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ABSTRACT 

The Vanadium detectors atre used in CANDU-6 reactors to provide mapping data for 
the on-line reactor regulat,ing system. They can also be used to adjust the diffusion theory 
flux required for fuel management calculations using a reactor simulation code. Because 
of the importance of these detlectors in the flux mapping approach, it is essential that we 
understand how t,hey are affected by the reactor environment. 

The code DRAGON has been used t,o evaluate t'he detector self-shielding effect,. Since 
the Vanadium detectors are 10ca~ted perpendic~la~rly to the horizontal fuel channels, a 3D 
supercell model is first considered. We also propose approximate 2-D models which will 
be used to determine how the detectors are affected by the local core conditions. 

I. INTRODUCTION 

The burnup simulation using the flux mapping a'pproach rely on the in-core flux Vana- 
dium detectors.['> 2l This technique has been implemented in the HQSIMEX reactor sim- 
ulation code and used for burnup a-nd fuel managementl calculation at Gentilly-2 nuclear 
power station.13] Because of the importance of these detectors in the flux mapping ap- 
proach, it is essential that we underst,and how they are aifected by various reactor envi- 
ronment. With flux mapping technique: uncertainties in the in-core measurements lead 
t'o errors in flux distributions obtained fiom diffusion theory calculation which have a 
cu~nulative effect on fuel burnup histlory. 

The latkice code DRAGON can solve the transport, equat,ion for 2-D cluster cells, as 
well as for 3D ~ u ~ e r c e l l s . ~ ~ ]  Since the Vanadium detectors are located perpendicularly 
to  t,he horizontal fuel channels in the core a 3D supercell model si~nilar to that used 
for CANDU reactivity devices could be required to take into a>ccount correctly the local 
ne~ltron flux depression resulting from their presence in the core. However! the Vma.dium 
detector is much smaller than the reactivity devices and the overall effect on the cell 
properties of its presence in the core should be proportiondly smaller. Accordingly? a 
2D cell calculation may be sufficient to obtain accurate reaction rates and reactivity 
worths for the detector. Various 2D models of the Vana,dium detector will be proposed 



and compared against tfhe reference solution obtained from a 3D supercell model for the 
detector similar to that, used for the steel adjuster rods.['> '1 

111 the first section of this paper we will briefly describe how these detectors work. 
Then we will discuss the DRAGON 3-D and 2-D supercell models that were used in 
our analysis. In the third section, which will be devoted to numerical results: we will 
analyze the effect of environment' on the detector self-shielding parameter. Finally we will 
conclude. 

11. DESCRIPTION OF THE VANADIUM DETECTOR 

The Va~mdium detector belongs to the castlegory of self-powered neutron detectors 
(SPND) which can operate without an externally applied As shown in Figure 1, 
these detectors have a coaxial configuration where the outer metallic shea,th ca,lled the 
collector is separated by a,n insulator from the central conductor called the emitter which 
is responsible for the generation of the signal. Neutrons that pass through the collector 
and the insulator can be absorbed by the emitter and lead to activation products that 
will decay through the emission of beta particles that give rise to a current3 which when 
measured gives an estimate of the neutron flux reaching t'he detector!> 2 l  '1 In t'he case 
of the Vanadium detector, the collector is made up of Inconel-600; while t,he emitter is 
composed of Vanadium. The insulator is generally a material which is nearly transparent 
to neutron such as MgO or A1203. The activation reaction taking place in the emitter 
can be represented by the following nuclear chain: 

+52 V* + y 4;: Cr* +Y1 e ;:v+:n 23 

The Vanadium detect'ors are characterized by their simplicity: ruggedness and reliability. 
They have a small size (a few millimeters in diameter) and are able to operattle for years 
in the harsh reactor core environment without appreciable deterioration in performance. 
They are sensitive mostly to thermal flux because of the energy dependence of their 
absorption cross section oa(E)  but their response to flux ~a~riations is slow and depends 
on the decay of !$V w11ic.h has a half-life of 3.76 minutes. Since the current is produced 
indirectly as EL result of neutrons being ca*ptured in the Va,nadium, the magnitude of the 
current will be proportionaJ to the neutron flux +(E, r )  and is given by: 

where K is a proportionally constant and VD represents t,he emitter volume. 
Since the flux at the detector site is generally related to the averaged neutron flux in 

the cell bc(E),  we can then define the detector self-shielding factor SD as: 

where Ic represents the signal that would be received from the detector in the presence 
of the flux &@): 



In general the factor SD is included explicitly in the detector signal processing algorithm 
via the calibration procedure. Our goal here is to evaluate tlhis self-shielding effect and to 
analyze its dependence on the local core conditions. This self-shielding factor SD takes 
into account the fact that, the flux will be depressed in the emitter due to the presence of 
the collector and emitter in the core and will therefore be negative. 

111. DRAGON MODELS 

The 2-D and 3-D assemblies that are actually available in DRAGON include only cylin- 
dric and rectangular regions which means that the fuel cell cluster has to be homogenized. 
Accordingly) using the standard 37 element CANDU fuel cell, we will generate multigroup 
homogenized 3 region cross section using a 2-D cluster cell model with lattice square pitch 
28.575 cm. The three homogenization regions we will consider are an annular fuel region 
of outer radius corresponding to the inner radius of the pressure tube, a second ann~dar 
region which extends to the outer radius of the calandria tube and a square moderator 
region. The 2-D cluster cell calculations were performed using the WIMS- Winfrith 69- 
group cross section library) and the final three region macroscopic cross section generated 
using the same 69-group energy structure. 

111.1 3-D s upercell model 

Here we use a two b~mdle model like the one represented in Figure 2. The Vanadium 
detector are normally located midway betmeen the t.wo f~lel bundles and occupies one lat- 
tice pitch. The fuel elements are represented by 2 regions 2-directed cylinders, Similarly: 
the detector is represented by a 9-directed cylinder 

The outside dia.meter of the detector is 0.3 cm while the central region which contains 
the emitter has a diameter of approximately 0.17 cm. Because the relative volume of the 
detector to that of the supercell volume is very small, selecting 3-D tracking parameters 
for this geometry such thatl t,he vaxious regions inside the detector can be crossed by 
at least a few integration lines can be very difficult. Since the 3-D model will mainly 
be ~ ~ s e d  to a+ssess the validity of various 2-D model we will further simplify the detector 
geometry by assuming that it consists of a unique homogeneous region of dia,met.er 0.3 cm 
~ont~aining a mixture of the emitter) the collectlor and tlhe insulator. This 3-D geometry 
will be treated by the EXCELL module of the latkice code DR,AGON which evaluates 
the contribution of each intxgration line tro the collision probability matrix in succession, 
therefore avoiding the memory limitations associated with saving explicitly the tracking 
file. 

For our 3-D model, 84 different integration angles are generated using the EQI2 equal- 
weight qua,drat,ure set and a 2-D trapezoidal integration is performed in a plane normal 
to each angle with 20 1ines/ci-n2. The neutron 3-D trajectories are then calculated and a 
numerical estimate for the volume of each of these regions is evaluated. For the specific 
set of q~iadrature pa,rameters described a.bove, the maximum error on these volumes is 
2%. 

The results we obtained for the self-shielding factor and reactivity worth associated 
with the detector using the above 3-D model can be found in Table 1. 



Table 1: Result of si~nulation for homogenized detector 

2-DMode11 1.4 
2-D Model 2 4.9 
2-D Model 3 5.0 
2-D Model 4 4.9 
2-D Model 5 4.7 

111.2 2-D supercell models 

Five 2-D models were selected as they appear the most pron~ising. These different 
models all involve a cylindric homogeneous detector that is located at different position 
in the cell while different configurations of t'he he1 bundles have been considered. We will 
now examine briefly the geometries associated with the different models. We will also 
discuss their success in replicating the results obtained using the 3-D model. 

Model 1 (see Figure 3) 

A single CANDU fuel cell is considered with the detector located in the same plane 
as the fuel bundle and positioned at 13.7875 crn from the center of cell. A 2-D cell 
cluster cal~ulat~ion is used with an annular discretization of the moderator region. 
The detector to fuel volume in this case is increased by a factor of 3.4 since only 
one out of 2 fuel cells is considered and the length of the detector is effectively 
increased. The results presented in Table 1, indicate that the computed reactivity 
worth for the detector is -5.54 rnk. This is to be compared with the results which 
can be extrapolated, using the relative change in the detector to fuel vohme, from 
the 3-D model (-4.01 mk). However, the use of S L K ~  a cluster model seems to be 
inappropriate because the detector self-shielding effect is reduced to 1.4%. Two 
facts can explain this reduction. First the detector is located closer to the fuel 
therefore experiencing a different flux energy spectrum. There is also the problem 
that the flux distribution in the annular moderator region immediately surrounding 
the detector will be less affected by the presence of the detectlor in this case t,han in 
the 3-D model. 

Model 2 (see Figure 4) 

In this model all the dimension of the 3-D supercell asre conserved but the detector 
is rotated in such a way a.s to be parallel to the fuel bundle. Here a 2-D cell 
assembly calculation with spat ial discretization simi1a.r to that used in the 3-D model 
is considered. The detector to fuel volume in this case is 1.7 times larger than than 
that of the 3-D model due to the fa,ct that the detector 1engt)h is effectively increased. 
The results presented in Ta,ble 1, indicake that the 2-D to 3-D ratio of reactivity 



worth (1.8) is compatible with this change in detector volume. In addition the 
detector self-shielding effect computed in this case is identical to that computed 
using the 3-D model indicating that this model simulates extremely well the flux 
behavior inside and in the region surrounding the detector. 

Model 3 (see Figure 5) 

This model is similar to model 2 but with the detlector displa,ced with respect to the 
fuel bundles. The reason for this displacement is that model 2 simulates a detector 
which is located at the closest. distance between the fuel bundle and the detector. 
In model 3 the distance between the detector site a,nd the fuel bundle is closer to 
the value actually observed in the reactor. As one can expect the results obtained 
in t,llis case are very similax to those obtained for model 2. This shows that the 
actual location of the detector is not very sensitive to the fuel position provided it 
is located in a moderator region sufficiently fa.r from the fuel. 

Model 4 (see Figure 6) 

Here tohe fuel bundles and tohe structural material are represented by infinite 2-D 
plakes. Their dinlensions have been selected in such a way as to preserve the 3-D 
ratio of the fuel to detector volume. We can observe by looking at Ta'ble 1 that both 
the reactivity worth and the self-shielding factor associaked with the detector are 
very close to the 3-D results. Again this is not surprising since the detector mainly 
sees the neutrons generated in the moderator nearby which for this model ha.ve a 
spectrum which is identical to that, observed in the 3-D model. 

Model 5 (see Figure 7) 

In this case a model using 4 fuel bundles annularized around one central detec- 
tor site is considered. This model is sirnilax to that used at AECL to condense 
and homogenize the macroscopic cross sections associated with the stainless steel 
rods reactivity control devices. It is generally selected because one expect that the 
neutron flux specttrum observed at the center of such a cell will be similar to that 
observed at the int@erface of tlwo cells in t,he reactor. This observation is confirmed 
by the fact that the self-shielding fa,ctor associated with the detector in the case is 
only 0.2% lower than that obtained using the 3-D model. However, the reactivity 
worth of the detector is 1.5 times smaller than that comp~t~ed using the 3-D model 
while a reduction factor of about 1.2 is expected fiom the detector to fuel volun~e 
ratio. 

F'rom the point of view of the self-shielding factor all the 2-D models except model 1 
seems to be equivalent. On the other hand) only model 4 seems to be able to generate the 
reactivity worth of the detector correctly even if the difference between the computed 2-D 
reactivity in model 2 and 3 and t,he 3-D resultls can be explained easily using the detector 
to fuel volume ratio. For the remaining of the analysis) which is concerned primarily with 
the self-shielding factor associatecl with the detector? we decided to use model 2 for our 
2- D simulations. 



III.3 DETECTOR ANALYSIS 

In the previous section where we describe the process of selecting a 2-D equivalent 
model for the Vanadium detector, we always considered an hon~ogeneous detector. More- 
over, the spatial discretization we selected in all our calculations was a very coarse one, 
namely we assumed that the flux in the moderator region surrounding the detector would 
not be strongly affected by its presence. The flux variations inside the detector itself were 
also neglected. Finally all our calculations were performed at. nominal core conditions. In 
this section we will relax successively each of these constraints and examine their effect, 
on the detector self-shielding factor. 

III. 4 Effect of using a finer moderator discretization 

In this case we considered the detector as being made up of three different annular 
regions. The internal region is ident*ical to the homogeneous detector described above. 
The two outer additional regions contain moderator and have external radius of 0.3 and 
0.45 cm respectively. 

The self-shielding factor using the above discretization remain identical to that ob- 
served for model 2 in the previous section. This is because the cha,nge in the flux distri- 
bution inside the detector region resulting from t,he additional moderator discretization 
was not significative. In fact the difference between the flux in the two new and the old 
moderator region was smaller than 1% in each energy groups. 

III.5 Effect of using the explicit detector geometry 

The detector is a cylinder divided in three zones of different thickness; the central 
zone contains the vanadium emitter and is 0.17 cm in diameter; the second zone contains 
the insulator and the third zone contains the Inconel-600 collector. The calculation were 
performed here using a 2 zone model where the Vanadium is all concentrated in the most 
central region and the outer region is made up of an homogeneous mixture of the collector 
and the insulator. 

The replacement of the homogeneous detector by the new configuration had for result 
to decrease the detector self-shielding effect from -4.9% to -6.4%. This illustrates the fact 
that, by homogeuizing the Vanadium with the other material in the detector t,he number 
of neutrons absorbed in the Vanadium increases. This is because the concentration of the 
strongly absorbing Vanadium at the center of the detector causes important local flux 
depression, therefore reducing the detector efficiency. 

III. 6 Effect of local parameters 

The flux distribut'ion in CANDU reactor is affected by burnup and the local parameters 
such as the boron concentIration, the fuel temperature, the coolant and the modera*tor 
ternperakures and densities. It is therefore important to learn if such changes in the core 
condition will affect the detector self-shielding factor. For the burnup effect, we compared 
the self-shielding factor obtained for fresh core conditions with tha,t corresponding to 80 



and 650 days at full power corresponding respectively to 2557.7 and 20781.3 MWD/T. 
No effect on the detector self-shielding factor could be observed. 

It is also interesting to note that the detector is generally insensitive t,o the variation 
of the local parameters. In fact the most important deviation obta'ined in our calculation 
is -0.27 % due a decrease from 345.7 to 315.7 K of the moderator temperature. 

IV. CONCLUSION 

In this paper we have modeled the Vanadium detector using a 3-D geometry. We 
have also shown that several 2-D equivalent model could be constructed to evaluate the 
detector self-shielding factor consistently while it was a little more difficult to select, a 
model which could also simulate its reactivity worth. We also discuss the effect of detector 
homogenization and moderator discretization in regions close to the detector. As we 
have shown, the depression in the signal received from the detector in the case of an 
homogeneous detector can differ by 1.5% for the signal observed when the Vanadium was 
concentrated at its center. The effect of using a finer moderator discretization was small. 
Finally, as a general rule burnup and the local parameters appears to have a very small 
effect on the detector self-shielding factor. 
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Figure 1: Geometry of a Vanadium detector. 
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Figure 2: DRAGON 3-D model of the Vanadium detector 

Figure 3: Model 1 for DRAGON 2-D simulation of the Vanadium detector 



Figure 4: Model 2 for DRAGON 2-D simulation of the Vanadium detector 
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Figure 5: Model 3 for DRAGON 2-D simulation of the Vanadium detector 
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Figure 6: Model 4 for DR.AGON 2-D simulation of the Vana,dium detector 
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Figure 7: Model 5 for DRAGON 2-D simulation of the Vanadium detector 


