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ABSTRACT

The core water level provides relevant neutronic and thennalhydraulic information of the reactor such as power, 
keff and cooling ability; in fact, core water level monitoring could be used to predict LOCA and cooling 
reduction which may deal with core damage. Although different detection equipment is used to monitor several 
parameters such as the power, core water level monitoring is not an evident task. However, ex-core detectors 
can measure the fast neutrons leaking the core and several studies demonstrate the existence of a relationship 
between fast neutron leakage and core water level due to the shielding effect of the water. In addition, new ex
core detectors are being developed, such as silicon carbide semiconductor radiation detectors, monitoring the 
neutron flux with higher accuracy and in higher temperatures conditions. Therefore, a methodology to 
determine this relationship has been developed based on a Monte Carlo calculation using MCNP code and 
applying variance reduction with adjoint functions based on the adjoint flux obtained with the discrete ordinates 
code TORT.

1. INTRODUCTION.

1.1. Core water level and ex-core detectors.

The core water level provides relevant neutronic and thermalhydraulic information of the 
reactor such as power, keff and cooling ability. In addition, the determination of core water 
level is indispensable to predict and avoid accidents, such as LOCAs. Therefore, there is a 
variety of methods to measure it, such as heated thermocouples and differential pressure 
detectors. However, these methods have serious limitations under normal and accident 
conditions. On the other hand, some studies have demonstrated the existence of a relationship 
between ex-core neutron detector signals and the core water level [1], using the neutrons that 
leak the pressure vessel to provide a noninvasive measure of the liquid water level. Moreover, 
new silicon carbide semiconductor neutron detectors are being developed for using as ex
vessel power monitors for PWR, that improve features such as radiation resistance and high- 
temperature operation [2]; thus, they could be used to measure the core water level during 
accidental conditions.
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1.2. Ex-core calculation.

Ex-core calculation is a shielding type problem and the deterministic and Monte Carlo 
methods are the methods most widely used to solve this kind of problem. On the one hand, 
Monte Carlo method is considered the most accurate method for solving radiation transport 
problem with a detailed geometry, but it requires the sampling of a big amount of particles, 
thus increasing the computational resources and the computation time. Although 
parallelization is used in Monte Carlo codes, a complex reactor will spend a considerable 
time of computation, in particular in deep penetration shielding calculations. On the other 
hand, deterministic method could spend less time in the calculation but it could find 
difficulties in defining detailed geometries and it could also require high computational 
resources.

In conclusion, the best solution is a combination of the 2 methods and the best approach of 
coupling them is the use of variance reduction techniques based on the adjoint flux calculated 
with a deterministic method, in the Monte Carlo calculation of the entire problem [3], 
However, the ex-core calculation is a particular shielding type problem due to the fact that the 
source of the problem is the fission source of a criticality problem, which it is not known. In 
this case, the variance reduction technique mentioned before is difficult to implement due to 
the biasing of the unknown source. In this case, another solution could be obtaining the 
source term by one method [4], a deterministic method, which implies faster but less accurate 
solution than the Monte Carlo Method, and then applying variance reduction techniques to 
this radiation transport problem with this known source term.

1.3. Kritz reactor.

The KRITZ reactor operated at Studsvik, Sweden, during the first half of the nineteen- 
seventies. It comprised fuel rods in square-pitched lattices in a 5-m-high, 1.5-m-diameter 
cylindrical pressure tank. The “KRITZ experiments”, performed in the period from 
September 1972 through February 1973, included several series o f criticality experiments on 
light-water-moderated lattices with uranium dioxide rods, mixed-oxide rods, or both, at room 
temperature and at temperatures up to -250 °C.

One of the experiments performed was the KRITZ-2:19 [5] with the aim to attain criticality 
in light water by regulating the concentration of boron in the water and by adjusting the water 
level. Thus, this experiment was considered to check the methodology to evaluate the core 
water level using the neutron detector signals. The neutron detectors are not included in this 
experiment, so 16 detectors have been considered, composed of borated water (the material 
which interacts with neutrons) and a cladding of stainless steel. The distribution of the 
detectors is exposed in Figures 1 and 2 with yellow color.

2. METHODOLOGY.

The problem has been solved in 2 steps: a criticality core calculation and a radiation transport 
ex-core calculation.
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Figure 2: Plane XZ Kritz.

In the criticality core calculation, only the problem inside the pressure vessel has been 
considered, represented in Figures 1 and 2 with purple color, and the solution of this problem 
is a surface source (phase-space file) placed in the outer surface of the pressure vessel. This 
calculation has been done with the Monte Carlo method, in particular with MCNP5 code [6], 
This calculation is also composed of 2 steps: an estimation of the importance function of the 
transport in the core to reduce the global variance and the calculation of this problem using 
this importance function.

In the ex-core radiation transport calculation, only the problem outside the pressure vessel has 
been considered. In this case, the outer surface of the pressure vessel is the surface source of 
the ex-core radiation transport problem, which has been calculated in the core calculation 
with MCNP5 code, and the solution of this second problem will be the signals of the 
detectors. However, if this problem is solved exclusively with the Monte Carlo method only 
few particles will reach the detectors, thus the errors will be high. Moreover, this problem 
could not be solved by simulating more particles. On the other hand, it is difficult to calculate 
the problem with a deterministic code due to the geometry and the source. The solution 
adopted was the estimation of the importance function using the adjoint flux with a 
deterministic method, in particular with the 3D deterministic Transport code TORT [7], and 
then applying this importance function to reduce the variance of the Monte Carlo method 
using MCNP5 code.

To sum up, the methodology consist of 4 steps: 1) Global variance reduction in the reactor 
core; 2) Core calculation using global variance reduction; 3) Ex-core adjoint flux calculation 
using the discrete ordinates method; 4) Ex-core detector calculation using a variance 
reduction technique based on adjoint flux.

2.1. Global variance reduction in core reactor.

Virtually, the highest error zone is located at the outer part of the reactor which is important 
to determine the surface source for the ex-core problem, but also the inner part of the reactor 
is important for determining Criticality. Therefore, the objective of this step is the flattening 
of the stochastic errors in the whole reactor.

Figure 1: Plane XY Kritz.
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There is an easy way to implement a global variance reduction in the Monte Carlo code 
MCNP5 [8] that has been the reference of this part of the methodology. The global variance 
reduction used is based on the weight windows technique of MCNP5 [6], using the external 
WWINP file which contains the lowest weight window of the different meshes of the space 
considered. This file will be created by the user using the estimation of the flux in a 
cylindrical mesh by means of the FMESH card of MCNP5 [6], This mesh should be a little 
bit larger than the pressure vessel to work out the weight windows technique correctly; thus, 
considering that the Kritz pressure vessel model of MCNP5 is a cylinder of 80.29213 cm and 
the height ranges from -40 cm to 200 cm, the mesh chosen was from 0 to 81 cm in the radial 
coordinate (with 81 intervals), from -45 cm to 206.11462 cm in the axial coordinate (with 139 
intervals) and from 0° to 360° in the angular coordinate (with 72 intervals). In addition, a 
cylindrical mesh has been chosen to calculate only the inner part of the pressure vessel. On 
the other hand, the number of histories simulated were, approximately, 10% of the total 
histories needed for obtaining low errors in a calculation without the variance reduction 
technique, in this case 10% of 50000. Therefore, the obtained mesh tally is used to estimate 
the weight windows using the following formula [8]:

w w lt = ------ 7̂— (1)
j3 + 1 m a x ( c p i )

Where wwlt is the lower weight bound of the weight window of mesh (3 is the ratio of the 
upper weight bound to the lower weight bound(/? = typically /? = 5, and (pi is the
estimated flux in each mesh. The MCNP5 WWINP file must contain these wwlt.

Moreover, it is convenient to do a first run in MCNP5 with the WWG card and MESH card 
with the mesh considered and just only few particles, for example 0.1% of the total required, 
with the aim of obtaining the heading of the WWINP file that will be the WWOUT file of this 
MCNP5 run.

2.2. Core calculation using global variance reduction.

The objective of this step is the determination of the surface source (phase-space file) in the 
outer surface of the pressure vessel, using the SSW card of MCNP5 code.

In this step, another criticality calculation is done with MCNP5 code using the WWINP file 
created in the step before and the WWP card (in this card the same /? as the step before must 
be used). One can simulate 1% of the total histories needed for obtaining low errors in a 
calculation without the variance reduction technique, in order to obtain the same accuracy but 
with less computational time. However, in this case, the 10% of the total histories has been 
simulated to obtain lower errors.

2.3. Ex-core adjoint flux calculation using discrete ordinates method.

The target of next step is the determination of the adjoint flux that will be used as importance 
function in the ex-core calculation. The adjoint flux is calculated with the discrete ordinates 
3D code TORT. In this computation, the following model has been considered: the 16 ex-core 
detectors and their claddings are represented as cylinders and the materials are borated water
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and stainless steel respectively; the whole reactor is represented as a solid cylinder and the 
material is the same as the pressure tank; a Cartesian mesh of 37x37x11 has been used, 
shown in Figures 3, 4, 5 and 6:

Figure 3: Material distribution in TORT’s Figure 4: Mesh in TORT’s MODEL: 
MODEL: Plane XY. Plane XY.

Figure 5: Material distribution in TORT’s Figure 6: Mesh in TORT’s MODEL: 
MODEL: Plane YZ. Plane YZ.
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With regard to the cross section set used in TORT, the v5-44 SCALE cross-section library [9] 
has been adapted to TORT’s format using GIP code, which is a cross-section processor for 
TORT, and also for ICE code, included in SCALE suite package [9] that transforms the 
SCALE format in the suitable format for GIP. The cross section calculation may not be very 
accurate because of the fact that the adjoint flux is an estimation to determine the importance 
functions. On the other hand, the mesh of the model has a small amount of nodes, hence, the 
computation is very fast; thus, an accurate cross-section treatment is not needed. Therefore, 
the choice of this library is a compromise among good results, fast calculation and avoids a 
complex treatment of the cross section set.

2.4. Ex-core detector calculation using variance reduction technique based on adjoint 
flux.

In this final part, there are 2 computation steps. First of all, the WWINP file must be created 
by using the adjoint flux calculated in the step before and applying the following formula:

w w l. =  _2_ = í í j )  (2)
1 p + 1  4 > \  v 7

The meaning of each symbol is the same as in Equation 1, except (p*. that is the estimated 
adjoint flux. In addition, this formula differs from Formula (1) in the normalization with the
minimum of the importance function instead of the maximum, with the aim of obtaining a 

2
maximum wwL of -— , such as in Formula (1).

1 p + i ’ v ’

In the second step, the ex-core problem is solved with MCNP5, reading the source from the 
RSSAphase-space file, which should be a copy of the file WSSA produced in the section 2.2. 
Moreover, the WWINP created with the adjoint flux must be used and the number of particles 
to simulate must be a multiple (resampling) of the NPS needed to create the WSSA file in the 
section 2.2; this number can be read at the end of the output of MCNP5. In this experiment, a 
multiple of 100 is enough to obtain good results and a fast calculation.

3. RESULTS.

3.1. Description of the experiment.

The simulated experiment is the KRITZ-2:19 experiment [5], but including 16 ex-core 
detectors, modeled as cylinders of 2.2 cm of radio and 30 cm of axial length. These detectors 
are grouped in groups of four detectors, each one situated at different axial length. These 
axial lengths range from -25 cm to 5 cm for the first axial level, from 35 cm to 65 cm for the 
second axial level, from 95 cm to 125 cm for the third axial level and from 155 cm to 185 cm 
for the last axial level, taken into account that the axial length of the reactor ranges from -40 
cm to 200 cm. Each group of detectors has a cylinder cladding of 0.3 cm of thickness and the 
axial length ranges from -40 cm to 200 cm. Moreover, these groups are situated at a radial 
distance of 85 cm and at 45°, 135°, 225° and 315° each one.
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In addition, the following core water levels have been simulated: 20 cm, 50 cm, 80 cm, 
102.31 cm, 110 cm, 140 cm, 170 cm and 192.5 cm, taken into account that the axial length of 
the reactor ranges from -40 cm to 200 cm.

3.2. Core results.

In this section, only the core results for the core water level of 102.31 cm are exposed. In fact, 
a comparison between the case calculated with and without global variance reduction is 
exposed to demonstrate the capabilities of this method. The case without global variance 
reduction is simulated with KCODE of 50000 histories and the other case with 5000 histories 
in each step, i.e., the calculations explained in sections 2.1 and 2.2.

Table 1: Comparison with and without global variance reduction.

Calculation keff
Computational time (minutes) 

(127 computer cores)
Without global variance reduction 1.00007 164

With global variance reduction: 
Determination of weight windows 1.00023 156

With global variance reduction: Core 
calculation 1.00030 311

Table 1 summarizes the results and the next figures present the errors (expressed on a per-unit 
basis) of the mesh-tally for the cylindrical mesh considered:

10 20 30 40 5C 60 70 SO
R ad ia l d is ls n o a  (cm ;

Figure 7: Errors of the mesh-tally of the first step of the calculation with global variance
reduction, from 0° to 5°.
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Figure 8: Errors of the mesh-tally of the second step of the calculation with global
variance reduction, from 0° to 5°.

Radial d istsnoa (cm)

Figure 9: Errors of the mesh-tally of the calculation without global variance reduction,
from 0° to 5°.
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Figure 10: Errors of the mesh-tally of the first step of the calculation with global 
variance reduction, from 195° to 200°.
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Figure 11: Errors of the mesh-tally of the second step of the calculation with global
variance reduction, from 195° to 200°.
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Figure 12: Errors of the mesh-tally of the calculation without global variance reduction,
from 195° to 200°.

In conclusion, the comparison of the Figures 8 and 9 and the comparison of the Figures 11 
and 12 show the flattening of the method. In addition, Figures 7 and 9 demonstrate that 
increasing the histories simulated decrease the errors but they are not flattened.

3.3. Ex-core detectors results.

First, only 1 adjoint flux calculation is needed for any core water level due to the fact that the 
reactor is modeled in TORT as a solid cylinder. Moreover, the computational time of this 
calculation was 10 minutes, using a single computer core, which is negligible in comparison 
with MCNP5 computational time. In addition, the use of the adjoint fluxes as the importance
function was indispensable to obtain acceptable errors in MCNP5 calculation, in spite of the
number of particles simulated.

In order to make reference to the several computed results, next nomenclature will be used:

dx: The group of detectors situated at 45°.
62: The group of detectors situated at 135°.
03: The group of detectors situated at 225°.
64 : The group of detectors situated at 315°. 
zx \ The first axial level of the detectors.
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z2: The second axial level of the detectors. 
z3: The third axial level of the detectors. 
z4: The fourth axial level of the detectors.

The following table summarizes the MCNP5 errors (expressed on a per-unit basis):

Table 2: Ex-core calculation errors.
Core water level

Detector 20 50 80 102.31 110 140 170 192.5
01, Zi 0,0064 0,0452 0,215 0,1103 0,1844 0,136 0,1735 0,4751
0i? z2 0,0046 0,0088 0,0419 0,1548 0,1628 0,2573 0,3362 0,3352
01? z 3 0,0049 0,0069 0,0088 0,014 0,0148 0,1388 0,287 0,2795
01, z4 0,006 0,0083 0,0096 0,0112 0,0109 0,0145 0,2623 0,3176
02̂  Z1 0,0051 0,0084 0,0123 0,0126 0,0135 0,0201 0,0141 0,0136
02̂  z2 0,004 0,0068 0,0081 0,0095 0,0117 0,0104 0,0109 0,0106
02? z3 0,0044 0,0061 0,0074 0,009 0,0098 0,0128 0,0113 0,0112
02? z4 0,0053 0,0074 0,0091 0,0099 0,0095 0,0116 0,038 0,0199
®3? Z1 0,0041 0,0059 0,0072 0,0077 0,0083 0,0089 0,0089 0,009
03? z2 0,0031 0,0045 0,0055 0,006 0,0062 0,0066 0,0065 0,0066
03? z3 0,0041 0,0052 0,0059 0,0066 0,0065 0,007 0,0071 0,0071
03? z4 0,0047 0,0063 0,0072 0,008 0,0078 0,0085 0,0116 0,0158
04? z i 0,0049 0,0081 0,0154 0,0119 0,0126 0,0145 0,0158 0,014
04? z2 0,004 0,0064 0,0077 0,0094 0,0097 0,0104 0,0104 0,0103
04? z3 0,0044 0,006 0,0074 0,0086 0,0095 0,0113 0,0109 0,0107
04? z4 0,0051 0,0073 0,0086 0,0097 0,01 0,0107 0,0196 0,0363

The values colored with red are above 10%. However, the results are coherent.

On the other hand, the detector results are exposed in Figures 13-16. In these figures, all the 
detectors show an inverse relationship between the neutron detector signal and the core water 
level, except for 2 detectors: 03, z3 and 03, z4. Moreover, Figures 13-16 show equal results 
(expressed in particles per simulated particle) for 02 and 64 detectors for all axial levels, due 
to the fact that both group of detectors are equally separated from the fuel assembly. In 
addition, 6t detector group signal shows the same behavior as 02 and 64 detector groups, but 
with less signal because of the larger distance from the fuel assembly. With regard to 03, z3 
and 03, z4 detector signals, their behavior could be due to the asymmetry of the fuel reactor 
core, as it is shown in Figure 1. When the core water level increases, the hot zone of the core 
moves up axially, decreasing the distance of the hot zone with detectors 03, z3 and 03, z4 and 
there is not enough water to attenuate the radiation; this movement of the hot zone with the 
increase of the core water level can be seen in Figures 17-24, which are the mesh-tally results 
for the mesh from 220° to 225°. Finally, at 140 cm level, there is no more movement of the 
hot zone and there is more water that can attenuate the radiation, thus the neutron detector 
signal decreases as it is represented in Figure 16.

With regards to Figures 17-24, they present the neutron flux for the mesh from 220° to 225° 
for the different core water levels considered. The X axis is the radial distance from the core, 
and the Y axis is the axial distance, that is, the height. One can appreciate that the hot zone 
increases in height, thus the neutron are nearer 03, z3 and 03, z4 detectors.
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Finally, the computational time (127 computer cores) for each core water level (8 cases) was: 
72 min, 37 min, 30 min, 19 min, 14 min, 12 min, 8 min and 29 min.
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Figure 13: Detector results for zx.

x  10

Figure 14: Detector results for z2.
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Figure 15: Detector results for z3.
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Figure 16: Detector results for z4.
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Figure 17: Hot zone for water level 20 cm. Figure 18: Hot zone for water level 50 cm.
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Figure 23: Hot zone for water level 170 cm. Figure 24: Hot zone for water level 192.5 cm.

4. CONCLUSIONS

First, the global variance reduction method proposed in this paper using MCNP5 is effective 
to flatten errors in all the reactor for core calculation and it is also easy to implement.

Moreover, the separation of the core and the ex-core calculation in order to calculate the 
neutron ex-core detector signals allows a more detailed calculation in the ex-core zone, 
avoiding the reactor core calculation. In addition, this methodology implies that only 1 
adjoint flux calculation (ex-core) is needed by considering the reactor as a solid cylinder, in 
spite of the changes of core water level. Furthermore, this adjoint flux calculation is 
indispensable to obtain low errors in the neutron detectors signals.

On the other hand, the relationship between the neutron detectors signals and the core water 
level has been demonstrated, but more experiments with more core water levels are required 
in order to find a function that correlates this relationship. Moreover, the distribution of the 
detectors used and this methodology could be used to predict not only the core water level but 
also the asymmetry of the neutron flux into the core.
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