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Abstract

Models and methods are presented for determining practical limits of the packing density of TRISO particles in fuel pebbles for a pebble-bed
reactor (PBR). These models are devised for designing and interpreting fuel testing experiments. Two processes for particle failure are accounted
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or: failure of touching particles at the pressing stage in the pebble manufacturing process and failure due to inner pressure buildup during
rradiation. The second process gains importance with increasing fuel temperature, which limits the particle packing density and the corresponding
uel enrichment. Suggestions for improvements to the models are presented.

2006 Elsevier B.V. All rights reserved.

. Introduction

The packing fraction of fuel particles within a pebble is an
mportant factor in predicting the performance of the fuel dur-
ng normal operation. Determining which packing fraction and
hich particle size would result in the best performance is an

nteresting and, so far, unsolved, problem. Yet, it must be tackled
efore an optimal design can be devised and before a rational
esting program can be planned for the fuel from that optimal
esign. This paper is a first attempt at determining the influence
f the packing fraction on the impact of failures of TRISO par-
icles in the 2.5-cm radius fuel zone of a pebble with overall
iameter of 6 cm.

The upper limit for the packing of TRISO particles in a fuel
ebble is dictated by the particle failure rate and the effect of
he packing on that failure rate. The performance (i.e., failure or
etention of integrity) of fuel particles depends on many factors.
he first is the proximity of particles within the pebble. This

s because particles that are too close to one another could be
amaged during the isostatic pressing stage of the pebble manu-
acturing process. The second is the burnup level expected to be

achieved by the fuel within the particle. This factor correlates to
the pressure exerted on the silicon carbide (SiC) shell by gaseous
fission products and CO. This factor also correlates with the irra-
diation damage that invariably accumulates in the SiC layer and
with the irradiation-induced shrinkage of the pyrolytic carbon
(PyC) layers. See for an extensive descriptions of these effects
references Nabielek et al. (2004), Wang et al. (2004), Petti et al.
(2004) and Martin (2001). Because of weakening of the SiC (i.e.,
lowering of its mechanical strength) when subjected to fast neu-
tron irradiation at temperatures above 1000 ◦C, this factor (i.e.,
the effect of burnup) is sensitive to the fuel temperature history
during irradiation. All these artifacts contribute to the failure of
the particle. The burnup also correlates to the radiological haz-
ard, which in turn enters the definition of the impact of particle
failure. The models developed in this work incorporate all of
these considerations.

In the next section, a proper qualification for the impact of
fuel particle failures is discussed and a quantitative measure
for it, the “effective impact” of failure, is defined. In Section
3, the models and programs used to calculate the failure rate
from proximity are discussed. Section 4 describes a model that
∗ Corresponding authors.
E-mail addresses: Abderrafi.Ougouag@inl.gov (A.M. Ougouag),

.L.Kloosterman@tudelft.nl (J.L. Kloosterman).

relates the packing fraction to the fuel enrichment needed in
order to preserve the reactivity of the fuel. Subsequently, the
fuel enrichment is related to the final discharge burnup, from
which the expected failure rate due to burnup can be derived.
029-5493/$ – see front matter © 2006 Elsevier B.V. All rights reserved.
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Section 5 presents a discussion of the results, while the final
section iterates its principal conclusions and points to upcoming
further development.

2. Effective impact of fuel particle failure

Fuel particle failures are undesirable because of the potential
radiological hazard to personnel. In addition to their potential
safety impact, failures are indications of possible weakening of
the TRISO particles and could, therefore, result in limitations
on the operability of the reactor. In all cases, an objective mea-
sure of the magnitude of the problem that fuel failures would
cause can be correlated to the radiological hazard of the mate-
rials they normally contain and retain. Therefore, the “effective
impact” of fuel particle failures can always be quantified in terms
that incorporate or correlate to that radiological hazard. In this
study, a simple approach is taken that considers as the effective
impact merely the amount of releasable volatile nuclides con-
tained in the particles that fail. This quantity can easily be related
to release into the atmosphere and health impact on personnel
or the public, inasmuch as models for said release, subsequent
transport and potential health effects are assumed to exist. Such
models exist but are beyond the scope of the present study.

By modeling the impact as merely the amount of volatile
nuclides present within failed particles, the implicit assump-
tions are that the nuclides are released congruently from within
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3. Particles proximity factor in fuel particles failure

The existence of damage to fuel particles caused by pair-wise
proximity of said particles is a well established experimental
fact. The predictive determination of the fraction of particles
that fails via this mechanism requires the definition or identifi-
cation of a critical distance between particles below which the
particles are assumed to fail. To be more general, the number of
particles that fail is assumed to be a specific fraction of all the
particles that are closer to their nearest neighbor than this crit-
ical distance. Assuming that this critical distance is known, the
number of particles that are within that distance from their near-
est neighbor must be determined. In the early times of TRISO
particle manufacturing, the failure fraction for this mechanism
could be as high as 6 × 10−5, but relatively recent over-coating
techniques have reduced this fraction to 1.4 × 10−5, which is
considered to be the lower limit for the cold pressing technol-
ogy. In accordance with ref. Nabielek et al. (2004), the failure
fraction in our models is set to 1.4 × 10−5.

3.1. Spatial distribution law for independently and
randomly distributed particles

If the fuel particles are very small and dilute, it can be assumed
that they are randomly and independently distributed within the
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he failed particles and travel to the off gas and beyond to the
eceptors (facility workers or general public) equally congru-
ntly. It is also implicitly assumed that their relative toxicity
evels (expressed in terms of such commonly accepted indices
s the derived air concentrations) are essentially equal. That is,
he current model ignores the difference of toxicity between
he various volatile radioactive nuclides present within the fuel
articles. Both of these assumptions of congruent release and
igration, and of equal toxicity, should be relaxed in a more

omprehensive definitive model. Finally, another assumption is
mplicit in the models of this paper. It is assumed that the volatile
uclides build up linearly as a function of the burnup level. This
ssumption should also be relaxed in a comprehensive model
s some volatile nuclides may have reached their equilibrium
oncentration during irradiation.

As described later, the fuel fraction variation in a pebble is
ounterbalanced in our models by a commensurate variation of
he fuel enrichment in such a way that the initial reactivity of
he fuel is preserved. From this, it follows that the “effective
mpact” of particle failures is proportional only to the number
f failures, the volume of the fuel kernel in a single particle,
nd the expected burnup. The latter is approximated by a linear
unction of the initial fuel enrichment (see Section 4.2—a more
omplete future model should relax this assumption). Once the
umber of particles per pebble and the fuel enrichment are fixed,
he only remaining factor to be determined is the failure fraction
or the given pebble design. This number depends on the fail-
re mechanisms being considered, of which two are considered
n this paper: failure by particle proximity (or manufacturing
ffects) and failure by burnup (or radiation damage and pressure
ffects). These mechanisms are considered next, in order.
ueled zone of the pebble. In particular, it can be assumed that
a) the chance of a fuel particle being located in any particular
ortion of the fueled zone is the same for all particles, (b) the fact
hat a fuel particle is present in a particular zone does not affect
he chance that other particles be present in the same zone, (c)
he chance of a particle being present in a region of the fueled
one is the same for regions of equal volume and (d) the total
umber of fuel particles and the total number of sub-regions
ithin the fueled zone are large. These assumptions (a–d) are
ell approximated if the particles are very small and the packing

raction is low. When these assumptions are met, the distribution
f particles is given by Poisson’s law (Evans, 1955). If µ is the
verage particle density, the average number of particle present
n volume V becomes m = µV, and the probability of finding
xactly n particles in the region within a distance r from some
rbitrary point is

n(r) = ((4/3)πr3µ)
n

n!
exp

(
−4

3
πµr3

)
. (1)

his probability distribution applies only if the conditions for
alidity of a Poisson distribution are applicable. In reality, the
oisson distribution may not be applicable. The latter situation

s discussed in Section 3.3.

.2. Distribution of pair-wise inter-particle distances for
oisson-distributed particles

When particles are spatially distributed according to the equa-
ions of the previous section, the distances between the particles
re distributed according to a law that can be obtained analyti-
ally. This is done next.
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Without loss of generality, assume a particle is located at the
origin of a coordinate system, i.e. at r = 0. The probability that no
other particle is present between that location (r = 0) and some
specific value of r is p0(r), given by

p0(r) = ((4/3)πr3µ)
0

0!
exp

(
−4

3
πµr3

)
= exp

(
−4

3
πµr3

)
.

(2)

The probability that the next particle is in the shell between r
and r + dr is given by p1(dr), that is

p1(dr) = (4πr2µdr)
1

1!
exp

(
−4

3
πµr2 dr

)
. (3)

When the exponential is expanded in a Taylor series of its argu-
ment and only terms of order 1 in dr are retained, this latter
equation reduces to p1(dr) = 4πr2µ dr. Combining the probabil-
ity of not having any particle between 0 and r and that of finding
exactly one particle in the shell between r and r + dr, one obtains
the probability that the distance between the particle at r = 0 and
its next nearest neighbor is between r and r + dr. That probability
is given by

f (r)dr = 4πr2µ exp

(
−4

3
πµr3

)
dr. (4)

From this equation, the fraction of all particles that are within
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distribution is not applicable, and a different distribution func-
tion must be used. Analytical distribution functions that better
represent the real situation have been developed and can be found
in the literature. However, in this paper a numerical approxima-
tion for the particle distribution is obtained. Concomitantly, the
distribution of pair-wise particle distances is computed using a
program written specifically for this purpose.

A program was written to estimate the number of particles
that will “touch” each other in a realistic pebble design with a
fuel zone diameter of 5 cm. The practical definition of “touch-
ing” each other is necessarily not absolute, as mathematically
touching means having exactly one point in common. In cor-
respondence with ref. Nabielek et al. (2004), two particles are
considered as touching if the distance between their centers coor-
dinates falls below a cut-off distance of 180 �m.

The touching evaluation program operates by first randomly
positioning particles in the fuel zone of a pebble. Then it cal-
culates the distance between a particle and its nearest neighbor.
The latter process is repeated for all fuel particles in the peb-
ble and a histogram-like distribution is derived with an interval
width of 5 �m. Results of this program and a comparison with
the Poisson distribution are given in Fig. 1. As can be seen, only
for tiny particles, with radii of about 0.01 cm, does the Poisson
distribution reasonably describe the distance between nearest
neighbors. For standard fuel particles with a radius of 0.05 cm,
the Poisson distribution deviates considerably from the actual
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ome specified distance of their next nearest neighbor can be
alculated by integrating the equation between 0 (corresponding
o “point” particles) and that distance, say rc. The expression for
hat fraction fd is

d = 1 − exp

(
−4

3
πµr3

c

)
. (5)

learly, the distribution given by Eq. (4) and the resulting prox-
mity fraction of Eq. (5) fail to apply when either or both of
he particle size and the packing fraction become large and the
oisson distribution is no longer valid. In those more realistic
ituations, the distribution of pair-wise distances between parti-
les must be obtained differently. This is discussed in the next
ection.

.3. Realistic distribution of finite-sized particles

The situations best described by Eq. (1) and the equations
erived from them are those in which the postulates for a Pois-
on distribution, as enumerated above, apply. Such situations are
pproximated when the particle radius and the particle packing
raction are both very small. In reality, departures from those
onditions and postulates will arise if the packing fraction is
arge enough for the particles not to be appropriately considered
s dilute. They arise also from the finite nature of the parti-
les (i.e., they are not points but do have a finite non-negligible
adius) and from the dependence in their relative positions. The
atter situation arises merely from the fact that two particles
annot overlap, and therefore their respective locations are not
ndependent. The absence of independence is more marked the
igher the packing fraction. For such real situations, the Poisson
ne. From the peak at 0.1 cm in the lower plot of Fig. 1, one can
educe that at high densities many particles are positioned very
lose to each other.

Despite the large differences between the two distributions,
he Poisson distribution may be used if the predefined cut-off
istance below which particles are deemed touching each other
s chosen sufficiently large. The use of the Poisson distribution is
cceptable in this situation because the cumulative fraction for it
nd that derived from the computationally obtained distribution
onverge (i.e., coincide) for a sufficiently large cut-off distance.
n Fig. 2, it is shown that at a cut-off distance of 180 �m, the
ifference between the two cumulative fractions is negligible for
5,000 particles per pebble, and is only 25% for 15,000 particles
er pebble (about 0.55 for the actual distribution and 0.80 for the
oisson distribution). Because the model with a cut-off distance
f 180 �m and a fail fraction of 1.4 × 10−5 predicts reasonably
ell the number of particle defects in German-made fuel peb-
les (Nabielek et al., 2004), and other sources are lacking, we
se these same data. From Fig. 2, it can be estimated that the
ifference between the Poisson distribution and the actual one
taken here as the computationally modeled distribution) will be
imited to a factor of 2 for a particle density of 5000 per pebble
nd up.

. Fuel enrichment as a function of the particle packing

When the number of fuel particles per pebble is modified,
ther parameters have to be changed accordingly to preserve
riticality of the reactor. Among others, these can be the total
uel inventory in the core (number of fuel pebbles) or the fuel
nrichment. Because it is easily recognized that it is more
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Fig. 1. Distribution of the distance between immediate neighbor particles for
two particle sizes (artificially small particles with radius of 0.01 cm, and standard
fuel particles with radius of 0.05 cm) with the number of particles per pebble as
a parameter. In each plot, the highest peak corresponds to the largest number of
particles. Only for tiny particles can the distribution be described well with the
Poisson distribution (dotted lines).

Fig. 2. Cumulative distribution of the distance between immediate neighbor
particles with the number of particles per pebble as a parameter. The dotted
lines represent the Poisson distributions according to Eq. (5); the solid lines are
the actual distributions.

practical to determine the optimum fuel design for a specified
reactor size rather than to optimize the overall design by
altering the reactor size or configuration, the latter parameter
(fuel enrichment) has been selected for use in this study. In
this section, an analytical model is derived that relates the fuel
enrichment to the fuel loading per pebble in such a way that the
initial infinite multiplication factor of the fuel, k∞, is preserved.

4.1. k∞ as a function of enrichment and fuel loading

The infinite multiplication factor of a specified fuel compo-
sition and configuration is given by the well-known four factor
formula k∞ = εpfη, where ε is the fast fission factor, p the res-
onance escape probability, f the thermal utilization and η is the
number of fission neutrons per absorption in the fuel. The fast fis-
sion factor can be assumed to be independent of the fuel enrich-
ment and will be arbitrarily set to unity. The thermal utilization
f writes (Duderstadt and Hamilton, 1976; Zweifel, 1973):

f = ΣF
a

ΣF
a + ΣF

a (ΦM/ΦF)(VM/VF)
. (6)

Both in the numerator and the denominator, the thermal-
averaged cross sections should be used. Assuming the same
energy dependence for both the absorption cross section of
the fuel and the moderator, the cross section values at energy
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f 0.025 eV can be used. For graphite as the moderator,
his value equals 32E−5 cm−1 (Duderstadt and Hamilton,
976). The absorption cross section of the fuel depends on
he atomic fuel enrichment e = N5/(N5 + N8) according to

F
a = [eσ5

a + (1 − e)σ8
a ](N5 + N8) where the symbols have

heir usual meanings and where 5 stands for U-235 and 8
tands for U-238. For the microscopic cross sections of the
uel nuclides, the thermal values should be used (σ5

a = 678b;
8
a = 2.73b (Duderstadt and Hamilton, 1976)). The flux disad-
antage factor, which is the ratio of the neutron flux in the mod-
rator zone and the fuel zone (ΦM/ΦF), is unity within 1% for an
TR because of the small size of the fuel particles. Only the ratio
f the moderator volume and the fuel volume (VM/VF) depends
ignificantly on the particle packing fraction in the fuel pebble.

The number of fission neutrons per absorption in the fuel
epends on the atomic fuel enrichment according to

= νeσ5
f

eσ5
a + (1 − e)σ8

a
, (7)

ith σ5
f = 577b (Duderstadt and Hamilton, 1976) and with an

verage number of neutrons per fission ν = 243.
The resonance escape probability p writes:

= exp

[ −NFVF

ξΣM
s VM

Ieff

]
. (8)

ere, ξ = 0.158 (Duderstadt and Hamilton, 1976) is the average
ogarithmic energy decrement per collision, ΣM

s = 0.4 cm−1 is
he scattering cross section of the moderator in the resonance
egion and Ieff is the effective energy shielded resonance integral.

ithin the narrow resonance approximation (which has to be
elaxed in an improved future model), the latter can be split into
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a “volume” term and a “surface” term, Ieff = IV
NR + IS

NR(P0), so
named because it is only the second term that depends on the
first-flight escape probability P0 (Zweifel, 1973). To account
for the fact that resonance neutrons escaping from a fuel kernel
can reach another kernel without any interaction in between, the
Dancoff-corrected first-flight escape probability, P∗

0 , should be
used instead of P0. To derive the functional dependence of the
resonance integral on the number of fuel particles in the peb-
ble, three approximations are made. First, the Wigner rational
approximation (Duderstadt and Hamilton, 1976; Zweifel, 1973;
Bell and Glasstone, 1970) is used for the first-flight escape prob-
ability, P0, as given by

P0 = 1

1 + 〈R〉 ΣF
t
. (9)

Here 〈R〉 is the mean chord length of the fuel particle (Bell and
Glasstone, 1970; de Kruijf and Kloosterman, 2003). Second,
to obtain P∗

0 from the expression for P0, the Dancoff-corrected
mean chord length 〈R〉/(1 − C) is applied into Eq. (9) instead of
〈R〉. Here, C is the Dancoff factor of the fuel, which can be cal-
culated analytically for pebble-bed reactors (Bende et al., 1999).
Third, a series expansion is derived for P∗

0 and the higher order
terms (C2P2

0 and up) are neglected. Following these three steps,
the Dancoff-corrected first-flight escape probability is shown to
be given by
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Fig. 3. The resonance integral as a function of the Dancoff factor for fuel kernels
with a radius of 0.025 cm. The solid line is a linear fit with parameter values
given in the plot.

Generation Nuclear Plant (NGNP), with a fuel enrichment of
8.1% and 13,200 particles per pebble (MacDonald et al., 2003),
the k∞ of the fuel was found to be 1.499 (derived from a k∞
calculation with the SCALE code system (SCALE-5, 2005)).
This is the target value for all other fuels considered in this
section. Fig. 4 shows the resulting fuel enrichment as a function
of the number of particles per pebble.

4.2. Burnup as a function of enrichment

The fraction of particles that fails due to pressure buildup
and weakening of the SiC layer depends on the fuel burnup
(e.g., expressed in FIMA). Therefore, a relationship is required
that relates the initial fuel enrichment and the final discharge

F
p
r
m
m
V

∗
0 = (1 − C)P0

1 − CP0
≈ (1 − C)P0(1 + CP0 − . . .)

≈ P0 − C(P0 − P2
0 ) = P0 − C 〈R〉 ΣF

t P2
0 . (10)

f the first-flight escape probability of a particle does not change
ith varying enrichment, which is a reasonable assumption if the

ize of the fuel kernels remains constant and the enrichment does
ot significantly alter the macroscopic total cross section of the
uel, the effective resonance integral can just be written as a lin-
arly decreasing function of the Dancoff factor: Ieff = I1 − CI2.
o check the validity of this assumed behavior of the resonance

ntegral as a function of the Dancoff factor, eigenvalue (k∞) cal-
ulations were performed on a fuel particle surrounded with an
mount of graphite that results in a system equivalent to one
ith packing values of 6009, 9542, 13,128, 16,489 or 20,054
articles per pebble, but with no allowance for the reflector
raphite. Calculations were carried out with the SCALE code
ystem (SCALE-5, 2005) at a temperature of 800 ◦C. The Dan-
off factors for these cases were calculated using the analytical
rocedure described in ref. Bende et al. (1999). From the k∞
alues found for these cases, and the values of ε, f and η com-
uted according to Eqs. (6) and (7), the value of the resonance
scape probability for each case can be derived, from which the
esonance integral can be calculated. Fig. 3 shows the resulting
esonance integral as a function of the Dancoff factor C. Clearly,
he behavior can be considered as linear to first approximation
ith the coefficients shown in the figure.
From the formulas and data above, the fuel enrichment can

e calculated as a function of the number of fuel particles per
ebble with the constraint that the k∞ of the fuel remain constant.
or the pebble-bed VHTR in development at the INL, the Next
ig. 4. The fuel enrichment as a function of the number of particles per
ebble. Left of the minimum, the curve corresponds to the over-moderated
egion. Increasing the number of particles starting at the minimum reduces the
oderator-to-fuel ratio, which would lead to a decrease of k∞ if the fuel enrich-
ent were not to be raised. The NGNP operating point refers to the pebble-bed
HTR design in development at the INL.



674 A.M. Ougouag et al. / Nuclear Engineering and Design 236 (2006) 669–676

Fig. 5. Correlation for the final discharge burnup as a function of the initial
fuel enrichment based on particle burnup calculations with SCALE (SCALE-5,
2005) (solid line) and full-core burnup calculations with PEBBED (Gougar et
al., 2004) (dotted line). At 8% enrichment two points are drawn.

burnup of the fuel. Of course, this relationship depends on the
reactor type being considered and the fuel management scheme
being applied. In this paper, first a simple approach is taken.
For a single fuel particle, burnup calculations were performed
with the SCALE code system (SCALE-5, 2005) and the k∞ was
determined at several time steps during the burnup. From these
k∞ values, and assuming that the final discharge burnup for the
NGNP with 8% enriched fuel equals about 9.5% FIMA, the
discharge burnup values for the other enrichments could be esti-
mated. The correlation between enrichment and final discharge
burnup is shown in Fig. 5 (solid line).

To include some of the important spectral effects that take
place during burnup in a pebble-bed reactor with continuous
refueling, as well as the spectral influence of the reflectors, three-
dimensional calculations were performed with the PEBBED
(Gougar et al., 2004) code for the PBMR-268 core design.
For three enrichment values, the equilibrium core composition
was calculated with a discharge burnup such that the effective
multiplication factor equals 1.05, which allows enough excess
reactivity for control of the reactor and for offsetting the poison-
ing by nuclides not explicitly taken into account. The results are
shown in Fig. 5 (dashed line). Note that the point at 8% enrich-
ment is the same as the SCALE result. Furthermore, it can be
deduced that the reactor cannot become critical with initial fuel
enrichment lower than approximately 4%. Because the solid line
depends less on the actual core design, this curve is used in the
f

4

o
f
F
e

Fig. 6. The particle failure fraction as a function of the fuel discharge burnup with
the fuel temperature as a parameter. Data have been sampled and reconstructed
from ref. Nabielek et al. (2004).

were sampled and fitted to a Weibull distribution for a particle
with a SiC layer of 35 �m and an average midpoint radius of
0.04 cm. The curves are reconstructed in Fig. 6. Because they
are valid only for fuel temperatures of 950 and 1100 ◦C and for
particles with a kernel diameter of 0.05 cm and an outer diame-
ter of 0.1 cm, our analysis is limited to these conditions as well.
Furthermore, it is emphasized that the original curves were gen-
erated for irradiation conditions in the Petten High Flux Reactor,
which might differ from those in an HTR. Especially the neu-
tron spectrum might differ, which influences the amount of the
fast neutron fluence (E > 0.1 MeV) on the SiC layer per unit
of burnup. Clearly, extension of these curves to a wider range
of temperatures and to other particle sizes under more HTR-
like irradiation conditions has first priority in continuing these
studies.

5. Calculations and results

The procedure to calculate the failure impact as a function
of the particle packing, or likewise as a function of the fuel
enrichment, is as follows.

First, the distribution of distances between nearest neighbor
particles in the fuel zone of a pebble has to be calculated. This
has been done for packing density values that range from 500
particles per pebble up to 35,000 with intervals of 500. Some
e
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f

urther analysis.

.3. Failure rate as a function of fuel burnup

Once the final discharge burnup is determined as a function
f the initial fuel enrichment, the expected failure rate due to
uel burnup and weakening of the SiC layer can be obtained.
or the purpose of this paper, some curves, published by oth-
rs (Nabielek et al., 2004), calculated with the PANAMA code
xamples of these distributions are shown in Figs. 1 and 2. Sub-
equently, the number of particles that touch each other is defined
s the number of particles with nearest neighbors within a dis-
ance of 180 �m. Using the failure fraction for “touching” of
.4 × 10−5, the particle failure fraction for this process can eas-
ly be obtained.

Second, for each particle packing density, the fuel enrich-
ent is determined that ensures the reactivity of the fresh fuel is

reserved equal to the target reactivity. Subsequently, the final
ischarge burnup is estimated using a simple correlation derived
rom generic burnup calculations. These two steps have been
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Fig. 7. Particle failure impact as a function of the fuel enrichment and the particle packing for a definition of “touching” of proximity to within 180 �m at a fuel
temperature of 950 ◦C.

Fig. 8. Particle failure impact as a function of the fuel enrichment and the particle packing for a definition of “touching” of proximity to within 180 �m at a fuel
temperature of 1100 ◦C.

described in Sections 4.1 and 4.2. Finally, the particle failure
fraction due to pressure buildup and SiC deterioration is esti-
mated using data from the literature.

The results for a fuel temperature of 950 ◦C are shown in
Fig. 7. The dashed line gives the contribution due to “touching”
in the manufacturing process, while the dot–dashed line is the
failure rate due to pressure buildup in the buffer of the particle.
The solid line shows the sum of the contribution to failure from
the two processes. Although there is no clear minimum in the
figures, it is clear that one should avoid high packing fractions
and high values for the fuel enrichment, to avoid a high failure
impact due to buildup of gaseous fission product and CO. The
failure impact increases rapidly if the particle packing exceeds
30,000 particles per pebble.

Raising the fuel temperature increases strongly the failure
fraction due to deterioration of the SiC layer. Fig. 8 gives the
results for 1100 ◦C. It is emphasized that the definition of fail-
ure impact is quite arbitrary, and can certainly be improved, e.g.
by taking into account explicitly the fission products that actu-
ally exist at an equilibrium concentration in the particle and the
fission products that build up linearly with burnup. Neverthe-
less, we can use these results to see how the particle packing
and the fuel enrichment of the 1100 ◦C cases should be adapted
in order not to exceed the failure impact of the correspond-

ing 950 ◦C cases. For example, the failure impact at 950 ◦C
and a particle packing of 20,000 particles per pebble equals
about 2 × 10−4, while for the same failure impact, the particle
packing at a temperature of 1100 ◦C should not exceed 15,000
particles per pebble with a corresponding fuel enrichment of
about 10%.

If the enrichment versus burnup dependence is used that is
given by the dashed line in Fig. 5, then the failure impact due to
pressure buildup in the buffer of the particle increases for enrich-
ments above 8%, while it decreases for lower burnup values. This
implies that the dot–dashed lines in Figs. 7 and 8 would become
even steeper. Clearly, it is very important that the actual core
design be used in any quantitative analysis aimed at establishing
the final discharge burnup that can be achieved for a certain fuel
design.

6. Conclusions

The particle failure impact depends mainly on two mecha-
nisms: touching of particles during the isostatic pressing stage
in the pebble manufacturing process, and the buildup of gaseous
products and subsequent malfunctioning of the SiC layer dur-
ing the irradiation of the pebble. The first effect requires the
distribution function of the distance between the centers of the
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particles. For this, the Poisson distribution may only be used
if the particles are very small (see Fig. 1). For standard fuel
particles with radius of 0.05 cm the Poisson distribution is not
valid and a numerical approach should be used. However, if the
critical distance below which particles are deemed touching is
increased, say to 180 �m, the Poisson distribution is valid within
25% for a packing density of 15,000 particles per standard fuel
pebble. The limit of 180 �m is used in this paper as it fits best
to experimental data on German-made fuel pebbles (Nabielek
et al., 2004).

At low packing fraction, the particles touching during the
pressing stage dominate the particle failure rate, but with rel-
atively mild consequences for the failure impact. On the other
hand, at high particle density, the buildup of gaseous products
may lead to relatively high values of the failure impact. With
increasing fuel temperature, this effect becomes even more pro-
nounced due to deterioration of the SiC layer, which shifts the
failure probability curves to higher value (see Fig. 6). This means
that the failure impact increases strongly with fuel temperature
as well. For the same particle failure impact at elevated operat-
ing temperatures, the final discharge burnup should be reduced.
If the initial reactivity of the fuel is to be preserved, this means
one can reduce both the fuel enrichment and the number of fuel
particles per pebble.

Clearly, the results and conclusions of this paper can only
be preliminary, and much remains to be done. The most impor-
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design of a fuel test, the results obtained in this paper can be of
direct use for that purpose.

Finally, though not initially part of the goals of this study, it is
clear that the implications of the relationship between a chosen
operating temperature, selected fuel enrichment and a design
packing density will have a significant impact on the failure
fraction of the fuel design. This study can easily be extended to
include prismatic block fuel concepts.
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