufacturer was taken but physically control 
rods have been used for more than 40 years. Some of the supplied materials of control 
rods have burned out and some other materials have been developed due to neutron
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irradiation in the reactor. This difference in control rods material inventory places 
theoretical value of shut down margin to be on the higher side. Again poor estimation of 
shut down margin translates into the over estimation of control rod worth.

3.1.2 Power Peaking Factors

Hot spot occurs in control element C-25, which is located at D-5 position in grid 
plate. Local axial peaking factors for the hottest channel at 21 equidistant points are 
shown in Table 4. It can be seen that maximum value is 1.888, that is the axial peaking 
factor of core. Value of radial peaking factor for the core is 1.586. Hence total neutronic 
peaking factor of the core is 2.993.

3.1.3 Flux Distribution in the Core
Fast and thermal neutron flux distribution in different fuel elements is shown in Fig.

6. Neutrons below the energy level of 0.625 eV have been treated as thermal neutrons. 
Due to enhanced thermalization effect of neutrons at in-core irradiation sites, more 
fissions occur in the fuel elements surrounding water gaps. Hence higher values of 
neutron flux are available in the fuel elements around central water gap. Calculated axial 
thermal and fast neutron flux distribution at the irradiation sites of core 100 are shown in 
Fig. 7 and Fig. 8 respectively. This flux profile has been plotted at the critical position of 
control rods. Flux is depressed in the upper portion of core due to presence of control 
rods. Maximum available axial flux profile is at position C-7, which is the central in-core 
irradiation facility. Highest value of calculated thermal flux is about 2.01xl014 
neutrons/cm -sec in the fourth plane from top of the core in central water gap position. 
Comparison of experimental and calculated thermal neutron flux at the in core irradiation 
sites can be seen in Fig. 9. Maximum value of measured thermal flux at C-7 comes out to 
be 1.88x1014 neutrons/cm2-sec; therefore calculated thermal flux value is higher than the 
experimental value. Thermal cut off energy for experimental flux is cadmium cut off i.e.
0.41 eV. Due to non-availability of cadmium cut off in the selected ten energy group 
structure (Table 2) for theoretical calculations, thermal cut off energy for theoretical flux 
has been taken to be 0.625 eV. This difference in thermal cut off energy places the 
experimental flux profile on lower side as compared to theoretical flux profile. Effect of
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the difference in energy boundaries in experimental and calculated data is found to be 
4.2%. Furthermore it can be seen from Fig. 9 that peak value of the experimental flux is 
slightly shifted towards the top o f the core. This is due to the criticality position of 
control rods, which is somewhat higher experimentally (Table 3) as compared to the 
theoretically calculated value.

3.2 Thermal Hydraulic Analysis

Results of steady-state thermal hydraulic analysis are presented in Table 5. The 
values computed are rather conservative since in order to incorporate the uncertainties, 
the multiplicative method was used. This method is somewhat unrealistic since it 
assumes that all the worst conditions occur simultaneously at the same point. On the 
other hand, use of statistical method shows that reactor could be operated at much higher 
power levels with the probability of ONB in 1.4 cases per 1000. The statistical method 
recognizes that all of the worst conditions do not occur at the same time and same 
location. Since not much information is available about the use of statistical method, 
therefore, the conservative approach of multiplicative method was adopted. Based on this 
approach, maximum operating power of 12.6 MW, corresponding to maximum flow rate 
of 950 m3/h has been assessed using the criterion that when the operating power level 
goes to 115% and coolant flow reduces to 90% of their normal values, the nucleate 
boiling should not commence.

The maximum clad surface temperature at the steady-state power level will be
104.2 °C, which is about 21 °C below the onset of nucleate boiling (ONB). This gives a 
safety margin of 1.3 against ONB. The peak clad temperature is about 44 cm from top of 
the fuel plate. Due to small meat thickness and good thermal conductivity of the fuel, 
plate peak temperatures at the center line of the meat are only about 2.5 °C higher than 
the respective peak clad temperatures. The coolant velocity in the inner standard channel 
is calculated to be 2.43 m/s. The critical velocity at which hydraulic vibrations can result 
in deflection of fuel plates, causing local overheating and possibility of a complete 
blockage o f the coolant channel has been calculated to be 10.5 m/s. This is well above the 
coolant velocity thus provides higher safety margin against the critical velocities.
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Flow oscillations are undesirable for various reasons. They may cause undesirable 
mechanical vibration of components. They may cause system control problems. Also, 
these oscillations may cause changes on heat transfer characteristics. Peak heat flux at 
OFI calculated by Forgan correlation is slightly lower and is considered conservative. 
This gives a safety margin of 1.6. Critical heat flux computed by using Mirshak 
correlation is conservative, which gives the safety margin of 3.0.

It is summarized that steady-state results for core No. 100 show that the core has 
almost the same safety margins against ONB, OFI and DNB, as was the first equilibrium 
core (core # 94). There are some minor variations in the results, which are discussed 
below:

Maximum clad surface temperature will increase by 1.72 °C. This is due to two 
factors: (i) slightly increased total neutronic peaking (2.994 for core #100 as compared to 
2.903 for core #94); (ii) slightly reduced velocity (2.43 m/s for core #100 as compared to 
2.46 m/s for core #94). The velocity reduction is due to the presence of a 5cm bottom 
hole in a water box reserved for Moly target plates. Results show that AT across the core 
will slightly increase by 0.11 °C (from 8.55 °C to 8.66 °C due to slightly reduced coolant 
velocity).

4. Conclusion
Core # 100 was proposed at the end of cycle of core # 99. To evaluate the feasibility 

of proposed core, complete steady state neutronic and thermal hydraulic analysis of the 
core was carried out before installation of the core. From neutronic analysis it was 
assured that the core has sufficient excess reactivity, shut down margin and desirable 
neutron flux levels at irradiation sites. From thermal hydraulic analysis, it was concluded 
that core # 100 can be operated at steady state power level of 10 MW and core will have 
sufficient safety margins against onset of nucleate boiling, onset of flow instability and 
departure from nucleate boiling. After installation of the core, low power tests were 
carried out. These tests provided confidence for operation of the core at designed power 
of 10 MW. Since installation of the core # 100 in April 2010, it is operating smoothly and 
safely.
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Table 1: Burnup Data in terms of Grams of 235U Consumed at Five Axial Planes of

Core 100 at BOEC

Sr. No. Element Location
B urnup in five regions ( grams) 

(from top to bottom)
Total
B urnup
(grams)

Burnup
( % )

1 2 3 4 5
1 S-67 C-6 13.96 21.5 28.21 30.19 23.4 117.26 40.49
2 S-68 D-8 13.83 21.54 27.55 28.29 22.19 113.4 39.12
3 S-70 B-7 14.18 21.4 29.6 31.03 23.96 120.17 41.42
4 S-83 B-9 11.73 18.92 25.65 27.2 22.13 105.63 36.41
5 S-85 D-7 14.89 22.33 28.13 28.79 22.41 116.56 40.19
6 S-86 D-6 14.01 21.39 27.34 27.48 21.11 111.33 38.41
7 S-87 C-9 14.51 22.3 26.82 27.71 21.22 112.57 38.8
8 S-88 A-7 13.9 22.18 27.2 26.82 21.85 111.96 38.59
9 S-89 C-8 15.86 23.51 29.2 29.38 22,38 120.33 41.47

10 S-90 E-6 14.09 21.01 27.23 27.74 20.6 110.67 38.14
11 S-91 F-6 13.82 20 25.39 25.72 19.62 104.55 36.05
12 S-92 0 1 12.84 19.72 24.33 25.28 19.54 101.7 35.02
13 S-93 A-6 9.73 15.99 20.45 21.77 17.23 85.17 29.34
14 S-94 F-7 11.48 16.48 20.89 21.07 16.04 85.96 29.62
15 S-95 E-8 13.42 19.19 24.3 24.49 18.72 100.12 34.48
16 S-96 A-9 7.39 11 15.25 16.93 12.49 63.05 21.72
17 S-97 A-8 7.34 10.71 14.26 15.03 12.1 59.44 20.49
18 S-98 B-5 10.36 14.4 18.67 21.37 15.75 80.54 27.75
19 S-99 E-9 7.89 11.61 15.34 16.3 11.86 63 21.72
20 S-100 F-8 6.66 9.58 12.62 14.63 10.46 53.95 18.6
21 S-101 E-5 6.66 10.66 13.33 15.95 11.04 57.64 19.87
22 S-102 F-9 6.67 10.62 13.79 14.55 10.68 56.3 19.41
23 S-103 A-5 1.71 2.79 3.62 3.85 2.67 14.64 5.04
24 S-104 F-5 2.13 3.67 4.66 5.18 4.2 19.85 6.84
25 S-105 F-4 1.59 2.67 3.5 3.85 3.03 14.63 5.04
26 S-106 E~4 0 0 0 0 0 0 0
27 S-107 D-4 0 0 0 0 0 0 0
28 S-108 B-4 0 0 0 0 0 0 0
29 S-109 A-4 0 0 0 0 0 0 0
30 C-23 D-9 3.48 2.3 3.64 4.19 2.67 16.27 9.92
31 C-24 E-7 3.21 4.96 7.28 7.85 5.83 29.13 17.76
32 C-25 D-5 2.7 4.43 6.67 7.06 5.07 25.93 15.8
33 C-26 B-6 3.14 4.87 6.84 8.12 6.16 29.12 17.74
34 C-27 B-8 1.24 2.21 3.13 2.19 2.64 11.41 6.95
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Table 2: Ten Energy Group Structure Used in WIMS/D4 for Generation of Cross-

sections

Group No. Energy Boundaries (eV) Group No. Energy Boundaries (eV)
1 10 x 106 to 0.821 x 106 6 1.15 to 0.972
2 0.821 x I06 to 0.3025 x 106 7 0.972 to 0.625
3 0.3025 x 106 to 0.183 x 106 8 0.625 to 0.14
4 0.183 x 106 to 367.262 9 0.14 to 0.05
5 367.262 to 1.15 10 <0.05

Table 3: Characteristics of PARR-1 Core Loading # 100

Param eter Criticality Position 

(Rod % out)
Excess 

Reactivity (pcm)
Shut Down 

Margin (pcm)
Control Rod 
Worth (pcm)

Calculated 50.0 5264 -5768 -11032

Experim ental 52.2 5110 -5000 -10110

% Error 4.2 3.0 15.4 9.1
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Table 4: Axial Peaking Factor from Top to Bottom of the Core along Hot Spot

M e sh # M esh  H e igh t (cm)
A x ia l p ea k in g  

fa c to r

1 2.857 0.221

2 2.857 0.245

3 2.857 0.292

4 2.857 0.342

5 2.857 0.379

6 2.857 0.423

7 2.857 0.465

8 2.857 0.507

9 2.857 0.525

10 2.857 0.570

11 2.857 0.698

12 2.857 1.574

13 2.857 1.831

14 2.857 1.888

15 2.857 1.885

16 2.857 1.831

17 2.857 1.730

18 2.857 1.648

19 2.857 1.467

20 2.857 1.282

21 2.857 1.199
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Table 5: Thermal Hydraulic Analysis of the Equilibrium Core Loading # 100
Parameter Value
Operating power (MW) 10
Overpower trip (MW) 11.5
Coo lant velocity (mis) 2.43
Pow er peaking factors:
- Axia l 1.888
- Radia l 1.586
- Engineering 1.584
- Total 4.743
P ressure at core top (kPa) 171
P ressure at the end of active region (kPa) 161
T sat at the end of active region (°C) 113.5

Steady-state tem peratures ( ° C ) :
- Coo lant temperature rise across:
. Average channel 9.61
. Hot channel 24.1
. Core 8.66

- Peak clad surface temperature 104.19
- Peak centerline temperature 106.68
- P eak  Coo lan t temperature 61.89
Average heat flux (W!cmz) 18.1
Peak  heat flux (W/cm*) 85.8
O nset of nucleate boiling (ONB):
- Average Heat Flux( Wicrrf) (Total Power, MW) at O N B 24.80(13.7)
- Peak heat flux (Wtcm2) 117.61
- Location of O N B  from top (cm) 44.3
Peak tem peratures (°C):
- Fuel centerline 129.4
- C lad surface 126.0
- Coo lant exit 71.0

O nset of F low  Instability (OFI):
- Peak  heat flux (1A/!cm*)\
. Forqan 140
. C E A 169

Departure from Nucleate Boiling (DNB):
- Critica l heat flux ( lA ta / ) :
. Labunstov 321
. M irshak 255

Safety margins:
- Margin to O N B 1.37
- Margin to OF!:
. Forgan 1.6
. C E A 2.0

- Margin to DNB:
. Labuntsov 3.7
. M irshak 3.0
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F E D C B A
1

FC-B WB-1 GR FC-A GR WB-2 2

WB-3 GR WB-4 GR GR GR 3

S-105 S-86 S-101 WB-5 S-104 S-103 4

S-94 S-95 C-25 S-92 S-98 S-97 5

S-91 S-90 S-67 S-66 C-26 S-93 6

S-85 C-24 S-78 WB-6 S-82 S-88 7

S-100 S-89 S-74 S-84 C-27 S-87 8

S-102 S-99 C-23 S-68 S-83 S-96 9

Thermal Column

s-xx Standard Fuel Elementc-xx - Control Fuel Element
FC-X = Fission Chamber
GR = Graphite Reflector
WB-X = Water Box

Fig. 1: Core Configuration of the PARR-1 Core Loading No. 99
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F E D C B A

FC-B WB-1 GR FC-A GR WB-2

WB-3 GR WB-4 GR GR GR

S-105 S-106 S-107
WB-5

S-108 S-109

5 0 0 0 0

S-104 S-101 C-25 S-92 S-98 S-103

7 20 16 35 28 5

S-91 S-90 S-86 S-67 C-26 S-93

36 38 38 40 18 29

S-94 C-24 S-85
WB-6

S-70 S-88

29 18 40 41 39

S-100 S-95 S-68 S-89 C-27 S-97

18 34 39 41 7 20

S-102 S-99 C-23 S-87 S-83 S-96

19 22 10 39 36 22

Thermal Column

S-XX = Standard Fuel Element
C - XX -  Control Fuel Element
FC-X = Fission Chamber
GR = Graphite Reflector
WB-X = Water Box
xx = Percentage Burnup (%U-235 Depletion).

Fig. 2: Core Configuration with Burnup Status of the PARR-1 Core 

Loading No. 100 at BOEC

19



±0  18

Fig. 3: Top View of the Standard Fuel Element of PARR-1 (All dimensions in mm)

......... - • .... k

-----

-----^

Fuel ..Clad Moderator Extra
Region Regibn Region Region

(AJ) .....(H20) '(H^Q+Al)

D. 17609cm

0.1685cm

0.0635cm 
0.0255cm

Fig. 4: Half Unit Cell Model Employed in WIMSD/4 for Fuel Meat of PARR-1
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h -* t----------------6 . 2 7 5 ---------- --------H * -H
. 7  1 8  . 7 1 8

Rs = Structure region of the standard fuel element
Rf = Fuel region of the standard fuel element

Fig. 5: Different Regions of PARR-1 Standard Fuel Element in

CITATION Modeling
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F E D C B A

FC -B WB-1 G R F C -A G R W B-2

W B-3 G R W B-4 G R G R G R

S-105 S-106 S-107 W B-5 S-108 S-109

10.414 14.329 14.244 11.037 13.070 10.105

3.262 3.756 4.560 12.460 3.985 2.997

S-104 S-101 C-2 5 S-92 S-98 S-103

13.656 17.956 17.883 17.453 16.200 12.232

3.843 4.657 5.446 5.851 4.458 3.420

S-91 S-90 S-86 S-67 C-26 S-93

13.755 18.469 19.739 18.219 15.450 11.788

4.580 5.358 5.983 6.491 4.932 3.851

S-94 C-24 S-85 W B-6 S-70 S-88

12.707 16.520 18.171 14.361 14.392 10.835

4.185 5.074 6.357 15.266 5.173 3.721

S-100 S-95 S-68 S-89 C-27 S-97

11.356 15.051 15.965 14.538 12.296 9.344

3.450 4.258 4.892 5.354 3.824 2.932

S-102 S-99 C-23 S-87 S-83 S-96

8.328 11.067 11.059 11.082 9.669 6.970

2.840 3.380 3.934 3.826 3.226 2.455

Thermal Column

Fig. 6: Fast (upper value) and Thermal (lower value) Average

Fluxes (1013 neutrons/cm2/sec) in Different Fuel Elements of 

PARR-1 Core Loading No. 100 at BOEC
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Axial distance from top of the core (cm)

Fig. 7: Calculated Axial Thermal Neutron Flux Distribution at Irradiation Sites

Axial distance from top of the core (cm)

Fig. 8: Calculated Axial Fast Neutron Flux Distribution at Irradiation Sites
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Fig. 9: Comparison of Experimental and Calculated Thermal Neutron Flux at In-Core

Irradiation Sites
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