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ABSTRACT 

Several BWR utilities are adopting practices for determining the state of control rods based 
on the neutron sensitive LPRM and gamma sensitive TIP measurement systems of the 
nuclear reactor core. This method is in this study evaluated by quantitatively analyzing the 
detector sensitivity to several material and geometrical distortions in the detector vicinity, 
using the Los Alamos National Laboratory stochastic Monte Carlo code MCNP5 and the 
Westinghouse 3D core simulator POLCA7. These results are used to determine whether or 
not there are potential pitfalls that need to be considered when applying the in-core detector 
based diagnostic methods to determine the state of control rods. This study also addresses 
the utility concern about shutdown margin deterioration due to potential loss of neutron 
absorbing material from control rods. 

It is found that indication of potential control rod leakage by means of the LPRM and the 
gamma TIP probe detector systems is feasible, provided that both detector systems show 
similar deviations that correspond to the potential loss of neutron absorbing material from 
the control rod. Furthermore, it is possible to correlate the observed detector signal 
deviation to the magnitude of the distortion. The study lays out criteria that need to be 
fulfilled for indication of control rod leakage to be reasonable, but it is to be noted that no 
definitive stand is or can be taken regarding the state of individual control rods at any 
utility. 

The shutdown margin is found not to be significantly deteriorated in any of the utility cases 
that are studied under an assumption of control rod loss of neutron absorbing material as a 
potential cause for anomalous detector readings. In order to provoke a significant effect, a 
section of the top fifth of the control rod must have lost neutron absorbing material next to 
a control rod position with already low shutdown margin. 
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ABBREVIATIONS 

BOC  Beginning Of Cycle 

BWR  Boiling Water Reactor 

BWR A Specific BWR here not mentioned by name 

BWR B Specific BWR here not mentioned by name 

BWR C Specific BWR here not mentioned by name 

CR   Control Rod 

CRB   Control Rod Blade 

EFPH  Effective Full Power Hours 

LPRM  Local Power Range Monitoring  

MCNP5 Los Alamos National Laboratory stochastic Monte Carlo code 

McScram Westinghouse MCNP5 based control rod depletion code 

PHOENIX4 Westinghouse 2D BWR lattice code 

POLCA7 Westinghouse 3D core simulator 

SDM   Shutdown Margin 

TIP   Traversing In-Core Probe 
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1 INTRODUCTION 

1.1 BACKGROUND 

Nuclear power plants must at all times be proven to be safe. Malfunctioning reactor core 
reactivity control systems would put the nuclear reactor safety at risk and the nuclear 
reactor utility must be able to show that the reactor has sufficient reactivity control for 
allowance to continue reactor operation. The most important reactivity control systems of 
the boiling water reactor (BWR) are the control rods (CRs) that are withdrawn or inserted 
into the reactor core for reactivity control. 

Several utilities are presently adopting a practice of using local power range monitoring 
(LPRM) readings and gamma traversing in-core probe (gamma TIP) measurements to 
determine the state of the CRs. During execution of such measurements anomalous 
responses in LPRM and gamma TIP detector signals in positions close to a few specific and 
deeply inserted CRs of Westinghouse CR 82M-1 type were observed in some BWRs. 

Two of the utilities, corresponding to the reactors BWR A and BWR B (two specific 
reactors here not mentioned by name) note that there is a correlation between the seen 
deviations and the level of insertion of those specific CRs, and suggest that these CRs may 
have lost a significant amount of Boron-10 (B-10) CR absorber material. According to this 
hypothesis, the absorption efficiency in the lower part of those CRs would thus have 
become strongly reduced and the utility is concerned there is a significant impact on the 
shutdown margin (SDM). 

The usage of in-core instrumentation systems for determining the state of CRs is 
unconventional and no studies on if there are pitfalls that need to be considered when 
applying these methods has been carried out. 

It is noted that several possible mechanisms could contribute to the observed effects: 

• The actual B-10 depletion is underestimated by the prediction code. 

• The impact of the B-10 depletion on the gamma TIP and LPRM signals is under-
estimated by utility methods. 

• The actual conditions in the detector vicinity deviate in terms of material or geometry 
from what is simulated by the utility. 

• Some other mechanisms (unrelated to an unexpected change in the amount of B-10) are 
affecting the detector readings. 

• B-10 has leaked from the CRs. 

1.2 OBJECTIVES 

This study is divided into three parts. The first one deals with a quantitative analysis of 
LPRM and gamma TIP detector signal deviations, due to material and geometrical 
distortions. Several different types of distortions are studied in order to determine if there 
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are pitfalls that need to be considered when applying the in-core detector based diagnostic 
method to determine the state of control rods. This sensitivity study is completed by means 
of the computer codes MCNP5 and POLCA7. 

MCNP5 is used in order to simulate detector signals in arbitrary material and geometrical 
configurations. POLCA7 is limited to certain symmetries and does not provide the means to 
model for example the bowing of a fuel channel and the depletion of one control rod blade 
(CRB). 

MCNP5 is used to simulate neutron, photon and electron transport but is not equipped to 
take thermal hydraulic feedback into account. For this reason POLCA7 is used in order to 
provide realistic water density distributions for MCNP5. 

The second part of the study deals with a reconstruction of the distorted detector signals 
from BWR A and BWR B. It is here explained how these distortions can arise, based on the 
results from the first study. 

The purpose of the third and final part of this study is to analyze the effect on SDM in the 
event of loss of neutron absorbing material from a CR. The goal is to determine if it is 
possible for the studied distortions to have a severe effect on the SDM in a supercell 
adjacent to an affected CR, while also quantifying this effect. The SDM calculations are 
carried out with the help from POLCA7. 

1.3 THE NEUTRON AND POWER MONITORING SYSTEMS OF A BOILING 
WATER REACTOR 

According to [1], a typical conventional BWR has several different detector systems 
sensitive to different neutron fluxes and that are used for different modes of reactor 
operation. The source range monitoring (SRM) system and the intermediate range 
monitoring (IRM) system are used for refueling, shutdown, startup and heating conditions. 
For power range monitoring the average power range monitoring (APRM) system is used 
together with the local power range monitoring (LPRM) system, see sections 1.3.1 and 
1.3.3 below. Additional systems are the traversing in-core probe (TIP) system used for 
LPRM calibration, which is described in section 1.3.2, and the rod block monitoring 
(RBM) system used for stopping the erroneous withdrawal of CRs. The sub-systems used 
for power range monitoring are relevant for this study and will be described in further 
detail. 

1.3.1 The average power range monitoring system 

The APRM system is designed to monitor the average and local thermal power of the 
reactor core from around 1% up to 125% of the rated thermal power. The lower power limit 
overlaps with the SRM and IRM operational modes. 

As described in [2], the APRM system is a top layer system that makes use of the data from 
the LPRM detectors. The LPRM detectors are distributed and added in such a way that they 
provide up to six independent APRM system signals and in turn six values for the thermal 
reactor power. Each APRM system channel also independently provides scram signals in 
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order to protect the fuel cladding material integrity. An example of such a case is when the 
reactor power reaches above around 110% of the rated thermal power, exact values 
depending on the current operational mode. 

1.3.2 The traversing in-core probe system 

The TIP system consists of, typically two to five TIP detectors for the whole core that each 
covers a number of LPRM assemblies, axially movable gamma sensitive ionization 
chambers or neutron sensitive fission chambers. In this study the gamma sensitive TIP 
system is the relevant one. These detectors can be used to obtain axial neutron flux 
equivalent profiles to be used, typically once each month, for LPRM calibration. The 
detector signals are also used as input to the online reactor analysis system and for code 
validation. 

An ionization chamber consists of a gas filled container with typically an outer cylindrical 
surface acting as a cathode and an inner cylindrical surface as an anode between which an 
electric field is applied [3]. As ionization radiation enters the chamber, gas atoms are 
ionized and electrons are emitted. These electrons will produce additional charged particles 
or recombine to form natural atoms again. If the electric field is strong enough, the 
electrons will be collected at the anode and a current can be measured. 

1.3.3 The local power range monitoring system 

The LPRM system provides a radial and axial neutron flux distribution over the core to be 
used by the APRM system and the RBM system. 

Depending on the reactor size and type, the LPRM system consists of around 30 to 50 
LPRM assemblies radially distributed in the reactor core. Each LPRM assembly (or 
instrumentation tube) is positioned in the water gap between four fuel assemblies in such a 
way that each LPRM assembly monitors a set of four CRs, or equivalently 16 fuel 
assemblies. Each LPRM assembly is typically made up of a water filled steel tube 
containing another hollow steel tube used for the TIP system. This TIP tube is placed side-
by-side with the four LPRM fission chambers labeled A, B, C and D at typically 12.5%, 
37.5%, 62.5% and 87.5% core height respectively, each monitoring the local neutron flux. 
The axial positions of the LPRM fission chambers and their placement relative to the TIP 
tube inside a typical instrumentation tube are presented in Figure 1. 

The thermal neutron induced fission in fissile U and Pu isotopes is utilized in fission 
chambers. A typical fission chamber consists of an ionization chamber that has the inner 
cathode surface coated with the fissile material [3]. One possible coating is U-234 and U-
235 enriched U3O8, where the U-235 buildup due to neutron absorption in U-234 is used in 
order to compensate for the loss of U-235 due to fission. Because of the large amount of 
energy released in each fission event (around 200 MeV), the gamma radiation entering the 
ionization chamber has little effect on the ionization current. The buildup of alpha emitters 
as the fissile coating is depleted is part of the reason the LPRM system has to be calibrated 
periodically. 



5 
 

 

Figure 1 The positions of the LPRM fission chambers and the TIP tube inside a typical BWR instrumentation 
tube. The figure is reproduced from [4]. 

1.4 THE REACTIVITY CONTROL SYSTEMS OF A BOILING WATER 
REACTOR 

The most important control systems of a typical commercial BWR are the CRs that are 
inserted or withdrawn from the reactor core to remove or insert reactivity respectively. 

Initial core control requirements are satisfied by combining the controls rods with burnable 
absorber materials for temporary reactivity control. When fresh fuel is loaded into the 
reactor core some fuel rods usually contain burnable absorbers, typically gadolinium, 
mixed with the fuel [5].  

Another way of controlling the core reactivity in a conventional BWR is by adjusting the 
reactor recirculation flow [5]. When increasing or decreasing the flow of water through the 
core, the increase in neutron moderation causes the reactor power level to increase or 
decrease respectively. Changing the reactor recirculation flow for reactivity control is 
usually done at reactor startup and when changing the power for load following, for power 
changes up to 25% of the thermal rated power. Next-generation BWR designs that are 
removing recirculation pumps, in favor of the use of natural circulation, use alternative 
methods of reactivity control. The GE Hitachi ESBWR for example uses feedwater 
preheaters in order to control the core inlet temperature and in turn the core average void 
fraction [6]. 

1.4.1 BWR control rods 

The CRs in a BWR are used, by insertion or withdrawal, to adjust the power level and the 
axial power shape of the reactor. At all times, they are also supposed to provide a sufficient 
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SDM, which is the margin to cold reactor shutdown. The Westinghouse BWR CR 82M-1 is 
pictured in Figure 2 as an example. 

 

Figure 2 The Westinghouse BWR CR 82M-1. The figure is reproduced from [7]. 

Westinghouse BWR CRs consist of four stainless steel sheets (here denoted CRBs) welded 
together in a cruciform shape. Horizontal holes are drilled in the sheets to contain the 
absorber material boron carbide (B4C), as powder or pins, and hafnium. The active length 
of the CRs, holes filled with absorber material, is around the same as the active core height. 
This cruciform steel rod is inserted into the reactor core vertically from below with the four 
neighboring fuel assemblies as guides. The number of CRs in the reactor core is such that 
for each group of four fuel assemblies there is one CR to be inserted. 

Modern BWR CRs are moved electrically for fine motion reactivity control while being 
inserted hydraulically in case of emergency shutdown. Older BWRs only use hydraulic CR 
drive systems, which does not allow for the same fine motion. 

1.5 GAMMA TIP MEASUREMENTS FROM BWR A 

Gamma TIP measurements from BWR A taken on 6/11/2013 show deviations in measured 
to predicted gamma TIP detector signal, according to Figure 3. The measurements were 
taken with CR 38-31 fully inserted. When conducting the same measurements on 
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11/12/2013 with CR 38-31 fully withdrawn, no unusual deviations were found, according 
to Figure 4. The BWR A gamma TIP data is reproduced from [8]. 

These measurements were taken in response to an observation of unexpected LPRM 
responses when withdrawing CR 38-31 from position 0 to position 6 (position 48 
corresponds to full withdrawal). During this withdrawal operation, LPRM string 36-29 
adjacent to CR 38-31 showed a detector signal increase at LPRM level A with a decrease at 
LPRM level B and at C. LPRM level D showed a detector signal increase due to the 
withdrawal of the CR. 

The magnitude of the gamma TIP detector signal deviation according to Figure 3 is 
presented in Table 1 for the most deviating measurement points 3 to 13 starting from below 
and is given as node specific detector signal increase relative to the predicted gamma TIP 
detector signal. As seen from the table, the largest relative gamma TIP detector signal 
increase is 16%. 

 

Figure 3 Measured and predicted gamma TIP signals 
from BWR A taken on 6/11/2013 with CR 38-31 fully 
inserted. 

 

Figure 4 Measured and predicted gamma TIP signals 
from BWR A taken on 11/12/2013 with CR 38-31 
fully withdrawn. 

 
Table 1 The relative detector signal increase as calculated from Figure 3, given for the most deviating gamma 
TIP nodes 3 to 13. 

Axial node Relative detector signal increase 
13 1.07 
12 1.10 
11 1.12 
10 1.14 
9 1.16 
8 1.16 
7 1.12 
6 1.11 
5 1.09 
4 1.07 
3 1.07 
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1.6 LPRM MEASUREMENTS FROM BWR B 

LPRM measurements at BWR B in late 2015 show unexpected responses, according to the 
presented example in Figure 5 reproduced from [9]. The measurements were started with 
CR 18-19 fully withdrawn. When inserting the CR, the LPRM detectors A, B and C show 
deviations from the expected behavior. The chosen LPRM measurement set from BWR B 
is the one with the largest relative LPRM detector signal deviation. Examples of normal 
LPRM responses when inserting a CR are presented in Figure 6. The figures are presented 
with different scales as only the qualitative behavior is of importance. This data set is 
fetched from another, unaffected LPRM position. BWR B has not observed any 
corresponding gamma TIP detector signal deviation. 

The magnitude of the LPRM detector signal deviations according to Figure 5 were for each 
detector normalized against the respective bottom level signal. The maximum deviations 
found are presented in Table 2. As seen from the table, the largest relative LPRM detector 
signal increase is 14% for the A level LPRM. 

 

Figure 5 Measured LPRM signals from BWR B taken 
on 23/10/2015 when fully inserting CR 18-19. The 
detector position is 20-17. 

 

Figure 6 Measured LPRM signals from BWR B taken 
on 03/10/2015 when fully inserting CR 34-11. The 
detector position is 36-09. 

 
Table 2 The maximum relative detector signal increase for each LPRM detector as calculated from Figure 5. 

LPRM detector The maximum relative detector signal increase 
D 1.00 
C 1.07 
B 1.10 
A 1.14 

 
1.7 MCNP5 

MCNP5 is a general-purpose, continuous-energy, generalized-geometry, time-dependent, 
coupled neutron, photon and electron Monte Carlo transport code [10]. 
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1.7.1 The Monte Carlo method 

The Monte Carlo method uses a stochastic model to determine the value of a physical 
quantity. The expectation value of random variables sampled from distributions 
representative for the physical phenomenon are used to calculate a value of this physical 
quantity. 

An important difference between the solution of a deterministic problem and a stochastic is 
that the deterministic solution represents the expectation value of the physical quantity and 
the stochastic solution represents a mean value that in a well-constructed model is equal to 
the deterministic solution. Both solutions have corresponding errors that in general are not 
related. 

1.7.2 Particle transport using the Monte Carlo method 

The Monte Carlo method can, as described in [11], be used to determine the transport of 
particles in a system, without deriving the particle transport equation. However, the 
solutions obtained when calculating the average probability density of particles in phase 
space turn out to be equivalent to those of the transport equation. The process consists of 
following the life of individual particles from source to particle termination. Particles 
terminate by particle absorption, the particles leaving the system or the particles falling out 
of the interesting energy range. 

From the generation of a particle to its termination, it goes through several statistical 
processes. The particle is created with a certain probability and the initial direction, location 
and energy are sampled from probability distributions. Furthermore, the distance traveled 
by a particle up to interaction is determined by a probability distribution, also the energy, 
direction and amount of the secondary particles created. 

Random numbers are initially sampled, then based on physical rules and particle transport 
data it is determined if, how and where a particle interaction occurs. The particle interaction 
data for transport that are available using MCNP5 are, as quoted from the MCNP5 user’s 
manual [10]: continuous-energy neutron interaction data; discrete reaction neutron 
interaction data; continuous-energy photoatomic interaction data; continuous-energy 
photonuclear interaction data; neutron dosimetry cross sections; neutron thermal data; 
multigroup neutron and coupled neutron/photon; multigroup photon; and electron 
interaction data. These data have been tabulated on the base of many physical experiments. 

1.7.3 Criticality calculations using the Monte Carlo method 

The effective neutron multiplication factor 𝑘𝑘eff that describes the time evolution of a fissile 
system can be determined in a Monte Carlo particle transport simulation by considering the 
amount of neutrons in the system. The MCNP5 𝑘𝑘eff is defined as the number of fission 
neutrons in one generation divided by the number in the preceding fission generation. 

The three criticality modes subcriticality, criticality and supercriticality correspond 
respectively to 𝑘𝑘eff < 1 when a self sustaining chain reaction is not possible, 𝑘𝑘eff = 1 when 
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a self-sustaining chain reaction is exactly maintained and 𝑘𝑘eff > 1 when the number of 
neutrons in the system increases exponentially. 

In the Monte Carlo simulation an initial source distribution is specified and the evolution 
for each 𝑘𝑘eff cycle yields a new source distribution, with the statistical quality of the 𝑘𝑘eff 
value improving for each cycle. A cycle is an estimation of a fission generation. 

1.7.4 Variance reduction techniques 

In order to reduce the Monte Carlo computation time without a reduction of the accuracy in 
the simulation results, variance reduction techniques can be used. Several variance 
reduction techniques are described in the MCNP5 user’s manual [10], and the technique 
relevant for the simulations in this study is geometry splitting with Russian roulette. This 
technique is in this case implemented according to [12] and briefly described in 
section 1.7.4.1. 

1.7.4.1 Geometry splitting with Russian roulette 

In order to achieve lower variance in important regions of the MCNP5 model without 
increasing the computation time, such as in detector regions, the sampling in these regions 
should be modified somehow. Geometry splitting with Russian roulette controls the particle 
population by splitting one particle into several identical with lower statistical weight, 
while conserving the total particle weight. The importance of each region in space is set 
manually and MCNP5 increases the sampling of the regions of high importance. In [12] it 
is argued that a good choice of region importance distribution is one that makes the particle 
tracks entering each region in space roughly constant.  

Every cell in the MCNP5 model is assigned an importance 𝐼𝐼𝑥𝑥 for each particle type relevant 
for the simulation. In this case 𝑥𝑥 ∈ {𝑛𝑛,𝑝𝑝}. When a particle passes through a cell boundary 
from cell 𝑛𝑛 to 𝑚𝑚, the importance fraction 𝜈𝜈 = 𝐼𝐼𝑥𝑥,𝑛𝑛/𝐼𝐼𝑥𝑥,𝑚𝑚 determines the fate of the particle.  

If the importance fraction is equal to 1, the particle transport continues. If 𝜈𝜈 < 1, Russian 
roulette is played, i.e. the particle is without bias killed off with a probability 1 − 𝜈𝜈. If the 
particle survives, its weight is multiplied by 𝜈𝜈−1. If 𝜈𝜈 > 1, the particle is in the simplest 
case, where 𝜈𝜈 is an integer, split into 𝜈𝜈 particles with the total weight conserved. 

1.7.5 Quantification of the simulation efficiency improvement 

One method of quantifying the improvement in efficiency for a Monte Carlo neutron 
transport calculation is using the figure of merit [12]. The figure of merit FOM is defined 
according to 

 
FOM =

1
𝜎𝜎2𝑇𝑇

 (1) 

where 𝜎𝜎2 ∝ 𝑁𝑁−1 is the relative variance of the mean, 𝑇𝑇 ∝ 𝑁𝑁 is the computation time 
expressed in minutes and 𝑁𝑁 is the number of neutron histories simulated. Observe that the 
figure of merit is not dependent on the number of neutron histories simulated and is 
therefore a constant for each simulation. 
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When conducting the same simulation in the set up MCNP5 model with and without 
geometry splitting with Russian roulette, the figure of merit increases a factor of 2.5 for the 
simulated detector signals in the instrumentation tube. 

1.8 POLCA7 

POLCA7 is a Westinghouse BWR core simulator that simulates the three-dimensional 
static behavior of the reactor core [13]. The neutronics and thermal hydraulic problems are 
solved in a coupled fashion. 

1.8.1 The thermal hydraulic model 

The BWR thermal hydraulic model of POLCA7 takes all relevant reactor core systems into 
account: lower plenum, each fuel assembly, inter-assembly bypass channels, upper plenum, 
steam separators, steam dome, down comers and main recirculation pumps [14]. 

The main thermal hydraulics calculation takes place in the core. Each assembly is divided 
into typically 25 ‘nodes’. For each node there are requirements regarding the conservation 
of mass, energy and momentum. The conversion of liquid water into steam is described by 
a so-called void model. The distribution of coolant flow among the assemblies is 
determined from the requirement that the pressure drop across an assembly must equal for 
all channels. 

1.8.2 The neutronics model 

POLCA7 has several available neutronics models, of which in this study an advanced 
method based on the analytical nodal method is used. This method is in the code labelled 
“NEU3” [15]. 

POLCA7 solves the three-dimensional two group neutron diffusion equation for a reactor 
core built up from nodes, for each node converting the three-dimensional equation into 
three one-dimensional equations, one for each spatial direction, for the directional flux. The 
directional equations are coupled together by neutron leakage through nodes. 

Typically each fuel assembly is divided into 25 nodes (parallelepipeds) that are close to 
cubical. A two-dimensional lattice code, in this case PHOENIX4, is used to generate 
homogenized cross sections from a detailed two-dimensional fuel assembly model. 

In the end, the neutronics model calculates the detailed distributions of neutron flux and 
fission power. 

1.8.3 Coupling of the thermal hydraulic and neutronics models 

The input from the neutronics to the thermal hydraulics calculation is the power generated 
in each node. The coolant density and temperature found in the thermal hydraulic model are 
employed in the neutronics part when cross sections are evaluated. Thus, the thermal 
hydraulics and neutronics solutions are interdependent and they have to be found in an 
iterative fashion. 
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2 THE LPRM AND GAMMA TIP DETECTOR SIGNAL DEVIATIONS TO 
MATERIAL AND GEOMETRICAL DISTORTIONS 

2.1 DEFINING THE TARGET MODEL 

The objective is to model a CR and instrumentation tube pair in MCNP5 as accurately as 
reasonably achievable. In order to understand how to build the MCNP5 model, for 
determining the appropriate size of the simulated area to ensure adequate normalization, 
POLCA7 is used. 

The chosen POLCA7 reference reactor core is BWR C, cycle 17, at 16234 EFPH. At this 
point of the cycle, the core is in stretch-out operation with all CRs withdrawn. The 
withdrawal of all CRs is desired in order to assure that when inserting a CR into this core, it 
is not affected by the presence of other CRs. The target model is a BWR with CR 82M-1 
type CRs, which corresponds to BWR A and BWR B. 

A CR with 0% B-10 depletion is withdrawn from the reactor core at position 36-37, which 
is pictured in Figure 7. This position is chosen because it is the area of the core that has the 
most regular U-235 enrichment pattern after the significant depletion period of 16234 
EFPH. The POLCA7 axially averaged relative assembly power increase at the CR vicinity 
is according to Figure 8. As can be seen from the figure, at five diagonal assembly steps 
from the CR the power is unaffected by its presence. This indicates that in order to 
construct an MCNP5 square model that isolates the effect of a single CR and includes at 
least one by the CR unaffected fuel assembly to be used for normalization, a core section of 
8×8 fuel assemblies can be modelled according to the red-colored square outlined in 
Figure 7. The model is defined with half assemblies at its side boundaries and, 
consequentially, quarter assemblies in its corners in order to keep the checker board fuel 
enrichment pattern when using reflective boundary conditions. The model size 8×8 is 
chosen rather than 10×10 due to the decrease in MCNP5 calculation time for smaller 
models. The not perfect power factor 1.01 at the corner assembly is considered 
insignificant. 

All the MCNP5 simulations can be set up in an approximate plane geometry, in practice 
analyzing very nearly two-dimensional effects. Therefore a thin single CR B4C hole pitch 
thick model is desired, with reflective boundary conditions in all directions. Due to the 
desire of analyzing the detector signal deviations corresponding to the coolant void 
conditions at all four axial LPRM positions, each LPRM cross section is implemented into 
a separate model. This in total yields a three-dimensional model of the CR and 
instrumentation tube pair. 
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Figure 7 The CR environment of BWR C, cycle 17, at 16234 EFPH studied in POLCA7. Red color 
corresponds to a higher enrichment than blue color, with yellow and green representing intermediate level 
enrichments. The red-colored square frame corresponds to the boundaries of the POLCA7 evaluation based 
definition of the MCNP5 CR vicinity model. The figure presents a quarter of the reactor core. No CRs are 
inserted into any other core quarters. 

 

Figure 8 The axially averaged relative assembly power increase at the CR vicinity according to POLCA7 
when withdrawing a CR with 0% B-10 depletion. Each square represents a fuel assembly (for symmetry 
reasons, the resulting MCNP5 model periphery and corner squares will represent half and quarter 
assemblies, respectively). 
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2.2 THE MCNP5 MODEL 

2.2.1 The fuel and control rod geometry 

The MCNP5 model geometry is presented in Figure 9. Typical fuel and CR type CR 82M-1 
dimensions are implemented. A typical CR geometry is specified in accordance with [16], 
and specifically drawing [17]. The CR material composition is fetched from [18]. A typical 
Westinghouse fuel assembly geometry is implemented according to [19]. The geometrical 
simplifications are: square fuel box, simplified water pins/water cross, symmetric fuel box 
water gap, homogeneous fuel pin pitch, no rounded edges on the CRBs and no partial 
length fuel rods are implemented into the model when changing the model axial position. 

 

Figure 9 The MCNP5 model geometry. The detector, pictured as a red circle, is at the southeast corner of the 
CR. 

2.2.2 The fuel composition 

The fuel enrichment distribution is assembly-wise and axially homogeneous, supposed to 
estimate the checkerboard enrichment pattern of the BWR C POLCA7 reference model 
according to Figure 7. The two axially averaged actinide vectors of the fuel taken from 
POLCA7 are presented in Table 3. The two actinide vectors are derived through averaging 
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the assembly fuel composition distribution for an axially averaged geometric cross section 
in the POLCA7 model. One average is calculated for each checkerboard position type. The 
same actinide vectors are used for each axial LPRM position, which is a simplification of 
the in general axially nonhomogeneous fuel enrichment. The fuel temperature is set to 
900 K. The rest of the model is given a temperature 600 K. 

Table 3 The checkerboard fuel pattern taken from POLCA7. The less abundant actinides, such as Np, Am, Cm 
and other U and Pu isotopes, are for simplification not included in the model. 

Actinide U-235 U-236 U-238 Pu-239 Pu-240 Pu-241 
High enriched fuel content [w/o] 2.13 0.37 96.94 0.49 0.14 0.07 
Low enriched fuel content [w/o] 0.89 0.54 97.64 0.53 0.26 0.14 

 
2.2.3 The coolant void distribution 

The axial average POLCA7 quarter assembly coolant void distribution of the 4×4 
assemblies closest to a withdrawn CR is presented in Figure 10, together with the 
distribution for the case with a CR inserted in Figure 11. For the central 2×2 assemblies, the 
MCNP5 quarter assembly void distribution is taken directly from POLCA7. The remaining 
assemblies get a single void value per fuel assembly due to the void content being close to 
constant over one non-central assembly. The equivalent procedure is repeated for each 
simulated distortion in order to obtain a radial void distribution for each simulated case and 
at for each simulated axial position. The CR withdrawal case is presented as an example. 

Without considering the coolant void change, the simulated detector signals will be 
overestimated when for example neutron absorbing materials are lost from a CR. This is 
due to the overestimation of coolant density and in turn overestimation of neutron 
moderation. 

The southeasternmost fuel assembly is used for normalization of the results and the same 
void content needs to be applied in each simulation. The void content of this assembly is set 
to an average of each POLCA7 void reference simulation case corresponding to the same 
axial position. The void content for this assembly varies less than 1%, which justifies this 
approximation. 
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Figure 10 The POLCA7 quarter assembly axial 
average coolant void distribution of the 4×4 
assemblies closest to the withdrawn CR. 

 

Figure 11 The POLCA7 quarter assembly axial 
average coolant void distribution of the 4×4 
assemblies closest to the inserted CR. 

2.2.4 The detector model 

The instrumentation tube is simplified to consist of a stainless steel tube filled with water 
without explicit detectors inserted into the tube. The inner tube radius of 3.18 mm is a 
typical value of the LPRM fission chamber and gamma TIP tube radii [20][21]. The outer 
radius is used as a free parameter when setting up the geometry model, which allows for 
conservation of the same amount of stainless steel as in the standard PHOENIX model [22]. 
The MCNP5 detector geometry is presented in Figure 12. The purpose of the outer water 
cylinder is to divide the water cells for geometry splitting to be possible according to 
section 1.7.4.1. 

The detector signal (ionization current) of the LPRM fission chamber is proportional to the 
fission rate in the U3O8 coating of the fission chamber [23]. This is approximated as the 
virtual U3O8 fission rate in the water inside the instrumentation tube. The virtual reaction 
rate is obtained by weighting the neutron fluence 𝜑𝜑𝑛𝑛(𝐸𝐸) against the energy dependent U3O8 
fission cross section 𝜎𝜎𝑓𝑓(𝐸𝐸) and the U3O8 atomic density 𝜌𝜌𝐴𝐴. The detector signal is then 
obtained as the sum of the virtual reaction rate over all energies according to 

 detector signal = �𝜑𝜑𝑥𝑥(𝐸𝐸)𝑓𝑓(𝐸𝐸)d𝐸𝐸 (2) 

with 𝑓𝑓(𝐸𝐸) = 𝜎𝜎𝑓𝑓(𝐸𝐸)𝜌𝜌𝐴𝐴. The U3O8 composition is obtained from [20]. 

The detector signal of the gamma TIP ionization chamber is proportional to the gamma 
energy deposited in the chamber coating [24]. This is approximated as the virtual gamma 
energy deposited in the water inside the instrumentation tube. The photon fluence 𝜑𝜑𝑝𝑝(𝐸𝐸) is 
weighted against the energy dependent photon heating number 𝐻𝐻(𝐸𝐸) (MeV/collision) in 
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titanium and summed over all energies to obtain the detector signal according to Eq. (2) 
with 𝑓𝑓(𝐸𝐸) = 𝐻𝐻(𝐸𝐸). Titanium is a typical gamma TIP ionization chamber coating [25]. 

 

Figure 12 The MCNP5 detector geometry. Virtual detectors are located at the water at the center. 

2.3 THE SIMULATED MATERIAL AND GEOMETRICAL DISTORTIONS 

Table 4 and Table 5 summarize all the simulated material and geometrical distortions. Each 
simulated scenario is described in detailed below. 
 
Table 4 A summary of all the simulated material distortions. Each table item corresponds to four separate 
simulations, one for each axial LPRM position. 

Simulated case Parameter variation 
Homogeneous B-10 depletion of 4 CRBs [%] 0 20 40 60 80 90 95 97.5 100 
Homogeneous B4C leakage of 4 CRBs [%] 0 20 40 60 80 90 95 97.5 100 
Nonhomogeneous B4C leakage of 4 CRBs [%] 0 20 40 60 80 90 100 - - 
Leakage of 2 CRBs facing the detector [%] 0 100 - - - - - - - 
Leakage of 2 CRBs away from the detector [%] 0 100 - - - - - - - 
Leakage of 1 CRB, eastern CRB [%] 0 100 - - - - - - - 
Leakage of 1 CRB, northern CRB [%] 0 100 - - - - - - - 

Table 5 A summary of all the simulated geometrical distortions. Each table item corresponds to four separate 
simulations, one for each axial LPRM position. 

Simulated case Parameter variation 
Fuel channel bow [mm] -2.51 0.00 2.51 5.02 7.87 10.0 
Fuel channel bow, CR withdrawn [mm] -2.51 0.00 2.51 5.02 7.87 10.71 
Instrumentation tube bow [mm] 0 ±1 ±2 ±4 ±10 - 
CR bypass boiling [%] 0 20 40 60 80 100 
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2.3.1 Boron-10 depletion 

The B-10 depletion is simulated for {0, 20, 40, 60, 80, 90, 95, 97.5, 100}% homogeneous 
B-10 burnup of all four CRBs. 

When the B-10 burnup changes, the B4C atomic density 𝑛𝑛B4C change according to 

 𝑛𝑛B4C = 𝑛𝑛B10 ∙ (1 − 𝛽𝛽) + 𝑛𝑛B11 + 𝑛𝑛C (3) 

where 𝛽𝛽 is the B-10 burnup. The atomic densities of the nondepleted B4C components are 
𝑛𝑛B10= 2.13 ∙ 10-2 b-1cm-1, 𝑛𝑛B11= 8.59 ∙ 10-2 b-1cm-1 and 𝑛𝑛C = 2.68 ∙ 10-2 b-1cm-1, as 
according to [18]. 

The simulation of homogeneous burnup is motivated by Figure 13, which presents radial B-
10 burnup profiles of a CR 82M-1 B4C hole obtained using McScram. The profiles are 
representative for B4C holes at the axial center of the CR. As seen from the figure, for low 
to intermediate depletion values the radial profile is close to the mean over the entire hole. 
For 70% mean depletion, the depletion at 10% from the CRB tip is just below 80%. The B-
10 burnup varies over the hole, but there will still be B-10 present over almost the full 
length of the hole at all times, except for very high burnup, when all the B-10 is close to 
depleted anyway. 

For each B-10 burnup simulation a POLCA7 void distribution corresponding to different 
magnitudes of full axial burnup is implemented into the MCNP5 model according to 
section 2.2.3. Coolant void distributions from each axial LPRM position are implemented 
into the model. 

 

Figure 13 Radial B-10 burnup profiles of a CR 82M-1 B4C hole obtained using McScram. The profiles are 
representative for B4C holes at the axial center of the CR. 

2.3.2 B4C leakage 

The leakage of B4C is simulated by replacing the content of the B4C hole with water. Two 
different leakage mechanisms are examined: 
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• Homogeneous leakage over the B4C hole; a radially homogeneous dilution of the B4C 
with water. 

• Nonhomogeneous leakage of B4C from the outer CRB edge inwards; a radially 
proceeding removal of all absorber material in a portion of the CR hole, with the 
innermost absorber cylinder kept intact. 

According to [26], the outer edges of the CRBs are subjected to the highest neutron fluence 
and will thus swell more rapidly and experience initial cracking and boron leakage. This 
motivates the simulation of the nonhomogeneous case. Also justifying the simulation of the 
homogeneous leakage is the neutron radiography measurement presented in Figure 14. 
When B4C is lost, the remaining inventory of the holes is sometimes distributed over a 
large part of the hole. In other words, the actual behavior may be best represented by either 
of these simulated cases – or may even resemble something on between. Therefore, both 
scenarios need to be kept in mind during the following analyses. 

The B-10 burnup is set to 30% in all B4C leakage simulations, since this corresponds well 
to typical burnup of the CRs for which leakage is suggested to have occurred. 

Five different leakage scenarios are simulated: 

• Leakage of the eastern CRB (near detector, see Figure 9) of the MCNP5 model. 

• Leakage of the northern CRB (far from the detector). 

• Leakage of the two CRBs facing the instrumentation tube. 

• Leakage of the two CRBs away from the instrumentation tube. 

• Leakage of all four CRBs. 

 

Figure 14 An example of a neutron radiography measurement from a leaking Westinghouse powder type CR. 
The remaining inventory of B4C can be distributed over the hole. The figure is reproduced from [27]. 
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2.3.2.1 Homogeneous B4C leakage 

In the homogeneous leakage case, the B4C is leaked in steps of {0, 20, 40, 60, 80, 90, 95, 
97.5, 100}% B4C hole volume. The mass fraction 𝑤𝑤𝑖𝑖 of each element 𝑖𝑖 ∈ {H, O, B, C} in the 
homogeneous mixture is calculated according to 

 𝑤𝑤𝑖𝑖 =
𝑣𝑣𝑖𝑖 ∙ 𝑤𝑤𝑖𝑖,nonmixed ∙ 𝜌𝜌𝑖𝑖

𝜌𝜌mixed
 (4) 

The volume fraction of H2O or B4C is denoted 𝑣𝑣𝑖𝑖. The mass fractions 𝑤𝑤𝑖𝑖,nonmixed of 
element 𝑖𝑖 before mixing H2O and B4C are: 𝑤𝑤H,nonmixed = 11.19%, 𝑤𝑤O,nonmixed = 88.81%, 
𝑤𝑤B,nonmixed = 78.28%, 𝑤𝑤C,nonmixed = 21.72%. The mass densities 𝜌𝜌𝑖𝑖 of H2O and B4C are: 
𝜌𝜌H2O = 0.74 gcm-3, 𝜌𝜌B4C = 1.76 gcm-3. The mixture density is 𝜌𝜌mixed = ∑ 𝑣𝑣𝑗𝑗𝑗𝑗 ∙ 𝜌𝜌𝑗𝑗. The mass 
fraction of B-10 and B-11 can then be calculated in a similar way as for the B-10 burnup 
case but including one more conversion step from atomic to mass fraction. 

For each homogeneous B4C leakage case of all four CRBs, POLCA7 void distributions 
corresponding to different magnitudes of full axial leakage are implemented within the 
MCNP5 model according to section 2.2.3. Coolant void distributions from each axial 
LPRM position are implemented into the model.  

In the nonsymmetrical simulation cases corresponding to leakage of one or two CRBs, a 
coolant void distribution cannot be obtained using POLCA7, since the code does not 
provide a means for simulating an uneven distribution of CR absorber material. For this 
reason only the A LPRM axial position is simulated for these cases, with a coolant void that 
is constant when B4C leaks from the CRBs. The relative coolant density decrease when all 
the B4C leaks from the CR is, at the assembly position with the largest relative change, 6% 
for the A LPRM axial position, i.e. void conditions remain comparatively stable. For the B, 
C and D positions relative void variations of around 30% are seen. The constant void is 
thus a much better approximation for the A level LPRM than for the other levels. 

2.3.2.2 Nonhomogeneous B4C leakage 

In the nonhomogeneous leakage case from all four CRBs, the B4C is replaced by water 
from the outer edge of the B4C hole in steps of {0, 20, 40, 60, 70, 80, 90, 100}% B4C hole 
volume. 

The coolant void distribution is for the same reason as discussed in the previous 
subsection 2.3.2.1, only implemented and simulated for the A level LPRM. The void 
change is low for this level and the coolant void distribution for 100% B4C loss is as an 
approximation used for 20% to 100% nonhomogeneous B4C leakage. 

2.3.3 Fuel channel distortion 

The fuel channel box can be distorted due to for example different elongation rates of 
opposite sides of the fuel channel box when the fuel channel box is irradiated or when its Zr 
alloy construction material absorbs hydrogen [28]. The bowing of a fuel channel is the 
distortion chosen for study here. 
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The bowing of the fuel channel between the CR and the instrumentation tube is simulated 
for {-2.51, 0.00, 2.51, 5.02, 7.87, 10.00} mm diagonal bow towards the CR with 30% 
depleted B-10 with CR inserted and {-2.51, 0.00, 2.51, 5.02, 7.87, 10.71} mm diagonal 
bow with CR withdrawn. 

In the case with the CR inserted, the CR moves together with the fuel assembly when the 
assembly is bowed diagonally more than 5.02 mm, after which the maximum diagonal bow 
is 10.00 mm before the CR has no space to move. 

In the uncontrolled case, the fuel assembly is allowed to bow 10.71 mm diagonally towards 
the withdrawn CR before it enters the MCNP5 model cells of the neighboring fuel 
assemblies, which is why it is chosen as the maximum bow to model. 

The maximum bow towards the instrumentation tube chosen to model is 2.51 mm. This is 
close to the maximum bow allowed before the square fuel channel intersects the 
instrumentation tube. 

The coolant void distribution is not changed in the MCNP5 model as the fuel channel bows, 
due to the limited knowledge of coolant void change in this scenario. For this reason only 
the A LPRM axial position is simulated for these cases, due to a constant void being a 
better approximation for this axial position than for the other levels. 

2.3.4 Instrumentation tube bow 

It is realistic to imagine a bowing instrumentation tube due to similar reasons as for the 
bowing fuel channel. 

The bowing of the instrumentation tube is simulated for ±{0, 1, 2, 4, 10} mm horizontal 
bow, positive values corresponding to bow towards the inserted CR with 30% depleted B-
10. 

A value of ±10 mm horizontal instrumentation tube bow corresponds to around half of the 
instrumentation tube entering the fuel assembly bypass. In reality the instrumentation tube 
diameter is larger than the fuel assembly bypass and it is only allowed to enter if there is a 
displacement of at least one of the fuel channels. 

The coolant void distribution is not changed in the MCNP5 model as the instrumentation 
tube bows, due to the limited knowledge of the coolant void change in this scenario. For 
this reason only the A LPRM axial position is simulated for these cases, due to a constant 
void being a better approximation for this axial position than for the other levels. 

2.3.5 Control rod bypass boiling 

It is likely that CR bypass boiling takes place at least in a transitory stage when the CR is 
inserted. Such a phenomenon is likely to occur since the water volume in the CR bypass is 
strongly reduced while still being subjected to the effect of the heated surface of the fuel 
assembly box and at the same time being exposed to additional heating power generation in 
the form of the CR itself due to nuclear reactions associated with neutron capture. 
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CR bypass boiling is simulated by changing the void content of the water surrounding the 
CR with 30% depleted B-10. The void of the whole bypass bounded by the four 
surrounding fuel assemblies and the CR is changed. The CR bypass water density 𝜌𝜌CRB is 
changed according to 𝜌𝜌CRB = (1 − 𝛼𝛼) ∙ 0.74 g/cm3, where 𝛼𝛼 is the CR bypass void fraction. 

The void content of the CR bypass is simulated for {0, 20, 40, 60, 80, 100}% void. 

The coolant void distribution is not changed in the MCNP5 model as the CR bypass void 
changes, due to the limited knowledge of the coolant void change in this scenario. For this 
reason only the A LPRM axial position is simulated for these cases, due to a constant void 
being a better approximation for this axial position than for the other levels. 

2.4 NORMALIZATION OF THE MCNP5 RESULTS 

The power density 𝑃𝑃𝑖𝑖(�̅�𝑟𝑖𝑖) of a homogeneously enriched, all full length pin fuel assembly 𝑖𝑖 
can, as in 

 𝑃𝑃𝑖𝑖(�̅�𝑟𝑖𝑖) = 𝐶𝐶�𝑝𝑝𝑖𝑖𝑗𝑗��̅�𝑟𝑗𝑗�
𝑗𝑗

 (5) 

be expressed as a sum of the power 𝑝𝑝𝑖𝑖𝑗𝑗 deposited in all the assembly 𝑖𝑖 fuel pins 𝑗𝑗 times a 
constant 𝐶𝐶 that describes how much power is deposited in the water and construction 
material surrounding the fuel pins. This amount is around 7% [10]. �̅�𝑟𝑖𝑖 is the spatial location 
of the fuel assembly 𝑖𝑖. 

Considering the assembly power density 𝑃𝑃𝑖𝑖,ref(�̅�𝑟𝑖𝑖) of a reference reactor configuration, and 
𝑃𝑃𝑖𝑖,perturbed(�̅�𝑟𝑖𝑖) of a reactor state where a perturbation is introduced in a confined region of 
space, it is obvious that for fuel assemblies far from the perturbation, the power densities 
have to remain be equal, according to 

 lim
𝑟𝑟𝑖𝑖→∞ 

𝑃𝑃𝑖𝑖,ref(�̅�𝑟𝑖𝑖) = lim
𝑟𝑟𝑖𝑖→∞ 

𝑃𝑃𝑖𝑖,perturbed(�̅�𝑟𝑖𝑖) (6) 

The simulation results obtained from MCNP5 are normalized per sampled source neutron 
and the power densities will be according to 

 lim
𝑟𝑟𝑖𝑖→∞ 

𝑃𝑃𝑖𝑖,ref,MCNP5(�̅�𝑟𝑖𝑖) = 𝜂𝜂 lim
𝑟𝑟𝑖𝑖→∞ 

𝑃𝑃𝑖𝑖,perturbed,MCNP5(�̅�𝑟𝑖𝑖) (7) 

where 𝜂𝜂 is the constant used for normalization of the MCNP5 results. 

If 𝜕𝜕𝜂𝜂/𝜕𝜕𝑟𝑟𝑖𝑖 ≈ 0 at the fuel assemblies far from the perturbation, the MCNP5 model is large 
enough to be considered infinite, and the normalization constant can simply be described 
according to 

 
𝜂𝜂 =

∑ 𝑝𝑝𝑖𝑖𝑗𝑗,ref,MCNP5��̅�𝑟𝑗𝑗�𝑗𝑗

∑ 𝑝𝑝𝑖𝑖𝑗𝑗,perturbed,MCNP5��̅�𝑟𝑗𝑗�𝑗𝑗
 (8) 
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The natural choice of the fuel assembly 𝑖𝑖 is the assembly the furthest away from the 
perturbation. In this case, the southeasternmost fuel assembly is chosen for normalization. 
Since the outermost regions of the model consist of half assemblies, cf. Figure 9, only a 
quarter assembly is available in the corner positions. For simplicity, the other corner 
assemblies are not included in the normalization. 

The reaction rate 𝑟𝑟𝑥𝑥,perturbed of reaction 𝑥𝑥 relative to the reference reactor configuration 
can now be expressed in terms of the MCNP5 simulation results, as described by 

 𝑟𝑟𝑥𝑥,perturbed = 𝜂𝜂 ∙ 𝑟𝑟𝑥𝑥,perturbed,MCNP5 (9) 

2.5 COMPARISON BETWEEN THE POLCA7 AND MCNP5 ASSEMBLY POWER 
DISTRIBUTIONS 

The MCNP5 assembly power distributions obtained after normalization can be compared to 
those from POLCA7. This test qualitatively determines if the MCNP5 model is built 
properly. The axially averaged core states are compared in this section rather than 
comparing each of the axial LPRM positions. 

The relative assembly power increases when withdrawing a CR with 0% depleted B-10 are 
presented in Figure 15 for the MCNP5 case in and Figure 16 for the POLCA7 case. The 
assembly powers of the southeasternmost assemblies are set to 1. As seen from the figures, 
an MCNP5 model of the axially averaged core state is built to produce approximately the 
same relative power increase as in the axial averaged three-dimensional cases from 
POLCA7. 

 

Figure 15 The MCNP5 relative assembly power 
increase when withdrawing the CR. 

 

Figure 16 The POLCA7 relative assembly power 
increase when withdrawing the CR. 
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2.6 THE DETECTOR SIGNAL PIN IMPORTANCES 

2.6.1 The gamma TIP detector signal 

The gamma TIP pin weights used in POLCA7 [29] for the lower third of the core, where no 
partial length rods are present, are presented in Figure 17. Only the four surrounding 
assemblies affect the gamma TIP detector signal, which means that the total gamma TIP 
pin weight distribution is obtained by rotating Figure 17 around the instrumentation tube. 
The gamma TIP pin weights describe how the pin power distribution should be weighted to 
correspond to the gamma TIP detector signal. This figure can be used to understand why 
the gamma TIP detector signals change to certain material and geometrical distortions. 

 

Figure 17 The pin gamma TIP weights from POLCA7. The instrumentation tube is located at the southeast 
corner. The full pin distribution is obtained by rotating the figure around the instrumentation tube. 

2.6.2 The LPRM detector signal 

The LPRM detector signal depends on the neutron flux at the detector vicinity, which is 
why it is only affected by the power of the closest fuel pins [23].  
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2.7 SIMULATION RESULTS 

The MCNP5 simulation results are for each simulated case presented with figures showing 
both the LPRM and gamma TIP responses. The pin power distributions at the detector 
vicinity are also presented for each case as they give information about why the detector 
signals change. All the results, except the pin power distributions, are presented with one 
statistical standard deviation error bars. The pin power distributions are presented as the 
power ratio for each pin for the distorted case to the nominal case. 

In order to show the proportions of the relative detector signal increase, the results for a 
withdrawn CR are presented in section 2.7.1. This case in principle sets an upper boundary 
for how large an increase could be obtained in the studied cases. 

2.7.1 The withdrawal of a control rod 

The LPRM and gamma TIP detector signal increase when withdrawing a CR, relative to the 
two nominal cases of a CR with 0% depleted B-10 and a CR with 30% depleted B-10, are 
presented in Table 6 and Table 7. The values are presented for each axial LPRM position. 

Table 6 The LPRM and gamma TIP detector signal increases when withdrawing a CR, relative to the case of 
a CR with 0% depleted B-10. 

Detector position Relative LPRM increase 𝜎𝜎 [%] Relative gamma TIP increase 𝜎𝜎 [%] 
D 1.17 0.4 1.18 0.5 
C 1.16 0.4 1.16 0.5 
B 1.16 0.4 1.16 0.5 
A 1.29 0.4 1.29 0.5 

 
Table 7 The LPRM and gamma TIP detector signal increases when withdrawing a CR, relative to the case of 
a CR with 30% depleted B-10. 

Detector position Relative LPRM increase 𝜎𝜎 [%] Relative gamma TIP increase 𝜎𝜎 [%] 
D 1.15 0.4 1.16 0.5 
C 1.15 0.4 1.15 0.5 
B 1.16 0.4 1.16 0.5 
A 1.27 0.4 1.27 0.5 

 
As is seen from the tables, the CR effect is only marginally diminished when employing a 
CR with 30% depleted B-10. These results may be taken as a proportional reference for the 
peak values obtained in the following subsections.  
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2.7.2 Boron-10 depletion 

The LPRM and gamma TIP detector responses to homogeneous B-10 depletion of all four 
CRBs are presented in Figure 18 and Figure 19. The relative pin power distribution, in the 
four fuel assemblies neighboring the instrumentation tube, corresponding to the A level 
LPRM and the pin power distribution relation between 100% and 0% B-10 depletion (no 
depletion is reference) is presented in Figure 20. 

 

Figure 18 The relative MCNP5 LPRM detector 
signal, when the B-10 burnup in all four CRBs 
increase, corresponding to each axial LPRM level. 

 

Figure 19 The relative MCNP5 gamma TIP detector 
signal, when the B-10 burnup in all four CRBs 
increase, corresponding to each axial LPRM level. 

As can be observed from the LPRM and gamma TIP detector signal deviations from the 
figures, up to around 80% B-10 burnup the behavior may be characterized as a constantly 
increasing function, which thereafter is superseded by an exponential increase. As 
expected, as long as there is more than around 5% B-10 homogeneously distributed in the 
CR holes, little detector signal deviation is observed. The LPRM and gamma TIP detector 
signal deviations follow closely similar trends and magnitudes, the maximum detector 
signal deviation for each axial LPRM level being presented in Table 8 for comparison. The 
peak values obtained here are lower in comparison to those from the CR withdrawal case, 
showing that the steel construction material still has a non-negligible effect on the power 
level. 

Table 8 The maximum detector signal deviation when 100% of the CR B-10 is burned, relative to that for 0% 
B-10 burnup. The values are according to Figure 18 and Figure 19. 

Detector position Relative LPRM increase 𝜎𝜎 [%] Relative gamma TIP increase 𝜎𝜎 [%] 
D 1.13 0.4 1.14 0.5 
C 1.14 0.4 1.14 0.5 
B 1.15 0.4 1.15 0.5 
A 1.21 0.4 1.20 0.5 

 
The large detector signal deviation at the A level LPRM is due to the lower relative coolant 
density change at this level. The relative coolant density decrease when all the B-10 of the 
CR is burned is, at the assembly position with the largest relative change, -2% for the A 
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LPRM axial position while around -15% for the B, C and D positions. A larger water 
density decrease results in a larger neutron moderation decrease, which in turn prevents 
local power and consequential detector deviation from increasing as much as for the A level 
LPRM. 

As observed in the relative pin power increase when depleting the CR B-10, the power 
increase is as expected the largest at the fuel assembly edges closest to the CR. The effect 
decreases with distance from the CR. 

 

Figure 20 The MCNP5 pin power distribution for 100% B-10 burnup in all four CRBs relative to the one with 
no B-10 burnup. The distribution corresponds to the A LPRM axial position and the four fuel assemblies 
neighboring the instrumentation tube. 
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2.7.3 B4C leakage 

2.7.3.1 Homogeneous B4C leakage of four control rod blades 

The LPRM and gamma TIP detector responses to homogeneous B4C leakage of all four 
CRBs are presented in Figure 21 and Figure 22. The relative pin power distribution, in the 
four fuel assemblies neighboring the instrumentation tube, corresponding to the A level 
LPRM and the quota between 100% B4C leakage and no leakage with 30% burned B-10 
(30% depletion is reference) is presented in Figure 23. 

 

Figure 21 The relative MCNP5 LPRM detector 
signal, when the B4C leakage from all four CRBs 
increase, corresponding to each axial LPRM level. 

 

Figure 22 The relative MCNP5 gamma TIP detector 
signal, when the B4C leakage from all four CRBs 
increase, corresponding to each axial LPRM level. 

As can be observed from the LPRM and gamma TIP detector signal deviations, the curve 
behaves as a constantly increasing function up to around 80% B4C loss, after which the 
increase is exponential. This is the same trend as the one observed for the homogeneous B-
10 depletion case. The LPRM and gamma TIP detector signal deviations follow closely 
similar trends and magnitudes, the maximum detector signal deviation for each axial LPRM 
level being presented in Table 9 for comparison. The peak values obtained here are lower in 
comparison to those from the CR withdrawal case, showing that the steel construction 
material still has a non-negligible effect on the power level. 

The magnitude compared to the B-10 burnup case is similar. There is an around 1% to 4% 
difference between the presented values for the two cases. The difference between the two 
different nominal scenarios of 0% B-10 burnup and 30% burnup is, according to Figure 18 
and Figure 19, 1% to 2%. This results in a low actual difference between the B-10 burnup 
and homogeneous B4C leakage simulations. This is expected as replacing the depleted B4C 
in the CR holes with water should only yield a small difference due to this volume being 
small in comparison with surrounding water volumes, i.e. no significant moderation or 
other neutronic impact can be expected due to the swap between these materials. 

  



29 
 

Table 9 The maximum detector signal deviation when 100% of the CR B4C is leaked, relative to that for 30% 
B-10 burnup. The values are according to Figure 21 and Figure 22. 

Detector position Relative LPRM increase 𝜎𝜎 [%] Relative gamma TIP increase 𝜎𝜎 [%] 
D 1.11 0.4 1.11 0.5 
C 1.10 0.4 1.10 0.5 
B 1.10 0.4 1.12 0.5 
A 1.17 0.4 1.19 0.5 

 
The large detector signal deviation at the A level LPRM is due to the lower relative coolant 
density change at this level. The relative coolant density decrease when all the B4C leaks 
from the CR is, at the assembly position with the largest relative change, -6% for the A 
LPRM axial position while around -30% for the B, C and D positions. A larger water 
density decrease results in a larger neutron moderation decrease, which in turn prevents 
local power and consequential detector deviation from increasing as much as for the A level 
LPRM. 

As observed in the relative pin power increase when the B4C leaks, the power increase is as 
expected the largest at the fuel assembly edges closest to the CR. The effect decreases with 
distance from the CR. 
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Figure 23 The MCNP5 pin power distribution for 100% B4C leakage from all four CRBs relative to the one 
with no B4C leakage. The distribution corresponds to the A LPRM axial position and the four fuel assemblies 
neighboring the instrumentation tube. 
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2.7.3.2 Nonhomogeneous B4C leakage of four control rod blades 

The LPRM and gamma TIP detector responses to radially nonhomogeneous B4C leakage of 
all four CRBs are presented in Figure 24 and Figure 25. The relative pin power distribution, 
in the four fuel assemblies neighboring the instrumentation tube, corresponding to the A 
level LPRM and the quota between 40% radial B4C leakage and no leakage with 30% 
burned B-10 (30% depletion is reference) is presented in Figure 26.  

The 40% leakage pin power distribution is presented due to the 100% case being equivalent 
to the homogeneous 100% B4C leakage case, but the evolution up to full leakage being 
different. 

 

Figure 24 The relative MCNP5 LPRM detector 
signal, when the nonhomogeneous B4C leakage from 
all four CRBs increase, corresponding to the A 
LPRM axial position. 

 

Figure 25 The relative MCNP5 gamma TIP detector 
signal, when the nonhomogeneous B4C leakage from 
all four CRBs increase, corresponding to the A 
LPRM axial position. 

In the nonhomogeneous leakage case, the detector signal deviation behaves approximately 
as a constantly increasing function up to full B4C leakage. This is due to the fact that the 
remaining CR B4C, although with exactly the same remaining number of atoms as in the 
homogeneous case, is not here able to suppress the power of the neighboring fuel 
assemblies as well as when the material is spread over the whole B4C hole. It can be seen 
from the relative pin power distribution corresponding to 40% nonhomogeneous B4C 
leakage that when the outer B4C hole volume is replaced with water, the relative power 
density close to the instrumentation tube is allowed to increase earlier than for the 
homogeneous leakage case. This results in the approximately constantly increasing 
behavior. 
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Figure 26 The MCNP5 pin power distribution for 40% nonhomogeneous B4C leakage from all four CRBs 
relative to the one with no B4C leakage. The distribution corresponds to the A LPRM axial position and the 
four fuel assemblies neighboring the instrumentation tube. 
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2.7.3.3 B4C leakage from fewer than four control rod blades 

The relative detector signal deviations corresponding to total leakage from one, two and 
four CRBs are presented in Table 10. The results are presented for the A LPRM axial 
position. The leakage mode does not matter as only the results for full leakage are 
presented. 

Table 10 The relative detector signal deviations for the total leakage of one, two and four CRBs relative to the 
ones for 30% B-10 burnup. S and E correspond to the two CRBs facing the instrumentation tube, W and N to 
the two CRBs away from the instrumentation tube, E to the eastern CRB and N to the northern CRB. A TIP 
corresponds to the axial position of the gamma TIP detector that is axially movable. 

Detector position 4 CRBs 𝜎𝜎 [%] S and E 𝜎𝜎 [%] W and N 𝜎𝜎 [%] E 𝜎𝜎 [%] N 𝜎𝜎 [%] 
A LPRM 1.17 0.4 1.10 0.4 1.07 0.4 1.05 0.4 1.03 0.4 

A TIP 1.19 0.5 1.10 0.5 1.06 0.5 1.04 0.5 1.03 0.5 
 
As seen from the table, B4C leakage from one or two CRBs yields at the most around 50% 
of the total detector signal deviation relative to the case of total B4C leakage from four 
CRBs. This situation arises for the case of B4C leakage from the two CRBs facing the 
instrumentation tube. Leakage from only one of these CRBs yields in turn around half of 
the effect relative to the total effect of the two CRBs. Leakage from the corresponding 
CRBs away from the instrumentation tube has a smaller effect on the detector signal 
deviation; around 70% relative to the effect of the CRBs facing the instrumentation tube is 
seen. 
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2.7.4 Fuel channel distortion 

2.7.4.1 Bow towards an inserted control rod 

The LPRM and gamma TIP detector responses to diagonal fuel channel bow (or distortion) 
with CR inserted are presented in Figure 27 and Figure 28. The relative pin power 
distribution, in the four fuel assemblies neighboring the instrumentation tube, 
corresponding to the A level LPRM and the quota between maximum fuel channel bow and 
no bow (no bow is reference) is presented in Figure 29. 

 

Figure 27 The relative MCNP5 LPRM detector 
signal, when the diagonal fuel channel bow towards 
the inserted CR increases, corresponding to the A 
LPRM axial position. 

 

Figure 28 The relative MCNP5 gamma TIP detector 
signal, when the diagonal fuel channel bow towards 
the inserted CR increases, corresponding to the A 
LPRM axial position. 

As can be seen from the relative pin power distribution the diagonal bow of a fuel channel 
yields a power increase at the fuel assembly edges, where there is an increase of water 
volume and a decrease at the other edges where the water volume decreases. This local 
power increase results in a large LPRM detector signal deviation, while the gamma TIP 
detector signal changes less due to its more wide-ranging dependence on the power in all 
four surrounding fuel assemblies, according to section 2.6. 

The detector signal deviations behave approximately like constantly increasing functions 
with diagonal fuel channel bow magnitude. The rate of increase obtained when fitting lines 
to the figures, in the least-squares sense, are 1.4% per mm (LPRM) and 0.6% per mm 
(gamma TIP). 
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Figure 29 The MCNP5 pin power distribution for 10.00 mm diagonal fuel channel bow towards the inserted 
CR relative to the one with no fuel channel bow. The distribution corresponds to the A LPRM axial position 
and the four fuel assemblies neighboring the instrumentation tube.  
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2.7.4.2 Bow towards a withdrawn control rod 

The LPRM and gamma TIP detector responses to diagonal fuel channel bow with CR 
withdrawn are presented in Figure 30 and Figure 31. The relative pin power distribution, in 
the four fuel assemblies neighboring the instrumentation tube, corresponding to the A level 
LPRM and the quota between maximum fuel channel bow and no bow (no bow is 
reference) is presented in Figure 32. 

 

Figure 30 The relative MCNP5 LPRM detector 
signal, when the diagonal fuel channel bow towards 
the withdrawn CR increases, corresponding to the A 
LPRM axial position. 

 

Figure 31 The relative MCNP5 gamma TIP detector 
signal, when the diagonal fuel channel bow towards 
the withdrawn CR increases, corresponding to the A 
LPRM axial position. 

When comparing the fuel channel bow in the controlled and uncontrolled cases, it can be 
noticed that the presence of the CR does not affect the detector signal deviations in a 
significant manner. The detector signal increase is also weakly dependent on the coolant 
void distribution when it is set as a constant to the distortion magnitude change, since the 
detector signal deviation is similar to both the controlled and uncontrolled fuel channel bow 
cases with different constant coolant void distributions. 

The detector signal deviations behave approximately like constantly increasing functions 
with diagonal fuel channel bow magnitude. The rate of increase obtained when fitting lines 
to the figures, in the least-squares sense, are 1.3% per mm (LPRM) and 0.6% per mm 
(gamma TIP). 
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Figure 32 The MCNP5 pin power distribution for 10.71 mm diagonal fuel channel bow towards the inserted 
CR relative to the one with no fuel channel bow. The distribution corresponds to the A LPRM axial position 
and the four fuel assemblies neighboring the instrumentation tube. 
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2.7.5 Instrumentation tube bow 

The LPRM and gamma TIP detector responses to horizontal instrumentation tube bow with 
CR inserted are presented in Figure 33 and Figure 34. The relative pin power distribution, 
in the four fuel assemblies neighboring the instrumentation tube, corresponding to the A 
level LPRM and the quota between 10 mm instrumentation tube bow and no bow (no bow 
is reference) is presented in Figure 35. 

 

Figure 33 The relative MCNP5 LPRM detector 
signal, when the horizontal instrumentation tube bow 
towards the inserted CR increases, corresponding to 
the A LPRM axial position. 

 

Figure 34 The relative MCNP5 gamma TIP detector 
signal, when the horizontal instrumentation tube bow 
towards the inserted CR increases, corresponding to 
the A LPRM axial position. 

When bowing the instrumentation tube, the power change that occurs according to the 
relative pin power distribution is due to the small increase and decrease of water volume 
close to the fuel pins at the instrumentation tube vicinity. 

When the instrumentation tube starts to enter the fuel assembly bypass the LPRM detector 
signal starts to decrease due to the presence of only two fuel assembly edges rather than 
four fuel assembly corners. 

It can also be observed that there is a detector signal deviation asymmetry when bowing the 
instrumentation tube horizontally. Bow towards the CR yields a larger detector signal 
deviation than away from the CR, which is expected due to the power suppression of the 
CR. 

The larger effect seen in the LPRM detector signal deviation compared to that for the 
gamma TIP detector is, much like in the case of fuel channel bow, due to the local neutron 
flux change that occurs when moving the instrumentation tube. The global effect seen by 
the gamma TIP detector is small, which is in agreement with what was established in 
section 2.6. 
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Figure 35 The MCNP5 pin power distribution for 10 mm horizontal instrumentation tube bow towards the 
inserted CR relative to the one with no instrumentation tube bow. The distribution corresponds to the A 
LPRM axial position and the four fuel assemblies neighboring the instrumentation tube. 
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2.7.6 Control rod bypass boiling 

The LPRM and gamma TIP detector responses to CR bypass boiling with CR inserted are 
presented in Figure 36 and Figure 37. The relative pin power distribution, in the four fuel 
assemblies neighboring the instrumentation tube, corresponding to the A level LPRM and 
the quota between 100% CR bypass void and 0% CR bypass void (0% CR bypass void is 
reference) is presented in Figure 38.  

 

Figure 36 The relative MCNP5 LPRM detector 
signal, when the CR bypass void increases, 
corresponding to the A LPRM axial position. 

 

Figure 37 The relative MCNP5 gamma TIP detector 
signal, when the CR bypass void increases, 
corresponding to the A LPRM axial position. 

As can be seen from the relative pin power distribution, the increase of void in the CR 
bypass mostly affects the relative pin power distribution close to the CR. This results in a 
low deviation in the LPRM detector signal which according to section 2.6 is mostly 
dependent on the power of the fuel pins at the instrumentation tube vicinity. According to 
the same section, the gamma TIP detector signal also experiences low deviation due to its 
small dependence on the power in the region close to the CR. The small detector deviation 
that occurs is an increase, due to the small overall decrease in CR absorption efficiency that 
occurs due to the loss of water close to the CR. The CR absorption efficiency follows the 
B-10 neutron absorption cross section, which decreases with increasing neutron energy. 
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Figure 38 The MCNP5 pin power distribution for 100% CR bypass void relative to the one with no CR bypass 
void. The distribution corresponds to the A LPRM axial position and the four fuel assemblies neighboring the 
instrumentation tube. 
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2.7.7 The comparison between local and nonlocal distortions 

The difference between local and nonlocal distortions can be further understood by 
analyzing the neutron flux at the instrumentation tube vicinity. 

The fraction between the fast neutron flux 𝜙𝜙fast for neutrons above 0.625 eV and the 
thermal neutron flux 𝜙𝜙thermal for neutrons below 0.625 eV is determined for one nonlocal 
distortion (homogeneous B4C leakage according to section 2.3.2) and one local (diagonal 
fuel channel bow towards an inserted CR according to section 2.3.3). This fraction is 
presented in Table 11 together with one statistical standard deviation obtained from 
MCNP5. As can be seen from the table, in the nonlocal B4C leakage case the fast to thermal 
neutron flux fraction is approximately constant. Both fluxes increase as B4C leaks, and at 
the same rate. In the local distortion case with fuel channel bow, the flux fraction does not 
stay constant when the diagonal fuel channel bow towards the CR increase. 

This difference in local and nonlocal distortions is due to the shorter mean free path of 
thermal neutrons in water. The gamma TIP detector signal will change in a manner that is 
similar to that of the fast neutron flux, since the spatial distribution of the gamma flux is 
similar, while the LPRM detector signal is mostly dependent on the short range neutrons in 
the thermal energy range. If the instrumentation tube is close to the distortion, the effect of 
the thermal neutron flux change will yield LPRM and gamma TIP detector signals 
changing at different rates in response to the distortion magnitude. This has been observed 
in the fuel channel bow and instrumentation tube bow simulations. 

Table 11 The fraction between fast and thermal neutron fluxes when B4C leaks homogeneously from a CR and 
when the fuel channel between the instrumentation tube and the CR bows diagonally towards the CR. 

B4C leakage [%] 0 20 40 60 80 90 95 97.5 100 
𝜙𝜙fast/𝜙𝜙thermal 1.89 1.88 1.89 1.88 1.89 1.90 1.90 1.89 1.91 

𝜎𝜎 [%] 0.6 0.6 0.6 0.6 0.6 0.6 0.6 0.6 0.6 
Fuel channel bow [mm] -2.51 0.00 2.51 5.02 7.87 10.0 - - - 

𝜙𝜙fast/𝜙𝜙thermal 1.98 1.89 1.81 1.75 1.66 1.64 - - - 
𝜎𝜎 [%] 0.6 0.6 0.6 0.6 0.6 0.6 - - - 
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2.8 CONCLUSIONS ON MATERIAL AND GEOMETRICAL DISTORTIONS 

In this section it has been shown that leakage of B4C from the CR and the depletion of its 
B-10 each can result in around 20% detector signal increase, relative to a nominal 30% 
depleted CR, for both the LPRM and gamma TIP detector systems. If there is a change in 
coolant water density when the distortion occurs, which is the case for the LPRM levels 
higher up in the core, the detector signal increase is lower. 

If the distortion that occurs is nonlocal to the instrumentation tube, such as a loss of neutron 
absorbing material from a CR, the LPRM and gamma TIP show detector signal deviations 
of similar order of magnitude. 

Leakage of B4C yields the maximum detector signal increase for leakage of all four CRBs. 
Leakage from one or two CRBs yields at most around 50% of the effect that four leaked 
CRBs can result in. This occurs for leakage of the two CRBs closest to the instrumentation 
tube. 

The nonhomogeneous radial leakage mode yields a larger detector signal deviation for 
lower losses of B4C than what is the case for homogeneous leakage, which shows low 
detector signal deviations as long as there is any B4C homogeneously distributed in the 
hole. 

The bowing of the fuel channel, in between the CR and the instrumentation tube, results in 
a LPRM deviation larger than the gamma TIP deviation by roughly a factor of two. This is 
because of the power increase being localized at the instrumentation tube vicinity. 

In the case of bowing of the instrumentation tube the detector signal deviation also 
corresponds to a local power increase, resulting in a large LPRM detector signal deviation 
while a low gamma TIP signal deviation. The LPRM detector signal deviation is a decrease 
because of the displacement of the instrumentation tube from the region of highest neutron 
flux in between the four fuel assemblies. 

Void distortions of the CR bypass results in a negligible detector signal increase due to the 
overall decrease in CR absorption efficiency that occurs due to the loss of neutron 
moderation close to the CR.  
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3 DETECTOR SIGNAL RECONSTRUCTION 

For both the BWR A and BWR B detector signal deviations, the only possible causes of the 
observed deviations found in this study are B-10 burnup and B4C leakage, or a combination 
of both effects. A geometrical distortion such as fuel channel bow could give rise to an 
LPRM detector signal deviation large enough. However, a dynamic scenario where the 
detector signal change is of different sign at LPRM level B and C compared to the A level 
LPRM when inserting or withdrawing a CR, has not been found. Furthermore, the fixation 
of the fuel assembly at the bottom part of the core makes it difficult for a large A level 
LPRM bow distortion to occur without the fuel channel bowing at the center of the CR. 
Therefore only the B-10 burnup and B4C leakage scenarios are used in this section for 
detector signal reconstruction. 

In order to reconstruct the measured detector signal deviations from BWR A and BWR B, 
the same piecewise linear interpolations as presented in the MCNP5 sensitivity study 
simulation results are used here in order to obtain the correlation between detector signal 
deviation and distortion magnitude. This is an approximation of the actual evolution, which 
may be assumed to be represented by a smooth function. 

3.1 RECONSTRUCTION OF THE BWR A GAMMA TIP DEVIATION  

In Table 12 the amount of CR neutron absorbing material loss necessary to match the 
measured gamma TIP detector signal deviation is presented, for each of the most deviating 
nodes according to Table 1. The table presents depletion and leakage magnitudes for the 
homogeneous B-10 burnup and homogeneous and nonhomogeneous B4C leakage cases of 
all four CRBs. The profiles are adjusted relative to that of a CR with 30% depleted B-10, 
meaning that a nominal CR with 30% homogeneously depleted B-10 is used for 
comparison. The MCNP5 sensitivity study has been performed to correspond to full axial 
depletion and leakage. The actual coolant void change when loss of neutron absorbing 
materials occurs for a smaller part of the CR corresponds better to the A level LPRM due to 
the lower density change, which implies that this is the detector signal deviation magnitude 
curve that should be used when reconstructing these deviations.  
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Table 12 The magnitude of loss of neutron absorbing material from a CR adjusted relative to a CR with 30% 
depleted B-10. The CR depletion and leakage profiles correspond to the gamma TIP detector signal deviation 
observed in the most deviating CR nodes at BWR A according to Table 1. The presented cases are 
homogeneous B-10 burnup, homogeneous B4C leakage and nonhomogeneous B4C leakage. The A level TIP 
data has been used for reconstruction. 

Axial node Relative detector signal deviation B-10 profile Hom. B4C profile Nonhom. B4C profile 
13 1.07 0.96 0.95 0.53 
12 1.10 0.98 0.98 0.74 
11 1.12 0.98 0.98 0.83 
10 1.14 0.99 0.99 0.88 
9 1.16 0.99 0.99 0.91 
8 1.16 0.99 0.99 0.92 
7 1.12 0.98 0.98 0.83 
6 1.11 0.98 0.98 0.81 
5 1.09 0.97 0.97 0.66 
4 1.07 0.96 0.95 0.53 
3 1.07 0.96 0.91 0.48 

 
As can be seen from the table, the lowest loss of neutron absorbing material for each node 
necessary to reconstruct the measured deviation is for nonhomogeneous B4C leakage of all 
four CRBs. 

3.2 RECONSTRUCTION OF THE BWR B LPRM DEVIATION 

The size of the axial section of the BWR B CR where neutron absorbing material could be 
lost can be determined from studying the A LPRM detector signal of Figure 5. As easily 
can be realized, neutron absorbing materials has to be lost from the CR in an axial section 𝐿𝐿 
obeying 

 𝐿𝐿 = �𝑧𝑧: 1 − 𝑧𝑧end,A + 𝑧𝑧LPRM,A < 𝑧𝑧 < 1 − 𝑧𝑧begin,A + 𝑧𝑧LPRM,A� (10) 

where 𝑧𝑧 is an axial position on the CR given in fraction of the total length of the CR (which 
is defined as unity), 𝑧𝑧LPRM,A is the axial position of the A level LPRM, 𝑧𝑧end,A is the CR 
insertion level at which the A LPRM deviation starts to decrease and 𝑧𝑧begin,A is the CR 
insertion level at which the A LPRM deviation begins. The detector signal increase 
beginning corresponds to the upper part of the CR and the signal decrease to the bottom 
part. The start and end point of the possibly depleted or leaked section of the CR might not 
exactly correspond to where the detector signal derivative changes sign, but is here used as 
an approximation. This yields the assumption that neutron absorbing materials has been lost 
from the CR in a section extending from node 8 to 20, of course with a varying magnitude 
of depletion or leakage at different axial and radial positions. The largest thus postulated 
depletion or leakage magnitude is in around CR nodes 8 to 12, with a decreasing magnitude 
in nodes 13 to 20. 

Table 13 presents the amount of CR loss of neutron absorbing material necessary to match 
the measured LPRM detector signal deviation, for each of the most deviating nodes 
according to Figure 5. The table presents depletion and leakage magnitudes for the 
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homogeneous B-10 burnup and homogeneous and nonhomogeneous B4C leakage cases of 
all four CRBs. The CR depletion and leakage profiles are adjusted relative to that of a CR 
with 30% depleted B-10, meaning that a nominal CR with 30% homogeneously depleted B-
10 is used for comparison. The MCNP5 sensitivity study has been performed to correspond 
to full axial loss of neutron absorbing material. The actual coolant void change when loss of 
neutron absorbing materials occurs for a smaller part of the CR corresponds better to the A 
level LPRM due to the lower density change, which implies that this is the detector signal 
deviation magnitude curve that should be used when reconstruction these deviations.  

Table 13 The magnitude of loss of neutron absorbing material from a CR adjusted relative to a CR with 30% 
depleted B-10. The CR depletion and leakage profiles correspond to the A level LPRM detector signal 
deviation observed in the most deviating CR nodes at BWR B according to Figure 5. The presented cases are 
homogeneous B-10 burnup, homogeneous B4C leakage and nonhomogeneous B4C leakage. The A level LPRM 
data has been used for reconstruction. 

Axial node Relative detector signal deviation B-10 profile Hom. B4C profile Nonhom. B4C profile 
20 1.05 0.83 0.83 0.41 
19 1.07 0.94 0.95 0.56 
18 1.08 0.95 0.96 0.62 
17 1.08 0.95 0.96 0.62 
16 1.08 0.96 0.96 0.68 
15 1.09 0.98 0.97 0.81 
14 1.11 0.98 0.98 0.81 
13 1.12 0.98 0.98 0.86 
12 1.14 0.98 0.99 0.91 
11 1.14 0.98 0.99 0.92 
10 1.14 0.98 0.99 0.91 
9 1.12 0.98 0.98 0.83 
8 1.10 0.97 0.97 0.71 

 
As can be seen from the table, the lowest loss of neutron absorbing material for each node 
necessary to reconstruct the measured deviation is for nonhomogeneous B4C leakage. 

The detector withdrawal scenario as the one conducted at BWR B can be reproduced in 
POLCA7, using the same POLCA7 model as described in section 2.1. POLCA7 is limited 
to simulating the static CR insertion process, which means that each CR axial position 
corresponds to one static simulation. 

In Figure 39 and Figure 40 the detector signal responses are presented for the case when the 
CR B-10 is 100% homogeneously depleted in CR nodes 8 to 12 with a from 100% to 83% 
B-10 burnup constantly decreasing burnup profile from CR nodes 13 to 20. The remaining 
nodes are depleted 30%. This yields LPRM detector responses behaving similarly to the 
BWR B deviations, but also a corresponding gamma TIP response that has not been 
observed at BWR B. The detector responses to the insertion of a nondepleted CR with 
homogeneous 30% B-10 burnup are presented in the figures as reference. Homogeneous B-
10 burnup is chosen for reconstruction rather than B4C leakage due to being easier to model 
using POLCA7. The figure presenting the LPRM detector signals is formatted to easily be 
comparable to the BWR B Figure 5 and Figure 6, which is why some white space has been 
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included at the horizontal edges of the figures. This space corresponds to time periods when 
there is no movement of the CR. 

 

Figure 39 The POLCA7 LPRM detector responses 
when inserting the CR. The dashed line corresponds 
to 30% homogeneous B-10 burnup. The solid line 
corresponds to 100% B-10 burnup in CR nodes 8 to 
12 and a from 100% to 83% homogeneous B-10 
burnup constantly decreasing burnup profile in nodes 
13 to 20. The remaining nodes are depleted 30%. 

 

Figure 40 The POLCA7 gamma TIP detector 
response to a depleted CR. The depleted CR has a 
100% B-10 burnup in CR nodes 8 to 11 and a from 
100% to 83% homogeneous B-10 burnup constantly 
decreasing burnup profile in nodes 12 to 20. The 
remaining nodes are depleted 30%. The nominal CR 
has a 30% homogeneous B-10 burnup. 

3.3 CONCLUSIONS ON THE DETECTOR SIGNAL RECONSTRUCTION 

3.3.1 Reconstruction of the BWR A gamma TIP deviation 

As observed from Table 12, the lowest amount of neutron absorbing CR material loss 
necessary to reconstruct the BWR A gamma TIP deviation is in the nonhomogeneous B4C 
leakage case of all four CRBs. In this case three nodes need to be close to empty (around 
90% loss) of B4C, while the rest of the nodes need a lower (minimum around 50%) 
magnitude of leakage. 

According to the MCNP5 detector signal sensitivity study, the LPRM and gamma TIP 
detector systems should show a deviation of similar order of magnitude in order to 
correspond to loss of neutron absorbing material from a CR. BWR A has not presented the 
results for full CR withdrawal, but the LPRM detector signal changes observed at this 
reactor when withdrawing the CR in the limited interval from position 0 to 6 have been 
made available and studied separately (not present here). The results were found to 
correspond well with the gamma TIP deviation. 

According to this study, leakage of the two CRBs facing the instrumentation tube could 
contribute up to around 50% of the detector signal deviation observed for leakage of all 
four CRBs. This would correspond to 60% of the effect necessary to reconstruct the 
BWR A detector deviation. However, if there are errors in the utility methodology resulting 
in an overestimation of the 16% deviation, together with a potential underestimation of the 
largest possible deviation obtained in this study, this might constitute a realistic scenario. 
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The B-10 depletion case can be combined with the B4C leakage case by depleting the 
remaining B-10 more than 30% when B4C leaks from the CR. However, this would yield 
only a slight difference in the necessary amount of B4C leakage for detector signal 
reconstruction. This is because of the low change in detector signal deviation around 30-
50% B-10 burnup, when B-10 is depleted homogeneously. At full leakage no difference 
would occur, because of no B-10 being left to deplete. 

3.3.2 Reconstruction of the BWR B LPRM deviation 

As observed from Table 13, the lowest amount of neutron absorbing CR material loss 
necessary to reconstruct the BWR B LPRM deviation is in the radially nonhomogeneous 
B4C leakage case of all four CRBs. In this case four nodes need to be close to empty 
(around 90% loss) of B4C, while the rest of the nodes need a lower (minimum around 40%) 
magnitude of leakage. 

The observed LPRM signal deviation can be reconstructed in detail by B-10 depletion or 
B4C leakage from the CR. However, a corresponding gamma TIP deviation should be 
observable for the BWR B measurements to be caused by loss of neutron absorbing 
material from a CR. 

One possible explanation for the fact that gamma TIP indications are not available is simply 
that the gamma TIP measurements obtained from the utility were taken at another point in 
time. A possible scenario is that the utility mistakenly has reported gamma TIP 
measurements for a core configuration with the interesting CR being withdrawn. 

A large LPRM detector signal deviation and a low gamma TIP deviation correspond to 
what would be observed if a fuel channel bends away from the instrumentation tube (or if 
any other local power increase would take place for that part). However, a dynamic 
scenario where the detector signal change is of different sign at LPRM level B and C 
compared to the A level LPRM when inserting or withdrawing a CR, has not been found. 
Furthermore, the fixation of the fuel assembly at the bottom part of the core makes it 
difficult for a large A level LPRM bow distortion to occur without the fuel channel bowing 
at the center of the CR. 
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4 THE EFFECT ON SHUTDOWN MARGIN BY A LOSS OF NEUTRON 
ABSORBING MATERIAL FROM A CONTROL ROD 

4.1 THE SHUTDOWN MARGIN 

The shutdown margin SDM𝑖𝑖 of CR 𝑖𝑖 is the margin to the critical reactor core 𝑘𝑘eff when all 
but CR 𝑖𝑖 are fully inserted [30]. The SDM for CR 𝑖𝑖 can when 𝑘𝑘 ≈ 1 be calculated 
according to 

 
SDM𝑖𝑖 =

𝑘𝑘ref − 𝑘𝑘𝑖𝑖
𝑘𝑘𝑖𝑖

∙ 100 (11) 

where 𝑘𝑘ref is the cold critical reference level, usually obtained at BOC on the basis of cold 
critical measurements performed in the physical reactor.  

4.1.1 The cold critical reference level 

In a reactor with a fine motion CR drive system, an exactly critical core may easily be 
configured and the cold critical reference level is obtained directly. The reactors studied in 
this case use hydraulic CR drive systems, where the exact cold critical 𝑘𝑘eff is somewhat 
cumbersome to obtain. A slightly supercritical reactor core configuration is applied during 
measurement and the resulting supercritical cold 𝑘𝑘eff needs a correction to be subsequently 
subtracted in order to obtain the exact cold critical 𝑘𝑘eff level. 

A slightly supercritical cold reactor criticality measurement with reactivity 𝜌𝜌 and stable 
reactor period 𝜏𝜏 can be compared with the corresponding POLCA7 reactor model with 
reactivity 𝜌𝜌eff to obtain 𝑘𝑘ref, that is the 𝑘𝑘-eigenvalue corresponding to an exactly critical 
core in POLCA7. The reactor core CR configuration, which is used in the reactor period 
measurement and replicated in POLCA7 in order to determine 𝜌𝜌eff, is presented in 
Figure 41. 

Using the one-group neutron diffusion equation for an infinite reactor, the inhour formula 
can be derived [31]. The inhour formula 
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� (12) 

relates the stable reactor period to the reactivity, prompt neutron generation time 𝑙𝑙𝑝𝑝, 
delayed neutron group fractions 𝛽𝛽𝑖𝑖 and the delayed neutron group decay constants 𝜆𝜆𝑖𝑖. The 
reactor kinetics parameters are mostly dependent on the pressure and temperature of the 
reactor core, and are obtained from POLCA7. 

The reactor supercriticality 𝜌𝜌 can be subtracted from the POLCA7 core reactivity to yield 
the critical 𝑘𝑘ref, according to 
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 𝜌𝜌ref =  𝜌𝜌eff − 𝜌𝜌 (13) 

and 

 𝑘𝑘ref =
1

1 − 𝜌𝜌ref
=

1

𝜌𝜌 + 1
𝑘𝑘eff

 (14) 

The calculations yield 𝑘𝑘ref = 1.00056. 

4.2 THE POLCA7 MODEL 

A typical reactor model is used as sample for this study because of the difficulty of 
conducting general SDM calculations. The POLCA7 core chosen for study is BWR C, 
cycle 17, at BOC. This core has the lowest SDM of the whole cycle 17 (1.65%). The core 
for calculation of SDM is shown in Figure 42. The CR 24-21 is withdrawn. The CR 28-21 
is the one for which leakage occurs, due to that it is the neighboring position with the 
highest impact on reactivity and consequently on the SDM as well. 

 

Figure 41 The cold reactor core CR configuration 
used to calculate the cold critical reference level. 

 

Figure 42 The cold reactor core selected for SDM 
calculations. All CRs are inserted but 24-21. 

The CR 28-21 leakage of 100% B4C in a differing number of axial nodes is simulated, 
cumulatively starting from the top node of the CR. The CR B4C hole composition in 
response to CR leakage is set in the same way as explained in section 2.3.2. 

POLCA7 is limited to simulating the leakage of all four CRBs. In order to estimate the 
effect of the leakage from less than four CRBs, MCNP5 can be used. A two-dimensional 
cold reactor core is modeled according to Figure 43. The model geometry and fuel 
composition is the same as described in section 2.2. Only the size of the model and the 
placement of the CRs differ. The model size of 5×5 CRs is chosen in order not to place the 
leaking CR at the model boundary. The central CR position is empty (filled with gap water 
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at typical density) and the CR that leaks is the eastern neighbor. Each CRB is leaked 
separately. The resulting effects are shown in Table 14. As seen from the table, leakage 
from the western CRB has the largest effect on 𝑘𝑘∞, and by way of this modification 33% of 
the total CR B4C worth is removed. The same calculation can be performed for leakage of 
two or three CRBs. Generally, the corresponding effect on the POLCA7 𝑘𝑘eff may for a 
fractional reactivity removal 𝑥𝑥 be calculated according to 

 
𝑘𝑘eff,𝑥𝑥 =

𝑘𝑘eff,0leaked𝑘𝑘eff,4leaked
𝑥𝑥𝑘𝑘eff,0leaked + (1 − 𝑥𝑥)𝑘𝑘eff,4leaked

 (15) 

where 𝑘𝑘eff,0leaked corresponds to the POLCA7 configuration without leaked CRBs and 
𝑘𝑘eff,4leaked corresponds to the POLCA7 configuration with four leaked CRBs. 

The effect of leakage from the CRB facing the open CR position yields the largest effect on 
the core reactivity, because it extends the open area of the core. Furthermore, the effect of 
leakage from more than one CRB is not additive. The combination of several CRBs is in all 
cases presented in Table 14 larger than the effect when summing the effect of the separate 
CRBs. 

As also can be read from Table 14, the CR construction material holds a fraction 0.44 of the 
total CR worth in this specific case. The same value as calculated from the POLCA7 SDM 
core is 0.43. Hence, the correspondence according to this plausibility check is excellent and 
thus the results from the two-dimensional MCNP5 model are deemed trustworthy. 



53 
 

 

Figure 43 The MCNP5 model geometry for studying the effect on the SDM core when less than four CRBs are 
leaked. 

Table 14 The effect on the SDM core when leaking less than four CRBs at the time. E stands for east CRB, S 
south, W west and N north. 

# of leaked CRBs 𝑘𝑘∞ 𝜎𝜎𝑘𝑘 ∆𝜌𝜌 [pcm] Fraction of 4 CRB ∆𝜌𝜌 𝜎𝜎frac 
0 1.07840 0.00009 0 - - 

CR withdrawn 1.10910 0.00009 2566.8 - - 
4 1.09549 0.00009 1446.6 1 - 

1 (E) 1.07995 0.00009 133.1 0.09 0.01 
1 (W) 1.08400 0.00009 479.0 0.33 0.01 

1 (S or N) 1.08096 0.00009 219.6 0.15 0.01 
2 (W with N or S) 1.08765 0.00009 788.6 0.55 0.01 

3 (W, N and S) 1.09146 0.00009 1109.6 0.77 0.01 
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4.3 SIMULATION RESULTS 

The SDM according to the core configuration described by Figure 42 when B4C leaks from 
the CR 28-21 (right side neighbor of the withdrawn CR 24-21) is presented in Figure 44 
and Figure 45. The CR is 100% leaked in a differing number of nodes, cumulatively from 
the top of the CR, in all four CRBs and the combinations of three, two and one yielding the 
largest reactivity insertion. These are the CRBs that are closest to the open position in the 
SDM core. 

 

Figure 44 keff of the SDM core when the number of 
fully leaked CR 28-21 nodes starting from the top 
increase. 

 

Figure 45 The SDM of the CR 24-21 when the 
number of fully leaked CR 28-21 nodes starting from 
the top increase. 

As can be seen from Figure 45 the SDM stays above the 1.0% limit, applied for SDM 
calculations [32], in the case of total B4C leakage from one CRB. This limit is for the 
current configuration possible to break in the case of leakage from two or more CRBs. 

As can be understood from observing Figure 44 and Figure 45 along with the change in 𝑘𝑘eff 
per axial node presented in Figure 46, B4C must be leaked from a section of the upper part 
of the CR to have any significant effect on the SDM even in the event of leakage from all 
four CRBs. 

In the studied reactor core, 𝑘𝑘eff corresponding to an SDM of 1.0% is 0.99065. 𝑘𝑘eff of the 
nonleaked SDM core is 0.98432. This corresponds to a 𝑘𝑘eff increase of 630 pcm in order to 
reach 1.0% SDM. According to Figure 46, the bottom section of a CR necessary to achieve 
this increase can be calculated and is presented in Table 15. 
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Figure 46 The change in keff per axial node as calculated from Figure 44. 

Table 15 The CR section size in units of percent that needs to lose all its neutron absorbing material in order 
to violate 1.0% SDM for the sample core configuration. 

Leakage scenario 4 CRBs 3 CRBs 2 CRBs 1 CRB 
Bottom of CR that violates 1.0% SDM [%] 83 87 91 never 

 
4.4 LOCAL COLD CRITICAL MEASUREMENTS 

If it is assumed that a CR has had significant leakage in its top section and the SDM goes 
below 1.0%, local cold critical measurements would prove instrumental in detecting this 
potential circumstance. In the situation when a CR that has lost a large amount of neutron 
absorbing material is close to a CR position with low SDM, this would typically be 
measurable and consequently discovered before startup of the reactor. A global cold critical 
reactor core configuration like the one presented in Figure 41 would not provide the means 
to indicate a locally occurring loss of B4C. 

Local cold critical measurements are used to measure if there are deviations in the 
calculated to measured 𝑘𝑘eff when only withdrawing CRs close to a few pre-selected reactor 
core measurement positions. The selection is typically made in such a way that positions 
with low SDM are pinpointed, since their low SDM is of natural interest at the same time as 
it consequentially makes them the most responsive positions to measure. If there are for 
example misplaced fuel assemblies, assembly design deviations or other errors with 
significant neutronic impact at these positions, this will be observed before reactor startup. 

In the global cold critical core, the CR 28-21 is in a position where it is surrounded by 
inserted CRs. In the case of 0% to 100% full axial B4C leakage, 𝑘𝑘eff of the global cold 
critical core goes from 1.00056 to 1.00074. This corresponds to a reactivity difference in 
calculated to measured reactor state of 18 pcm, which would not be likely to raise suspicion 
of anything anomalous in the reactor core. 

For there to be a case where there is a risk for the SDM to fall below limiting values, the 
depleted or leaked CR needs to be in a position neighboring an already low SDM CR 
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position. Local cold critical measurements are typically conducted in supercells (CR 
positions) where there is a low SDM. A realistic local cold critical measurement CR 
configuration is for this case presented in Figure 47. In this case 𝑘𝑘eff goes from 1.00008, 
which is the closest possible configuration to core criticality when only changing the CR 
withdrawal of the neighboring CRs, to 1.01115 for 100% full axial B4C leakage of the CR 
in the eastern neighboring position. This corresponds to a reactivity difference in calculated 
to measured reactor state of 1100 pcm. This would correspond to 360 pcm reactivity 
insertion for the worst case with leakage from one CRB. Four local cold critical 
measurements at different core positions with 𝑘𝑘eff around 1 and one corresponding to the 
large leakage case would yield a 𝑘𝑘eff standard deviation of 500 pcm for the case of leakage 
from four CRBs and 170 pcm for the case of leakage from one CRB.  

According to standard Nordic reactor local cold measurement methodology, the elevated 
standard deviations, in combination with the individual cold 𝑘𝑘eff anomalies obtained in 
leaked CR measurements, constitute enough indication for a reactor core configuration with 
significant CR leakage close to a limiting SDM position to cause attention and motivate 
further investigation. This is the case even for the one blade leakage case that does not 
violate 1.0% SDM.  

 

Figure 47 The local cold critical measurements proposed to evaluate the 24-21 CR position with low SDM. 

  



57 
 

4.5 CONCLUSIONS ON THE EFFECT ON SHUTDOWN MARGIN BY LOSS OF 
NEUTRON ABSORBING MATERIAL FROM A CONTROL ROD 

The effect on SDM by loss of neutron absorbing material from a CR in a typical BWR 
reactor was studied, and it was shown that in case of leakage from four CRBs, the bottom 
83% of the CR is allowed to be empty of B4C before the SDM limit of 1.0% applied for 
SDM calculations is reached. In the case of leakage from the combination of three, two and 
one CRBs resulting in the largest SDM impact, the corresponding numbers are 87% for 
three CRBs, 91% for two and 100% for one. 

The section of the CR, where neutron absorbing material loss of large magnitude would 
have to occur in order to correspond to the deviating BWR A and BWR B detector signals, 
is below 80% core height. This means that in none of these earlier studied cases, would a 
potential loss of neutron absorbing material from a CR correspond to an SDM below 
limiting values. A conservative approach has been taken in the sense that the calculations 
has been performed for a typical BWR reactor at a core position with 1.65% SDM at BOC 
with the axial power profiles of the neighboring fuel assemblies being at their highest level 
of homogeneity. 

It was also demonstrated that local cold critical measurements can be used in order to 
discover CRs that has lost large amounts of neutron absorbing material close to low SDM 
core positions before reactor startup, by using the same methodology used for discovering 
for example misplaced or otherwise erroneous fuel assemblies.  
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5 CONCLUSIONS 

It is found that indication of potential CR leakage by means of the LPRM and the gamma 
TIP detector systems is feasible, provided that both detector systems show similar 
deviations that correspond to the potential loss of neutron absorbing material from the CR. 
Two gamma TIP detector measurements with the potentially leaking CR statically inserted 
respectively withdrawn should in such case be assessed in combination with dynamic 
LPRM detector measurements during CR withdrawal and insertion. The information thus 
obtained may be used to obtain more solid and supportive indications on the state of a CR, 
although conclusive determination will still require out-of-core measurement techniques. 
When only conducting the gamma TIP measurements bowing of several fuel assemblies 
away from the instrumentation tube (one fuel assembly does not yield large enough gamma 
TIP deviation) could cause the similar deviations. However, there is no effect that is able to 
practicably produce the same dynamic evolution as the one observed when fully inserting 
or withdrawing the CR as in the BWR B case. Only conducting the LPRM measurement 
does not take into account that a local power change at the detector vicinity could result in 
an effect only observable using the LPRM system. 

In the BWR A case, the measured deviations correspond to what would be observed for 
loss of neutron absorbing material from all four CRBs in a significant axial section of the 
CR. The lowest magnitude of neutron absorbing material loss that could cause the observed 
detector deviations is around 90% loss of B4C in the two most deviating nodes, the 
remaining 10% residing at the radially innermost parts of the CRBs, and a decreasing 
amount of leakage (minimum 50%) in the rest of the deviating nodes. BWR A also 
observes detector deviation is both the LPRM and the gamma TIP detector systems. 

The deviations observed in the BWR B case do not correspond to what would be observed 
for loss of neutron absorbing material from a CR. A gamma TIP detector signal deviation 
corresponding to the one seen with the LPRM detectors should be measurable. However, 
the lowest magnitude of neutron absorbing material loss that could cause the observed 
LPRM deviations is around 90% loss of B4C, the remaining 10% residing at the radially 
innermost parts of the CRBs, in the most deviating nodes and in all four CRBs, and a 
decreasing amount of leakage (minimum 40%) in the rest of the deviating nodes. 

No alternative mechanisms to depletion of CR B-10 and leakage of B4C have in this study 
been found that satisfactorily could explain the observed detector deviations. Fuel channel 
bow can result in large deviation magnitudes, but a mechanism for how the withdrawal of a 
CR could bow the fuel channel dynamically in a manner for the observed LPRM detector 
deviations to be possible, is considered unrealistic. The bowing of an instrumentation tube 
or the boiling of water in the CR bypass have been found not to yield significant 
magnitudes of detector deviation to produce effects comparable to the utility observations. 

The study lays out criteria that need to be fulfilled to classify a control rod as having lost 
neutron absorbing material, but it is to be noted that no definitive stand is or can be taken 
regarding the state of individual control rods at any of the BWR A and BWR B reactors. 
Considering the amount of uncertainties due to simplifications in the performed 
calculations, it is difficult to determine loss of neutron absorbing material from a CR with 
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certainty unless physically examined in an out-of-core state, for example with neutron 
radiography measurements, weighing or destructive testing in a hot cell. 

It was found that in order for the SDM to be severely deteriorated, a section of around the 
top fifth of the CR must have lost neutron absorbing material next to a CR position with 
already low SDM. This is not the case for any of the considered utilities that are suspecting 
loss of neutron absorbing material from CRs. Furthermore, it was demonstrated that local 
cold critical measurements can be used before reactor startup together with the global cold 
critical measurements to localize CRs with large loss of neutron absorbing material close to 
reactor core positions with low SDM. 
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