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ABSTRACT 

The pebble-bed reactor (PBR) core consists of large number of randomly packed 
spherical fuel elements. The effect of fuel element packing density variations on 
multiplication factor in a typical PBR is studied using WIMS code. It is observed that at 
normal conditions the k-eff increases with packing fraction. Effects of secondary coolant 
ingress (water or molten lead) in the core at accidental conditions are studied at various 
packing densities. The effect of water ingress on reactivity depends strongly on water density 
and packing fraction and is prevailingly positive, while the lead ingress reduces multiplication 
factor regardless of lead effective density and packing fraction. Both effects are stronger at 
lower packing fractions. 

1 INTRODUCTION 

The pebble-bed reactor (PBR) core is a cylinder filled with a large number (up to 
450,000) of spherical fuel elements (pebbles) made of graphite mixed with uranium and 
cooled by helium flowing in the free spaces between the pebbles [1],[2],[3]. During operation, 
fresh pebbles are continuously added at the top of the core while spent pebbles are removed at 
the bottom. In the core they are packed randomly. It is experimentally observed in cylindrical 
vats of hard spherical objects that the effective packing density is lower than theoretical and 
even varies with relative position in the vat, e.g. near the wall [4]. Moreover, the packing 
density depends on the way the vat is filled. If the vat is shaken after being randomly filled, 
the packing will assume 'crystal-like' structure and the density will increase. If this happens in 
a pebble-bed reactor (e.g. as a consequence of an earthquake or operation induced vibrations) 
its multiplication factor will change due to change in the neutron leakage governed primarily 
by the effective core material density. 

The packing density is usually described by the parameter 'packing fraction' (PF) 
defined as the ratio between the hard volume of the objects (in our case spheres) and the total 
volume they fill. The purpose of this work is to calculate the multiplication factor of the 
pebble-bed reactor core at various packing fractions. The packing fraction is varied within the 
expected interval for normal operation as well as in the interval typical for accident 
conditions. As the effect of the packing fraction variation on reactivity depends also on the 
material filling the space between the spheres, it was studied also for the accident conditions 
when the core could become flooded by the secondary coolant, water or molten lead, 
depending on the design of the PBR.  

 WIMS code is used as the calculation tool [5]. As the code was originally developed 
for graphite reactor assemblies it is inherently tested also for the pebble-bed unit cell 
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calculations. Comparison of our results to the references is provided. However, the reference 
results in open literature being rather rare, the consistency of our results is verified also by 
explaining the underlying basic reactor physics.  

2 DESCRIPTION OF A PEBBLE BED REACTOR 

The pebble bed reactor is an advanced high temperature gas-cooled nuclear reactor. 
Detailed description can be found in [1]. Only brief description necessary for understanding 
of this work is provided in the following.  

The core is cooled by helium, while the secondary coolant depends on the application of 
the reactor. If it is intended for producing electricity, the secondary coolant will be water. If it 
is intended for producing heat at high temperature (e.g. pyrolitic hydrogen production) the 
secondary coolant will be molten lead. The core is a cylindrical vat filled with spherical 
pebbles. Each pebble measures 6 cm in diameter and has two radial material zones: inner zone 
made of mixture of enriched uranium dioxide and graphite and outer zone made of pure 
graphite (Figure 1). The thickness of the outer zone is approximately 5mm. The inner zone 
contains around 10,000 to 15,000 micro-granules of UO2 dispersed in graphite matrix. In 
total, one pebble contains 9g of low enriched uranium (8%). Dimensions of the pebble, mass 
of uranium per pebble and its enrichment depend on the particular reactor design. In our work 
we use typical values taken from [1]. The core is relatively small for a graphite reactor 
(radius: 2m, height: 9m). The neutron leakage may not be neglected in the multiplication 
factor calculations. On the other hand, the core may be considered in the calculations as 
homogeneous, the fissile material and moderator being mixed. The only important reactivity 
effect neglected in homogeneous approximation is self-shielding of UO2 micro-granules in 
resonance energy region. The effect is relatively small (≈0.01 in k-inf) and can be adequately 
determined only in experimental way or by very sophisticated calculations [6]. The effect 
does not depend on the pebble packing fraction and figures in our calculation as relatively 
small systematic error not influencing main findings. 

 
Figure 1:  Schematic picture of PBR fuel element 

3 SPHERE PACKING 

The PBR core is randomly filled with the pebbles. Random packing of uniform spheres 
has long been of interest in studies of arrangement of atoms in liquids and glasses. These 
results can be also used for studying the pebble bed core. Stable random arrangements have 
been first thoroughly studied by G.D. Scott [7] with ball bearings poured into rigid containers. 
When the container was gently shaken to optimise the packing the packing fraction was found 
to be 0.636. When the container was not shaken, the loosest random packing was found to 
have the packing fraction of 0.60. Lower values for the packing fraction can be obtained only 
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by eliminating friction [8]. It is interesting to note that only in 1998 Thomas Hales first 
theoretically proved [4] that the densest possible packing of hard spheres is the hexagonal 
close packing with the packing density of 0.7405. Various theoretical and experimental 
packing fractions for rigid spheres are summarised in Table 1.  

 
Table 1: Packing fraction of various packings of rigid spheres 

Packing Packing fraction 
Loosest possible [4] 0.06 
Cubic lattice 0.52 
Loosest random [7] 0.60 
Dense random packing [8] 0.64 
Hexagonal close packing 0.74 

 
In order to observe the effects of packing densification we designed a simple 

experimental device, presented in Figure 2. We poured approximately 120,000 ball bearings 
(4mm diameter) in a Plexiglas cylinder measuring 10 cm in diameter and 100 cm high. After 
shaking the decrease of the height of the column of ball bearings was observed. The packing 
fraction increase was estimated to be about 2.5%, which is in good agreement with other 
experiments [7]. A close-up photograph of the ordering of ball bearings after shaking is 
shown in Figure 3. 

 

  

Figure 2: The experimental set-up Figure 3: Ball bearings form 'crystal-like' 
structures  

4 CALCULATIONAL MODEL  

WIMS D5 computer code in 69-group homogeneous approximation was used in the 
multiplication factor calculation. The leakage from the reactor was modelled through effective 
buckling (DB2) approximation. The buckling term B2 was calculated analytically from the 
dimensions of the core 

 



210.4 

Proceedings of the International Conference Nuclear Energy for New Europe, Portorož, Slovenia, Sept. 6-9, 2004 

B2 = (π/H)2 + (2.405/R)2                                                                                      (1) 
 

where H and R are active core height and radius, respectively. We see for a typical PBR with 
R=2m and H=9m that the second term in (1) is much bigger than the first. Consequently, 
changes in H due to packing fraction changes at fixed core radius will not change B2 
significantly. 

 Calculation of the diffusion constant D is part of the WIMS model. It is calculated in 
69-group approximation using the transport cross-sections tabulated in the library. The 
homogenisation was performed for spherical 'unit cell' of the core, consisting of three regions:  

1.  inner fissile region, mixture of UO2 and graphite 
2. outer graphite shell, pure graphite  
3. inter-pebble space, filled with helium (or water or lead) 

Volumes and densities of the materials were varied according to the problem under 
investigation. Changing of packing fraction in our model means changing of region 3 outer 
radius while other dimensions remain fixed.  

5 DEPENDENCE OF K-EFFECTIVE  ON PACKING FRACTION   

Calculated k-effective as a function of the packing fraction is presented in Figure 4. The 
entire range of packing fractions was considered, including values expected at normal 
conditions (around 0.6) as well as at hypothetical and accident conditions. Packing fractions 
under 0.52 are attainable only in special conditions, such as occurrence of large voids in the 
core. Packing fractions above 0.74 correspond to (partly) crushed fuel pebbles.  
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Figure 4: K-effective as a function of packing fraction and fuel temperature 

 
It is observed that the k-eff increases with packing fraction over entire range. As the 

infinite medium multiplication factor k-inf does not change with density or packing fraction 
in homogeneous system, the effect must be explained by the reduced leakage of neutrons, 
described by DB2 term. B2 is increasing with increasing packing fraction meaning the 
decreasing of the volume of the core. The effect is opposite to the trend observed in Figure 4 
but small, as expected from (1). It is out-weighted by the effect in diffusion coefficient D, 
which is inversely proportional to the density, i.e. to the packing fraction, as can be seen from 
Figure 5 



210.5 

Proceedings of the International Conference Nuclear Energy for New Europe, Portorož, Slovenia, Sept. 6-9, 2004 

 We can see from Figure 4 that PBR features a strong negative temperature effect. We 
also note that k-effective is close to one at operating temperatures (~1100°C) and expected 
packing fraction (~0.60). This is in agreement with [1] and confirms our calculation model. It 
can be also noted from the result in Figure 4 that in accidents, involving crushing of the core, 
the reactivity could increase leading to reactivity excursion. 
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Figure 5: Effective diffusion coefficient calculated in WIMS as a function of packing  

fraction 

6 WATER INGRESS  

 
The PBR employs a shutdown cooling system. Its function is to redirect helium to a 

water loop in a heat exchanger near the core in accident conditions. Therefore, the possibility 
exists for water to enter the core. Studies of the effect of water ingress into the pebble region 
were performed. The results are presented in Figure 6. 
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Figure 6: K-effective in dependence on effective water density at T=300K for three packing 

fractions 
 
Ingress of water in form of foam or steam into the core results in small negative 

reactivity effect up to a water density of approximately 0.01g/cm3 at all practical packing 
fractions. In the range between 0.01 and 0.5 g/cm3 the effect becomes positive. Only above 
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0.5g/cm3 ingress of water results in reduced multiplication factor at normal packing fraction 
(0.64). Water improves moderation and reduces leakage by reducing the diffusion coefficient, 
as presented in Figure 7. This effect on reactivity is always positive, however, it is dominant 
only to a certain water density (approx. 0.5g/cm3), above which the system becomes over-
moderated and adding of water as moderator results in reactivity decrease, mainly due to its 
relatively high absorption. The effect of water ingress is stronger at lower packing fractions, 
what is expected due to larger volume available to water entering the core.  

The results agree with the calculations made by INEEL presented in [1] and [9]. They 
indicate that ingress of water with effective density ≈0.1g/cm3 into the core could introduce 
positive reactivity of more than 10% regardless of the fuel packing density. This could be a 
safety draw-back of the PBR reactors as water ingress may occur also as result of deliberate 
actions and technical faults, not only in the reactor, but also in the fresh and spent-fuel storage 
(e.g. fire extinguishing, flooding), as well as during fuel fabrication.  
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Figure 7: Effective diffusion coefficient of the core as a function of water density in inter-

pebble space for three packing fractions 

7 LEAD INGRESS  

As explained earlier molten lead could be used as secondary heat removal medium. In 
case of heat-exchanger rupture, molten lead could, in principle, enter the reactor core.  

Calculations of multiplication factor depending on the fraction of total free volume 
filled with lead were performed. The results are presented in Figures 8,9 and 10. Unlike in 
case of water ingress, the lead ingress reduces multiplication factor regardless of lead 
effective density and packing fraction (Figure 8). Main effect is reduction of infinite medium 
multiplication factor due to additional absorption introduced into the system by lead (Figure 
9). The effective diffusion constant (and consequently the leakage) is only insignificantly 
reduced due to low scattering cross-section of lead (Figure 10). The total effect on reactivity 
effect is stronger at lower packing fractions where more lead enters the core.  
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Figure 8: K-effective as a function of Pb fraction in free volume at 1200 K 

 
We can conclude that ingress of lead into PBR core would not increase reactivity under 

any conditions. 
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Figure 9: K-infinity as a function of Pb fraction in free volume at 1200 K 
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Figure 10: Effective average core diffusion coefficient as a function Pb fraction in free 
volume 
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8 CONCLUSIONS 

 
It was shown that packing fraction of the pebbles in the PBR's core has strong influence 

on reactivity. In general, multiplication factor increases when packing density is increased. 
The packing fraction could increase for up to 0.04 (from 0.60 to 0.64) as a consequence of 
earthquake or other core vibration. Our results supported also by the references, show that this 
could result in the core reactivity increase of 3%. Also ingress of water with low effective 
density could significantly increase reactivity, even for more than 10%. Reactivity gain is in 
both cases sufficient for prompt criticality if starting from critical conditions. However, as the 
ingress of lead reduces reactivity under any conditions, and, being much less probable than 
ingress of water, lead could make better choice of secondary coolant than water with respect 
to criticality safety under accident conditions. 
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