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Abstract 

The six-barrel Multiple-Capsule Water Cooled Rods (MCR6) in the NRU reactor have been 
used to produce isotopes such as 1-131 and Ir-192. This paper describes the modeling of the 
MCR6 rods and the simulation method used to predict the neutron fluxes. The sensitivity of 
various radioisotope loadings of MCR6 rods upon flux and power perturbations of 
neighbouring rods is investigated. This paper also presents the results of thermal neutron flux 
measurements in one of the MCR6 rods from gold wire detectors using the neutron activation 
technique. The measured fluxes match very well with the simulated fluxes, within + 2%. 

1. Introduction 

The Nuclear Research Universal (NRU) reactor at the Chalk River Laboratories is a heavy-
water cooled and moderated research reactor, with on-line refuelling capability. It is mainly 
used to produce neutrons for fundamental research, for radioisotope production, and for 
reactor material and fuel bundle testing. It has a design peak thermal flux of 4.0 x 1014 n.cm-
2
.S

-1
, and it is licensed to operate at a maximum power of 135 MW [1]. The hexagonal lattice 

pitch between adjacent rod assemblies is 19.685 cm. 

The two six-barrel Multi-Capsule Water Cooled Rods (MCR6) in the NRU reactor have been 
used to produce radioisotopes such as 1-131 and Ir-192. The MCR6 rods were modeled using 
the computer codes WIMS-AECL (the Winfrith Improved Multi-group Scheme) [2] and 
TRIAD3 (TRIAngular-Discontinuity-factor-3-dimensional) [3]. The effect of the various 
loadings of the radioisotopes in MCR6 rods on the calculation results has been assessed. 
Also, to support ACR-1000 fuel development and design [4], non-fissionable Zirconia 
Burnable Neutron Absorber (Zr-BNA) material samples were irradiated in an MCR6 rod in 
the NRU reactor. The thermal neutron fluxes in the Zr-Yttria material samples were 
measured, which were used in comparing with the simulations. 

The purpose of this work is to test the simulation results from WIMS-AECL and TRIAD3 
against measurement data of the MCR6 rod. This paper describes the modeling of the MCR6 
rods, and presents simulation results for the MCR6 rods with various radioisotope loadings. It 
also presents the results of the thermal neutron flux measurements from gold wire detectors, 
and the comparisons between measured and simulated results. 

2. Modeling of the MCR6 rod 

The NRU reactor consists of different types of rods, such as driver fuel rods, fast-neutron 
rods, MCR6 rods, Mo-99 production rods, loop fuel strings for bundle testing, absorber rods 
and control rods. Each of these rods was modeled as 18 axially stacked hexagonal cells, each 
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of which has uniform neutronic properties. The detailed flux shape and neutron spectrum 
within each cell are determined by the WIMS-AECL code. The version of WIMS-AECL used 
in this study is version 2-5d coupled with nuclear data library ENDF/B-V. The uniform 
neutronic properties for each cell, represented by homogenized cell parameters in two energy 
groups, are then calculated by weighting (by flux and volume) the region material properties 
calciiistm from WIMS-AECL. The homogeneous cell parameters for the hexagonal cells of 
each rod in the NRU reactor are inputs to the reactor simulation code, TRIAD3 [4], which is 
used to calculate the flux and power distributions in the NRU core. 

2.1 WIMS-AECL models for an MCR6 rod 

Figure 1 shows an MCR6 rod assembly, which consists of a cluster of six flow tubes. Each 
flow tube houses a stringer containing radioisotope capsules. The MCR6 rod is divided into 
four axial sections: top section, capsule section, spacer section, and bottom section. The top 
section consists of six aluminum flow tubes, inside which aluminum stringer tubes are filled 
with D20. In the capsule and spacer section, aluminum capsules of about 8 cm long each are 
stacked on one another in the middle of each stringer with spacers on both the top and the 
bottom. The number of the capsules varies from about 6 to 20 per stringer depending on the 
required loading. Radioisotope samples are put in the capsules in the forms of slugs or pellets. 
The bottom section is an aluminum rod with six evenly distributed holes filled with D20. 
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Figure 1 Modeling of Six-barrel Multi-Capsule Water-Cooled Rod 
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Each of the cells in the WIMS-AECL model contains a central cell-of-interest representing an 
actual MCR6 lattice cell in the NRU reactor core. The central cell-of-interest is surrounded by 
a super-cell representing its surrounding environment of neighbouring NRU driver fuel rods, 
up to two pitches away. The super-cell consists of two fuel rings and an outer boron ring. The 
fuel rings are modeled as D20 and U235. The boron ring is modeled as D20 and 13-10. The 
concentration of boron is adjusted to bring the k-effective of the cell close to 1.0 at each 
bumup step. D20 fills the space between the three super-cell rings. Figure 2 presents a 
WIMS-AECL super-cell model for the capsule section of an MCR6 rod. 

The homogenized cell parameters for the cells that represent each section of an MCR6 rod 
were calculated from the WIMS-AECL code. WIMS-AECL is a two-dimensional multi-
group neutron transport code used for reactor lattice neutronic calculations, using the 
collision-probability method. The main transport calculations were performed using 1 
energy groups, but later the cell parameters were collapsed into 2 energy groups. Examples of 
the cell parameters of an MCR6 rod are diffusion coefficients and various cross sections, such 
as absorption and removal. 
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Figure 2 WIMS-AECL super-cell model of the capsule section of an MCR6 rod 
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1131) in three of the six stringers and Jr (Irradiation of Iridium produces Ir192) in the other three 
stringers. An MCR6 rod loaded with a proposed large loading of Jr (44.0 g per stringer) in the 
middle 150 cm of all of the six stringers (case2) was also modeled. Case 3 was an MCR6 rod 
with a proposed large Jr loading spread over 300 cm in each of the six stringers. The fourth 
case was similar to the reference case, except with Zr-Yttria material samples in one of the six 
stringers. The thermal neutron flux measurement was made in the MCR6 rod with this 
loading. 

Table 1 Various loadings of an MCR rod 

Stringers 1 2 3 4 5 6 

Typical 
Loading 

(case 1 
as reference) 

Isotopes TeO2 Ir TeO2 Ir TeO2 Ir 
Average 

g/stringer 1098.3 33.6 1098.3 33.6 1098.3 33.6 

Average over 
150 cm (g/cm) 73 0.2 7.3 0.2 7.3 0.2 

Proposed 
Large 

Loading 
Over 

150 cm 
(case 2) 

Isotopes Ir Ir Ir Ir Ir Ir 
Average 

g/stringer 44.0 44.0 44.0 44.0 44.0 44.0 

Average over 
150 cm (g/cm) 03 0.3 0.3 0.3 0.3 0.3 

Proposed 
Large 

Loading 
Over 

300 cm 
(case 3) 

Isotopes Ir Ir Ir Ir Ir Ir 
Average 

g/stringer 44.0 44.0 44.0 44.0 44.0 44.0 

Average over 
300 cm (g/cm) 0.1 0.1 0.1 0.1 0.1 0.1 

Loading 
With 
Zr- 

Yttria

Samples 
(case 4) 

Isotopes ZrO2 Ir TeO2 Ir TeO2 Ir 

Average 
g/stringer 72.0 33.6 1098.3 33.6 1098.3 33.6 

Average over 
150 cm (g/cm) 2.9 0.2 7.3 0.2 7.3 0.2 

2.2 TRIAD3 model for the MCR6 rod 

TRIAD3 is a three-dimensional diffusion code used to calculate steady-state neutron flux and 
power distributions for the NRU reactor. In TRIAD3, an MCR6 rod is modeled in 18 axial 
sections (Sections 1 to 18, from top to bottom), each of which is represented by a WIMS-
AECL lattice cell with the cell parameters generated from WIMS-AECL calculations. The 18 
axial cell types for MCR6 rods with different sample loadings used in this study are listed in 
Table 2. The first section of each rod is the top section cell. Sections 2 to 5 and 14 to 17 are 
spacer section cells. The middle sections (6 to 13) are capsule section cells, and Section 18 is 
the bottom section cell. 

Page 4 of 12 

 

I131) in three of the six stringers and Ir (Irradiation of Iridium produces Ir192) in the other three 
stringers. An MCR6 rod loaded with a proposed large loading of Ir (44.0 g per stringer) in the 
middle 150 cm of all of the six stringers (case2) was also modeled.  Case 3 was an MCR6 rod 
with a proposed large Ir loading spread over 300 cm in each of the six stringers.  The fourth 
case was similar to the reference case, except with Zr-Yttria material samples in one of the six 
stringers.  The thermal neutron flux measurement was made in the MCR6 rod with this 
loading. 

Table 1 Various loadings of an MCR rod 

 Stringers 1 
 

2 3 4 5 6 

Isotopes TeO2 Ir TeO2 Ir TeO2 Ir 
Average 

g/stringer 
 

1098.3 
 

33.6 
 

1098.3 
 

33.6 
 

1098.3 
 

33.6 

 
Typical 
Loading 

(case 1 
as reference) 

Average over 
150 cm (g/cm) 

 
7.3 

 
0.2 

 
7.3 

 
0.2 

 
7.3 

 
0.2 

Isotopes Ir Ir Ir Ir Ir Ir 
Average 

g/stringer 
 

44.0 
 

44.0 
 

44.0 
 

44.0 
 

44.0 
 

44.0 

Proposed 
Large 

Loading 
Over  

150 cm 
(case 2) 

Average over 
150 cm (g/cm) 

 
0.3 

 
0.3 

 
0.3 

 
0.3 

 
0.3 

 
0.3 

Isotopes Ir Ir Ir Ir Ir Ir 
Average 

g/stringer 
 

44.0 
 

44.0 
 

44.0 
 

44.0 
 

44.0 
 

44.0 

Proposed 
Large 

Loading 
Over 

300 cm 
(case 3) 

Average over 
300 cm (g/cm) 

 
0.1 

 
0.1 

 
0.1 

 
0.1 

 
0.1 

 
0.1 

Isotopes ZrO2 
 

Ir TeO2 Ir TeO2 Ir 

Average 
g/stringer 

 
72.0 

 
33.6 

 
1098.3 

 
33.6 

 
1098.3 

 
33.6 

Loading 
With 
Zr-

Yttria 
Samples 

(case 4) 
Average over 
150 cm (g/cm) 

 
2.9 

 
0.2 

 
7.3 

 
0.2 

 
7.3 

 
0.2 

 

2.2 TRIAD3 model for the MCR6 rod 

TRIAD3 is a three-dimensional diffusion code used to calculate steady-state neutron flux and 
power distributions for the NRU reactor.  In TRIAD3, an MCR6 rod is modeled in 18 axial 
sections (Sections 1 to 18, from top to bottom), each of which is represented by a WIMS-
AECL lattice cell with the cell parameters generated from WIMS-AECL calculations.  The 18 
axial cell types for MCR6 rods with different sample loadings used in this study are listed in 
Table 2. The first section of each rod is the top section cell. Sections 2 to 5 and 14 to 17 are 
spacer section cells. The middle sections (6 to 13) are capsule section cells, and Section 18 is 
the bottom section cell. 

30th Annual Conference of the Canadian Nuclear Society
33rd CNS/CNA Student Conference

2009 May 31 - June 3
TELUS Convention Centre, Calgary, Alberta

Page 4 of 12



30th Annual Conference of the Canadian Nuclear Society 
33rd CNS/CNA Student Conference 

2009 May 31 - June 3 
TELUS Convention Centre, Calgary, Alberta 

Table 2 WIMS-AECL cell types in each axial section of the MCR6 rods 

Axial 
Section 

No. 

Axial Position 
Relative to the 

Centre of 
Reactor 

(cm) 

Cell Type of 
an MCR6 

with 
Typical 
Loading 

Cell Type of an 
MCR6 with 

Large 
Loading over 

150 cm 

Cell Type of An 
MCR6 with 

Large Loading 
over 300 cm 

Cell Type of 
an MCR6 

with Zr-Yttria 
Samples 

1 150.0 to 175.0 mcr6 an mcr6 an mcr6 an mcr6 an 

2 137.2 to150. mcr6 cn mcr6 cn mcr611bn mcr6 cn 

3 125.0 to137.2 mcr6 cn mcr6 cn mcr611bn mcr6 cn 

4 100.0 to 125.0 mcr6 cn mcr6 cn mcr611bn mcr6 cn 

5 75.0 to100.0 mcr6 cn mcr6 cn mcr611bn mcr6 cn 

6 50.0 to 75.0 mcr6 jbn mcr6 lbn mcr611bn mcr6 Obn 

7 38.0 to 50.0 mcr6 jbn mcr6 lbn mcr611bn mcr6 Obn 

8 25.0 to 38.0 mcr6jbn mcr6 lbn mcr611bn mcr6 Obn 

9 0 to 25.0 mcr6 jbn mcr6 lbn mcr611bn mcr6 zbn*

10 -25.0 to 0 mcr6 jbn mcr6 lbn mcr611bn mcr6 Obn 

11 -38.0 to -25.0 mcr6 jbn mcr6 lbn mcr611bn mcr6 Obn 

12 -50.0 to -38.0 mcr6jbn mcr6 lbn mcr611bn mcr6 Obn 

13 -75.0 to -50.0 mcr6 jbn mcr6 lbn mcr611bn mcr6 Obn 

14 -100.0 to -75.0 mcr6 cn mcr6 cn mcr611bn mcr6 cn 

15 -125.0 to -100.0 mcr6 cn mcr6 cn mcr611bn mcr6 cn 

16 -137.2 to -125.0 mcr6 cn mcr6 cn mcr611bn mcr6 cn 

17 -150.0 to -137.2 mcr6 cn mcr6 cn mcr611bn mcr6 cn 

18 -175.0 to -150.0 mcr6 do mcr6 do mcr6 do mcr6 do 
* location of gold wire detector for thermal flux measurement 

2.3 Simulation results 

Neutronic simulations were performed using the TRIAD3 code for a typical NRU core with 
an MCR6 rod of different sample loadings installed at reactor position M17. Figure 3 shows 
the radial thermal neutron flux distributions across the reactor for an MCR6 rod with typical 
loading. The axial thermal flux distributions for an MCR6 rod with various loading at site 
M17 and also the neighbouring rod powers were calculated. The effects of the various 
loadings in the MCR6 rod on the calculation results are described below. 

2.3.1 Effect of the various loadings on axial thermal flux distributions 

Figure 4 shows the axial thermal flux distributions in the MCR6 rods with various loadings. 
For an MCR6 rod with typical loading, the flux shape is flat in the middle of the rod, which is 
caused by the neutron absorptions of the Jr and TeO2 isotopes. For an MCR6 rod with a large 
Jr loading spread over the middle 150 cm of the rod, the flux shape is further depressed by 
about 30% in the middle region due to the larger amount of Jr installed there. For the rod with 
the large Jr loading spread over 300 cm of the rod, the flux has a distribution close to a cosine 
shape, but with flux reduction of about 24% in the middle region of the rod. 
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channel averaged cell avg thermal fluxes core 080410-b k-eff: 1.044scale = 1e1-14 
reactor power = 100.0 mw 

Tr1ad3Pc-Power V1.1.1.1 1d=2007-02-01 

34 

burnup type: measbu 

y z a b c d 

lattice split: 

e f g h j k l m n o p q r s t 

on 

0.13 

discontinuity factors: normal 

34 
33 0.17 0.30 0.29 0.15 33 
32 0.25 0.48 0.58 0.45 0.21 32 
31 0.26 0.65 0.80 0.77 0.58 0.23 31 
30 0.25 0.81 0.98 1.16 0.91 0.64 0.20 30 
29 0.15 0.83 1.17 1.18 1.15 1.08 0.61 0.15 29 
28 0.71 1.32 1.33 1.53 1.24 1.06 0.54 28 
27 0.47 1.42 1.49 1.60 1.64 1.47 0.91 0.43 27 
26 0.25 1.08 1.63 1.55 1.52 1.52 1.40 0.90 0.28 26 
25 0.11 0.79 1.54 1.73 1.57 1.81 1.55 1.33 0.73 0.12 25 
24 0.52 1.27 1.94 1.69 1.64 1.84 1.66 1.13 0.54 24 
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2.3.2 Effect of various loadings on neighbouring rod powers 

Table 3 shows the effect of the various loadings in the MCR6 rod on the thermal powers of 
neighboring rods. The thermal powers for both the neighboring fuel rods and Mo-99 
production rods are significantly reduced for the MCR6 rod with a proposed large Ir loading 
as compared to the rod with a typical loading. 

For the MCR6 rods with a large Ir loading spread over the middle 150 cm and 300 cm, the 
maximum power reductions for the neighboring fuel rods are —20.2% and —26.8%, 
respectively. The latter MCR6 rod (case 3) has a larger effect on the surrounding fuel rod 
powers than the former (case 2). On the other hand, for the same situation, the maximum 
power reductions for the neighboring Mo-99 production rods are —27.7% and —23.1%, 
respectively. The latter MCR6 rod (case 3) has a smaller effect on the Mo-99 production rod 
powers than the former (case 2). This is because the fuel section of the Mo-99 production rods 
is located in the middle —76 cm of the rod. Since the effect of the large Ir loading on 
neighboring rod powers is significant, an MCR6 rod with large Ir loading (44 g Ir per string) 
is not recommended. 

For an MCR6 rod with Zr-Yttria material samples in one of the six stringers, the effect upon 
the neighboring rod powers is insignificant (less than 0.9%). 

Table 3 Powers of fuel sites and Mo99 sites adjacent to the MCR6 rod at M17 

Typical Loading 
(MW) 

Large Loading 
Over 150 cm 

(MW) 

Large Loading 
Over 300 cm 

(MW) 

Loading with Zr-Yttria 
Samples (MW) 

K17 1.538 1.421 1.311 1.530 
(-7.61%)* (-14.76%)* (-0.53%)* 

Fuel L14 1.411 1.206 
(-14.53%)* 

1.103 
(-21.83%)* 

1.404 
(-0.50%)* 

Sites N16 1.138 0.908 0.833 1.134 
(-20.21%)* (-26.80%)* (-0.35%)* 

N18 0.599 0.543 0.497 0.596 
(-9.35%)* (-17.03%)* (-0.50%)* 

M15 0.242 0.175 0.186 0.240 

Mo99 (-27.69%)* (-23.14%)* (-0.83%)* 
L18 0.233 0.202 

(-13.3%)* 
0.213 

(-8.58%)* 
0.232 

(-0.43%)* 
Sites 

* The values in the parentheses are the percent changes in rod powers with respect to the reference case (an MCR6 rod with 
typical loading). 

3. Thermal flux measurement in the MCR6 rod 

3.1 Measurement method 

The thermal neutron flux in the MCR6 rod at reactor position M17 was determined by the 
neutron activation method using gold wires. Two gold wires, each of 1.0 mm in diameter and 
5.0 cm long, were put in two capsules near the center of the reactor in the stringer with Zr-
Yttria material samples. The gold wires were irradiated from 2008 April 5 to 20, with one 
reactor shutdown during this period. During the irradiation, the Au-197 nuclides of the gold 
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wire formed new isotopes of Au-198 as neutrons were absorbed. The Au-198 isotope is 
unstable, and decayed as well being removed by neutron capture. 

Au197 + n —> Au198 —>flHes y(411kev) (1) 

The build-up of the new nuclei of Au-198 in a neutron flux at any time, t, is given by 

N 2 (0= 
al0a

 (1 exp(-22Tt)) + N 2 (0) * exp(-22Tt) 

2T 

(2) 

where Nl and N2 are the number densities of the Au-197, and newly formed 
nuclides, Au-198, respectively, 

Oa is the average thermal flux absorbed by the gold wire during the irradiation 

period, 

2 2 is the probability of radioactive decay of Au-198, 

0a1 and aa2 are the microscopic absorption cross sections of Au-197, and 

Au-198, respectively, and 

2 22. is the effective probability, which is the sum of 22 and Cr a20a 

In this study, the NRU flux is assumed to be very well thermalized, and the resonance flux is 
small compared to the thermal flux. It is also assumed that the self-shielding correction is 
small for the thin gold wire. The gold wire microscopic absorption cross sections in Eq. 

(2), 0 a1 and aa2 are the average cross sections over a Maxwellian distribution for temperature 

in degrees Kelvin, T. aa = as 2200 (A/Tr 12)(7'0 /T)112 , where Cra,2200 = cross section at a , 
neutron speed of 2200 m/s, which is corresponding to Maxwellian flux distribution at 20.46 
°C (293.61K ). The ,fera1 2200 and 6 a2 2200 are taken to be 98.7 and 2600 barns, respectively [5]. 

For the gold wire that was un-irradiated initially, N2 (0) = 0 , at t= 0 . When the gold wire 

was removed from the reactor, it decayed with its own characteristic half-life, (T112 ) 2 . Its 

activity was 22N2 , where 22 = ln 2 471,2 )2 . From the measured activities of Au-198, 22 N 2 , 

the average neutron flux seen by the gold wire, Oa , can be determined by Eq. 2 using a 

systematic trial and error method. 

3.2 Flux measurement results 

The two irradiated gold wires were taken out of the NRU reactor at 22:00 h on 2008 April 20. 
Because of the high activity, the wires were not counted until 2008 June 10. The 411.8 keV 
gamma peaks from the Au-198 nuclides were counted with an efficiency of 0.0695%, using a 
high purity Germanium (HPGe) detector. The activities of the Au-198 nuclides in the two 
wires, were decay corrected to the end of the irradiation period, 2008 April 20, 2200 h, and 
they were both found to be the same, (1.90 +0.04) x1013 Bq/g of wire. Then, Eq. 2 was used 
to determine the neutron fluxes absorbed by the gold wire, Oa , during the irradiation period. 
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The value of 0,, was determined by the method of systematic trial and error to be (1.69 + 3%) 

x 1014 n.cm-2.s-1. 

After correcting for the absorbing probability of the gold wire, the measured neutron flux at 
the detector location was 1.33 times the average neutron flux seen by the gold wire, and was 
equal to 1.33 x 1.69 = (2.25 + 4%) x 1014 n.cm-2.s-1 (see Appendix A [6]). 

3.3 Comparison of measured flux with simulations 

Results of the flux simulation from the TRIAD3 code at the axial cell containing the gold wire 
during the irradiation period were shown in Table 4. The simulated cell-averaged fluxes and 
the fluxes at the detector located are listed in column 2 and 3 of the table, respectively, both 
normalized to the NRU reactor power of 100 MW. As discussed in the previous section, the 
ratio of the flux at detector location over the cell-average flux was assumed to be constant 
during the irradiation period, and from the result of the WIMS-AECL calculation, it was 
0.829 + 1 %. The average simulated flux at the detector wire location over the irradiation 
period was (1.994 + 4 %) x 1014 n.cm-2.s-1. 

During the irradiation period, the average operating power of NRU was determined by 
dividing the change in TPD (total power developed by the NRU reactor) by the irradiation 
time, and this was equal to (1037060.3-1035463.7) MWdays / 13.95 days, or 114.45 MW. 

The simulated flux at the detector wire location at the averaged NRU operating power of 
114.45 MW during the irradiation was thus 1.994 x (114.45/100.00)= (2.282 + 4 %) x 1014

n.cm-2.S-1. 

Table 4 Results of the simulated fluxes during the irradiation period 

Cores/date 
(my/add) 

TRIAD3(IRR) 
Cell Average Flux for 

NRU 
at 100 MW 

(x 1014 n.cm-2.s-1) 

Simulated Flux at 
Detector Wire Location 
for NRU At 100 MW 

x 0.829+ 1% 

(x 1014 n.cm-2.s-1) 

Simulated Flux 
at 

Detector Wire 
Location for 

NRU 
at 114.45 MW 
(x 1014 n.cm-2.s-1) 

2008/04/10 2.421 + 3 % 2.007 + 4 % ---
2008/04/11 2.464 + 3 % 2.042 + 4 % ---
2008/04/13 2.446 + 3 % 2.028 + 4 % ---
2008/04/15 2.311 + 3 % 1.916 + 4 % ---
2008/04/16 2.387 +3 % 1.979 + 4 % ---

Average Flux = 1.994+ 4 % 2.282 + 4 % 

From the results of the last two sections, the measured-to-simulated flux ratio at the detector 
wire location was (2.25 + 4 % /2.28 + 4 %)=0.98. This indicates that the simulated flux over-
predicted the flux at the detector location by — 2%. The agreement between the measured and 
simulated values of the fluxes is exceedingly good and this is within the combined uncertainty 
of the measured and simulated fluxes, which is expected to be about + 8 %. 
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4. Conclusions 

The NRU MCR6 rods with various loadings in the stringers have been modeled. Sensitivity 
studies of the neutronic simulations on flux distributions in the MCR6 rods and the powers of 
the neighboring rods have been performed. The thermal fluxes in the MCR6 rod with Zr-
Yttria material samples in one of the six stringers were measured and compared with the 
simulation fluxes. 

The main conclusions drawn in this study are 

1. Results of neutronic simulations with the TRIAD3 code for a typical NRU core show 
a thermal flux reduction of up to —30% in the middle region of the MCR6 rods and 
power reductions of up to —27 % at sites neighboring MCR6 rods with 44g Ir per 
string. 

2. The measured thermal flux in the MCR6 rod is in good agreement with the simulated 
flux (within 2%). 

3. The gold wire flux measurement data confirmed that the model of the MCR6 rod used 
in the TRIAD3 code is correct within the expected accuracy. 

5. References 

[1] D.T. Nishimura, "Summary of loops in Chalk River NRX and NRU reactors", AECL 
report, AECL-6980, 1980 December. 

[2] J. D. Irish and S.R. Douglas, "Validation of WIMS-IST", Proceedings of 23rd Annual 
Conference of the Canadian Nuclear Society, Toronto, Canada, 2002 June. 

[3] S. R. Douglas, "A calculational model for the NRU reactor", Paper presented at the 
Canadian Nuclear Society 1985 Annual Conference, 1985 June. 

[4] J. Chang, M. Bates and etc., "The ACR-1000 Fuel Bundle Technical Specifications", 
10th International Conference on CANDU Fuel, Ottawa, Canada, 2008 October. 

[5] E. M. Baum, H.D. Knox and T.R. Miller, "Chart of the nuclides", Knolls Atomic Power 
Laboratory, U.S. Department of Energy, Sixteenth Edition, 2002. 

[6] K. H. Beckurts and K. Wirtz, "Neutron Physics", Published by Springer-Verlag, 1964. 
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Appendix A: Flux Correction for the Absorption Probability of a Thin Cylindrical Wire [6] 

For a number of neutrons incident on a thin cylindrical wire, only a fraction of the neutrons 
are absorbed. If the number of radioactive atoms formed by neutron capture per second per 1 
cm length of wire is C , then 

C= (TIRO „,,,a 1 2) *X0(EaR), (A.1) 

Where 0„,ea is the measured thermal neutron flux at the detector wire location, averaged over 

the irradiation period, 

R is the radius of the wire, and 

AR(0— „,.) I 2 is the number of neutron incident per second on the cylindrical surface of 

1 cm of the wire, and z o (E aR) is the absorption probability of neutrons with an isotropic 

distribution of velocity incident on the 1 cm length of wire. 

The detailed calculation for the absorption probability for a thin cylindrical thin wire, 
z o (E aR) , is given in reference 5. The value of z o (E aR) as a function of E a R is shown in 

Figure A-1. The function approaches unity for large values of E a R , but for thin cylinders, 

2'0(E aR) z' naR - 

In addition, the number of Au-198 radioactive nuclides formed in a volume of 1 cm length of 
cylindrical wire is 

C = 2R2E .0. , (A.2) 

where 0a is the neutron flux absorbed by the gold wire. 

Therefore, combining Eqs. (A.1) and (A.2): 

0,aaa = (2EaR ) *Oa (A.3) 
xo 

For the irradiated gold wire of 1.00 mm diameter in our study, the value of E aR was 0.250, 

and from Figure A-1, the calculated value of z o (EaR) was 0.377. Therefore, 

Omea = 1.330a (A.4) 

The measured neutron flux at detector gold wire location, gmea , is 1.33 times the flux 

absorbed by the thin wire, 0.. 
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Appendix A: Flux Correction for the Absorption Probability of a Thin Cylindrical Wire [6] 

For a number of neutrons incident on a thin cylindrical wire, only a fraction of the neutrons 
are absorbed.  If the number of radioactive atoms formed by neutron capture per second per 1 
cm length of wire is C , then 

 )(*)2/( 0 RRC amea Σ= χφπ ,      (A.1) 

Where meaφ is the measured thermal neutron flux at the detector wire location, averaged over 
the irradiation period, 

 R  is the radius of the wire, and 

 2/)( meaR φπ  is the number of neutron incident per second on the cylindrical surface of 
1 cm of the wire, and )(0 RaΣχ  is the absorption probability of neutrons with an isotropic 
distribution of velocity incident on the 1 cm length of wire.    

The detailed calculation for the absorption probability for a thin cylindrical thin wire, 
)(0 RaΣχ , is given in reference 5.  The value of )(0 RaΣχ as a function of RaΣ is shown in 

Figure A-1.  The function approaches unity for large values of RaΣ , but for thin cylinders, 
RR aa Σ≈Σ 2)(0χ .    

In addition, the number of Au-198 radioactive nuclides formed in a volume of 1 cm length of 
cylindrical wire is 

 aaRC φπ Σ= 2 ,        (A.2) 
where aφ  is the neutron flux absorbed by the gold wire. 

Therefore, combining Eqs. (A.1) and (A.2): 

 a
a

mea
R φ

χ
φ *)2(

0

Σ
=        (A.3) 

For the irradiated gold wire of 1.00 mm diameter in our study, the value of RaΣ was 0.250, 
and from Figure A-1, the calculated value of )(0 RaΣχ  was 0.377.  Therefore, 

 amea φφ 33.1=         (A.4) 

The measured neutron flux at detector gold wire location, meaφ , is 1.33 times the flux 
absorbed by the thin wire, aφ .   
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Figure A-1 The absorption probability,x0(£1?), of a thin cylindrical wire [6] 
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Figure A-1 The absorption probability, )(0 RaΣχ , of a thin cylindrical wire [6]   

 

30th Annual Conference of the Canadian Nuclear Society
33rd CNS/CNA Student Conference

2009 May 31 - June 3
TELUS Convention Centre, Calgary, Alberta

Page 12 of 12


	Abstract
	1. Introduction
	2. Modeling of the MCR6 rod
	3. Thermal flux measurement in the MCR6 rod
	4. Conclusions
	5. References
	Appendix A: Flux Correction for the Absorption Probability of a Thin Cylindrical Wire [6]


<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /All
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000500044004600206587686353ef901a8fc7684c976262535370673a548c002000700072006f006f00660065007200208fdb884c9ad88d2891cf62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef653ef5728684c9762537088686a5f548c002000700072006f006f00660065007200204e0a73725f979ad854c18cea7684521753706548679c300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA <>
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020b370c2a4d06cd0d10020d504b9b0d1300020bc0f0020ad50c815ae30c5d0c11c0020ace0d488c9c8b85c0020c778c1c4d560002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken voor kwaliteitsafdrukken op desktopprinters en proofers. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create Adobe PDF documents for quality printing on desktop printers and proofers.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /NA
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles true
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /NA
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /LeaveUntagged
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


