
Progress in Nuclear Energy 154 (2022) 104460

A
0

c
G
I
K

1

Contents lists available at ScienceDirect

Progress in Nuclear Energy

journal homepage: www.elsevier.com/locate/pnucene

Wetting-induced volumetric collapse of UO2 powder beds and the
onsequence on transient nuclear criticality excursions
.S. Jones ∗, C.M. Cooling, M.M.R. Williams, M.D. Eaton

mperial College London, Nuclear Engineering Group, Department of Mechanical Engineering, City and Guilds Building, Exhibition Road, London, SW7 2BX, United
ingdom

A R T I C L E I N F O

Dataset link: https://doi.org/10.5281/zenodo.7
04999

Keywords:
Nuclear criticality safety analysis and
assessment
Fissile powder bed
Volumetric collapse
Slumping
Transient nuclear criticality excursion
Point neutron kinetics
Phenomenologically thermal hydraulics

A B S T R A C T

Mathematical and computational models are proposed to simulate wetting-induced volumetric collapse of fissile
powder beds. Slumping, nuclear thermal hydraulics, radiolytic gas, and steam production models are coupled
with point neutron kinetics to investigate transient nuclear criticality excursions in two 5-wt% enriched UO2
fissile powder beds with varying levels of wetting-induced volumetric collapse. The two beds are distinguished
by their mean powder particle size of 30 μm and 100 μm. For the UO2 powder beds modelled, the re-distribution
of UO2 powder and moderator due to slumping introduced a negative reactivity into the system. This increased
the amount of time taken for a delayed critical state to be reached once infiltration began, and also reduced
the total fission energy generated over the course of the simulated transient. The total fission energy generated
ranged from 42 MJ to 48 MJ 100 seconds after the initial nuclear criticality excursion was observed for the
30 μm sized UO2 powder bed. The fission energy of the larger sized powder bed (100 μm), varied from 42 MJ
to 57 MJ. Larger discrepancies between the slumped and un-slumped initial peak power are predicted. Peak
powers varied from 29.2 MW to 106 MW for the smaller-sized powder particles, whereas for larger particles,
the peak powers varied from 255 MW to 501 MW.
1. Introduction

In nuclear fuel fabrication facilities, various fissile powders, in-
cluding but not limited to uranium dioxide (UO2), Yellowcake (pre-
dominantly, tri-uranium octoxide or U3O8) and Mixed OXides (MOX),
are commonly found with varying levels of enrichment (IAEA, 2010).
The International Atomic Energy Authority (IAEA) highlight a fun-
damental requirement for these nuclear fuel fabrication facilities to
provide preventative and mitigative measures, to minimise the risk of
unexpected radiological exposure as a result of an inadvertent, self-
sustaining, nuclear chain reaction involving fissile material, including
powders (IAEA, 2010).

An important type of accident to acknowledge for emergency plan-
ning and preparedness of nuclear fuel fabrication facilities is that of a
fire or explosion in the facility (IAEA, 2008). The scope of potential
fire hazards has been noted by Datta (1991) to be wide-ranging. These
include the use of combustible solvents in uranium mills, acids with un-
favourable ignition characteristics under certain conditions in uranium
hexa-fluoride (UF6) facilities and the general use of products such as
anhydrous ammonia and hydrogen in fuel fabrication facilities (Datta,
1991).
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The IAEA emphasise the importance of providing fire-suppression
systems, such as fire-sprinklers in certain areas, to mitigate the effects
of an accidental fire in fuel fabrication facilities (IAEA, 2008). Fur-
thermore, the U.S. Department of Energy (DoE) notes in Raap et al.
(2014) that U.S. regulations require automatic fire-suppression systems
in nuclear facilities, and commonly this is via water-based suppression.
However, it is also noted by Raap et al. (2014), Doucet et al. (2003),
Sakai et al. (2004) and Duhamel et al. (2004) that this introduces
the potential for a wetting-induced nuclear criticality excursion due
to water from the fire-suppression sprinklers, acting as moderator,
impinging on the fissile powder, that is housed in cylindrical vessels
within these facilities.

Double contingency measures applied to mitigate the risk of a
wetting-induced reactivity insertion include applying sub-critical pack-
aging limits and the use of moderating inserts, as well as using sealed
containers to store the fissile powder (IAEA, 2008). However, in the
case that these double contingency measures fail, there is a risk that
a water-based fire-suppression system may lead to a nuclear criti-
cality excursion, by increasing moderation within a fissile powder
bed. Both conventional fire sprinkler systems and more modern wa-
ter mist systems may lead to increased levels of moderation around
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Nomenclature

Latin Symbols

𝐴i,j Interfacial area between material, 𝑖, and
material, 𝑗 [m2]

𝑐 Gas advection speed empirical parameter
[–]

𝐶i Delayed neutron precursor concentration
for group 𝑖 [precursors cm−3]

𝑐i Specific heat capacity of material, 𝑖 [J kg−1

K−1]
𝐷 Neutron diffusion coefficient [cm]
𝑑i Spherical diameter of part of material, 𝑖

[m]
𝐷t,i Turbulent mixing coefficient of region, 𝑖

[m2 s−1]
𝐸𝜓 Elastic modulus due to matric potential

[Pa]
𝑒abs Absolute ODE solver error tolerance [–]
𝐸fast Fast neutron energy [eV]
𝐸f Energy generated per fission [J fission−1]
𝐸i Heat transfer rate for thermal process, 𝑖 [J

s−1]
𝑒rel Relative ODE solver error tolerance [–]
𝐸therm Thermal neutron energy [eV]
𝑓imm Powder bed immersion fraction [–]
𝑓slump Slumping fraction [–]
𝐺(𝐻2) Volumetric yield of hydrogen from radioly-

sis [m3 J−1]
ℎ𝜓 Matric head [m]
𝐻i Region height, 𝑖 [m]
ℎl,v Latent heat of vapourisation [J kg−1]
ℎp,v Powder boiling heat transfer coefficient [W

m−2 K−1]
ℎp,w Powder–water convective heat transfer co-

efficient [W m−2 K−1]
𝑘 Permeability of powder bed [m2]
𝐾b,0 Gas advection speed empirical parameter

[–]
𝑘b Boltzmann constant [eV K−1]
𝑘eff Effective multiplication factor [–]
𝐾sat,e Saturated hydraulic conductivity [m s−1]
𝑚s
2 Compressibility modulus of powder bed

due to wetting [Pa−1]
𝑀i,j Mass of material, 𝑖, in region, 𝑗 [kg]
𝑀𝑜 Morton Number [–]
𝑁 Neutron population [neutrons]
𝑛 Neutron density [neutrons (cm−3 ⋅ UO2)]
𝑛c Gas advection speed empirical parameter

[–]
𝑁p,i Number of powder particles present in

region, 𝑖 [–]
𝑃 Energy generation rate (fission power) [J

s−1]
𝑅 Powder drum radius [m]
𝑅fiss Range of fission fragments [m]

the fissile powder (Holmes and McLaughlin, 1994). Monte Carlo sim-
ulations by Handley (1972), investigating water-sprinkled arrays of
highly enriched uranium metal, found that there is a dependency
2

𝑅i Reactivity of component, 𝑖 [$]
𝑆A Specific surface area [m−1]
𝑠n Intrinsic neutron source density [neutrons

s−1 (cm−3 ⋅ UO2)]
𝑆w,0 Initial dry powder region saturation [–]
𝑡 Time [s]
𝑇0 Reference temperature [K]
𝑇i,j Temperature of material, 𝑖, in region, 𝑗 [K]
𝑇I Powder–water interface temperature [K]
𝑇sat Water boiling temperature [K]
𝑢a Pore-air pressure [Pa]
𝑈i Superficial velocity of material, 𝑖 [m s−1]
𝑈slump Slumping superficial velocity [m s−1]
𝑈w,in Water impinging rate from fire sprinkler [m

s−1]
𝑈w,sus Net water flow rate through pooled water

region [m s−1]
𝑢w Pore-water pressure [Pa]
𝑣f,i,j Volume fraction of material, 𝑖, in region, 𝑗

[–]
𝑉i,j Volume of gas of material, 𝑖, in region, 𝑗

[m3]
𝑉𝑛 Prompt neutron speed, with energy 𝐸 [cm

s−1]

Greek Symbols

𝜈̄ Average number of neutrons produced per
prompt fission [neutrons fission−1]

𝜙̄ Normalised scalar neutron flux distribution
[cm−1]

𝛽eff Total effective delayed neutron fraction [–]
𝛽i Delayed neutron fraction for precursor

group, 𝑖 [–]
𝜒p Prompt fission energy spectrum [–]
𝛥𝑆w Change in saturation across wetting front

[–]
𝜖v Volumetric strain due to wetting [–]
𝜂 Thermal expansion coefficient of water

[K−1]
𝜅i Thermal conductivity of material, 𝑖 [W m−1

K−1]
𝛬 Mean generation time [s]
𝜆i Decay constant for precursor group 𝑖 [s−1]
𝜇i Dynamic viscosity of material, 𝑖 [Pa s]
𝜈p Poisson’s ratio of powder bed [–]
𝜓 Matric suction [Pa]
𝜌i,bulk Bulk density of material, 𝑖 [kg m−3]
𝜌i,th Theoretical density of material, 𝑖 [kg m−3]
𝜎 Water surface tension [N m−1]
𝛴a Macroscopic neutron absorption

cross-section [cm−1]

between the mass of fissile material and the bulk density of water, from
the sprinkler system, surrounding the highly enriched uranium. The
possibility of this type of inadvertent transient nuclear criticality excur-
sion requires mitigation, as noted by the American National Standard
ANSI/ANS-8.1 (ANS, 2018).

Mathematical and computational models of varying computational
complexity, investigating this type of transient nuclear criticality ex-
cursion, have been developed (Basoglu, 1992; Basoglu et al., 1994;
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𝛴f Macroscopic neutron fission cross-section
[cm−1]

𝛴s Macroscopic neutron scattering
cross-section [cm−1]

𝛴t Macroscopic neutron total cross-section
[cm−1]

Subscripts

0 Initial value
boil Boiling
b Gas bubble
convec Inter-phase convection
dp Dry powder region
eff Effective region property
gen Thermal energy generation
g Total gas
imm Water infiltration reactivity component
p Fissile powder
rg Radiolytic gas
slump Slumping reactivity component
sus Pooled water region
th Thermal reactivity component
T Total reactivity component
void Void reactivity component
v Water vapour
wp Wet powder region
w Water

Superscipts
′ Spatial derivative (variable per unit height)

[m−1]
̄ Spatial average [–]

Yamane et al., 2003; Jones et al., 2022). However, they have neglected
the potential effects that wetting-induced collapse of the powder bed
could have on the characteristics of an inadvertent nuclear criticality
excursion. The proposed mathematical and computational models in
this research provide a means of simulating a wetting-induced volu-
metric collapse of a fissile powder bed, which is constrained radially
by a cylindrical vessel.

Water infiltration into initially unsaturated or partially saturated
pores located interstitially between powder particles may introduce a
volumetric collapse, otherwise known as slump of the powder bed. Phe-
nomenologically, slumping occurs as pressure variations cause meta-
stable powder bed structures to collapse into more dense and stable
configurations (Barden et al., 1973). These pressure variations cause a
surface force to act on individual powder particles, which is driven by
the balance between cohesive forces of the molecules within the liquid
and surface tension between the solid and liquid phase (Lawton et al.,
1992). The balance of these forces is typically termed as capillarity or
matric suction. The added force on powder particles ultimately leads
to the shear failure of inter-granular contacts between the powder
particles, resulting in slumping (Lawton et al., 1992).

In high porosity, meta-stable fissile powder beds, wetting-induced
volumetric collapse may lead to a significant re-distribution of fissile
material and moderator in the powder bed. The effect that this has
on the neutron kinetics of the system is not well known. Measure-
ments performed on a series of Source d’Irradiation à Libre Evolution
Neutronique (SILENE) sub-critical, fissile powder, nuclear criticality
experiments at the CEA (Commissariat à l’énergie atomique et aux
3

énergies alternatives) Valduc nuclear studies facility in France, showed
that UO2 powder beds, which form high porosity configurations, are
susceptible to significant volumetric collapse (Rozain et al., 1991). The
low bulk density of UO2 powders investigated by Dunn et al. (2013),
supports the notion that UO2 powders form meta-stable structures
which may slump upon wetting.

Stack-slumping has been considered as an important phenomenon
to understand for long-term geologic disposal of nuclear waste (Mason
et al., 2012b). A study commissioned by the Nuclear Decommissioning
Authority (NDA) used the FETCH, RTM and QSS codes (Mason et al.,
2009), to investigate postulated post-closure nuclear criticality excur-
sion scenarios resulting from stack slumping in deep geological disposal
facilities (GDFs). These repositories were to consist of fissile waste
packages stacked one on top of the other in a sub-critical configuration.
The incursion of water into the repository may then remove packaging
grout placed around the packages that contain fissile material. This
led to structural instability of the fissile stacks, causing a slump to
occur. In certain cases, the volumetric slump of the fissile waste may
lead to a delayed or prompt critical configuration (Mason and Smith,
2015). Although this is not the type of collapse treated in this study,
it highlights how delayed or prompt critical configurations may form
from the compacting of fissile material.

Another phenomenon that involves coupled neutron kinetics and
porous media fluid dynamics, similar to the models proposed in this
paper, is the Oklo natural nuclear reactor that was known to operate
two billion years ago. The Oklo natural nuclear reactor has been
proposed as a natural analogue for post-closure nuclear criticality
safety studies for deep GDFs (Mason et al., 2012a). The existence
of such a reactor was first postulated by Kuroda (1956) and was
shown to exist in Gabon by Francis Perrin, who, in 1972, examined
mined uranium deposits with less 235U than should currently exist in
natural uranium (Gil, 2018). After physical examination of the Oklo
site where the ore was mined, the presence of 16 lenticular zones
interspersed within sandstone was found. Two billion years ago, when
the natural enrichment levels of uranium ore were much higher (≈
3.7 %) (Bentridi et al., 2011), water infiltration through the porous
sandstone, into the lenticular uranium deposits, led to cyclical transient
nuclear criticality excursions which subsequently caused boiling and
other nuclear thermal-hydraulic phenomena. A comprehensive review
of the physics behind the Oklo natural nuclear reactor is provided
by Naudet (1991). Ibekwe et al. (2020) re-produced the key features
of the long-term and short-term behaviour of the Oklo natural nu-
clear reactor using similar techniques to the models proposed in this
research, highlighting a potential future application for this type of
modelling. The models may even be extended to investigate nuclear
geyser phenomena, which are postulated to be driven by natural nu-
clear reactors (Ebisuzaki and Maruyama, 2017). These nuclear geysers
are of specific interest as they have been postulated to be locations
where the origins of life reside (Maruyama et al., 2019). This type
of reactor may exhibit phenomenologically similar processes to the
proposed model, whereby the infiltration of water into porous fissile
material causes a transient nuclear criticality excursion, which then
leads to a violent expulsion of superheated water into the atmosphere
and other phenomena (Ebisuzaki and Maruyama, 2017).

Other occurrences of collapse phenomenon, introducing the po-
tential for transient nuclear criticality excursions, have emerged from
structurally unstable debris beds that have formed from reactor cores
due to nuclear power plant accidents such as the Fukushima Dai-
ichi disaster (Coindreau et al., 2013; Tuya and Obara, 2017). Debris
beds have also been used as an approximate geometry for modelling
re-criticality in damaged light water reactor (LWR) cores under re-
flooding conditions, similar to the Three Mile Island nuclear criticality
accident (Schwinkendorf, 1999). Boiling water reactors (BWRs) also
pose a risk of re-flooding induced re-criticality under certain accident
conditions (Frid et al., 2001). Geometrically, debris beds can be mod-

elled in a similar way to fissile powder beds, by approximating the
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system as an array of spherical fissile particulates immersed in wa-
ter (Fukuda et al., 2021). Therefore, phenomenological similarities can
also be made when modelling transient nuclear criticality excursions
in debris beds to those in powder-based systems, potentially giving
another application for the present research.

Core redistribution and compaction is a subject of interest for
space nuclear safety applications, where postulated re-entry accidents
may lead to severe geometric alterations to a space nuclear reac-
tor (Marshall, 2008). Marshall (2008) uses a geometric and material
buckling approximation for the neutron diffusion equation to estimate
the change in the effective multiplication factor of a compacted and
reshaped core. Other forms of compaction may occur in highly enriched
fuel containers, containing fissile material dispersed in the air (or an
alternative gas). The compaction of this type of container may cause an
inadvertent nuclear criticality excursion by reducing neutron leakage.
The proposed model of volumetric collapse due to wetting could be
adapted to simulate a similar phenomenon, whereby the collapse is
induced via solid–solid contact stress.

The governing equations used in this research are an extension
of the coupled point neutron kinetics, water infiltration, spatial nu-
clear thermal hydraulics, spatial radiolytic gas and steam production
models described in Jones et al. (2022). These models are applied to
high porosity, meta-stable 5-wt% enriched UO2 powder bed, contained

ithin a cylindrical open-topped vessel, wetted from above due to
he activation of a fire-sprinkler system. A combination of the water
nfiltration and the collapse of the fissile material into a more compact
onfiguration initiates a transient nuclear criticality excursion. As pre-
iously mentioned, this type of transient nuclear criticality excursion
as been proposed in the research literature (Doucet et al., 2003; Sakai
t al., 2004; Duhamel et al., 2004; IAEA, 2014). The characteristics
f transient nuclear criticality excursions caused by differing rates of
etting-induced volumetric collapse are investigated in this study.

. Existing point neutron kinetics model with associated nuclear
hermal hydraulics, radiolytic gas and steam production equations

.1. The governing equations for the mathematical model

The neutron kinetics equations previously defined by numerous
uthors have been used to model the neutron kinetics of the wetted
issile powder (Duderstadt and Hamilton, 1976; Stacey, 2018). Certain
overning equations used to describe the nuclear thermal hydraulics,
adiolytic gas generation and steam production are similar to those
utlined in Jones et al. (2022) and are summarised here as:

𝑑𝑛(𝑡)
𝑑𝑡

=
𝛽eff𝑛(𝑡)
𝛬

(

𝑅T(𝑡) − 1
)

+
6
∑

i=1
𝜆i𝐶i(𝑡) + 𝑠n (1)

𝑑𝐶i(𝑡)
𝑑𝑡

= −𝜆i𝐶i(𝑡) +
𝛽i
𝛬
𝑛(𝑡) (2)

𝑀 ′
p,dp𝑐p

𝜕𝑇p,dp(𝑡, 𝑧)
𝜕𝑡

= 𝐸′
gen,p(𝑡, 𝑧) +

𝜕
𝜕𝑧

(

𝜅p(𝑇p,dp)𝑣f,p,dp𝜋𝑅
2
𝜕𝑇p,dp(𝑡, 𝑧)

𝜕𝑧

)

(3)

𝑐w

[

𝜕
𝜕𝑡

(

𝑀 ′
w,wp(𝑡, 𝑧)𝑇w,wp(𝑡, 𝑧)

)

+ 𝜕
𝜕𝑧

(

𝑀 ′
w,wp(𝑡, 𝑧)𝑈w(𝑡)𝑇w,wp(𝑡, 𝑧)

)]

= 𝐸′
gen,w(𝑡, 𝑧) +

𝐸′
convec(𝑡, 𝑧) +

𝜕
𝜕𝑧

[

𝑐w𝐷t,wp
𝜕
𝜕𝑧

(

𝑀 ′
w,wp(𝑡, 𝑧)𝑇w,wp(𝑡, 𝑧)

)]

(4)

𝜕𝑉 ′
v,wp(𝑡, 𝑧)

𝜕𝑡
=
𝐸′

boil,p(𝑡, 𝑧)

𝜌vℎlv

+ 𝜕
(

𝐷t,wp
𝜕𝑉 ′

v,wp(𝑡, 𝑧) −
(

𝑈w(𝑡) − 𝑈g(𝑡, 𝑧)
)

𝑉 ′
v,wp(𝑡, 𝑧)

) (5)
4

𝜕𝑧 𝜕𝑧
𝜕𝑉 ′
rg,wp(𝑡, 𝑧)

𝜕𝑡
= (1 − 𝑔p)(1 − 𝑣f,g,wp(𝑡, 𝑧))𝐺(H2)𝑃 ′(𝑡, 𝑧)

+ 𝜕
𝜕𝑧

(

𝐷t,wp
𝜕𝑉 ′

rg,wp(𝑡, 𝑧)

𝜕𝑧
−
(

𝑈w(𝑡) − 𝑈g(𝑡, 𝑧)
)

𝑉 ′
rg,wp(𝑡, 𝑧)

)

(6)

Eqs. (1) and (2) describe the rate of change of neutrons and de-
ayed neutron precursors respectively within the wetted fissile powder
ystem. Eqs. (3) and (4) respectively describe the nuclear thermal
ydraulics of the dry powder bed and pore water. Eqs. (5) and (6)
escribe the spatial rate of change of steam and radiolytic gas products
n the pores.

.2. Supplementary equations

Supplementary equations used to quantify all parameters described
n Eqs. (1) to (6) have been described in detail within Jones et al.
2022) and are summarised in Eqs. (7) to (30).

T = 𝑅imm(𝑓imm) + 𝛥𝑅th,p,dp(𝑇̄p,dp, 𝑓imm) + 𝛥𝑅th,p,wp(𝑇̄p,wp, 𝑓imm)

+𝛥𝑅th,w,wp(𝑇̄w,wp, 𝑓imm) + 𝛥𝑅void,wp(𝑣̄f,g,wp, 𝑓imm)

+𝛥𝑅void,sus(𝑣̄f,g,sus, 𝑓imm) (7)

𝑓imm(𝑡) =
𝐻wp(𝑡)

𝐻dp(𝑡) +𝐻wp(𝑡)
(8)

𝑀 ′
p,dp = 𝜌p,th𝜋𝑅

2𝑣f,p,dp (9)

𝑀 ′
w,wp(𝑡, 𝑧) = 𝜌w,th𝜋𝑅

2𝑣f,w,wp(𝑡, 𝑧) (10)

w(𝑡) =
𝐾sat,e(1 − 𝑣̄f,g,wp(𝑡))
(

1 − 𝑣f,p,wp
)

𝛥𝑆w

(𝐻sus(𝑡) + ℎ𝜓 +𝐻wp(𝑡)
𝐻wp(𝑡)

)

(11)

𝑘 =

(

1 − 𝑣f,p,dp
)3

5𝑆2
A𝑣

2
f,p,dp

(12)

𝐾sat,e =
𝑘𝜌w,th𝑔
2𝜇w

(13)

𝐸′
gen,p(𝑡, 𝑧) = (𝑔p + (1 − 𝑔p)𝑣f,g,wp(𝑡, 𝑧))𝑃 ′(𝑡, 𝑧) (14)

′
gen,w(𝑡, 𝑧) = (1 − 𝑔p)(1 − 𝑣f,g,wp(𝑡, 𝑧))𝑃 ′(𝑡, 𝑧) (15)

p =

⎧

⎪

⎨

⎪

⎩

3𝑑𝑝
8𝑅fiss

; 𝑑𝑝 < 𝑅fiss

1 − 3𝑅fiss
4𝑑𝑝

+
𝑅3

fiss
8𝑑3𝑝

; 𝑑𝑝 > 𝑅fiss

(16)

′(𝑡, 𝑧) = 𝐸f ∫

∞

0
𝑑𝐸𝛴f(𝑡, 𝑧, 𝐸)𝑁(𝑡)𝜙̂(𝑧, 𝐸)𝑉𝑛(𝐸) (17)

′
convec(𝑡, 𝑧) = ℎp,w(𝑡)𝑣f,w,wp(𝑡, 𝑧)𝐴′

p,w
(

𝑇p,wp(𝑡, 𝑧) − 𝑇w,wp(𝑡, 𝑧)
)

(18)

′
p,w =

6𝜋𝑅2𝑣f,s,wp

𝑑p
(19)

ℎp,w(𝑡) =
𝜅w
𝑑p

[

2 + 1.1
(

𝑐w𝜇w
𝜅w

)1∕3 (𝜌th,w𝑈w(𝑡)𝑑p

𝜇w

)0.6]

(20)

𝐸′
boil,p(𝑡, 𝑧) = ℎp,v(𝑡, 𝑧)𝐴′

𝑝,𝑤(𝑡, 𝑧)𝑣f,w,wp(𝑡, 𝑧) max
[

0,
(

𝑇I(𝑡, 𝑧) − 𝑇sat
)]

(21)

𝑇I(𝑡, 𝑧) =
1
2
(

𝑇p,wp(𝑡, 𝑧) + 𝑇w,wp(𝑡, 𝑧)
)

(22)

ℎp,v(𝑡, 𝑧) = 0.67

[

𝜆3v𝜌v𝑔(𝜌th,w − 𝜌th,v)
(

ℎl,v + 0.4𝑐v(𝑇I(𝑡, 𝑧) − 𝑇sat)
)

𝜇v𝑑p(𝑇I(𝑡, 𝑧) − 𝑇sat)

]0.25
(23)
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𝑑b(𝑡, 𝑧) = 1.0784 × 10−2𝑣f,g(𝑡, 𝑧)0.26
( 𝜇w,th
𝜇eff(𝑡, 𝑧)

)−0.21 (𝜌eff(𝑡, 𝑧)
𝜌w,th

)−0.1
(24)

𝑈g(𝑡, 𝑧) =
(

𝜎𝑔
𝜌eff(𝑡, 𝑧)

)0.25

×

⎡

⎢

⎢

⎢

⎢

⎣

⎛

⎜

⎜

⎜

⎜

⎝

(

𝑔𝜇4eff(𝑡,𝑧)
𝜌eff(𝑡,𝑧)𝜎3

)−0.25

max(𝐾𝑏,0

(

𝑔𝜇4eff(𝑡,𝑧)
𝜌eff(𝑡,𝑧)𝜎3

)−0.038
, 12)

(

𝑑2b𝜌eff(𝑡, 𝑧)𝑔
𝜎

)

⎞

⎟

⎟

⎟

⎟

⎠

−𝑛c

+
(

2𝑐𝜎0.5

𝑑b(𝜌eff(𝑡, 𝑧)𝑔)0.5
+
(

𝑑b(𝜌eff(𝑡, 𝑧)𝑔)0.5

2𝜎0.5

))−0.5𝑛c
]−1∕𝑛c

(25)

𝜌eff(𝑡, 𝑧) = 𝜌p,th𝑣f,p(𝑡, 𝑧) + 𝜌w,th𝑣f,w(𝑡, 𝑧) + 𝜌g,th𝑣f,g(𝑡, 𝑧) (26)

𝜇eff(𝑡, 𝑧) = 𝜇w,th𝑣f,w(𝑡, 𝑧)−2.8 (27)

𝑣f,p(𝑡, 𝑧) + 𝑣f,w(𝑡, 𝑧) + 𝑣f,rg(𝑡, 𝑧) + 𝑣f,v(𝑡, 𝑧) = 1 (28)

−∇ ⋅𝐷(𝑟, 𝐸)∇𝜙(𝑟, 𝐸) + 𝛴𝑡(𝑟, 𝐸)𝜙(𝑟, 𝐸) = ∫

∞

0
𝑑𝐸′𝛴𝑠(𝑟, 𝐸′ ←←→ 𝐸)𝜙(𝑟, 𝐸′) +

𝜒p(𝐸)
𝑘eff ∫

∞

0
𝑑𝐸′𝜈̄𝛴𝑓 (𝑟, 𝐸′)𝜙(𝑟, 𝐸′) (29)

𝜙̂(𝑧, 𝐸) =
∫ 𝑅0 𝑟𝑑𝑟𝜙(𝑟, 𝑧, 𝐸)

∫
𝐻dp+wp+sus
0 𝑑𝑧 ∫ 𝑅0 𝑟𝑑𝑟 ∫ ∞

0 𝑑𝐸𝜙(𝑟, 𝑧, 𝐸)
(30)

Eq. (7) represents the total reactivity of the wetted fissile powder due to
the summation of various components. Eq. (8) represents the fraction
of the powder bed that is wetted. Eqs. (9) and (10) are used to cal-
culate the powder and pore water masses per unit height, respectively.
Eq. (11) describes the forced advection speed of the water in the porous
medium due to infiltration.

Eq. (12) is the Koseny–Carman equation used to describe the per-
meability of the porous medium and Eq. (13) is the effective saturated
hydraulic conductivity of the powder bed. The applicability of the
Koseny–Carman equation in modelling infiltration into UO2 powder
beds has been discussed for a very similar system in Jones et al. (2022).
Therein the work of Odong (2007) is referred to, which shows that
the Kozeny–Carman equation is applicable up to mean powder particle
sizes, 𝑑p = 300 μm. Eqs. (14) and (15) represent the generation of
thermal energy due to fission in the powder and surrounding water,
respectively, with the energy deposition fraction of fission products
described by Eq. (16). The linear power density, or fission power per
unit height, is given by Eq. (17). The convective heat transfer rate
per unit height is represented by Eq. (18) with the interfacial area
per unit height and the convective heat transfer coefficient described
by Eqs. (19) and (20) respectively. Boiling on the surface of powder
particles is described by Eq. (21). The interface temperature between
a powder particle and the surrounding water may be found using
Eq. (22). The correlation used to describe the boiling heat transfer
coefficient between the powder and vapour is shown in Eq. (23).

Correlations for the gas bubble size and gas bubble advective speed
are respectively defined by Eqs. (24) and (25). Effective properties of
the medium including the density and dynamics viscosity are outlined
by Eqs. (26) and (27) respectively. Eq. (28) specifies the condition for
the maximum volume fraction of the fissile powder bed based on the
constituent components present.

Eq. (29) is the steady-state, multidimensional, multi-group, neu-
tron diffusion equation (NDE). The NDE is a partial-integro-differential
equation (PIDE) and also an approximation to the more accurate neu-
tron transport equation (NTE) (Stacey, 2018). The NDE is a reasonable
5

approximation to the NTE for neutron migration in weakly absorb-
ing media several mean free paths away from any isolated sources,
boundaries of the domain or at the interfaces between materials with
significantly different material properties (Stacey, 2018).

For the mathematical model described in this article, the NDE is
solved as an eigenvalue problem (for keff), at numerous snapshots
in time (quasi-statically), in an azimuthally symmetric cylindrical co-
ordinate system, to determine the radially averaged, energy-dependent
scalar neutron flux distribution presented in Eq. (30). Solving the
NDE using a quasi-static approach ensures that significant geometric
variations to the system can be captured even when using the point
neutron kinetics equations. Furthermore, the quasi-static neutron diffu-
sion equation is solved every time the total reactivity, calculated using
Eq. (7) varies by more than 0.5 $.

As this is a keff (or eigenvalue) nuclear criticality calculation, the
scalar neutron flux may have an arbitrary normalisation (Stacey, 2018).
Therefore, in practice, the radially-averaged scalar neutron flux is
normalised such that the following is satisfied:

∫

𝐻dp+wp+sus

0
𝑑𝑧∫

∞

0
𝑑𝐸𝜙̂(𝑧, 𝐸) = 1 (31)

The quasi-steady state neutron diffusion equation is solved every
time the total reactivity, calculated using Eq. (7) varies by more than
0.5 $. The separability of the amplitude and spatial components of the
neutron fl

2.3. Prescribed boundary and interface conditions

Prescribed continuity conditions for each phase across the inter-
face between the wet powder and pooled water regions are different
from Jones et al. (2022) due to the effect that slumping has on the
water and gas continuity equations.

Conditions are prescribed at the interface between the bottom of the
dry powder and the base of the vessel such that no heat is transferred
across the boundary:
𝜕𝑇p,dp(𝑡, 0)

𝜕𝑧
= 0 (32)

In the case where the bed is saturated no thermal energy exchange
occurs across the bottom boundary:
𝜕𝑇p,wp(𝑡, 0)

𝜕𝑧
= 0 (33)

and:
𝜕𝑇w,wp(𝑡, 0)

𝜕𝑧
= 0 (34)

No exchange of steam or radiolytic gas occurs across the interface
between the dry and wet powder regions with the following interface
condition prescribed:
𝜕𝑉 ′

rg,wp(𝑡,𝐻dp)

𝜕𝑧
= 0 (35)

and:
𝜕𝑉 ′

v,wp(𝑡,𝐻dp)

𝜕𝑧
= 0 (36)

For the steady-state, multi-group, spatially-dependent, neutron diffu-
sion equation (NDE), Eq. (29), vacuum boundary conditions are pre-
scribed:

0 = 1
4
𝜙(𝑟, 𝑧) − 1

2
𝐷(𝑟, 𝑧) 𝜕

𝜕𝑛
𝜙(𝑟, 𝑧) (37)

3. Extensions to the mathematical and phenomenological models

3.1. Extension to include powder bed slumping

Slumping occurs when there is an alteration to the pore-scale forces

acting on the fissile powder bed. Susceptible powder beds are those that
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Fig. 1. A state surface for a given porous media collapse phenomenon indicating the
initial and final states connected by lines 1 and 2 indicating various ways in which
slumping may occur.
Source: Reproduction from Fredlund et al. (2012).

form meta-stable, low bulk density configurations. A comprehensive
review of the different slumping mechanisms may be found in Al-Rawas
(2000). Fredlund and Morgenstern (1976) introduced a framework for
modelling volumetric slumping through the use of constitutive relations
based upon the linearity of the stress–strain relationship for a powder
bed. In this model, local variations in porosity are not considered. This
approach has successfully been used by Pereira and Fredlund (2000), Li
et al. (2016) and Houston et al. (1993) investigating slumping in
porous media systems. Tadepalli and Fredlund (1991) showed that this
solid mechanics model of porous bed slumping could be validated by
experimental data. Rao and Revanasiddappa (2000) successfully used
this methodology on porous media with wide range of mean particle
sizes. This framework has also been applied by Cho and Lee (2001)
and Sun et al. (2016) who simulated wetting-induced slumping of
three-phase porous media.

In a fissile powder bed, two components of stress comprise this
volumetric stress–strain relationship. The first arises as water percolates
through the powder bed, where a balance of cohesive and adhesive
forces between the water and powder particles alters the effective stress
on powder particles (Bresson and Moran, 2004). This may lead to local
shear failure between the powder grains, causing the powder bed to
slump, forming a more dense configuration (Tadepalli et al., 1992).
Swelling may also occur, whereby the fissile powder bed expands
upon water infiltration (Fredlund and Morgenstern, 1976). The second
component of stress occurs due to variations in axial pressure on the
fissile powder bed from direct contact forces on the powder parti-
cles. Together, these factors form a stress–strain state surface which
can be seen in Fig. 1. Here, a path from one state point to another
identifies the volumetric changes experienced by the powder bed as
a result of pressure variations. Typically, these state surface compres-
sion/expansion paths exhibit hysteresis, which is not considered in the
present study (Fredlund et al., 2012). This work is concentrated solely
on the wetting-induced component of slumping and how this affects
a wetting-induced transient nuclear criticality excursion within a UO2
owder bed.

The matric suction, 𝜓 [Pa], may be defined as the difference be-
ween the pore-air, 𝑢a [Pa] and pore-water, 𝑢w [Pa] pressures:

= 𝑢a − 𝑢w (38)

he matric potential varies from its maximum value in the unsaturated
egion to zero in the saturated region (Brooks and Corey, 1964). Using a
harp wetting front model previously described by Jones et al. (2022),
t follows that the matric potential behaves as a step function at the
etting front. Slumping caused by changes to the matric potential is

herefore expected to occur as the dry fissile powder becomes wetted,
ot in the already wetted powder. The equation describing how alter-
6

tions to the matric potential lead to volumetric strain in the wetted s
owder, denoted 𝜖v(𝑡) [–], is (Fredlund and Morgenstern, 1976):

v(𝑡) =
1

𝜋𝑅2𝑈w(𝑡)

𝑑𝑉wp(𝑡)
𝑑𝑡

= 𝑚s
2𝛥𝜓 (39)

where 𝑑𝑉wp∕𝑑𝑡 [m3 s−1] represents the rate of volumetric deformation
of the wetted powder and 𝑚s

2 [Pa−1] is an empirically determined
compressibility modulus describing the gradient of the powder bed
effective stress–strain curve.

The fissile powder beds considered here are contained within cylin-
drical vessels which prevent radial expansion. This scheme, known
as 𝐾0 loading, yields the following relation for the compressibility
modulus due to wetting (Fredlund et al., 2012):

𝑚s
2 =

1 + 𝜈p

𝐸𝜓 (1 − 𝜈p)
(40)

where 𝐸𝜓 [Pa] is the modulus of elasticity for the powder bed with
respect to changes in matric potential, and 𝜈p [–] is Poisson’s ratio for
the powder bed.

For a step change in matric potential across the wetting front,
Eq. (39) may be written as:

𝑈slump(𝑡) = 𝑈w(𝑡)𝑚s
2𝛥𝜓 (41)

here 𝑈slump(𝑡) [m s−1] is the rate of collapse of the wet powder, pooled
ater interface.

Since the compressibility due to wetting, 𝑚s
2 and the change in

atric potential across the wetting front, 𝛥𝜓 for a UO2 powder bed
s unknown, one may define a combined parameter which is varied to
apture different levels of volumetric collapse. The slumping fraction,
slump [–], due to wetting may then be defined as:

slump(𝑡) = 𝑈w(𝑡)𝑓slump (42)

.2. Region height change equations for water infiltration and slumping

The following set of equations representing the time rate of change
f each region may be found by combining infiltration and slumping
rocesses:
𝑑𝐻dp(𝑡)
𝑑𝑡

= −𝑈w(𝑡) (43)

𝑑𝐻wp(𝑡)
𝑑𝑡

= 𝑈w(𝑡) − 𝑈slump(𝑡) (44)

𝑑𝐻sus(𝑡)
𝑑𝑡

= 𝑈w,in(𝑡) −
(

𝑈w(𝑡) − 𝑈slump(𝑡)
) (

1 − 𝑣f,p,wp
)

𝛥𝑆w (45)

n additional component applies to Eq. (45) due to the generation
f radiolytic gas and steam products from within the domain. This is
ccounted for by adjusting the height of the pooled water (free surface),
y the net volumetric of flow of products per unit area, across the
ell containing the pooled water interface. This is calculated using
he volumetric flow gradients once the donor–acceptor scheme has
een carried out throughout the domain (see Section 3.8 for further
escription). A corresponding representation of the three region sharp
nterface problem is presented in Fig. 2.

.3. Continuous model of powder slumping and exchange across wetting
ront

The exchange of powder particles from the dry powder region to
he wetted powder region is described by the following equation:

𝑈w(𝑡) − 𝑈slump(𝑡))𝑁 ′
p,wp = 𝑈w(𝑡)𝑁 ′

p,dp𝐇(𝐻dp) (46)

here 𝑁 ′
p,dp and 𝑁 ′

p,wp are the number of UO2 powder particles per
nit height present in the dry and settled wet powder regions, respec-
ively. Here, 𝐇(𝐻dp) is a Heaviside step function, introduced to adjust
he boundary condition to one of no mass transfer when the bed is
aturated, i.e. if 𝐻 = 0 m.
dp
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Fig. 2. A representation of the three region powder drum. The top blue region
represents the pooled water on the surface of the powder. The middle yellow region
corresponds to the homogeneous mixture of water and UO2 powder. The bottom green
region represents the dry UO2 powder. The height of each interface may vary as a
onsequence of the described phenomenological processes in action.

Given that 𝑈slump(𝑡) = 𝑈w(𝑡)𝑓slump, Eq. (46) may be found to be
spatially and temporally independent such that:

𝑁 ′
p,wp = 𝑁 ′

p,dp
1

1 − 𝑓slump
(47)

.4. Modelling water flow through porous medium and pooled water

The continuity equation for water present in the interstices of
owder particles, denoted 𝑉w,wp(𝑡, 𝑧) [m3] consists of an advective
nfiltration term and a dispersive turbulent mixing term. A volumetric
erm also exists that reduces water volume in the case of boiling and
adiolysis. This is expressed using the following equation:

𝜕𝑉 ′
w,wp(𝑡, 𝑧)

𝜕𝑡
= 𝜕
𝜕𝑧

(

−𝑈w(𝑡)𝑉 ′
w,wp(𝑡, 𝑧)𝐇(𝐻dp) +𝐷t,wp

𝜕𝑉 ′
w,wp(𝑡, 𝑧)

𝜕𝑧

)

−
𝐸′

boil,p(𝑡, 𝑧)

𝜌w,thℎl,v

−(1 − 𝑔p)(1 − 𝑣f,g,wp(𝑡, 𝑧))𝐺(H2)𝑃 ′(𝑡, 𝑧) (48)

Water percolating through the powder bed causes the wetting front
to infiltrate the dry powder region. This may be described using the
interface flux condition in Eq. (49), which states that the dispersion
across the interface is zero. Upwind spatial differencing of the advective
term in Eq. (48) means that water is added to the discretised horizontal
slice adjacent to the interface, thus moving the interface:

𝐷t,wp
𝜕𝑉 ′

w,wp(𝑡,𝐻dp)

𝜕𝑧
= 0 (49)

In the pooled water region, the continuity equation consists of an
advective infiltration term and a dispersive turbulent mixing term. The
7

advective term is now comprised of both infiltration and slumping
components such that:

𝑈w,sus(𝑡) = 𝑈w(𝑡)
(

1 − 𝑣f,p,wp
)

𝛥𝑆w + 𝑈slump(𝑡)𝑣f,p,wp (50)

his then yields the following continuity equation for the pooled water:

𝜕𝑉 ′
w,sus(𝑡, 𝑧)

𝜕𝑡
= 𝜕
𝜕𝑧

[

−𝑈w,sus(𝑡)𝑉 ′
w,sus(𝑡, 𝑧)𝐇(𝐻dp) +𝐷sus

𝜕𝑉 ′
w,sus(𝑡, 𝑧)

𝜕𝑧

]

(51)

At the interface between the pore and pooled water, there is a flux
balance which results in the movement of water held in the pores to
the pooled water at a rate corresponding to the rate of slumping, such
that the following is satisfied:

−𝑈w(𝑡)𝑉 ′
w,wp(𝑡,𝐻dp+wp)𝐇(𝐻dp) +𝐷wp

𝜕𝑉 ′
w,wp(𝑡,𝐻dp+wp)

𝜕𝑧
=

−
(

𝑈w,sus(𝑡) − 𝑈slump(𝑡)
)

𝑉 ′
w,sus(𝑡,𝐻dp+wp)𝐇(𝐻dp)

+𝐷sus
𝜕𝑉 ′

w,sus(𝑡,𝐻dp+wp)

𝜕𝑧
(52)

The boundary condition, prescribed at the upper surface of the pooled
water corresponds to a constant in-flux as water enters the domain at
rate, 𝑈w,in [m s−1]. This is described by:

𝑈w,sus(𝑡)𝑉 ′
w,sus(𝑡,𝐻dp+wp+sus)𝐇(𝐻dp) +𝐷sus

𝜕𝑉 ′
w,sus(𝑡,𝐻dp+wp+sus)

𝜕𝑧
=

−𝑈w,in𝜋𝑅
2𝐇(𝐻 −𝐻dp+wp+sus) (53)

where 𝐻 [m] is the total drum height. The condition 𝐇(𝐻−𝐻dp+wp+sus)
nsures that when the powder drum is full, water is prevented from
ntering. Water and gas is removed from the upper surface when gasses
reated in the system cause the contents of the vessel to go above its
aximum volume, 𝑉 = 𝐻𝜋𝑅2. No UO2 powder is removed, since the
resent model does not consider the suspension of the powder from the
ettled wet powder bed.

.5. Radiolytic gas and steam governing equations in the pooled water
egion

The governing equations corresponding to the generation, advection
nd mixing of radiolytic gas products (H2) and steam are based on the
ork of Jones et al. (2022). Alterations are made here to model the
as velocity relative to the water velocity, and also to account for how
lumping of the wetted powder bed affects the advection of gas through
ores and in the pooled water. As such the continuity equations for
adiolytic gas and steam in the pooled water are given respectively by:

𝜕𝑉 ′
rg,sus(𝑡, 𝑧)

𝜕𝑡

= 𝜕
𝜕𝑧

(

−
(

𝑈w,sus(𝑡) − 𝑈g(𝑡, 𝑧)
)

𝑉 ′
rg,sus(𝑡, 𝑧) +𝐷t,sus

𝜕𝑉 ′
rg,sus(𝑡, 𝑧)

𝜕𝑧

) (54)

and:
𝜕𝑉 ′

v,sus(𝑡, 𝑧)

𝜕𝑡

= 𝜕
𝜕𝑧

(

−
(

𝑈w,sus(𝑡) − 𝑈g(𝑡, 𝑧)
)

𝑉 ′
v,sus(𝑡, 𝑧) +𝐷t,sus

𝜕𝑉 ′
v,sus(𝑡, 𝑧)

𝜕𝑧

) (55)

The conservation of mass across the interface between the wet
powder and pooled water regions is obtained through prescribing the
following interface conditions:

−
(

𝑈w(𝑡) − 𝑈g(𝑡,𝐻dp+wp)
)

𝑉 ′
rg,wp(𝑡,𝐻dp+wp) +𝐷t,wp

𝜕𝑉 ′
rg,wp(𝑡,𝐻dp+wp)

𝜕𝑧
=

−
(

𝑈w,sus(𝑡) − 𝑈g(𝑡,𝐻dp+wp) − 𝑈slump(𝑡)
)

𝑉 ′
rg,sus(𝑡,𝐻dp+wp)

+𝐷
𝜕𝑉 ′

rg,sus(𝑡,𝐻dp+wp)
(56)
t,sus 𝜕𝑧
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and:

−
(

𝑈w(𝑡) − 𝑈g(𝑡,𝐻dp+wp)
)

𝑉 ′
v,wp(𝑡,𝐻dp+wp) +𝐷t,wp

𝜕𝑉 ′
v,wp(𝑡,𝐻dp+wp)

𝜕𝑧
=

−
(

𝑈w,sus(𝑡) − 𝑈g(𝑡,𝐻dp+wp) − 𝑈slump(𝑡)
)

𝑉 ′
v,sus(𝑡,𝐻dp+wp)

+𝐷t,sus
𝜕𝑉 ′

v,sus(𝑡,𝐻dp+wp)

𝜕𝑧
(57)

3.6. Nuclear thermal hydraulics in slumping wetted powder region and
pooled water

Interphase thermal energy exchange, through processes such as
boiling and convection, exist in the wetted powder region. A thermal
energy source term is also present due to fission energy deposited in
the wetted powder. Additionally, there is heat conduction between
UO2 powder particles. These processes have previously been described
by Jones et al. (2022). An additional process may be included in
the continuity equation that models thermal advection due to the
volumetric collapse of the powder bed. The governing equation may
then be formulated as:

𝑀 ′
p,wp𝑐p

[

𝜕𝑇p,wp(𝑡, 𝑧)
𝜕𝑡

+ 𝜕
𝜕𝑧

(

𝑈slump(𝑡)𝑇p,wp(𝑡, 𝑧)

)]

= 𝐸′
gen,p(𝑡, 𝑧) − 𝐸′

convec(𝑡, 𝑧) −

𝐸′
boil,p(𝑡, 𝑧) +

𝜕
𝜕𝑧

(

𝜅p(𝑇p,wp)𝑣f,p,wp𝜋𝑅
2
𝜕𝑇p,wp(𝑡, 𝑧)

𝜕𝑧

)

(58)

here 𝑀 ′
p,wp [kg m−1] is the wetted powder mass per unit height,

efined as:
′
p,wp = 𝜌p,th𝜋𝑅

2𝑣f,p,wp (59)

t the interface between the dry and wet powder region, the ther-
al energy flux between each region must balance for conservation.
herefore, this yields the following equation:

𝑀 ′
p,wp𝑐p(𝑈w(𝑡) − 𝑈slump(𝑡))𝑇p,wp(𝑡,𝐻dp)

+𝜅p(𝑇p,wp)𝑣f,p,wp𝜋𝑅
2
𝜕𝑇p,wp(𝑡,𝐻dp)

𝜕𝑧
=

−𝑀 ′
p,dp𝑐p𝑈w(𝑡)𝑇p,dp(𝑡,𝐻dp) + 𝜅p(𝑇p,dp)𝑣f,p,dp𝜋𝑅

2
𝜕𝑇p,dp(𝑡,𝐻dp)

𝜕𝑧
(60)

Continuity of thermal energy in the pooled water is given by the
following equation:

𝑐w

[

𝜕
𝜕𝑡

(

𝑀 ′
w,sus(𝑡, 𝑧)𝑇w,sus(𝑡, 𝑧)

)

+ 𝜕
𝜕𝑧

(

𝑀 ′
w,sus(𝑡, 𝑧)𝑈w,sus(𝑡)𝑇w,sus(𝑡, 𝑧)

)]

=

𝜕
𝜕𝑧

[

𝑐w𝐷t,sus
𝜕
𝜕𝑧

(

𝑀 ′
w,sus(𝑡, 𝑧)𝑇w,sus(𝑡, 𝑧)

)]

(61)

where the mass of water in the pooled water region per unit height,
given by 𝑀 ′

w,sus [kg m−1] is:

𝑀 ′
w,sus(𝑡, 𝑧) = 𝜌w,th𝜋𝑅

2𝑣f,w,sus(𝑡, 𝑧) (62)

The associated interface condition for the conservation of thermal flux
across the boundary is defined as:

−𝑀 ′
w,wp(𝑡,𝐻dp+wp)𝑈w(𝑡)𝑇w,wp(𝑡,𝐻dp+wp)

+𝐷t,wp
𝜕
𝜕𝑧

(

𝑀 ′
w,wp(𝑡,𝐻dp+wp)𝑇w,wp(𝑡,𝐻dp+wp)

)

=

−𝑀 ′
w,sus(𝑡,𝐻dp+wp)

(

𝑈w,sus(𝑡) − 𝑈slump(𝑡)
)

𝑇w,sus(𝑡,𝐻dp+wp) +

𝐷t,sus
𝜕
(

𝑀 ′
w,sus(𝑡,𝐻dp+wp)𝑇w,sus(𝑡,𝐻dp+wp)

)

(63)
8

𝜕𝑧 e
At the top of the domain, thermal energy enters the system at a given
rate and temperature, satisfying the following equation:

−𝑀 ′
w,wp(𝑡,𝐻dp+wp+sus)𝑈w,sus(𝑡)𝑇w,sus(𝑡,𝐻dp+wp+sus)

+𝐷t,sus
𝜕𝑇w,sus(𝑡,𝐻dp+wp+sus)

𝜕𝑧
= −𝜌w,th𝜋𝑅

2𝑈w,in𝑇w,in (64)

3.7. Pressure drop through porous bed

The method outlined originally by Green and Ampt (1911), used to
model water infiltration into porous media, assumes a laminar Darcian
type flow, driven solely by hydrostatic head (Marsily, 1986). This has
been successfully applied by Jones et al. (2022) to predict infiltra-
tion rates into low-enriched UO2 powder beds. Other components of
pressure that otherwise contribute to flow are not directly modelled.
Furthermore, the flow is assumed to be incompressible, implying that
continuous phase local pressure variations introduced by phenomenon
such as shocks are neglected. A simple relation for hydrostatic head in
the present model employs a homogenisation approach for calculating
effective densities of the water and gas phases present. Furthermore,
the dispersed gas bubbles are assumed to be in a pressure equilibrium
with the surrounding continuous phase liquid. The resulting gauge
pressure, taking the top of the pooled water as reference point, may
be determined using the following expression:

𝑃gauge(𝑡, 𝑧)

= ∫

𝐻dp+wp+sus

𝑧

(

𝜌w,th
𝑉 ′

w(𝑡, 𝑧)
𝑉 ′

w(𝑡, 𝑧) + 𝑉 ′
g (𝑡, 𝑧)

+ 𝜌g,th
𝑉 ′

g (𝑡, 𝑧)

𝑉 ′
w(𝑡, 𝑧) + 𝑉 ′

g (𝑡, 𝑧)

)

𝑔𝑑𝑧

(65)

lso:

abs(𝑡, 𝑧) = 𝑃atm + 𝑃gauge(𝑡, 𝑧) (66)

igh pressure nucleating gas bubbles grow in the continuous liquid
hase, exerting a surface force on the surrounding liquid, and thus dis-
lacing it. The amount of displacement that occurs depends primarily
n the difference in pressure and dissolved concentration between the
as bubble and surrounding liquid (Lane et al., 1958). At present, the
as bubble size is modelled using the approach outlined by Zeitoun
t al. (1994) and bubbles are assumed to nucleate instantaneously.
urthermore, the pressure inside gas bubbles are assumed to be in
quilibrium with the surrounding continuous phase. This condition has
een previously proposed by Yeoh and Tu (2019). In the case where
arge volumes of gas are produced rapidly, significant volumes of water
nd gas are forced upwards. Corresponding inter-phase pressure and
orce variations are accounted for by the turbulent mixing terms, 𝐷t,wp
nd 𝐷t,sus.

.8. Spatial discretisation, time-dependent solution algorithm and inter-
hase coupling

A radially and azimuthally symmetric finite volume spatial dis-
retisation scheme was employed using cylindrical co-ordinates. The
ispersive and diffusive terms were discretised using second-order ac-
urate spatial discretisation schemes. However, the advective terms
n the governing PDE’s were discretised using a first-order accurate
pwind spatial discretisation scheme. A representation of the three
egion cylindrical domain is presented in Fig. 2.

The three sharp interfaces present in the problem are used to create
ut-cells on a static one-dimensional cylindrical mesh. Inter-region mass
luxes may then be calculated across cut-cells to describe the flow of
ach phase around the cut-cell. A cell split-and-merge technique, such
s the one described by Ingram et al. (2003), has been implemented to

nsure that the Courant–Friedrichs–Lewy (CFL) condition and stability
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Fig. 3. Solid lines enclose mesh cells, the dashed line represents the region interface. The cut-cell method splits the cell containing the interface into two sub-cells. The cut-cell
is merged with the adjacent cell when the minimum cut-cell height criterion is satisfied.
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are maintained as the region interface approaches the static mesh cell
boundary (Courant et al., 1928). A graphical representation of a cut-cell
ontaining a region interface is presented in Fig. 3. Here, the variables
𝑓1 and 𝑓2 correspond to the fill fractions of a cell of height, 𝛥𝑧, by each
region.

Using the cut-cell method, the explicit time integrator can maintain
a similar step size to if there were no cut-cells (Ingram et al., 2003).
A cut-cell is merged with an adjacent mesh cell when the following
criterion is satisfied:

𝑓1∕2𝛥𝑧 < 0.4𝛥𝑧 (67)

The solution in time is found through an ODE solver created by
Shampine and Gordon (1975) which uses a modified divided difference
form of the Adams predict-evaluate–correct-evaluate (PECE) formula
as well as local extrapolation. Absolute and relative error tolerances,
denoted 𝑒abs and 𝑒rel respectively, are both prescribed 𝑒abs = 𝑒rel =
10−7. These error tolerances are dynamically relaxed by the solution
algorithm if the computation is not possible within the prescribed error
tolerance.

The proposed model assumes that the flow of each phase is incom-
pressible and one-dimensional. The rate of advection of each phase
across a given control volume face is evaluated using prescribed em-
pirical correlations. The effect that gas bubble nucleation and growth
has on the rate of the continuous phase mass transfer is neglected in the
governing equations. This may lead to an occasion whereby there are
more products entering or leaving a control volume than is physical.
Typically, for computational fluid dynamics (CFD) simulations, the
inter-phase coupling, that affects the transport of each constituent
phase, is modelled mathematically by adding relevant source terms to
the Navier–Stokes momentum equations (Yeoh and Tu, 2019). Karema
and Lo (1999) highlight how this may be carried out using a variety of
different numerical techniques.

However, in the present study, the velocity of each phase and
the inter-phase physics are captured through the use of empirical
correlations, eliminating the need to solve the momentum equation.
Although this requires an alternative way of achieving inter-phase
coupling, it reduces the computational complexity of the problem
whilst still capturing the phenomenological processes that are present.
To prevent more products entering a cell than is physical, a donor–
acceptor type scheme, similar to the methods in Hirt and Nichols (1981)
is used. Here, information from the downwind cell in the upwind
differencing scheme is used to ensure that the following multiphase
incompressibility condition is satisfied (Kleinstreuer, 2003):

∇ ⋅

(𝑁comp
∑

𝑘=1
𝑣f,k𝑈k

)

= 0 (68)

where 𝑁comp is the number of components modelled, 𝑣f,k is the volume
fraction of each component and 𝑈k is the rate of transfer of component,
k, across each face of the control volume, including advection, disper-
sion and also the effects of source terms (such as boiling) within the
control volume.
9

o

The methodology applied here involves sweeping through the do-
main from the bottom cell, containing the wetting front, to the free
surface of the pooled water at the top of the domain. The total exchange
between a given cell and the cell above may be described by the net
volumetric exchange of products across the face. In a donor–acceptor
cell scheme, the donor cell corresponds to the upwind cell, whereas the
acceptor cell is downwind. The net flow of products across intermediate
cell faces is then calculated as:
𝑑𝜃D
𝑑𝑡

=
𝑑𝜃rg,D

𝑑𝑡
+
𝑑𝜃v,D
𝑑𝑡

+
𝑑𝜃w,D
𝑑𝑡

(69)

where 𝜃 may represent either thermal energy or volume and the
subscript, D, corresponds to the donor cell.

To ensure continuity and to satisfy the incompressible flow condi-
tion throughout the domain (Eq. (68)), the donor cell component tem-
oral gradients are adjusted by exchanging products from the down-
ind acceptor cell, back into the donor cell. This results in the following
djustment:
𝑑𝜃k,D
𝑑𝑡

=
𝑑𝜃k,D
𝑑𝑡

+ 𝑣̃f,k,A
𝑑𝜃D
𝑑𝑡

(70)

where the subscript, k may refer to the water, radiolytic gas or steam,
and the subscript, A, refers to the acceptor cell. To ensure homogeneous
dry and wet powder region powder bulk densities, the powder is not
included in this adjustment. As such, the volume fractions of each
component are re-calculated such that:

𝑣̃f,k =
𝑣f,k

𝑣f,w + 𝑣f,rg + 𝑣f,v
(71)

here the subscript, 𝑘, may refer to the water, radiolytic gas or steam
omponents.

On interfaces and boundaries, the appropriate condition governing
he net flow rate of each component is satisfied by letting the total
ivergence of the flow across the face equal to the boundary/interface
rescribed net rate of transfer across the face. A similar procedure
sing the donor/acceptor scheme may then be performed, ensuring the
ollowing condition remains satisfied:

f,w + 𝑣f,rg + 𝑣f,v + 𝑣f,p = 1 (72)

nce the adjustments to the net rate of flow of each component has
een made throughout the domain, any non-zero volumetric gradi-
nt across the cell containing the pooled water interface causes the
nterface itself is moved. This is achieved by altering Eq. (45).

. Properties of UO2 powder bed undergoing wetting-induced col-
apse

The physical system examined in this paper is concerned with an
nitially dry powder bed which undergoes wetting from the top. Water
ntering the system percolates through the powder and also begins
o pool on the surface of the powder bed. This adds reactivity to the
ystem, resulting in a transient nuclear criticality excursion. Wetting
f the powder bed also leads to a wetting-induced volumetric collapse
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Table 1
Properties of the UO2 powder bed, water, radiolytic gas (H2) and steam.

Property Symbol Value

Specific heat capacity of UO2 𝑐p 274 J kg−1 K−1

Specific heat capacity of steam 𝑐v 2.060 × 103 J kg−1 K−1

Specific heat capacity of water 𝑐w 4.2 × 103 J kg−1 K−1

Pore water turbulent mixing coefficient 𝐷t,sus 10−3 m2 s−1

Pore water turbulent mixing coefficient 𝐷t,wp 10−4 m2 s−1

Pore water turbulent mixing coefficient 𝐷t,wp 10−4 m2 s−1

Energy generated per fission event 𝐸f 3.2 × 10−11 J fission−1

Volumetric H2 generation coefficient at STP 𝐺(H2) 5.36777 × 10−9 m3 J−1

Latent heat of vaporisation ℎl,v 2.2512 × 106 J kg−1

Mean fission fragment range 𝑅0 7 μm

Intrinsic neutron source density 𝑠n 0.135 neutrons s−1

(cm−3 ⋅ UO2)

Boiling point of water 𝑇sat 373.15 K
Water impinging rate from fire sprinkler 𝑈w,in 0.5 L s−1

Fast prompt neutron speed 𝑉𝑛(𝐸fast) 1.4 × 109 cm s−1

Thermal prompt neutron speed 𝑉𝑛(𝐸therm) 2.0 × 105 cm s−1

Total effective delayed neutron fraction 𝛽eff 733 × 10−5

Thermal expansion coefficient of water 𝜂 2.14 × 10−4 K−1

Mean neutron generation time 𝛬 5.32959 × 10−5 s
Thermal conductivity of UO2 𝜅p see Eq. (73)
Thermal conductivity of steam 𝜅v 2.46 × 10−2 W m−1 K−1

Dynamic viscosity of steam 𝜇v 1.271 × 10−5 Pa s
Dynamic viscosity of water 𝜇w 1.0 × 10−3 Pa s
Density of UO2 𝜌p,th 10950 kg m−3

Density of steam 𝜌v,th 5.863 × 10−1 kg m−3

Density of water 𝜌w,th 998.1 kg m−3

Table 2
Effective delayed neutron precursor group data.

Group, i 𝛽i (×10−5) 𝜆i (𝑠)

1 25 ± 1 0.01335 ± 0.00000
2 129 ± 4 0.03264 ± 0.00000
3 122 ± 3 0.12099 ± 0.00000
4 279 ± 5 0.30482 ± 0.00001
5 125 ± 4 0.85704 ± 0.00003
6 53 ± 2 2.87888 ± 0.00015

of pore spaces between powder particles, resulting in a more tightly
packed UO2 powder configuration. The proposed model of collapse is
investigated, with specific focus on how this phenomenon may affect
the neutron kinetics of the dispersed powder–water–gas mixture.

4.1. Previously defined system properties

Many thermophysical and other properties of the UO2 powder
ed have been previously collated by Jones et al. (2022) and are
ummarised in Tables 1 and 2.

The point neutron kinetics parameters, such as the mean neutron
eneration time, effective delayed neutron fractions and decay con-
tants, have been determined by MCNP using an adjoint flux weighting
echnique, as described by Kiedrowski et al. (2011). Bell and Glasstone
1970) notes that these properties typically vary as a function of time.
n the proposed model, the neutron kinetic parameters will vary as the
eometric properties of the system vary. Jones et al. (2022) examined
range of different bed immersion fractions for a very similar wetted
O2 powder bed to that which has been modelled in this study. It was

ound that the adjoint weighted neutron kinetic properties did not vary
idely as a function of the bed immersion fraction, therefore, a simple
nweighted average value was used.

The thermal conductivity of the UO2 powder is calculated using
Eq. (73), from Fink et al. (1981).

𝜅p =
[

0.068337 + 1.6693 × 10−4𝑇p +3.1886 × 10−8𝑇 2
p

]−1

+ 0.12783𝑇p𝑒
−1.1608∕𝑘b𝑇p

(73)

−5 −1
10

here 𝑘b = 8.6144 × 10 eV K is the Boltzmann constant. g
4.2. Variable system properties

4.2.1. Mean powder particle size
A nominal mean powder particle size of 𝑑p = 30 μm has been chosen

for the physical system studied in this paper. Sensitivity analysis is
performed by increasing the particle size to 𝑑p = 100 μm and examining
he consequence this has on the volumetric slumping of the powder
ed. The study also examines the effect that particle size and slumping
ave on the transient nuclear criticality excursion.

.2.2. Wetting-induced slumping parameter
For the UO2 powder system under consideration, both the com-

ressibility modulus due to wetting (𝑚𝑠2) and the change in matric
uction across the wetting front (𝛥𝜓) are unknown. Therefore, these
uantities have been combined in the proposed model into a term that
epresents the fractional slumping of newly wetted powder, denoted
slump. Physically, the term 𝑓slump represents the extent to which the
ressure exchange across the wetting front, due to certain change ma-
ric potential, will cause a deformation of the powder bed proportional
o the rate of water infiltration. The term is defined as:

slump = 𝑚𝑠2𝛥𝜓 (74)

he fractional slumping of newly wetted powder is varied from 0 to 0.6
or both powder beds considered in this work.

.3. Steady-state scalar neutron flux spatial and energy distribution

Group condensed macroscopic neutron cross-sections were evalu-
ted in each cell to consider the heterogeneity introduced into the
ystem by having a spatially varying powder particle number density.
his approach ensures that cells that contain no fissile material have
ero macroscopic neutron fission cross-section. The functional depen-
ence between the macroscopic neutron cross-sections and the porosity
f an axial mesh cell was determined by performing a number of
erpent Monte Carlo neutron transport simulations (Leppänen et al.,
015). These simulations modelled a single spherical UO2 powder
article contained within a cube of water, with the cube volume cor-
esponding to a specific porosity, with reflective boundary conditions
pplied at the bounds of the cube. This models an infinite lattice of
egularly spaced UO2 powder particles. Fig. 4 shows a series of Serpent
esh plots for a powder particle, sized 𝑑p = 30 μm, surrounded by a

olume of water calculated to ensure a prescribed porosity.
Two-group condensed macroscopic neutron cross-sections were cal-

ulated from the point-wise continuous energy Monte Carlo neutron
ransport code Serpent using the geometries presented in Fig. 4 (Lep-
änen et al., 2015). The neutrons with energies below 0.625 eV were
lassified as thermal, whilst neutrons with energies above this threshold
ere classified as fast. Furthermore, all prompt neutrons born through

ission are assumed to be fast such that 𝜒p(𝐸fast) = 1 and 𝜒p(𝐸therm) = 0.
he resulting two-group macroscopic neutron cross-sections are shown
s a function of bed porosity in Fig. 5. Small error bars indicate the
ow variance in the Serpent Monte Carlo neutron transport simulation
esults. A greater dependence on porosity can be seen for the thermal
acroscopic neutron cross-sections than the fast macroscopic neutron

ross-sections. Furthermore, within energy group macroscopic neutron
cattering cross-sections are a stronger function of porosity than inter-
roup macroscopic neutron scattering cross-sections. Correlations of the
eneral form described by Eq. (75), with coefficients listed in Table 3,
rovide an accurate representation of how these macroscopic neutron
ross-sections vary as a function of powder bed porosity. The best-fit
ines in Fig. 5 generated using these correlated macroscopic neutron
ross-sections supports this.

i,g = 𝐶0 + 𝐶1(1 − 𝑣f,p(𝑡)) + 𝐶2(1 − 𝑣f,p(𝑡))2 (75)

here 𝑖 in 𝛴i,g [cm−1] describes a specific macroscopic neutron reaction
ross-section and subscript 𝑔 refers to the specific, discretised energy

roup.
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Fig. 4. Serpent representation of single UO2 powder particle surrounded by a volume of water prescribed to ensure a specified domain porosity. Reflective boundary conditions
model an infinite number of powder particles at the specified bed porosity.

Fig. 5. The fast and thermal macroscopic nuclear cross-sections of a powder particle surrounded by varying volumes of water, in an infinite medium. The points represent data
calculated using Monte Carlo neutron transport code Serpent, the lines represent the correlations used in the proposed model.
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Table 3
Macroscopic neutron cross-section correlation coefficients.

Cross-section (cm−1) C0 C1 C2

𝜈̄𝛴f,1 0.02297751 −0.00687425 −0.01613239
𝜈̄𝛴f,2 0.36194184 0.69095255 −1.05102329
𝛴a,1 0.01139081 0.0368169 −0.04634184
𝛴a,2 0.19590138 0.34348078 −0.51942155
𝛴f,1 0.00915864 −0.00287971 −0.00629015
𝛴f,2 0.14853871 0.2835586 −0.43132937
𝛴tr,1 0.35606652 −0.14885192 0.00405083
𝛴tr,2 0.76885785 −0.12069424 0.52981942
𝛴s,1 ←→1 0.45658621 0.35695688 0.0
𝛴s,1 ←→2 −0.01566651 0.06185078 0.0
𝛴s,2 ←→1 0.00191271 −0.00186743 0.0
𝛴s,2 ←→2 0.11795809 1.89864242 0.0

The appropriateness of the proposed macroscopic nuclear cross-
ection correlations was examined by comparing normalised scalar
eutron flux distributions calculated using both Serpent and a deter-
inistic steady-state, two-energy group, spatially-dependent, neutron
iffusion code. Geometries with high levels of spatially varying powder
article number densities were specified, these can be seen in Fig. 6.
ig. 6 shows good agreement between the normalised scalar neutron
lux profile calculated using the point-wise continuous energy Monte
arlo neutron transport code, Serpent, and the steady-state, two-group,
patially dependent, neutron diffusion code developed for the proposed
odel. This supports the use of these macroscopic nuclear cross-section

orrelations to calculate the normalised scalar neutron flux distribution,
ltimately using the results to determine how the fission energy is dis-
ributed through the powder bed. The steady-state, spatially dependent,
ulti-group neutron diffusion equation is solved for every 0.5 $ change

n the reactivity of the system.

.4. Slumping and wetting-induced reactivity component

Volumetric slumping of the wetted powder results in varying fissile
owder particle and water bulk densities in the wetted powder region.
he effect that this reduction in porosity has on the reactivity of the
ystem has been investigated here through a series of Monte Carlo
eutron transport simulations using MCNP (Werner et al., 2018). The
olid volume fraction of the slumped wetted UO2 powder bed can be

found for a given fractional slumping rate, 𝑓slump, by re-writing Eq. (47)
as:

𝑣f,p,wp = 1
1 − 𝑓slump

𝑣f,p,dp (76)

Therefore, by varying the bed immersion fraction for each pre-
scribed slumped UO2 powder bed solid volume fraction, it is possible to
gain an understanding of the effect that powder bed collapse has on the
reactivity throughout the wetting of the powder bed. MCNP simulation
data presented in Fig. 7 suggests that slumping introduces a negative
reactivity into the system, which counters the positive reactivity effect
of water infiltration. This is shown by the fact that the immersion
reactivity component is less for all cases where 𝑓slump > 0.0 than for
the case where 𝑓slump = 0.0. The result is a greater level of powder
bed saturation being required before criticality is reached. When the
slumping fraction, 𝑓slump = 0.65, the MCNP simulation data shown
in Fig. 7 indicates that a nuclear criticality excursion will not occur,
regardless of the bed immersion fraction. This is a consequence of the
decreased porosity of the wetted UO2 powder bed, preventing enough
water (acting as moderator) from entering the pores to cause a nuclear
criticality excursion.

Since each simulation has a constant prescribed slumped UO2 pow-
der bed solid volume fraction, it is possible to define a unique wetting-
induced reactivity component for each powder bed undergoing dif-
12

ferent levels of volumetric collapse. The wetting-induced reactivity
Table 4
Coefficients for slumping-adjusted sub-critical wetting-induced reactivity contribution
correlation (rounded to 5 s.f.).

i Prescribed slumping fraction, 𝑓slump (−)

0.0 0.2 0.4 0.5 0.6

0 −471.62 −470.95 −474.21 −472.23 −469.54
1 7520.8 6204.4 4902.2 2627.6 1687.5
2 −5.72e+04 −3.86e+04 −2.4169e+04 3.6926e+04 5.2608e+04
3 2.5869e+05 1.3986e+05 6.8483e+04 −7.6285e+05 −1.0385e+06
4 −7.3841e+05 −3.1042e+05 −1.1515e+05 6.6484e+06 1.0115e+07
5 1.3636e+06 4.2712e+05 1.1327e+05 −3.5854e+07 −6.351e+07
6 −1.625e+06 −3.5498e+05 −6.0129e+04 1.3203e+08 2.7766e+08
7 1.206e+06 1.631e+05 1.3294e+04 −3.4598e+08 −8.7571e+08
8 −5.0692e+05 −3.1794e+04 0.0 6.5686e+08 2.0292e+09
9 9.2149e+04 0.0 0.0 −9.0625e+08 −3.4805e+09
10 0.0 0.0 0.0 8.9918e+08 4.4091e+09
11 0.0 0.0 0.0 −6.246e+08 −4.0719e+09
12 0.0 0.0 0.0 2.8797e+08 2.6654e+09
13 0.0 0.0 0.0 −7.9063e+07 −1.1719e+09
14 0.0 0.0 0.0 9.7696e+06 3.1048e+08
15 0.0 0.0 0.0 0.0 −3.7472e+07

𝑅2 0.9999 0.9999 0.9999 0.9999 0.9999

component may take the form outlined by (Jones et al., 2022):

𝑅imm(𝑓imm) =
𝑛
∑

𝑖=0
𝐶𝑖𝑓

𝑖
imm(𝑡) (77)

here 𝑓imm(𝑡) = 1 − 𝐻dp(𝑡)∕𝐻dp+wp,0 is the bed immersion fraction,
dp+wp,0 is the original height of the combined dry and wet powder,

efore any volumetric collapse of the powder bed has occurred.
Fig. 7 indicates that the reactivity of the UO2 powder bed increases

y around 500 $ as the immersion fraction ranges from 0.0 to 1.0. The
eactivity feedback correlation coefficients used to model this reactivity
omponent are outlined in Table 4. These correlation coefficients cor-
espond to the line of best fit presented in Fig. 7. Good agreement is
redicted when using these correlation coefficients, which is supported
y the 𝑅2 values tabulated in Table 4.

.5. Other reactivity feedback effects

Voids generated through radiolysis and boiling provide pathways
or neutrons to travel with a very low probability of collision, increasing
eutron leakage. Jones et al. (2022) showed that the system reactivity
s more sensitive to voids present within the interstices between pores
han voids in the pooled water. Eq. (78) shows the general form of the
eactivity feedback due to voids present in the wet powder and pooled
ater regions. Eqs. (79) and (80) describe the reactivity of the system
s a function of bed immersion fraction and voids present in the pore
nd pooled water respectively. Table 5 outlines the coefficients used
n Eqs. (79) and (80), that were originally determined by Jones et al.
2022) for the unslumped case.

𝑅void, i(𝑣f,g, 𝑓imm) = 𝑅void, i(𝑣f,g, 𝑓imm) − 𝑅void, i(𝑣f,g,0, 𝑓imm) (78)

here 𝑣f,g,0 is the reference or initial voidage in the region being
onsidered and subscript, i, may refer to the wet powder or pooled
ater regions.

void,wp(𝑣f,g,wp, 𝑓imm) = 𝐶0 + 𝐶1𝑓imm(𝑡) + 𝐶2𝑣f,g,wp(𝑡) + 𝐶3𝑓
2
imm(𝑡)

+𝐶4𝑣f,g,wp(𝑡)𝑓imm(𝑡)

+𝐶5𝑣
2
f,g,wp(𝑡) + 𝐶6𝑓

3
imm(𝑡) + 𝐶7𝑓

2
imm(𝑡)𝑣f,g,wp(𝑡)

+𝐶8𝑓imm(𝑡)𝑣2f,g,wp(𝑡) (79)

𝑅void,sus(𝑣f,g,sus, 𝑓imm) =
(

𝐶0𝑓
2
imm(𝑡) + 𝐶1𝑓imm(𝑡) + 𝐶2

)

𝑣f,g,sus(𝑡) (80)

The reactivity of the wetted powder bed also changes as a result
of variations in phase temperatures within the system. The increasing
phase temperatures lead to thermal expansion of the powder and water,
as well as Doppler broadening of the nuclear cross-section resonances.
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Fig. 6. Scalar Neutron flux distributions obtained through Monte Carlo neutron transport code Serpent alongside the multi-group neutron diffusion code using prescribed macroscopic
nuclear cross-section correlations. The variation in the amount of UO2 powder dispersed in the water is shown by the porosity.
Fig. 7. The sub-critical and post-critical wetting-induced reactivity component is shown for UO powder beds with different volumetric slumping rates.
2
Table 5
Void feedback coefficients for voids present within pores and pooled water for water infiltration study.
Region i 0 1 2 3 4 5 6 7 8

Wet powder Ci −72.72 362.1 −62.1 −464.4 224.1 −232.0 203.7 −155.4 108.7
Pooled water Ci −4.929841 12.476281 −7.983281 – – – – – –
13
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Fig. 8. The time taken for wetting and slumping to cause the initially unsaturated bed
to reach a point near delayed critical.

Table 6
Thermal feedback coefficients for water infiltration study.

C0 (×10−2) C1 (×10−2) C2 (×10−2)

Dry powder 0.4700 −0.8590 0.4219
Wet powder 0.1086 −0.5759 0.0
Pore water −2.9357 4.8433 −2.5051

For UO2 powder systems moderated by water, this tends to decrease the
system reactivity. Jones et al. (2022) showed that with the exception
of the dry powder region, increasing temperatures leads to a decreased
powder bed reactivity. Thermal expansion in the dry powder region
pushed powder particles into the wetted region, causing a positive
reactivity effect. The general form of the thermal reactivity feedback is:

𝛥𝑅th, i(𝑇i, 𝑓imm) = 𝑅th, i(𝑇i, 𝑓imm) − 𝑅th, i(𝑇0, 𝑓imm) (81)

where 𝑇0 is the reference temperature at the start of the simulation
and the subscript 𝑖 may refer to wet powder, dry powder or pore water.
Eq. (82) from Jones et al. (2022) describes the specific correlation used
to model the thermal reactivity feedback.

𝑅th, x(𝑇x, 𝑓imm) =
(

𝐶2𝑓
2
imm(𝑡) + 𝐶1𝑓imm(𝑡) + 𝐶0

)

𝑇i(𝑡) (82)

The corresponding coefficients for each region and phase, described
in Jones et al. (2022), are summarised in Table 6.

4.6. Prescribed initial conditions

In a sub-critical fissile powder bed where no gas is being produced,
and no significant thermal energy is generated, the model may be
14
reduced to five spatially independent ordinary differential equations
(ODEs). Represented by Eqs. (1), (2) and (43) to (45), these equations
may be solved up to a point near delayed critical, where simulation
using the full set of equations, including spatially-dependent nuclear
thermal hydraulics, radiolytic gas and steam models will begin. These
approach-to-critical simulations are performed to reduce the computa-
tional demands of the simulations by calculating initial conditions from
where the full set of ODEs will be solved.

Initial region heights for the preliminary approach-to-critical simu-
lation are those that represent a dry UO2 powder bed where 𝐻dp =
0.6216 m, 𝐻wp = 0.0001 m (must be non-zero for Eq. (11) as noted
by Jones et al. (2022)) and 𝐻sus = 0.3783 m. The initial neutron den-
sity and delayed neutron precursor concentrations for the approach-
to-critical simulation may be found using the following expressions:

𝑛(0) = −
𝑠n𝛬

𝑅T(0)𝛽eff
(83)

and

𝐶i(0) = −
𝛽i𝑠n

𝜆i𝑅T(0)𝛽eff
(84)

where the value for the intrinsic neutron source density, 𝑠n = 0.135
neutrons s−1 (cm−3 ⋅ UO2). The initial reactivity at 𝑡 = 0 s, for
the approach-to-critical simulation, physically corresponding to a dry
powder bed with a top reflector, is 𝑅T = −476 $. This value has been
obtained by modelling the dry UO2 powder bed using MCNP. The
adjoint-weighted mean generation time and delayed neutron data are
outlined in Tables 1 and 2. Using Eq. (83), this yields an initial neutron
density, 𝑛(0) = 2.06 × 10−6 neutrons (cm−3 ⋅ UO2) and corresponding
group-wise delayed neutron precursor concentrations of 𝐶1(0) = 7.3 ×
10−4, 𝐶2(0) = 1.5 × 10−3, 𝐶3(0) = 3.9 × 10−4, 𝐶4(0) = 3.5 × 10−4,
𝐶5(0) = 5.7×10−5 and 𝐶6(0) = 7.1×10−6 all with units precursor number
per cubic centimetre of UO2.

The approach-to-critical preliminary simulations were stopped once
the reactivity became positive. The last negative reactivity evaluated
by the ODE solver was used as the final data point of the sub-critical
simulation. This value changed between each approach-to-critical sim-
ulation (see Tables 7 and 8) because of the temporal resolution of the
ODE solver but remained close to zero for all cases modelled.

Initial conditions for the case where the mean powder diameter,
𝑑p = 100 μm are presented in Table 8. Both powder beds modelled
exhibit the same slumped wetted bed porosities. The dry and wetted
powder bed region heights, shown in Tables 7 and 8 are very similar
when close to criticality, irrespective of mean powder particle size.

The time to criticality (𝑡crit) as a function of the slumping fraction,
shown in Fig. 8, suggests that wetting-induced slumping delays the start

of the nuclear criticality excursion. The bed immersion fraction, 𝑓imm,0,
Table 7
Initial system geometry and neutron kinetic data at a point close to criticality for variable slumping fractions with mean
powder size, 𝑑p = 30 μm.

𝑑p = 30 μm Prescribed slumping fraction, 𝑓slump (−)

Property 0.0 0.2 0.4 0.5 0.6

𝐶1 (precursors cm−3 ⋅ UO2) 0.02525 0.02879 0.03570 0.04864 0.08121
𝐶2 (precursors cm−3 ⋅ UO2) 0.11383 0.12801 0.15529 0.20685 0.33089
𝐶3 (precursors cm−3 ⋅ UO2) 0.07383 0.08073 0.09436 0.12030 0.17931
𝐶4 (precursors cm−3 ⋅ UO2) 0.11090 0.11933 0.13626 0.16743 0.23518
𝐶5 (precursors cm−3 ⋅ UO2) 0.02665 0.02822 0.03135 0.03689 0.04836
𝐶6 (precursors cm−3 ⋅ UO2) 0.00448 0.00466 0.00504 0.00570 0.00703
𝑓𝑖𝑚𝑚,0 (−) 0.29127 0.30806 0.35748 0.43770 0.73535
𝐻𝑑𝑝 (m) 0.44062 0.39943 0.32261 0.24319 0.07826
𝐻𝑤𝑝 (m) 0.18108 0.17783 0.17949 0.18930 0.21744
𝐻𝑠𝑢𝑠 (m) 0.27055 0.28835 0.31507 0.33743 0.38179
𝑛 (neutrons cm−3 ⋅ UO2) 0.00158 0.00162 0.00170 0.00186 0.00219
𝑅𝑖𝑚𝑚 ($) −0.00001 −0.00052 −0.00009 −0.00029 −0.00014
𝑡𝑐𝑟𝑖𝑡 (s) 47.15337 55.74393 72.99537 93.68059 142.34885
𝑣𝑓,𝑝,𝑤𝑝 (−) 0.146 0.183 0.244 0.292 0.365



Progress in Nuclear Energy 154 (2022) 104460G.S. Jones et al.

t
t
o
s
t

5

5

y

Table 8
Initial system geometry and neutron kinetic data at a point close to criticality for variable slumping fractions with mean
powder size, 𝑑p = 100 μm.

𝑑p = 100 μm Prescribed slumping fraction, 𝑓slump (−)

Property 0.0 0.2 0.4 0.5 0.6

𝐶1 (precursors cm−3 ⋅ UO2) 0.00299 0.00338 0.00419 0.00567 0.00978
𝐶2 (precursors cm−3 ⋅ UO2) 0.01303 0.01501 0.01901 0.02627 0.04615
𝐶3 (precursors cm−3 ⋅ UO2) 0.01057 0.01217 0.01535 0.02104 0.03558
𝐶4 (precursors cm−3 ⋅ UO2) 0.02094 0.02375 0.02916 0.03878 0.06157
𝐶5 (precursors cm−3 ⋅ UO2) 0.00703 0.00776 0.00916 0.01163 0.01704
𝐶6 (precursors cm−3 ⋅ UO2) 0.00170 0.00183 0.00207 0.00247 0.00328
𝑓𝑖𝑚𝑚,0 (−) 0.29126 0.30806 0.35748 0.43770 0.73535
𝐻𝑑𝑝 (m) 0.44062 0.39943 0.32261 0.24320 0.07826
𝐻𝑤𝑝 (m) 0.18108 0.17783 0.17949 0.18930 0.21744
𝐻𝑠𝑢𝑠 (m) 0.22818 0.23829 0.24960 0.25355 0.25484
𝑛 (neutrons cm−3 ⋅ UO2) 0.00108 0.00110 0.00114 0.00120 0.00133
𝑅𝑖𝑚𝑚 ($) −0.00096 −0.00122 −0.00059 −0.00078 −0.00024
𝑡𝑐𝑟𝑖𝑡 (s) 4.55825 5.41630 7.17682 9.35155 14.72212
𝑣𝑓,𝑝,𝑤𝑝 (−) 0.146 0.183 0.244 0.292 0.365
Table 9
Initial conditions for sub-critical partially wetted UO2 powder bed.

Description Symbol Value

Initial dry powder region saturation 𝑆w,0 0
Reference temperature 𝑇0 293.15 K
All-region initial water temperature 𝑇w 293.15 K
All-region initial powder temperature 𝑇p 293.15 K
All region initial void-fraction 𝑣f,g 0

Fig. 9. The slumped wetted powder bed porosity as a function of the prescribed
slumping fraction.

shown in Tables 7 and 8 is also higher at the point near criticality, as
the slumping fraction increases.

Other initial conditions prescribed for the full simulation are sum-
marised in Table 9. The initial saturation of the dry powder due to
hygroscopic effects, 𝑆w,0 = 0. The reference temperature, 𝑇0, refers to
he initial homogeneous temperature of the system. The corresponding
emperature of the water and powder throughout the system at the start
f the simulation are denoted by 𝑇w and 𝑇p, respectively. Furthermore,
ince there are no voids present in the system initially, 𝑣f,g = 0
hroughout the domain.

. Results

.1. Wetting-induced volumetric slumping of powder beds

The initial conditions outlined for the powder beds in Section 4.6
ield the slumped wetted region porosities presented in Fig. 9. Fig. 9
15
Fig. 10. The spatial variation in the UO2 powder bulk density as a function of the
prescribed slumping fraction. Multiple lines per slumping fraction correspond to the
variation in powder bed bulk density over time, starting from 𝑡− 𝑡crit = 0 s on the right
of the graph, moving leftwards in increments of 25 s up to 𝑡 − 𝑡crit = 100 s.

confirms that the model implemented in this work produces a wetting-
induced volumetric slump of the powder bed that is independent of the
mean powder particle size. Furthermore, there is a non-linear relation-
ship between the prescribed slumping fraction and the homogeneous
wetted powder region porosity.
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(a) Fission rate, integrated fissions, power and Energy.

(b) Reactivity total. (c) Reactivity components.

Fig. 11. The fission power, energy and reactivity components 100 s post initial criticality for cases with varying slumping fraction, 𝑓slump. All results are for the case where 𝑑p = 30
μm.
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Fig. 10 shows how the bulk density of the powder varies as a
function of time throughout the domain, for each prescribed slumping
fraction. The horizontal axes shown in Fig. 10 represent the position
from the base of the domain at 0 m, where the dry powder sits, up to the
top of the domain at 1 m, above the pooled water region. Repeated plots
of the data moving to the left in Fig. 10 correspond to an increasing
simulation time by increments of 25 s, starting from 𝑡 − 𝑡crit = 0 s and
proceeding until 𝑡 − 𝑡crit = 100 s.

The powder bulk density, 𝜌p,bulk = 0 kg m−3 in the pooled water
region, which can be seen in either image in Fig. 10, at the upper
portion of the domain. The set of vertical lines shown for each slumping
fraction, located furthest right in the image, corresponds to the inter-
face between the wetted powder and pooled water regions. Over time,
for cases where 𝑓slump > 0 this moves progressively downwards as the
wetting-induced slump causes the powder bed to collapse. The solid
black vertical line (the case where 𝑓slump = 0) at 0.6217 m, reaching
1600 kg m−3, remains the same irrespective of time, since no collapse
takes place.

Furthermore, for cases where 𝑓slump > 0, a set of secondary vertical
lines appear in both images shown in Fig. 10, located lower down the
domain. The vertical lines move further down the domain (to the left
of the image) as time increases. This second vertical line corresponds to
16

the location of the wetting front since the volumetric collapse (slump) t
occurs across the wetting front. The spatial bulk densities that are
greater than the nominal dry powder bulk density of 1600 kg m−3

orrespond to the slumped UO2 powder bulk density for the prescribed
lumping fraction. The location of the wetting front for the case where
slump = 0 cannot be seen in Fig. 10, since there is no slumping to
roduce a second vertical line at the wetting front.

The location of the wetting front and wet powder–pooled water
nterfaces, whose locations have been previously stated, varies as a
unction of the prescribed mean UO2 powder particle size. This is due
o differences in the advection rate of water through the powder beds
s a result of different permeabilities. The slumped powder bed bulk
ensity is shown to not vary as a function of the mean powder particle
ize, which corresponds with Fig. 9.

.2. Transient nuclear criticality excursion behaviour in slumping UO2
owder beds

.2.1. 30 μm Powder bed
Each simulation began from the calculated initial condition for

he prescribed value of 𝑓slump and was executed for 𝑡 − 𝑡crit = 100 s.
he domain was split into 2000 axial slices (mesh cells). Increasing

he spatial resolution further did not lead to different results whilst
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Fig. 12. Associated thermophysical system properties (for 𝑑p = 30 μm powder bed) 100 s post initial criticality for cases with varying slumping fraction, 𝑓slump.
significantly increasing the runtime of the simulations. Executing the
simulation with a less refined spatial mesh led to deviations

Fig. 11(a) shows that there are similar characteristics between the
nuclear criticality transient regardless of the amount of wetting-induced
slumping. Fig. 11(a) also shows that the magnitude of the initial peak
power varies as a function of the prescribed slumping fraction. The
wetting-induced collapse of the powder bed led to an increase in the
peak power, from 29.2 MW when 𝑓slump = 0.0, to 106 MW when
𝑓slump = 0.5. The fission energy deposited 100 s after the initial nuclear
riticality excursion ranged from 48 MJ when 𝑓slump = 0.0, to 42 MJ

when 𝑓slump = 0.6.
Volumetric collapse of the UO2 powder bed significantly affects the

eactivity of the system. This is evidenced in Fig. 11(c) by examining
he slumping reactivity component, which is derived by subtracting the
etting-induced reactivity component (which accounts for slumping)

or the case where 𝑓slump = 0.0, with the wetting-induced reactivity
or cases where 𝑓slump ≠ 0.0. The total reactivity of the system is the
um of the individual components in Fig. 11(c) (excluding the slumping
omponent since this is accounted for in the wetting-induced reactivity
omponent), and is shown in Fig. 11(b).

Fig. 11(a) shows that the peak power is reached shortly after
he initiation of the nuclear criticality excursion. The dissociation of
ater molecules via radiolysis introduces voids into the system, adding
egative reactivity which limits this power peak. This effect is shown
y the increase in the H2 void fraction in Fig. 12(c) and also Fig. 12(d)
t a time that corresponds to the initial power peak. The negative
oid reactivity component is balanced by the increase in reactivity due
o wetting, leading to a gradual increase in power until the onset of
oiling. The initiation of boiling causes large voids to be created in
17
the pores around powder particles (see Fig. 12(c)), introducing a cor-
respondingly large negative reactivity into the system (see Fig. 11(c)),
resulting in a reduction in power by greater than an order of magnitude.
The reactivity feedback due to thermal effects and voids in the pooled
water region are not shown in Fig. 11(c) since they are not significant
in comparison to the effects of voids in the wet powder region and the
combined effects of infiltration.

Average phase and region temperatures presented in Fig. 12(a)
highlight the large amounts of thermal energy deposited into the
dispersed multiphase media once the power peaks.

The height of each region and the time to criticality, 𝑡crit, depicted
in Fig. 12(b) suggests that for the case where 𝑓slump = 0.6, the dry UO2
powder bed will reach almost full saturation (𝑓imm,0 = 0.878) before a
critical state is reached. The remaining wetting-induced reactivity that
may be added to the system, once criticality is reached, in the case
where 𝑓slump = 0.6, is shown in Fig. 11(c) to be less than 5 $.

Simulated wetting-induced reactivity profiles for the other pre-
scribed slumping fractions, shown in Fig. 11(c), suggest that a greater
wetting-induced reactivity will be added to the system over the 100 s
of simulated time. Furthermore, the wetting-induced reactivity addition
rate, shown by the slopes of the dashed lines in Fig. 11(c), is higher as
the prescribed slumping fraction tends to zero. These two factors imply
that powder beds exhibiting less collapse will have higher reactivities
at a given time after the initiation of the transient nuclear criticality
excursion. Fig. 11(a) shows that the consequence of this is that higher
fission energies are deposited in the systems with a lower prescribed
slumping fraction. Figs. 12(a) and 12(c) shows that the pore voidage
and dry UO2 powder region temperatures are higher for the cases with
a higher fission energy deposition. The wet UO powder temperature,
2
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(a) Fission rate, integrated fissions, power and Energy.

(b) Reactivity total. (c) Reactivity components.

Fig. 13. The fission power, energy and reactivity components 100 s post initial criticality for cases with varying slumping fraction, 𝑓slump. All results are for the case where 𝑑p = 100
m.
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hown in Fig. 12(a), is limited to the boiling point of water as a result
f efficient interfacial convection between the phases.

.2.2. 100 μm Powder bed
Data regarding the transient nuclear criticality excursion for the

ase where 𝑑p = 100 μm is presented in Figs. 13 and 14. In this case,
he nuclear criticality transient is initiated quicker than for the smaller
ized UO2 powder bed due to the increased rate of infiltration. This is
consequence of the comparatively higher rates of water infiltration,

llustrated through a lower dry UO2 powder region interface location
t a given time in Fig. 14(b) when compared to Fig. 12(b).

Fig. 13(a) shows that there are similar characteristics between the
uclear criticality transient regardless of the amount of wetting-induced
lumping. Fig. 13(a) also shows that the magnitude of the initial peak
ower varies as a function of the prescribed slumping fraction. The
etting-induced collapse of the powder bed led to an increase in the
eak power, from 255 MW when 𝑓slump = 0.0, to 501 MW when 𝑓slump =
.5. The fission energy deposited 100 s after the initial nuclear criticality
xcursion ranged from 57 MJ when 𝑓slump = 0.0, to 43 MJ 𝑓slump = 0.6.

Fig. 13(b) shows that slumping introduces a negative reactivity into
he system. The slumping reactivity component is derived from the
etting-induced reactivity component, which already accounts for the
ffects of slumping (see Section 4.4). An oscillatory power response is
bserved in Fig. 13(a) within the interval of 𝑡− 𝑡crit = 4 s to 𝑡− 𝑡crit = 30
. This oscillatory response is attributed to oscillations in the creation
18

f steam interstitially between UO2 powder particles (see Fig. 14(c)), s
hich introduces an oscillatory wetted powder region void reactivity
eedback component, as shown in Fig. 13(b). The gas present in the
etted powder region advects into the pooled water region, shown in
ig. 14(d).

Full saturation of the UO2 powder bed is shown in Fig. 14(b), for
ach prescribed slumping fraction, by the solid lines intersecting with
he 𝑥-axis. At this point in time, the dashed lines, representing the
eight of the wetted UO2 powder region, become constant in time.
hysically this represents that the wetted powder bed has become static
nd the wetting-induced volumetric collapse has ceased.

The reactivity feedback due to thermal effects and voids in the
ooled water region are not shown in Fig. 13(b) since they are not
ignificant in comparison to the effects of voids in the wet powder
egion, infiltration and slumping.

.2.3. Peak power to boiling time
Figs. 11(a) and 13(a) show that there is a period of time early during

he transient nuclear criticality excursion, just after the first power
eak, where the power of the system increases to around 10 MW, before
here is a second sharp drop in power. Figs. 11(c) and 13(b) suggest that
uring this time, wetting-induced reactivity is matched by a negative
eactivity due to voids present in the wet powder.

Competing reactivity components at this time cause the total reac-
ivity of the system, shown in Figs. 11(b) and 13(c), to indicate that a
elayed critical state is reached (0$ ≤ 𝑅T < 1 $). The delayed critical

tate remains until the second sharp drop in power. The time at which
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Fig. 14. Associated thermophysical system properties (for 𝑑p = 100 μm powder bed) 100 s post initial criticality for cases with varying slumping fraction, 𝑓slump.
Fig. 15. The total fission energy generated is plotted as a function of the time taken
or the onset of boiling, from the initial power peak.

his sharp drop in power occurs coincides with the creation of steam in
he pores, shown in Figs. 12(c) and 14(c), indicating that boiling occurs
t this time. The time taken for boiling to occur and for the second
harp drop in power to occur is for each simulated case is shown in
ig. 15.

Fig. 15 indicates the total energy deposited for the 100 s after the
initial nuclear criticality excursion as a function of the time between
peak power and boiling. Generally, as the time from the initial power
19
peak to the onset of boiling decreases, less fission energy is generated.
The case where 𝑓slump = 0.6 is an exception where a greater peak
power to boiling time results in less fission energy generated over the
simulated time than for the case where 𝑓slump = 0.5. This is due to the
low rate of reactivity insertion predicted for the case where 𝑓slump = 0.6
when the initial delayed critical point is reached. With a lower rate of
reactivity insertion predicted, the amount of time required for boiling
to be reached is greater.

Figs. 11(a) and 13(a) show that the fission energy deposited into the
system over the 100 s of simulation time decreases as the prescribed
slumping fraction increases. This may be attributed to the fact that the
slumping reactivity component, shown in Figs. 11(c) and 13(b), is lower
with increased slumping fraction.

5.3. Hydrostatic pressure in wetted powder bed

The gauge hydrostatic pressure of the powder bed is calculated from
the surface of the pooled water to the interface between the wet and
dry powder regions (the wetting front). Fig. 16 highlights how the
hydrostatic pressure at the final time, 𝑡−𝑡crit = 100 s, varies as a function
of the prescribed slumping fraction. The hydrostatic gauge pressure
increases as the evaluation point moves further down the domain. The
slope of the curve represents the rate of change in hydrostatic pressure
axially down the domain. This is affected by the contents of the domain
at the point of interest (see Eq. (65)). Eq. (65) also indicates that the
hydrostatic pressure gradient in locations with increased gas content
is less than in locations with greater water content. The lowest point
plotted in Fig. 16 is the location of the wetting front and therefore
represents the hydrostatic pressure at the wetting front. This point also

corresponds to the maximum hydrostatic pressure.
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(a) 𝑑p = 30 μm. (b) 𝑑p = 100 μm.

Fig. 16. The hydrostatic gauge pressure is shown at the final time, 𝑡 − 𝑡crit = 100 s. The reference point is taken from the top of the pooled water region.
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Fig. 16(a) shows that an increase in the slumping fraction produces
larger hydrostatic pressure at the wetting front for the case where

p = 30 μm. This may be attributed to the fact that the wetting front has
rogressed further down the domain, producing a greater gravitational
otential at the wetting front. The larger gravitational potential at
he wetting front for increasing slumping fraction exists despite the
ncreased voidage with an increased slumping fraction (for cases where
slump < 0.6) shown in Figs. 12(c) and 12(d). This suggests that
he increased percolation height is more dominant in determining the
ydrostatic pressure at the wetting front than voids for these specific
ases.

Fig. 16(b) suggests that the hydrostatic pressure at the wetting
ront does not significantly vary with varying slumping fraction when
slump < 0.6. Differences that are present may be attributed to the
oidage in the pores and pooled water regions, shown in Figs. 14(c)
nd 14(d), respectively. The hydrostatic pressure when 𝑓slump = 0.6 is

far greater than in the other cases because of the lower voidage present
at 𝑡 − 𝑡crit = 100 s.

6. Conclusions

The characteristics of transient nuclear criticality excursions in wet-
ted 5-wt% enriched UO2 powder beds was shown to depend strongly
n the amount of slumping that occurs as a result of wetting-induced
olumetric collapse. Therefore, transient criticality safety studies mod-
lling wetting-induced nuclear criticality excursions in UO2 powders
nd potentially other fissile powders, should take the re-distribution of
issile material, due to slumping, into consideration.

Volumetric collapse of the UO2 powder bed was shown to introduce
negative reactivity into the system. The results of MCNP simulations

dentified that large amounts of wetting-induced collapse could prevent
he UO2 powder bed from reaching a critical state, regardless of the
owder bed saturation. Furthermore, the volumetric collapse of the
etted UO2 powder bed delayed the initiation of the transient nuclear
20

riticality excursions. E
The model predicted that the peak power and fission energy were
ensitive to the level of slumping and the mean size of UO2 powder
articles. For the case where 𝑑p = 30 μm, the total energy released
aried from 42 MJ to 48 MJ and initial peak powers varied widely from
9.2 MW to 106 MW, with the largest power predicted for the case
here the slumping fraction, 𝑓slump = 0.5. For the 100 μm UO2 powder
ed, the peak power increased from 255 MW for the unslumped case
o 501 MW for the case where 𝑓slump = 0.5. Integrated fission power,
r energy released, over the period of 100 s after the initial nuclear
riticality excursion, varied from 57 MJ to 42 MJ as the slumping
raction varied from 𝑓slump = 0.0 to 𝑓slump = 0.6, for the case where
p = 100 μm.
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