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1.	
  Introduction	
  
	
  
This work has been performed within the framework of an agreement between ENEA and IRSN 
(Institut de Radioprotection et de Sûreté Nucléaire). The particular area of the activity deals with 
safety issues concerning the thick steel reflector of a typical large size GEN III+ reactor design and 
in particular the differences caused by this reflector compared with current PWR designs. 
This report is a continuation of the report: “Analysis of the Impact of the Heavy Reflector of a 
Typical Large Size GEN III+ Reactor Design on the Ex-Core Detector Signals with Monte Carlo 
Techniques (Employing MCNP-5)”, submitted under PAR-2010. 
As much of the data employed was confidential, this report is by necessity in a condensed form. 
Corresponding more detailed confidential documents are also being issued (in presentation form).  
	
  
2.	
  Completing	
  the	
  Activity	
  on	
  Ex-­‐Core	
  Detectors	
  from	
  PAR-­‐2010	
  
	
  
Left over from PAR-2010 were an evaluation of the change in signal in the ex-core detectors when 
the primary source assemblies are moved one assembly position towards the core centre and an 
analysis of the signal in the ex-core detectors from the secondary source assemblies. 
Moving the 252Cf primary source assemblies from their outer position one assembly position 
towards the core centre reduces the signal in the ex-core detectors by approximately one order of 
magnitude when fissions are turned off. This becomes a factor of roughly 2 when fissions are 
included. These results hold both for the heavy steel reflector and the conventional one (baffle + 
water). 
As far as the Sb-Be secondary sources are concerned, firstly the 123Sb(n,γ) rate in each of the 16 
secondary source pins in each of the 3 secondary source assemblies in 4 axial segments was 
evaluated under conditions of criticality, then the neutron source was formed assuming it to be 
proportional to the amount of 124Sb (T1/2 = 60.2 d) present, then, under conditions of 0.95 criticality, 
these neutrons were transported outside the core, through the reflector to the detector. Excluding 
fissions, the signal in the ex-core detectors with the steel reflector is around 3 orders of magnitude 
higher than with the water reflector. (These signals are completely negligible compared with when 
fission is switched on.) Including fissions, the ratio of the signal in the ex-core detectors with 
conventional reflector and with steel reflector varies between 4.1 and 3.7, depending on which 
detector is considered. 
All the results for the ex-core detectors were presented to the TopSafe-2012 meeting at Helsinki in 
April, 2012. The paper is shown in Appendix 1 and gives a complete summary of the ex-core 
detector results, including the above issues of change-of-position of the primary source assemblies 
and the secondary source assemblies. The summary poster presented at the TopSafe-2012 meeting 
is shown in Appendix 2 (which also contains a short introduction to the Flux Tilt problem). 
	
  
3.	
  Flux	
  Tilt	
  
	
  

The flux tilt may be due to a variety of factors and also involve positive feedback effects. One 
possible contributing cause that can be modelled relatively simply is a variation in the coolant 
density. Thus the coolant water density in the outer assemblies of opposite core quadrants was 
changed slightly – see Fig. 1 where an increase in the water density in the SE quadrant is shown 
with a corresponding decrease in the NW quadrant. 
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Fig. 1: Assemblies defining the change in water density that may be a factor in inducing the flux 

tilt. 
 

The tilt is then defined by the increase in power in the whole SE quadrant compared with the 
mean and the decrease in power in the NW quadrant compared with the mean (see Fig. 2). (Note 
that the increase and decrease are not necessarily the same.) 

In these calculations a 2-dimensional model of the reactor core was employed. This was for 
reasons of simplicity, speed and ease of comparison with deterministic approaches. However it 
should be borne in mind that 3-D effects, due for example to the axial variation in the temperature 
field of the core, exist and are important in current models that represent flux tilt. 
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Fig. 2: Assemblies defining the flux tilt 

 
 
The various stages in the activity are listed as follows: 
 

1. A 2-dimensional model of the reactor core was created based on the 3-dimensional model 
used to evaluate the ex-core detector signal at HZP, firstly with a heavy steel reflector and 
secondly with a conventional 1 inch thick steel baffle with water outside. Both models 
extended out to the pressure vessel. The model with the heavy steel reflector included a 
natural boron concentration of 884 ppm in the coolant water (that gives approximate 
criticality at HZP for the 3-dimensional model with the neutron cross-sections employed). 

 
2. For the case of the 1 inch thick steel baffle with water outside, a search was made for the 

boron concentration that gives approximately the same keff as for the heavy steel reflector 
with 884 ppm. The result was found to be 825 ppm boron. 

 
3. For the model developed in item 2, a search was made of the amount of increase in water 

density in the outer assemblies of the SE core quadrant (15 whole assemblies + 2 half 
assemblies) (and with the same amount of decrease in water density in the outer assemblies 
of the NW core quadrant), that provided an increase of approximately 5% of power in the 
whole of the SE core quadrant (52 whole assemblies + 16 half assemblies + 1 quarter 
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assembly) (and a decrease of approximately 5% in the NW core quadrant). The result was 
found to be ±1.50%. [Note that in all the calculations of the differential energy deposition in 
the core, even with a relatively gross spatial division such as a core quadrant, well-known 
methodological problems were encountered that are discussed in Appendix 3.] 

 
4. For the model of the heavy steel reflector with 884 ppm water and with the variation of 

water density in the relevant assemblies of ±1.50% from item 3, the variation in power in the 
core quadrants was found. This turned out to be substantially higher than the approximately 
±5% variation in power for the case of the 1 inch thick steel baffle with water outside. 

 
5. A 2-dimensional model of the core was created for the two cases: heavy steel reflector and 

steel baffle + water, at 30% nominal power, each case with the same respective boron 
concentration as at HZP. Note that differences between the model at HZP and that at 
30%NP were in the geometry (thermal dilations), water density and the fuel temperature 
with the cross-sections Doppler-broadened to near the required temperature, according to the 
available data. (Note that the difference in evaluated temperature of the fuel cross-sections 
between HZP and 30%NP was 73°K whilst the difference in the models supplied by IRSN 
was 85.5°K.) 

 
6. Employing the variation of water density in the relevant assemblies of ±1.50% found in item 

3, for the two models at 30% nominal power: heavy steel reflector and steel baffle + water, 
each with their respective boron concentrations, the variation in power in the core quadrants 
was found. Note that at the time of issue of this report, this work is still underway. 

. 
7. Items 5 and 6 will be repeated at another power state to be defined. 

 
8.  Item 3 may be repeated, but varying the water density in the outer assemblies of the core 

quadrants in the N-S direction, observing the variations in power in the N and S quadrants.  
 

4.	
  Concluding	
  remarks	
  
	
  

The activity dealing with the effect of the heavy steel reflector on the ex-core neutron 
detectors has been concluded. That concerning the effect of the heavy steel reflector on the 
phenomenon of flux tilt is still underway. Comparisons with other approaches (viz. deterministic) 
are indicated. 
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IMPACT OF THE HEAVY STEEL REFLECTOR OF A CURRENT LARGE PWR DESIGN 

ON SOME SAFETY FEATURES 
 

K. W. BURN 
ENEA, 40129 Bologna, Italy 

 
G. BRUNA, B. NORMAND 

IRSN, 92262 Fontenay-aux-Roses France 

 

ABSTRACT 
 

At low power levels, the ex-core neutron detectors, placed outside the pressure vessel of a 
PWR, are the only tools available to monitor the neutron flux in the reactor core. The 
introduction of a heavy steel reflector in some current PWR designs means that the neutron 
attenuation between core and detectors is substantially different (and higher) compared with 
that in existing operating PWR’s. Monte Carlo methods have been employed to evaluate these 
differences under various circumstances: 

- hot zero power at criticality (with the fundamental mode neutron source); 
- hot zero power at 0.95 criticality with the 252Cf primary sources; 
- hot zero power at 0.95 criticality with the Sb-Be secondary sources.  
Furthermore it is expected that the heavy steel reflector will also have an effect on the 
phenomenon of flux tilting. Studies (employing Monte Carlo) are underway to evaluate its 
impact on flux tilting at low power levels. 

 

1) Introduction 
 
In some modern large PWR designs, a thick steel reflector is employed between the active zone 
and the barrel. This reflector substitutes the much thinner baffle (with water outside) of current 
operating PWR plants. Advantages of such a thick steel reflector are of course to flatten the power 
profile in the active zone and also to reduce the displacement rate in the pressure vessel (PV). 
Here we look at a potential disadvantage, that of reducing the response in the ex-core neutron 
detectors, placed in the well outside the PV. (The response is reduced because the fast neutrons 
that carry the signal from the fission event to the outside of the PV are attenuated more by steel 
than water.) As at low power levels the ex-core neutron detectors are the only tools available to 
monitor the neutron flux in the reactor core, a verification of their capability of detecting such power 
levels through the steel reflector is deemed appropriate. 
A quarter core horizontal section with the steel reflector is shown in Fig. 1 whilst the conventional 
baffle scheme is shown in Fig. 2. Whilst the baffle is typically 1 inch (2.54 cm) thick, this may vary. 
Therefore in the calculations the baffle was assumed to be water. This introduced a conservative 
element in the results. 
As the ex-core detector signal at start-up and at low power is of particular interest, three distinct 
situations are analysed: 

– hot zero power at criticality (with the fundamental mode neutron source); 
– hot zero power at 0.95 criticality with the 252Cf primary sources; 
– hot zero power at 0.95 criticality with the Sb-Be secondary sources. 
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2) Methodology 
 

Monte Carlo was employed with the MCNP5 code (versions 1.30 and 1.40) [1]. 

Cross-section libraries from a number of sources were employed, with some processed locally into 
ACE format and others already processed: 

- 1H, 2H, 16O, 235U, 238U from JEFF3.1 (processed locally to 600°K); 
- 10B, 11B, natC, natZr, 55Mn, all isotopes of: Cr, Fe, Ni, Gd (apart from 152Gd), from ENDF-B/VI 

(Rel. 1 and 2) (processed locally to 560°K); 
- All other nuclides from public ACE format data distributed with MCNP5 based on ENDF-

B/VI (Rel. 6 and 8) (apart from natSn from ENDL-92). All processed at 293°K. 
 

For the thermal treatment: 

- All materials within the PV: elastic scattering cross-section and velocity of the target nucleus 
in the free gas model adjusted to 576°K. S(α,β) data for hydrogen attached to the water 
molecule from JEFF3.1 (processed locally to 574°K); 

- All materials outside the PV: elastic scattering cross-section and velocity of the target 
nucleus in the free gas model adjusted to 294°K. S(α,β) data for hydrogen attached to the 
water molecule from the public “SAB2002” file (based on ENDF/B-VI Rel. 5) (processed to 
294°K); S(α,β) data for hydrogen attached to the polyethylene molecule from the public 
“SAB2002” file (processed to 294°K). 

 

 
 

A pin-by-pin representation was made of the fuel assemblies (Fig. 3). The thick steel reflector 
contained a number of coolant water channels (Fig. 4). It was verified that homogenizing this water 
with the steel was an excellent approximation. 
Rather than score the fast neutron flux leaking through the PV as a measure of the ex-core 
detector response, the detector was modelled explicitly (Fig. 5), scoring the 10B(n,α) reaction rate 
on the inner (cylindrical) surface. Two possible positions of the detectors were considered: 
attached to the outer surface of the PV or to the inner surface of the concrete in the PV well (Fig. 
6). In nearly all the calculations, the position was that attached to the PV. 
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2.1 The Fundamental Mode Calculations 
Having searched for the boron concentration in the coolant water that provides criticality, the 
standard approach was adopted for coupling the fundamental mode calculations to the ex-core 
evaluations. That is, the fission neutron production rate in each pin of each assembly from the 
eigenvalue calculation with an appropriate axial discretization (21 axial bins) was converted to a 
fixed source. MCNP5 was patched to sample this source from a direct access file, written with an 
interface program that read the results of the eigenvalue calculation. Because of the employment 
of a 1/8 azimuthal segment with reflection surfaces for this calculation, a further patching of the 
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code was required to sample the source correctly in the case of rejection (when a pin intersects 
one of the reflection surfaces and the sampled position is on the wrong side of the surface). 
The transport from the core to the ex-core detector required variance reduction and the DSA 
technique was employed [2]. 
The results are given in terms of number of reactions of 10B(n,α)/cm3/sec per watt of reactor power 
in the thin amorphous film of 10B coated on the inner surface of the detector. 
 
2.2 The Calculations with the Start-Up Sources 
The positions of the assemblies containing the 252Cf primary and the Sb-Be secondary start-up 
sources are shown in Figs. 7 and 8 respectively. As implied by these figures, a full 360° azimuthal 
model was employed. For both types of start-up sources, the boron concentration in the coolant 
water was increased until 0.95 criticality was achieved. Results were then generated, again 
employing variance reduction with the DSA for two cases: with fissions “switched off” and with 
fissions allowed. (In the latter case 160 fission generations were found to be a sufficient number at 
0.95 criticality.) For the primary start-up sources, results were also generated when the primary 
source assemblies were moved one assembly position inwards compared with the positions shown 
in Fig. 7. 
The intensity of the primary start-up sources is known, thus the results are given in terms of the 
number of reactions of 10B(n,α)/cm3/sec. Instead the intensity of the secondary start-up sources is 
not known as it depends on the activation history and on the length of decay time of 124Sb (T1/2 = 
60.2 d) [whose decay gamma’s are the predominant contributors to the (γ,n) rate in 9Be]. 
Therefore only the correct proportionality of the neutron sources in each of the 16 Sb-Be pins and 
in each of the 3 secondary source assemblies could be maintained by calculating the 123Sb(n,γ) 
rate in each pin under conditions of criticality (i.e. operation) with the fundamental mode neutron 
distribution. Then the neutron source in the Be was assumed to be proportional to the amount of 
124Sb present. The neutron energy spectrum from 9Be(γ,n), in the case that the gamma's are from 
the decay of 124Sb, was taken from [3]. 
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3) Results 
 
Unless otherwise stated, the results are for the detector position adjacent to the PV (Fig. 6). 
 
At 0.95 criticality: 
 
Moving the primary source assemblies from their outer position, one position inwards, reduces the 
signal in the ex-core detectors by approximately one order of magnitude when fissions are turned 
off. This becomes a factor of roughly 2 when fissions are included. These results hold both for the 
heavy steel reflector and the conventional one. 
 
At 0.95 criticality and with the 252Cf primary sources (only) in their outer assembly positions: 
 
Excluding fissions, the ratio of the signal in the ex-core detectors with water and with steel 
reflectors is 5.4 (6.4 when the primary source assemblies are moved one position inwards). 
Including fissions, for the water reflector, fissions account for 91% of the total signal in the ex-core 
detectors. For the steel reflector, this is 94%. (Around 99% for both reflectors when the primary 
source assemblies are moved one position inwards.) 
Including fissions, the ratio of the signal in the ex-core detectors with water reflector and with steel 
reflector is 3.8. (Identical when the primary source assemblies are moved one position inwards.) 
Compare 5.4 (6.4) without fissions, and 2.7 for the fundamental mode fission distribution at keff=1 
(see below). 
 
At criticality (for the fundamental mode fission distribution): 
 
The ratio of the signal in the ex-core detectors with water reflector and with steel reflector is 2.7. 
[For the detector placed adjacent to the concrete in the PV well (see Fig. 6), this ratio is instead 
2.2.] 
 
Thus for the 252Cf primary sources (only) in the outer assembly position: 
 If keff < 0.95,             5.4 > ratio (water/steel reflector) > 3.8 
 If 1 > keff > 0.95,       3.8 > ratio (water/steel reflector) > 2.7 
 
At 0.95 criticality and with the Sb-Be secondary sources (only): 
 
Excluding fissions, the signal in the ex-core detectors with the steel reflector is around 3 orders of 
magnitude higher than with the water reflector. (These signals are completely negligible compared 
with when fission is switched on.) 
Including fissions, the ratio of the signal in the ex-core detectors with water reflector and with steel 
reflector varies between 4.1 and 3.7, depending on which detector is considered (see Fig. 8). 
Compare 3.8 for the primary sources. 
 
Comparing the signal in the detectors with the primary sources in their outer assembly positions at 
0.95 criticality with that from the fundamental mode at criticality: 
 
Starting from the shut-down state at 0.95 criticality with the detector signal coming (directly and 
indirectly) from the primary start-up sources, there is a continuous range of states ending with 
criticality and the fundamental mode source. It is of interest to compare the results from the initial 
and end states: at criticality, the part of the signal in the ex-core detectors from the fundamental 
mode becomes comparable to that from the primary sources at the starting point at 0.95 criticality 
when the reactor power reaches 0.50 W for the thick steel reflector and 0.69 W for the 
conventional reflector. 
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4) Conclusion 
 
These results are conservative (baffle made water, detectors in position adjacent to PV which 
gives a higher factor compared with adjacent to concrete). Given that the sensitivity of the ex-core 
neutron detectors should be an order of magnitude higher in current designs compared with 
present-day operating plants, this work indicates that there should be sufficient margin to detect 
the neutron signal. Nevertheless this investigation is not comprehensive and care is to be 
recommended at reactor start-up and shut-down until sufficient operating experience has been 
accumulated. 
 
5) Ongoing Work 
 
In the current context of employing Monte Carlo neutron transport methods to verify some safety 
aspects of PWR designs with heavy steel reflectors, work is ongoing on verifying the effect of the 
steel reflector on the phenomenon of flux tilting. 
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Appendix	
  3:	
  Methodological	
  problems	
  encountered	
  in	
  calculating	
  the	
  flux	
  
tilt	
  with	
  Monte	
  Carlo	
  
 

There are well known problems in employing Monte Carlo with the source-iteration method to 
calculate neutronic responses in large thermal reactor cores. The more (spatially) differential is a 
response, the more serious are these problems. They are linked to the difficulty in suppressing the 
higher order modes of the fission distribution and to the correlations between cycles in a strongly 
connected system. Note that the calculation of keff does not suffer from such serious problems 
because its integral nature means that the presence of higher modes has a much smaller effect. 

A measure of the stability of the fission distribution in MCNP is the “Shannon entropy”. This 
was employed but found to be insufficient, possibly due to the relatively large variation in entropy 
from cycle-to-cycle, even when the fission source had (presumably) converged. 

The various steps that were taken were as follows: 
- Some tens of thousands of cycles of gradually increasing size were executed to arrive at the 

fundamental mode and a cycle size of 250000. 
- However for this cycle size, the standard a posteriori MCNP diagnostic employing the Shannon 

entropy sometimes indicated that the first cycles were often not within 1 standard deviation of 
the average source entropy of the last half of the problem. Running more cycles to achieve 
better convergence did not change this, neither did increasing the cycle size to 1000000. 

- Anticipating that the error estimation would be inaccurate due to cycle-to-cycle correlations, a 
number (either 20, 30 or 40) of independent runs were made, generating statistics between the 
runs. For a cycle size of 250000, each run consisted of 1000 cycles. Instead for a cycle size of 
1000000, each run consisted of 250 cycles. It was noticed that the distance of the estimated 
mean (for the energy deposition within a core quadrant) from one run, away from the best 
estimate of the population mean, was more than 100 times the standard deviation, estimated 
within the single run. This was for the heavy reflector case. For the conventional baffle+water 
reflector this ratio was instead around 50. Clearly in both cases the standard deviation estimated 
between cycles within a single run is a gross underestimate. 

- It was decided to acquire another diagnostic tool to control the distribution of fission sites. The 
easiest was to impose a symmetry on the problem by requiring that the quadrants in the NE and 
SW directions (that do not contain the variation in water density in their outer assemblies) to be 
equivalent. For this, the primary and secondary source assemblies, present for the ex-core 
detector calculations, were substituted by normal fuel assemblies. It turned out that requiring the 
energy depositions in the NE and SW quadrants to be equal within their statistical errors was a 
reasonable condition. When this condition does not obtain, the starting fission source is not 
symmetric enough and/or the standard deviation, estimated between runs, is underestimated. 
Instead when this condition does obtain, the starting fission source may or may not be 
sufficiently symmetric and/or the standard deviation, estimated between runs, may or may not 
be a reasonable estimate. (This is just because we are comparing two numbers that may by 
chance be close.) 

 
To summarize, a series of calculations were made, each calculation involving a substantial 

effort of further source convergence from the previous one. Each calculation consisted of 20, 30 or 
40 independent runs, with each run consisting of 1000 cycles with a cycle size of 250000 or 250 
cycles with a cycle size of 1000000. The results for the final calculation were used when a) the 
energy deposition in each of the four quadrants had stabilised from calculation-to-calculation and b) 
the energy depositions in the NE and SW quadrants were equal within their statistical errors. (The 
heavy reflector case nearly always required greater calculational effort compared with the 
conventional reflector.) 
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Finally the non-default l’Ecuyer 63-bit pseudo-random number 1 generator was employed in 

MCNP (period = 9.2E+18 numbers). 
 




