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EFFECTS OF VOID UNCERTAINTIES ON PIN POWER DISTRIBUTIONS AND  
THE VOID REACTIVITY COEFFICIENT FOR A 10X10 BWR ASSEMBLY 

F. Jatuff,  J. Krouthén,  S. Helmersson,  R. Chawla 

A significant source of uncertainty in Boiling Water Reactor physics is associated with the precise 
characterisation of the axially-dependent neutron moderation properties of the coolant inside the fuel 
assembly channel, and the corresponding effects on reactor physics parameters such as the lattice 
neutron multiplication, the neutron migration length, and the pin-by-pin power distribution. In this paper, 
the effects of particularly relevant void fraction uncertainties on reactor physics parameters have been 
studied for a BWR assembly of type Westinghouse SVEA-96 using the CASMO-4, HELIOS/PRESTO-2 
and MCNP4C codes. The SVEA-96 geometry is characterised by the sub-division of the assembly into 
four different sub-bundles by means of an inner bypass with a cruciform shape. The study has covered the 
following issues: (a) the effects of different cross-section data libraries on the void coefficient of reactivity, 
for a wide range of void fractions; (b) the effects due to a heterogeneous vs. homogeneous void 
distribution inside the sub-bundles; and (c) the consequences of partly inserted absorber blades producing 
different void fractions in different sub-bundles. 

1 INTRODUCTION 

In Light Water Reactors (LWRs), the water flow 
through the core serves simultaneously to remove the 
heat developed in the fuel assemblies and to 
moderate fast neutrons to the low energies required to 
maintain the chain reaction in an efficient manner. In 
contrast to Pressurised Water Reactors (PWRs), 
where the coolant essentially remains single-phase, 
the cooling of Boiling Water Reactor (BWR) cores is 
far more complicated. The water boils in the core to 
produce steam that goes directly to the turbine, 
eliminating the need for heat exchangers and 
secondary systems. However, the primary system is 
much more complex, and the two-phase phenomena 
involved in the reactor core have a very strong axial 
dependence. Starting with sub-cooled boiling in the 
lower part, bubbly flow evolves in the middle region of 
the core, finishing with annular flow and very high void 
fractions in the upper part (see Fig. 1). 
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Fig. 1: Axially-dependent two-phase flow phenomena 
on the scale of a single BWR fuel pin. 

The axially heterogeneous void distribution is the 
basis for the strong coupling between thermal-
hydraulics and neutronics phenomena in the core, and 
it is well known that instabilities can occur in BWRs 
because of this coupling. 

Another complicating factor is that the two-phase 
coolant flow in BWRs takes place only inside the 
channels containing the fuel rod bundles (PWR fuel 
assemblies have no channels), so that there is a 
physical separation between the inner-channel water 
flow (coolant) and the outer-channel water flow 
(bypass). Whereas in the lower part of the core the 
coolant and bypass flows represent very similar 
neutron moderation conditions (single-phase or very 
low void fractions), in the middle and upper core 
regions the coolant is very different from the bypass 
water, resulting in strong radial heterogeneity. 

The physics of BWRs has become even more 
complicated in recent years because modern fuel 
assemblies have new sophisticated features (e.g. 
inner bypass regions designed to flatten the power 
distribution within the assembly), which introduce 
greater uncertainties in relation to void distributions.  

The purpose of this paper is to review the important 
sources of uncertainty related to neutron moderation 
conditions in BWRs and the impact these have on 
reactor physics parameters such as the lattice neutron 
multiplication factor, the neutron migration length, and 
the pin power distribution within the assemblies. The 
evaluation is based on the Westinghouse SVEA-96 
BWR assembly design, described in Section 2.  

The results of the following reactor physics studies are 
given in Section 3: (a) the sensitivity of the void 
coefficient of reactivity to different neutron cross-
section data libraries and energy group structures; 
(b) the effect of cold channel walls and consequent 
heterogeneous void distributions inside the SVEA-96 
quarter-channels; and (c) the void fraction 
heterogeneity induced in the SVEA-96 by the 
presence of partly inserted absorber blades. Finally, 
conclusions are given in Section 4. 
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2 SVEA-96 BWR ASSEMBLY DESCRIPTION 

The Westinghouse SVEA-96 BWR assembly is 
depicted in Fig. 2. The 10x10 fuel element comprises 
a bundle of 96 fuel pins contained inside an assembly 
channel that separates the coolant from the outer-
assembly bypass region: the outer water gap [1]. The 
most significant feature of this assembly type is that 
the bundle is in fact a set of four different sub-bundles 
or quarter-bundles, each of which is contained in a 
separate quarter-channel. Each quarter-channel is 
confined by the outer assembly channel and by an 
inner bypass region consisting of a diamond-shaped 
central water canal and water wings. In the inner 
bypass region, the water flows similarly to that in the 
outer bypass region, and has the purpose of 
increasing the neutron moderation at the top of the 
assembly, and of flattening the pin power distribution. 
Thus, two-phase flow of the coolant is restricted to the 
quarter-channel areas, which are thermal-hydraulically 
separated from one another. 
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Fig. 2: Westinghouse SVEA-96 BWR assembly. 

In the quarter-channels, each fuel pin develops an 
axially-dependent, two-phase flow pattern, as 
illustrated in Fig. 1, but the different fuel pin cells are 
not isolated and, in principle, cross-flow and void 
homogenisation in the sub-channels can take place to 
a certain extent, particularly as an effect produced by 
the presence of spacers. At the fuel pin cell level, 
however, the basic question is to what extent the 
water density or void fraction distribution can be 
considered homogeneous around the fuel pin. At 
certain elevations, the flow consists of steam bubbles 
in water, whereas at the top it consists of water 
droplets in steam. In both cases, an accurate 
description of the system would require the precise 
determination of the position and extent of the two-
phase regions, but it is extremely difficult to define 
these distributions because the boiling process is 
stochastic. 

From a neutron physics viewpoint, the main question 
is whether the moderator heterogeneity is important, 
i.e. whether the characteristic size of the 
heterogeneity is significant in terms of neutron mean-
free-paths or diffusion lengths. Such considerations 
are important, especially at relatively low void 
fractions. This is because, at high void fractions 
(>70%), the water-steam mixture represent a “fog” in 
which the drops are several orders of magnitude 
smaller than the free path of neutrons in “liquid” water. 
For this reason, the two-phase mixture can effectively 
be assumed to be homogeneous. 

This topic has been recently re-visited [2], using the 
Monte Carlo code MCNP [3] to analyse the situation 
of spherical drops of water being located in water 
vapour around a fuel pin. In this study, it was found 
that the influence of steam-water mixture 
heterogeneity at fuel pin cell level becomes noticeable 
at about 40% void. The effect is attributed to a certain 
increased moderation by the water in the case of a 
heterogeneous representation of the steam-water 
mixture. The heterogeneity results in an increase of 
the multiplication factor k-eff (about 0.1-0.4% higher 
than in the case with homogeneous representation). 
The detailed explanation offered is that there is a 
slight decrease of the absorption cross-section at 
epithermal neutron energies, and the related higher 
probability of avoiding absorption during moderation. 
The study provides a very good illustration of the 
importance of void fraction heterogeneity at fuel pin 
level, for instance in the context of defining numerical 
benchmark tests of pin cell calculations for BWRs. 

3 PHYSICS STUDY OF VOID EFFECTS 

3.1 Effects of Different Cross-Section Libraries 

A SVEA-96 fresh fuel assembly model, as shown in 
Fig. 2, with a typical 235U enrichment distribution in the 
range 2-5w%, has been developed and used with the 
CASMO-4 code, Version 2.05.04 [4]. The fuel 
temperature was fixed at 767K, and the coolant 
temperature at 560K, corresponding to a pressure of 
71.2 MPa. Reflected assembly calculations were 
performed parametrically with different values of the 
sub-channel void fraction, from 0% (liquid) to 100% 
(steam). 

Whereas the geometrical and material definitions 
were kept fixed, the calculations were performed 
using two different ENDF/B-IV-based cross-section 
libraries: viz. e4lbl70 (70 energy groups) and e4lbl40 
(40 energy groups). The purpose was to evaluate the 
effect of energy-group structure on the multiplication 
factor (k-inf) and migration area (M2) as functions of 
the void fraction. The critical buckling B2, i.e. the 
neutron flux curvature necessary to achieve criticality 
in each case, was calculated from the relation: 

k-inf = 1 + M2 B2. 

Additionally, the parametric calculations were 
repeated using the JEF-2.2-base library 
j2lbb70.970702, which was provided with the code in 
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70 energy groups. The purpose here was to evaluate 
the effect of different  nuclear data sets, having fixed 
the group structure. The various results obtained are 
shown in Figs. 3-5. 
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Fig. 3: Multiplication Factor k-inf vs. void fraction. 
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Fig. 4: Migration Area M2 vs. void fraction. 
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Fig. 5: Critical Buckling B2 vs. void fraction. 

The results indicate that the ENDF/B-based 40-group 
and 70-group libraries produce very similar results, 
but that these differ significantly from those obtained 
using the JEF-2.2 cross-section library. The results 
corresponding to the neutron multiplication k-inf, i.e. 
the ratio of total neutron production to the total 

neutron absorption rate in the system, are very similar 
in the range 45% to 55% void, discrepancies being 
greatest at 0% or 100% void fraction (corresponding 
to pure liquid or pure steam inside the quarter-
channels). On average, the migration area is 1.3 cm2 
larger with JEF-2.2. The combination of the variations 
of both the neutron multiplication k-inf and the 
migration area M2 is given in the variation of the 
critical buckling B2, again most pronounced at 0% and 
100% void fractions. Different predictions for the 
critical buckling should imply a different pin power 
peaking factor in the assembly. For the variations 
shown in Fig. 5, however, this effect is lower than 
0.5%. 

As important as the neutron multiplication factor itself 
is its variation as a function of void, since this relates 
directly to the void reactivity coefficient, and is of 
importance in the prediction of reactor transient 
behaviour in situations involving a sudden reactor 
power increase producing void. With a negative void 
coefficient, the void production reduces the reactivity, 
and thus helps to limit the maximum power developed 
during the transient. Figure 3 suggests that the k-inf 
calculated using JEF-2.2 decreases more rapidly with 
void than that predicted using the ENDF/B-IV library. 

Formally, the void reactivity coefficient α  is calculated 
from the results obtained as the difference of the k-inf 
in pcm (1 pcm = 10-5) divided by the difference of void 
fraction in %; results are given in Fig. 6. 
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Fig. 6: Void reactivity coefficient α  vs. void fraction. 

Except for very high void fractions, the α calculated 
using JEF-2.2 is systematically larger in absolute 
magnitude than that obtained using ENDF-B-based 
libraries: i.e. by about 15% at low void, and up to 40% 
at 60% void. Above 60% void, the results given by the 
different libraries require further analysis, but suggest 
in any case the high sensitivity of the calculated 
coefficient for lattices in which the coolant is 
essentially steam, and the neutron moderation 
occurring mainly in the bypass regions. Such 
discrepancies are of course significant for an accurate 
evaluation of reactor transients, and are associated 
with the effects of the different nuclear data sets 
and/or different neutron energy group structures used 
for the calculations. 
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3.2 Void Heterogeneity inside Quarter-Channels 

Typical LWR calculational lines rely on detailed 1D 
and 2D neutron transport calculations, performed at 
fuel pin and fuel assembly levels, followed by 3D 
neutron diffusion calculations at the whole-core level. 
The 3D whole-core calculations are performed for 
systems composed of homogenised fuel assemblies, 
each assembly being characterised by two energy 
group cross-section properties. The transport codes 
predict the assembly cross-sections parametrically for 
different burnups, temperatures, moderator densities 
and void fractions. The normal assumption is that the 
void fraction can have different values, but are 
distributed homogeneously in the coolant volume in 
each case; i.e. the corresponding cross-section 
dataset is parametric only in the average void fraction 
values, and does not consider void fraction 
heterogeneity inside the fuel assembly channel. 
As indicated earlier, this assumption has been 
reasonable in the past, but modern assemblies, as 
illustrated by the SVEA-96 design, require further 
experimental and analytical examination. One new 
aspect of the SVEA-96 lattice is the variation in local 
flow areas, an effect even more pronounced for later 
designs employing part-length rods. This means that, 
especially in sub-cooled boiling regimes, the void 
fraction inside the quarter-channels could exhibit a 
significant heterogeneity. 

          

 

Fig. 7: SVEA-96 quarter-channel void distribution [5]. 
Top: computational fluid dynamic predictions; 
Bottom: calculated vs. measured void 
fractions. 

Related investigations have been reported for a 
SVEA-96 quarter-channel geometry [5]. 
Computational Fluid Dynamics (CFD) predictions 
were compared with detailed void fraction 
measurements performed in the FRIGG loop at 
Westinghouse Electric, Sweden. The measurement 
technique was based on gamma-ray computer 
tomography, employing an industrial robot and a 137Cs 
gamma-ray source. It was observed that the void 
fraction near the quarter-channel walls is significantly 
lower than at the centre of the sub-bundle. Figure 7 
illustrates the void fraction heterogeneity thus 
characterised. 
To evaluate the reactor physics effects of cold walls 
and quarter-channel void fraction heterogeneity, a 
SVEA-96 assembly has been modelled using the 
MCNP4C code. In this model, the inner and outer 
bypass regions were ascribed the same moderator 
density (0% void), and the sub-channels were 
modelled for two separate cases: (a) with a 
homogeneous moderator density corresponding to 
25% void fraction; and (b) with heterogeneous 
moderator density, consisting of a peripheral quarter-
channel area in contact with the cold surfaces (4.8% 
void fraction) and an inner quarter-channel area with 
35% void. The average void fraction in the quarter-
channels was the same for the two cases considered. 
Figure 8 illustrates, for Case (b), the two different 
quarter-channel regions with low (peripheral) and high 
(central) void, respectively. 
Eigenvalue calculations were performed using 
50 settling cycles, followed by 450 cycles of 
10 000 neutron histories per cycle. The homogenous 
and heterogeneous quarter-channel cases gave k-eff 
values of 1.00111 ± 0.00032 and 0.99867 ± 0.00031, 
respectively, i.e. a difference of more than 200 pcm. 
The power of the pins surrounding the water canal 
was found to be about 4% higher for the 
heterogeneous case, because the heterogeneity 
represents an “increased” bypass moderation region. 

 

0% void           4.8% void        35% void 

Fig. 8: MCNP4C model used for the investigation of 
heterogeneous void fraction distribution inside 
the SVEA-96 quarter-channels. 
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3.3 Void Heterogeneity due to Absorber Blades 

The last situation studied corresponds to quarter-
channel-wise void heterogeneity produced by very 
different sub-bundle powers in the same fuel 
assembly, as found in the case of the presence of an 
absorber blade. This situation has been investigated 
using appropriate models and the HELIOS/PRESTO-2 
calculational line [6-7]. The results discussed here are 
typical of power reactor calculations. Two core region 
cases were identified [8]: (a) without the presence of a 
cruciform absorber blade; and (b) with an absorber 
blade partly inserted (75% from the bottom).  

The case without absorber blade is depicted in 
Figs. 9-10. For the four assemblies (16 sub-bundles), 
the sub-bundle powers and void fractions are similar 
in all quarter-channels. 

1.693
south-east

north-east

1.690
0.583

north-west

1.693
0.584

south-west

1.690
0.583

north-west

1.705
0.585

north-west

1.711
0.604

north-west

1.694
0.606

south-west

1.702
0.585

south-west

1.693
0.600

south-west

1.677
0.602

south-east

1.705
0.585

south-east

1.711
0.604

south-east

1.695
0.607

north-east

1.702
0.585

north-east

1.693
0.600

north-east

1.677
0.602

0.584

 

Fig. 9: Axially-averaged sub-bundle powers [MW] 
and void fractions in 4 SVEA-96 Optima 
assemblies: absorber blade fully withdrawn.  
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Fig. 10: Axial void profile in the four sub-bundles of 
one of the SVEA-96 Optima assemblies: 
absorber blade fully withdrawn. 

The results for the analogous situation with absorber 
blade partly inserted are shown in Figs. 11-12. In 
Fig. 11, the axially-averaged quarter-channel powers 
and void fractions indicate that there is an overall 
power tilt in each of the four assemblies towards the 
vertex of the absorber blade. Thus, the sub-bundles 
close to this vertex (north-west) develop about 63% 
power compared with those far away from the 
absorber blade (south-east).  

If the absorber blade is inserted a significant fraction 
of the assembly length i.e. 75%, as considered 
currently, the void fractions developed in each 
quarter-channel are very different, and introduce a 
new type of void heterogeneity in the fuel assembly. 
Figure 12 describes how the void fraction develops 
with different slopes in the four quarter-channels.  
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Fig. 11: Axially-averaged sub-bundle powers [MW] 
and void fractions in 4 SVEA-96 Optima 
assemblies: absorber blade 75% inserted. 
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Fig. 12: Axial void profile in the four sub-bundles of 
one of the SVEA-96 Optima assemblies: 
absorber blade 75% inserted. 
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Both in the controlled and uncontrolled regions, the 
different quarter-channel powers and void fractions 
were calculated by PRESTO -2 using assembly cross-
sections provided by HELIOS, and with the void 
fraction assumed to be homogeneous for the four 
quarter-channels. That is, the void fraction 
heterogeneity calculated at core level is not used to 
recalculate (with HELIOS) the basic assembly 
properties.  

To study the influence of the quarter-channel 
heterogeneity, CASMO-4 calculations were performed 
for two parameter variations. In the first case, a 
reflected assembly with void fractions varying 
according to the average void fraction (dotted line in 
Fig. 12) in all four quarter-channels was employed 
simultaneously (homogenous quarter-channel void). 
For the second case, the void fraction varied for the 
different quarter-channels, as given by the solid lines 
in Fig. 12 (heterogeneous quarter-channel void). The 
parameters investigated were k-inf, M2, and the pin 
power distribution. The principal results are presented 
in Figs. 13 - 15. 
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Fig. 13: k-inf and M2 vs. void. 
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Fig. 14: Assembly pin power peaking factor vs. void. 
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Fig. 15: Pin power distributions vs. void for the 
heterogeneous (He) and homogeneous (Ho) 
cases: root-mean-square and extrema of the 
difference (He - Ho). 

The effect of the heterogeneous quarter-channel void 
distribution is found to be 75 pcm for k-inf on the 
average, with a maximum value of around 100 pcm. 
This value is perhaps small, but not completely 
insignificant. The normal assumption in core 
simulations is that the void fraction is homogeneously 
distributed between the different quarter-channels. 
Figure 14 shows that the pin power peaking factor 
then decreases monotonically with increasing void. As 
expected, the behaviour is quite different if 
heterogeneity of void fraction between the quarter-
channels is taken into account. The peaking factor 
increases up to a maximum of 1.36 at about 50% 
void, and decreases thereafter. 

The maximum, minimum and rms values for the pin 
power as a function of void are given in Fig. 15, 
highlighting (in percentage terms) the differences 
obtained under heterogeneous or homogeneous 
assumptions regarding the void fractions distribution 
in the quarter-channels. As can be seen, the largest 
discrepancies occur at 50% void, and for the rms 
value is around 7%. 

4 CONCLUSIONS 

The effects of void fraction uncertainties on reactor 
physics parameters have been investigated for a 
Westinghouse SVEA-96 type of BWR fuel assembly. 
The codes CASMO-4, MCNP4C and HELIOS/-
PRESTO-2 were used to model homogenous and 
heterogeneous void fraction distributions at different 
levels. Emphasis was placed in the study on effects 
resulting from the use of different neutronics data 
libraries, void heterogeneity within quarter-channels 
(cold wall effect), and void heterogeneity in quarter-
channels resulting from the presence of an absorber 
blade. 

The main findings are listed below. 
• The description of two-phase flow phenomena in 

BWR assemblies can warrant additional effort in 
certain situations, e.g. in the precise definition of 
representative benchmarks for pin-cell 
calculations. 
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• Even using the same code, calculational method, 
geometry/material descriptions and convergence 
parameters, the use of different nuclear data 
libraries can result in significant differences (up to 
40%) in void coefficient predictions. Hence, there 
is a need for further experimental validation, as 
currently being considered in the framework of the 
LWR-PROTEUS Phase III test series. 

• Cold-wall and local flow area effects introduce a 
void-fraction heterogeneity that can influence the 
prediction of reactivity and pin power distributions 
by as much as 200 pcm and 4%, respectively. 

• The quarter-channels in the SVEA-96 design 
prevent the homogenisation of the void fraction 
across the assembly if it is subject to the influence 
of absorber blades. Approximating the actual 
heterogeneous situation by a homogeneous one 
can lead to under-predictions of pin-power peaking 
factors of more than 10%. This suggests that, in 
order to ensure the reliable prediction of safety 
margins when introducing/withdrawing absorber 
blades in the core at full power, void 
heterogeneities need to be explicitly considered 

As indicated above, the main purpose of LWR-
PROTEUS Phase III is to provide experimental data 
for the validation of production codes and models 
used for the prediction of homogeneous and 
heterogeneous void effects on the void reactivity 
coefficient and pin-power distributions in modern BWR 
assemblies. 
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