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ABSTRACT  

 In order to fulfil the requirements of the RERTR (Reduced Enrichment for Research 
and Test Reactors) Programme, the Greek Research Reactor (GRR-1), temporarily shutdown 
for refurbishment works, is planned to re-operate with a core containing exclusively Low 
Enrichment Uranium (LEU, less than 20% in U-235) fuel. In this respect, a new conceptual 
LEU core, using the already existing fresh and irradiated fuel assemblies was proposed, in 
collaboration between KAERI and NCSR Demokritos. A complete set of neutronic 
calculations was carried out by KAERI, using the Monte Carlo code MCNP. Cross checking 
core calculations were performed independently at NCSR “Demokritos” with different model 
types and/or combinations, for several key safety parameters of reactor operation. The 
neutronic analysis showed that the proposed LEU core’s safety parameters are in compliance 
with the Limiting Conditions for Operation (OLCs) appearing in the Safety Analysis Report 
(SAR) of GRR-1. In the present work, the proposed reactor core configuration and the results 
of the neutronic calculations are presented.  

1 INTRODUCTION  

 For a five-year long transitional period, GRR-1 operated with a mixed core containing 
both LEU and HEU fuel assemblies. After that period GRR-1 was shutdown for 
refurbishment works, including the installation of a new Primary Cooling System. In the 
frame of the RERTR Programme, GRR-1 is planned to re-operate with a core containing 
exclusively Low Enrichment Uranium (LEU, less than 20% in U-235) fuel. In this respect, a 
new conceptual LEU core, using 21 already irradiated and 6 fresh fuel assemblies was 
proposed, in collaboration between KAERI and NCSR Demokritos.  

 A complete set of neutronic calculations was carried out by KAERI, including power 
and neutron flux distribution at horizontal and vertical planes for the whole conceptual core 
(fuel assemblies and irradiation holes), parameters influencing criticality, reactivity worth of 
control rods, shutdown margin, reactivity coefficients of fuel temperature, coolant 
temperature, void fraction and power and kinetic parameters of delayed neutron fraction and 
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mean neutron generation time. The analysis was made using the Monte Carlo code MCNP [1] 
in combination with HELIOS [2] for the core inventory calculation. 

 Cross checking core calculations were performed independently at NCSR “Demokritos” 
with different model approaches, for several key safety parameters of reactor operation such 
as control rods withdrawal in critical core, core excess reactivity and shut down margin with 
a) all control rods fully plunged and b) with the most reactive rod fully withdrawn. The first 
approach was with MCNP for core analysis and WIMS-ANL [3] for the core inventory 
calculation. The second approach was based on a deterministic code system including 
NITAWL/XSDRN for cell calculations and CITATION for core analysis [4, 5]. Taking into 
account the differences in the utilized methods, the results obtained by the different 
approaches can be considered of a good agreement.  

2 THE PROPOSED LEU CORE 

 For the fuelling of the new LEU core, 21 already irradiated (with average burnup from 
1.5% to 15% approximately) and 6 fresh fuel assemblies were used. The GRR-1 core is 
fuelled with MTR fuel assemblies, standard and special/control. The standard fuel assembly 
contains eighteen aluminium-clad fuel elements (plates), distributed so as to leave equal 
spaces between them for the coolant/moderator (light water) circulation. The special fuel 
assembly consists of ten fuel plates, five at each side, with a central space. If this central space 
hosts a control rod, the fuel assembly is characterized as control.  

 The fuel plate consists of a 0.5 mm thick and 62.3 mm wide fuel meat and a 0.51 mm 
thick aluminum clad. It is held between two aluminum side plates. The fuel meat is made of 
19.75 % enriched U3Si2 dispersed in the aluminum matrix. The control rod has a rectangular 
shape with rounded sides and its thickness is 3.15 mm. Its length is equal to that of the fuel 
assembly. The absorber consists of 82.4 wt% Ag, 10.7 wt% In and 6.9 wt% Cd. It is clad with 
steel of 0.6 mm thickness.  

 
Figure 1. Horizontal cross section of the conceptual GRR-1 core configuration. W: pool 

water; Be: beryllium; CR: control rod; Fr: fresh and Ir: irradiated fuel assembly  

 The conceptual core was configured in a 6×8 rectangular grid using 21 standard and 5 
control fuel assemblies with the corresponding number of control rods. Beryllium was used as 
reflector. Fuel assemblies were arranged so that the distribution of the power produced by the 
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various fuel assemblies and fuel plates is as flat as possible, to minimize the peaking factor. 
The proposed conceptual core is shown in figure 1. 

3 NEUTRONIC ANALYSIS 

A complete set of neutronic calculations was carried out by KAERI, including power 
and neutron flux distribution in the whole core (fuel assemblies and irradiation holes), 
parameters influencing criticality, reactivity worth of control rods, shutdown margin, 
reactivity coefficients of fuel temperature, coolant temperature, void fraction and power and 
kinetic parameters of delayed neutron fraction and mean neutron generation time. The 
calculations were performed for two core conditions, i.e. core with no Xe-135 and core with 
equilibrium Xe-135, considering a reactor operation scheme of 8 hr per day. In this report, 
emphasis is given to the computation of the main safety related parameters.  

3.1. MCNP modelling 

The above analysis was made using the Monte Carlo code MCNP. The proposed core 
was modeled very accurately. The standard and control fuel assemblies with fuel meat and 
cladding were explicitly modeled. Beam tubes, grid plate, lead shield and thermal column of 
the GRR-1 were included in the model. 

3.2. Burnup calculation 

 As mentioned above, the conceptual core was configured using the available fresh and 
burned fuel assemblies. For the core inventory calculation, the table lookup method was used, 
i.e. a table including the burn-up dependent number densities of all the isotopes considered. 
The latter were generated by the HELIOS model; 147 nuclides were considered in the fuel at 
each burn-up step. Since HELIOS considers sufficient nuclides in the burn-up chain and does 
not have any lumped fission products, the MCNP calculation using the table lookup method is 
highly accurate. A 2-dimensional model for the standard fuel assembly of the GRR-1 was 
used in the HELIOS calculation. As the operation data were not available, the number 
densities were calculated at a constant specific power density of 182.8 watt/g-U and were 
used in the MCNP model of the conceptual GRR-1 core. The number densities used in the 
MCNP model of the conceptual core were generated without any decay time. To check the 
decay effect of two years, two cases were compared using the assembly model of the HELIOS 
code. A decay time of two years did not affect the reactivity. 

3.3. Power Distributions  

 The power distributions in the conceptual core were calculated using MCNP F7 tally 
normalized to the core power of 5 MW in the fuel assembly. The fuel plate power was 
explicitly calculated for 10 axial segments to identify the peaking factor in each fuel 
assembly. The power peaking factor is 2.54 for the core with no Xe and 2.55 for the core with 
equilibrium Xe. Figure 2 shows the normalized axial power distribution at the hot channel of 
the standard, control and special assemblies. 
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Figure 2: Normalized axial power distribution at the hot channel of the control and standard 
assemblies for the core with no Xe (a) and equilibrium Xe (b) 

3.4. Reactivity Coefficients 

 The temperature coefficient of the core should be negative for inherent safety. Important 
reactivity coefficients and related temperature defect were calculated for the conceptual core 
configuration. Uniform changes to the normal operating conditions were applied to the whole 
core. The density changes of the structural materials were not considered due to negligible 
impact. Since reactivity change associated with the reactivity coefficient calculations is very 
small, the statistical uncertainty should be very small for reliable coefficients evaluation in 
Monte Carlo calculations. The statistical uncertainty for k-effective is less than 0.01 %Δk/k. 

3.4.1.  Fuel and coolant temperature coefficient  

The cross section data corresponding to the fuel and coolant temperature were prepared 
by NJOY[6]. The fuel temperature coefficient (FTC) was evaluated by changing the fuel 
temperature to 423 K. The reference coolant and fuel temperatures were 296 K. The FTC 
arose by dividing the reactivity change with the fuel temperature change. (Table 1). 

Table 1: Fuel temperature coefficient due to changes of fuel temperature 
Fuel temp (K) Coolant temp (K) k-effective Reactivity 

(1/kref -1/k) 
Reactivity 
coefficient 

296 296 1.00027 0.000E+00  
323 296 0.99951 -7.602E-04 -2.815E-05 
373 296 0.99844 -1.832E-03 -2.380E-05 
423 296 0.99752 -2.756E-03 -2.170E-05 
Average -2.455E-05 

 
Table 2: Coolant temperature coefficient due to changes of coolant temperature 

Temperature (K) k-effective Reactivity 
(1/kref -1/k’) 

Reactivity 
coefficient Fuel Coolant Pool 

373 296 296 0.99844 0.000E+00 - 
373 313 313 0.99713 -1.316E-03 -7.740E-05 
373 323 313 0.99619 -2.262E-03 -8.378E-05 
373 333 313 0.99478 -3.685E-03 -9.959E-05 
Average -8.693E-05 
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The coolant was assumed to be water within the fuel channel. The coolant temperature 
coefficient (CTC) was obtained by increasing the coolant temperature from 296 K to 333 K. 
The reference coolant and fuel temperatures were 296 K and 373 K respectively. The coolant 
density changes associated with the temperature change were also considered. CTC arose by 
dividing the reactivity change with the coolant temperature change. (Table 2). 

3.4.2. Void coefficient 

 The void coefficient was obtained by increasing the void fraction to 20%. The coolant 
temperature was unchanged and only the coolant density was changed considering the void 
fraction. In the case of the void reactivity, the void density was set to zero. The reference 
coolant and fuel temperatures were 313 K and 373 K respectively and the cross section data 
corresponding to the reference temperatures were utilized. The coolant temperature was kept 
at 313 K. The coolant was assumed to be water within the fuel channel (Table 3). 

Table 3: Void coefficient due to changes of void fraction 
Void fraction 
(%) 

Coolant density 
(g/cc) 

k-effective Reactivity 
(1/kref -1/k’) 

Reactivity 
coefficient 

0 0.9923 (40C) 0.99713 0.000E+00 - 
0.5 0.9873 0.99611 -1.027E-03 2.054E-01 
1.0 0.9824 0.99486 -2.288E-03 2.311E-01 
5 0.9427  0.98525 -1.209E-02 2.438E-01 
10 0.8931 0.97232 -2.559E-02 2.580E-01 
20 0.7938 0.94285 -5.774E-02 2.909E-01 
Average 2.458E-01 

3.4.3. Power coefficient  

The power defect was calculated for power change from 100% full power to cold zero 
power at 296 K. The coolant and fuel temperatures at cold zero were 296 K. The coolant and 
fuel temperatures at 100% full power were 313 K and 373 K respectively. The power defect 
from zero to full power (5 MW) is - 3.078E-03. The power coefficient is -6.156E-04/MW. 

3.5. Rod Worths and Shutdown Margin 

 The reactivity worths of individual and total control rods were calculated for the core 
with no Xe and equilibrium Xe. The reactivity worth for beam tube flooding was also 
calculated. The statistical standard deviation in k-eff calculation was generally about 0.00025.  

3.5.1.  Shim-safety control rods and shutdown margin 

 The GRR-1 has five shim-safety rods to control the reactor and shut it down safely. All 
the control rods (CR) move up and down at the same time. The critical control rod positions 
for the conceptual core were calculated as follows: 

- core with no Xe: -30 mm from the core mid-plane (keff=0.99996) 

- core with equilibrium Xe: +70 mm from the core mid-plane (keff=1.00004) 



  
307.6 

 

 
 

 The reactivity worth of each CR was calculated by fully inserting and withdrawing the 
CR while all the other CRs were plunged at the critical position (-30 mm above the core mid-
plane (30 mm and 70 mm above the core mid-plane, for no Xe and equilibrium Xe 
respectively). The total reactivity worth of all CRs was calculated from the reactivity 
difference for the conditions of the CRs fully inserted and withdrawn. The differential 
reactivity worth of all CRs was obtained by moving them 50 mm each from full insertion to 
ful withdrawal. The reactivity worths of shim-safety rods are summarized in Tables 4 and 5. 
Figure 3 shows the differential and integral reactivity worth curves of total CRs for the cores 
with no Xe and equilibrium Xe. 

Table 4: Reactivity worth of each CR and total CRs for the core with no Xe 
Control rod Full in Full out Reactivity worth (%Δk/k) 

(1/ keff
in – 1/ keff

out)x100 keff
in keff

out 
#1 (B3) 0.98819 1.01110 2.29 
#2 (C4) 0.98381 1.01360 2.99 
#3 (B5) 0.99285 1.00626 1.34 
#4 (E3) 0.98508 1.01468 2.96 
#5 (E5) 0.98875 1.01071 2.20 
#1, #2, #3, #4, #5 0.94132 1.06162 12.04 

Table 5: Reactivity worth of each CR and total CRs rods for the core with equilibrium Xe 
Control rod Full in Full out Reactivity worth (%Δk/k) 

(1/ keff
in – 1/ keff

out)x100 keff
in keff

out 
#1 (B3) 0.98402 1.00527 2.15 
#2 (C4) 0.97766 1.00728 3.01 
#3 (B5) 0.99015 1.00336 1.33 
#4 (E3) 0.98105 1.00667 2.59 
#5 (E5) 0.98466 1.00535 2.09 
#1, #2, #3, #4, #5 0.91618 1.03071 12.13 
 

  
a b 

Figure 3: differential and integral reactivity worth of CRs; core with no Xe (a) and 
equilibrium Xe (b) 

 

Table 6: k-effective and reactivity worth (%Δk/k) for core with no Xe and equilibrium 
Xe 

Shim-safety rod No Xe Equilibrium Xe 
keff Reactivity  keff Reactivity 

All rods fully inserted (A-R-F-I) 0.94132 -6.23 0.91618 -9.15 
(A-R-F-I) but #2 fully withdrawn 0.97224 -2.86 0.94513 -5.81 
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 The Limiting Conditions for Operation (OLC) in the GRR-1 Safety Analysis Report 
(SAR) require two types of shutdown margin, i.e. with all CRs fully inserted and with the 
most reactive shim-safety rod withdrawn. These shutdown margins are found as shown in 
Table 6, satisfying the limits of 3.5 %Δk/k and 0.7 %Δk/k specified in the SAR. 

3.5.2.  Xe-135  

The static reactivity worth of Xe-135 was calculated using MCNP. The critical position 
of CRs for the core with no Xe is 30 mm above the core mid-plane. The Xe-135 worth was 
obtained as the reactivity difference between the core with no Xe and equilibrium Xe at the 
above CRs position. The results are shown in Table 7. 

Table 7: k-effective for the cores with no Xe and eq Xe 
Shim-safety rod No Xe Equilibrium Xe Reactivity worth of Xe-135 

(%Δk/k) 
All rods 30 mm above core 
mid-plane 

0.99996 0.97214 2.86 

3.5.3.  Beam tube flooding 

 GRR-1 has six beam tubes. In the conceptual core, three beam tubes are filled with air 
while the other three are filled with water. The reactivity worth for the flooding of water into 
the beam tube was calculated by replacing air inside the beam tubes with water and is given in 
Table 8. As can be seen, even with beam tube flooding the reactor can be safely shutdown. 

Table 8: k-effective and reactivity worth (%Δk/k) for beam tube flooding 
Beam tubes NoXe Equilibrium Xe 

k-effective Reactivity  k-effective Reactivity  
#3, #4, #6 filled with air and the 
remaining with water 

0.99996  1.00004  

All beam tubes filled with water 1.00215 0.22 1.00217 0.21 
All beam tubes filled with air 0.99216 -0.79 0.99239 -0.77 

4. CROSS CHECKING CALCULATIONS 

 Cross checking core calculations were performed independently at NCSR “Demokritos” 
with different model types and/or combinations, for several key safety parameters of reactor 
operation as shown in Table 9. The first cross-checking model combination was between 
MCNP, for core analysis and WIMS-ANL code, for the core inventory derivation, taking into 
account the different 235U burn-up of each fuel assembly. The second model combination was 
based on a deterministic code system including NITAWL/XSDRN for cell calculations and 
CITATION for core analysis. In the deterministic approach, the core inventory was 
determined by performing burn up calculations of each irradiated fuel assembly until the 
tabulated U-235 depletion was obtained, starting from a fresh state and taking into account the 
fuel assembly’s average history in a typical configuration of the pre-existing reactor core. The 
results obtained by the two cross-checking approaches are compared in Table 9 with the ones 
obtained by the reference calculations (MCNP + HELIOS) as well as with the SAR OLCs. 
Taking into account the differences in the utilized methods, the results obtained by the 
different approaches can be considered of a good agreement.  
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Table 9: Calculated OLCs (% Δk/k) by three approaches, as compared with SAR values 

Specifications SAR OLC s 
 

MCNP 
+ HELIOS 

MCNP 
+ WIMS-ANL 

NITAWL/ 
XSDRN 
+ CITATION 

core excess reactivity 6.5 
maximum 6.2 6.2 6.25 

shut down margin 
(rods fully inserted) 

-3.5 
maximum -6.2 -6.0 -5.79 

shut down margin 
(most reactive rod 
fully withdrawn) 

-0.7 
maximum -2.9 -3.0 -2.14 

5. CONCLUSIONS  

 To fulfil the requirements of the RERTR Programme, a new conceptual LEU core for 
GRR-1 was proposed, in collaboration between KAERI and NCSR Demokritos. The new core 
will contain exclusively LEU, less than 20% in U-235 fuel and it will use the already existing 
fresh and irradiated fuel assemblies. A complete set of neutronic calculations was carried out 
by KAERI, using the Monte Carlo code MCNP and showed that the new GRR-1 core can 
safely operate. Cross checking core calculations were performed independently at NCSR 
“Demokritos” for several key safety parameters, with different model approaches. Taking into 
account the differences in the utilized methods, the results obtained are considered of a good 
agreement. More importantly, the neutronic analysis showed that the proposed LEU core’s 
safety parameters are in compliance with the Limiting Conditions for Operation (OLCs) 
appearing in the Safety Analysis Report (SAR) of GRR-1. 
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