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Past nuclear accident occurrences raised strong concerns which led to research on nuclear safety. One of the major
causes of nuclear accidents is the impeded circulation of core coolant, leading to decay heat removal cessation, and
rapid temperature rise. If uncontrolled, this results in critical heat flux (CHF), loss of coolant accidents (LOCA) and
core dryout. Detailed melted core relocation (i.e., nuclear fuel, graphite, and zircaloy) need to be investigated through
interface capture and multimaterial flow model coupling, which have not been done in previous studies. This work aims
to investigate the impacts of temperature and core material composition on the flow dynamics during core relocation.
In this study, mass fraction is discretised using a streamlined upwind Petrov-Galerkin (SUPG) method spatially and
a modified Crank-Nicolson method temporally to accurately capture fluid interfaces using a high-order accurate flux-
limiter. Two core material composition cases (individual material properties case and bulk material properties case)
were considered to assess the impact of temperature and core materials composition on both flow dynamics and com-
putational time. Temperature has a significant impact on core material transport and corium flow dynamics during core
relocation. Bulk materials properties case has greater impact of temperature on its corium resulting in faster materials

transport, but with higher computation time.

l. Introduction

One strategy to address the global energy crisis is through
nuclear power, despite the fact that its high heat output dur-
ing operation makes it susceptible to catastrophic harm. In
light of nuclear reactor accidents at Fukushima, Chernoby],
Three Mile Island, and other locations, risk and safety stud-
ies are vital to understand the origins and progression of such
accidents!2. In nuclear water reactors, fuel rods contain nu-
clear material (i.e., enriched uranium fuel), which undergo fis-
sion reactions with release of heat. Cooling systems (with wa-
ter as a coolant) extract this heat and maintain reactors at safe
temperature. In pressurised water reactors (PWRs), if there is
a loss of coolant due to a failure in the cooling system, the heat
generated by the ongoing nuclear reactions may cause a sig-
nificant rise in the temperature of the reactor core. This might
result in core dryout, loss-of-coolant accidents (LOCA), and
critical heat flux (CHF) within the coolant channel if not ap-
propriately managed at an early stage>.

Core materials, including fuel rods and structural compo-
nents, are subjected to extreme thermal stress conditions. This
results in changes of thermophysical properties, such as ther-
mal conductivity, specific heat, and mechanical strength, lead-
ing to phase transitions, including melting. Molten fuel and
cladding form the corium (a mixture of melted fuel, cladding,
and reactor coolant), which being highly radioactive, can po-
tentially breach the containment vessel. Core relocation oc-
curs as a result of the interaction between corium and struc-
tural materials, which compromises the integrity of the reactor
containment.

Fuel rods overheat during CHF events, triggering LOCA,
which is associated with a sharp reduction in local heat flux
as a result of nucleation boiling. Common features of LOCA

include rapid system pressure drop, abrupt local heat flux re-
duction, core dryout, cladding and fuel rod ballooning, core
relocation, high temperature steam oxidation, hydrogen re-
lease, and core degradati0n3‘5. LOCA leads to reduced reac-
tor’s cooling capacity with large heat accumulation, resulting
in local hydrodynamic instabilities®’. In assessing CHF, post-
CHF, LOCA events and core relocation, multiphase interface-
capturing modelling of the reactor core may help predict flow
dynamics in the reactor core. Modelling the behaviour of the
material interface during severe accidents is essential for fun-
damental understanding of material interactions and system
flow dynamics®°.

In order to present an adequate analysis of the multiphase
flow dynamics during core relocation events, it is crucial to
track the interfaces between different materials (i.e., melted
nuclear fuel and cladding). Interface modelling primarily em-
ploys two methods: Eulerian and Lagrangian tracking tech-
niques. The element (mesh cell) carrying discretised quanti-
ties is transported over the continuous media in Lagrangian
schemes, whereas the grid is fixed in the Eulerian approach,
while the fluid moves between computational cells'®. Numer-
ous fluid dynamics and transport problems have been solved
using interface tracking and capturing techniques!'~'4. Some
of the main types of interface capture techniques are vol-
ume of fluid (VOF), level set (LS), and phase field methods.
Among these, VOF is the most efficient and reliable approach
due to its mass conservation ability across the interfaces'®.
Using an implicit technique to adjust mesh refinement during
calculations with accurate mass conservation, VOF methods
create moving contact lines along no-slip borders'>. With ev-
ery successive iteration in VOF, the interface between two flu-
ids is reconstructed using spatial information.

Advanced volume fraction expansion functions schemes,
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such as piece-wise linear interface calculation (PLIC), cou-
pled level set and volume of fluid (CLS-VOF) method, and
simplified VOF (SVOF), were developed to overcome inter-
face curvature challenges encountered when using the clas-
sic VOF scheme!®!6:17 An interface capture approach based
on a switching strategy had been developed by Darwish and
Moukalled'® with the Switching Technique for Advection and
Capturing of Surfaces (STACS) scheme. Compressive advec-
tion interface capturing method (CAICM), a special VOF vari-
ant, has been applied to interface capturing of collapsing wa-
ter columns by Pavlidis et al'®. In order to develop bounded
and accurate interface capture solutions, this computational
methodology was developed using a high-order control vol-
ume finite element method (CVFEM) to obtain fluxes subject
to flux-limiting (based on a normalised variable diagram) on
control volume (CV) boundaries.

This research aims to investigate the impacts of tempera-
ture and core material composition on the flow dynamics dur-
ing core relocation. The simulations were conducted using
CAICM coupled with high-order accurate schemes discretised
with streamline upwind Petrov-Galerkin (SUPG) method.

The remainder of this paper is structured as follows: Sec-
tions II and III describe the model formulation and validation,
respectively, while Sections IV and V discuss core relocation
and concluding remarks, respectively.

Il.  Model formulation

The model formulation in this study utilises higher-order
CVFEM and CAICM with flux limiters using a normalised
variable diagram approach.

The formulation is based on a family of unstructured trian-
gles (2D) and tetrahedral (3D) element types, P,DG-P,, and
P,DG-P,,DG?°. Each finite element is split up into a num-
ber of CVs, which can be quadrilaterals (2D) or hexahedra
(3D) as shown in Figure 1. For these element types, pressure
is represented by a m”-order polynomial in either continuous
or discontinuous space, whereas velocity is represented by a
n’"-order polynomial in discontinuous space. In this study,
P DG-P; (Figure 1 linear discontinuous velocity function and
quadratic continuous pressure function) elements were used
for the model discretisation. In this formulation, scalars (such
as temperature, density, volume fraction, etc.) are discretised
in CV space, whereas pressure and velocity are discretised in
FE space.

The model formulation is based on a multimaterial ap-
proach, in which the system is represented as a single phase
made up of numerous immiscible materials (fluids) separated
by distinct interfaces. This formulation models materials with
discrete transported scalars (e.g., temperature, mass fraction)
but with single velocity and pressure. Conservation equations
were solved for the multimaterial components, but only the
transport equation is shown here. Multimaterial formulations
for continuity and momentum equations are fully described
in!921.22 I the absence of a source term, the advection-
diffusion transport is expressed as,
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FIG. 1: Sketch of P;DGP; element type. The tick pink line
triangles are finite elements, quadrilateral dotted lines are
control volumes, the black circles represent quadratic
continuous pressure nodes, while the dimmed-red circles
represent linear discontinuous velocity nodes.

where « is the transported scalar quantity (i.e., mass fraction,
enthalpy (C,dT)) and x is the diffusion term. # is the flow
velocity vector, p is the material density, C,, is the heat capac-
ity, T is the temperature and ¢ is time. Bulk thermophysical
properties of the fluids can be expressed as:

N N N
p=Y ajpji k=Y ojkjandC, =Y a,Cp;.  (2)
Jj=1 Jj=1 Jj=1
where
o, pj, K; and Cp, ; the mass fraction, density, diffusion term,
and heat capacity, respectively of material j. j=1,2,---N
where N represents the total number of materials.
Discontinuities of flow fields across the fluid interfaces,
complex topologies, and scale separation around CV surfaces
are addressed using the Petrov-Galerkin spatial discretisation
approach. A modified Crank-Nicolson scheme with a time-
stepping parameter 7 is used to discretise Eqn. 1 temporally
and compute the advected quantity within the CV.

With the assumption of no source term in Eqn. 1, the trans-
port equation is solved with the introduction of CV shape
functions M;. With Green‘s theorem, Eqn. 1 can be simpli-
fied using Petrov-Galerkin spatial discretisation approach and
integration by parts to give Eqn. 3.

/M p’“’ +/Mp,uv(x, /ij.VM,»‘Vajzo 3)

The stlffness matrix from the third term of the integral in Eqn.
3 is symmetrical since o and M; are exchangeable without
any effects on the integral, whereas that of the second term is
non-symmetrical. Eqn. 3 is further simplified to

2,2 (P%)

Vi ot

dV; is the outward normal surface area of the control volume,
and i = 1,2,--- %, where .# is the number of control vol-
umes. n is the outward pointing unit vector to the surface (dV;)

dV-F/a (ﬁ~ﬁpjaj—ﬁ-Kijjaj)d aV; (4)
Vi
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FIG. 2: 1D finite element diagram with downwind (wd),
upwind (wd) and centered (g) CVs, with higher-order FE
field reconstruction face value (ot*).

of the control volume. The difference between the advected
and diffusive quantity within the FE space in the last term of
Eqn. 4 gives the transported quantity, * across the interface
as shown in Figure 2, represented in 1D. Introducing a time
stepping parameter T of value 1/2, Eqn. 4 can be applied over
each control volume, i as
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To compute the fluxes across the interface of node associated
with CV i, extra nodes within CV, i — % and i + % were added
between i and i — 1, and i and i + 1, respectively as shown in
Figure 2. For a particular CV i with edge length of Ax (x; —
Xi+1), the advected quantity a across the interface of node

between i — 5 and z+ at time-step k is set as a L and a 1
2 2
respectively as shown in Figure 2. The discretlsed forrn of

Eqn. 1 becomes
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spectively. Va |in +1 and Vo |j7l. L1 are the gradient of the

transported material at face i + % for k+ 1 and k time-steps, re-

spectively for material j. ¥ = g The value of 7 for face i — %

. . . kel
and face i + % at time step from k to k+ 1 are given by 1,-;21
i=2

k+ 4 . . .
and ’L’j i+21 , respectively. Equation 6 results in the transported
R
quantities evaluated on the CV i at the time step k+ 1 rela-
tive to surrounding faces i + 2 and i — 2 as a function of their
flux-limiting values. n can be expressed as the vector space
normalisation in terms of the transported scalar gradient Vo

(n = \V o] ) Transported quantity is then given as
At k+
k1 ok B |kt 2 ) ¢
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The flux-limiting scheme was applied to the scalar’s and flux
transport across the interface of CV i connecting upwind and
downwind CVs. Further details of the flux-limiter applica-
tion with normalised variable diagram (NVD) approach are
described in!%?3,

)

I1l.  Model validation

For the validation of this model, the classical collapsing water
column (CWC) was used based on experimental and simu-
lation work by Cruchaga et al®* and Yeoh and Barber®, re-
spectively. Cruchaga et al’>* designed an experiment with a
water column height H to length L ratio of 2 (i.e., A, = 2,
A= %). The former?>, used the same water column height H
to length L ratio (as used in this study, A, = 2) for numerical
interface capturing investigations using FVM-based ANSYS,
Inc., CFX model. Water column of height H, was held with a
barrier at one end (left side) of a tank. The time for the wa-
ter column collapsing at different vertical and horizontal po-
sitions of the tank were recorded as the barrier was removed,
which was simulated numerically. The laboratory experiment
was performed such that the time evolution of the collapsing
column was captured by a video camera and stopwatch install

k+1 k41
19 1/2VO‘ 2)—1—
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on the tank. A qualitative validation is presented to compare
the present study against the lab-scale and simulation experi-
ments. The coupled CVFEM and CAICM model formulation
was initially validated by Pavlidis et al'® (simple advection
and water collapsing column with multiphase flow model and
anisotropic unstructured mesh), Xie et al*! (falling liquid film,
rising bubble, milkcrown phenomena with single phase and
multi-component formulation) and Bregu et al® (water col-
lapsing column, single/multi-phase and multi-component for-
mulations).

The collapsing of the water column was under the influence
of gravitational force. The physics behind collapsing water
column and core relocation are the same. At 0.2 secs, the tank
floor has almost been covered by the collapsed water in the
three cases as seen in Figure 3. The water column collapsed
under the influence of gravitational force. From Figure 3, it
can be observed that the current study model is in good agree-
ment with both studies.

IV. Core relocation

When the reactor core is subjected to extreme thermal con-
ditions, as explained in Section I, core materials can undergo
melting. This melting occurs as a result of a change in the
thermophysical properties of the materials. Investigating the
behaviour of nuclear reactor cores under extreme conditions,
such as severe accidents or core relocation is vital for the reac-
tor safety improvement. Assessing the possibility and mech-
anisms of melted core materials relocating within the reactor
vessel or containment structure during such events could help
in maintaining reactor integrity. Exploring some factors such
as heat flow, melted materials and structural components inter-
actions, and potential consequences of such relocation on con-
tainment integrity are significant to nuclear safety improve-
ment. Using models and simulations to predict the behaviour
of melted materials during core relocation can ultimately in-
form safety measures, emergency response strategies, and re-
actor design improvements to mitigate severe accidents con-
sequences.

In this study, the impact of corium composition on the
flow dynamics during core relocation is numerically investi-
gated. Simulations involving 2 case-scenarios were conducted
as shown in Table I: The containment (including core mate-
rial) in scenario 1 is comprised of UO; and air, while that
of scenario 2 comprised of the combination of UO», zircaloy,
graphite, water (of 10%, 10%, 15%, 65% composition, re-
spectively) and air. Mesh resolution, mean flow velocity and
temperature of the two scenarios are investigated. This is nec-
essary to understand the response of different corium compo-
sition and impacts of temperature on the flow dynamics during
core relocation. Figure 4 shows the initial unstructured mesh
resolution and material configuration (at t = 0 s) for a grid-
independent study. The domain is a 2D geometry of L =1m
(see Figure 4) with 12050 triangular elements. Melted core
materials are in the red-coloured region, while the rest of the
domain is filled with air (in blue) at the onset of the core re-
location. The corium collapse may be presented as symmet-
rical (as the corium is assumed w homogeneous thermophys-

FIG. 3: Model validation using cwc simulation experiments
at 0.2 sec time for the present study (left), Yeoh and Barber>
(center), and Cruchaga et al** (right).

TABLE I: Descriptions of the different scenarios of core
relocation simulations

Descriptions Considered scenarios
scenario 1 scenario 2
Core mat.e_rlals U0, + air (water, .UOZ, graphlte
composition and zircaloy) + air
Core materials |individual material bulk materials
properties property properties
[water (65%), UO; (10%),
Ciicz“;;‘iz 100% UO; + air graphite (15%),
P zircaloy (10%)] + air

ical and rheological properties), however corium motion after
it hits the bottom is not symmetrical. Here, we assume sym-
metry of the geometry and the next research stage will be a
full 3D simulation (future work).

In the simulations presented here, core materials (UO,,
graphite, water and zircaloy) are assumed incompressible
whereas air is assumed to behave according to the following
equation of state.

p=po[l+a(P—P)—b(T-T.)] (8)
where p, is the reference density, a and b are elasticity bulk
modulus and thermal expansion coefficient given as 7.06 X
1076 Pa—! and 9.4 x 10~* K, respectively. P and T are
pressure and temperature of the system, while 7, and P, are
the reference temperature (323 K) and pressure (1.0x 10° Pa),
respectively.

Temperature Dirichlet boundary condition of 1000 K is im-
posed on the walls of the reactor. Core materials were as-
sumed to be fully melted (initially at a temperature of 2700
K) with the air temperature of 1200 K, and collapsed at the
same time with no nuclear recriticality. The reactor coolant
(water) was also assumed to exist in liquid form throughout
the relocation event.

An anisotropic adaptive mesh method as described by
Piggott et al*® was used to optimally control mesh resolu-
tion based on the flow dynamics. Adaptive time steps with
Courant-Friedrichs-Lewy (CFL) number of 5.0 were applied
to simulations to capture sharp interfaces between core ma-
terials with good convergence. The method is able to dy-
namically focus mesh resolution at the interface between air
and corium, whereas in the remaining domain, a coarse mesh
can be used, reducing computational cost. A detailed descrip-
tion of the mesh adaptivity method used in this work can be
found?’~2%. In the simulations shown in this Section, the mesh
is adapted based on the UO, mass fraction with an interpola-
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Mass fraction

FIG. 4: Volume fraction representation of melted core with
unstructured adaptive mesh. There are (initially) 12050
triangular P{DG-P, elements.

tion error bound of 0.0005, a gradation parameter of 1.5, an
aspect ratio bound of 3, and the mesh was adapted at every 3
time steps. Simulations were conducted using Intel Core i5
with 8 cores and 16GB RAM. Simulations of scenario 1 re-
quired 84 hours of wall clock time to complete. For scenario
2, simulations required 94.5 hours of wall clock time. This
shows the higher computation cost of the bulk material sim-
ulation. Simulations for both case scenarios were initialised
with mesh resolution of 12050 triangular P{DGP; element-
types.

Figure 6 shows time evolution of the number of CVs and
elements for both cases (scenarios 1 and 2). Due to mesh res-
olution, the number of elements and CVs increase gradually
at the early stage of the simulation. Mesh resolution follows
similar pattern for both cases, though with larger number of
elements used in scenario 2. There was a spike in number ele-
ments and CV evolution as the corium materials approach and
hit the lower plenum (Figure 5). This shows slightly faster
material relocation of scenario 1 than scenario 2 for the corre-
sponding relocation time.

Figure 7 shows mean flow velocities for both case scenar-
i0os. There was an increase in the velocity at 0.70s as the
corium hits the bottom of the plenum due to the splashing
of the materials as shown in Figure 5. A larger spike in the
mean velocity was observed for the simulation conducted for
scenario 2. Simulations demonstrated that corium in scenario
1 reaches the lower plenum slightly faster than in scenario 2
with max mean velocity for both scenarios at 0.70s with a
small (negligible) time-lag between them. This is expected as
density (or weight) does not affect the time of free fall. Air
resistance has limited/small impact on the speed of the fall.

The mean temperature over simulation time for both case
scenarios are shown in Figure 8. Material 1 (UO; for scenario
1 and [water (65% w/w), UOy (10% w/w), graphite (15%
w/w), zircaloy (10% w/w)] for scenario 2) was assumed to
have melted, and mix with air while collapsing. A mean tem-
perature fluctuation was observed during the relocation. Heat
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FIG. 5: Scenario 1 adaptive mesh at t=0.4s (left) and 0.99s,
and mass fraction distribution at t=1.40s (right).
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FIG. 6: Number of control volumes (CVs) and elements
evolution. A and B represent number of elements and CVs
for scenario 1, while C and D represent number of elements
and CVs for scenario 2.

exchange between air and corium leads to mean temperature
ranging from 1550K to 2265K. There was a higher temper-
ature recorded for the bulk material case. This is attributed
to the larger effective thermal conductivity in scenario 2 than
in scenario 1 (k3emriol = 6.80W (m K) ' and Sgenario 2 =
23.424W (m K)~!, Table II).

V. Conclusion

In this study, impacts of temperature and core material compo-
sition on the flow dynamics during post-CHF events in PWRs
are numerically investigated. Two corium material compo-
sitions (UO; and air for scenario 1 and [water (65% w/w),
UO; (10% wiw), graphite (15% w/w), zircaloy (10% w/w)]
and air for scenario 2) were considered to compare the im-
pacts of temperature and their computation costs. The in-
terface between corium materials is modelled through an in-
tegrated high-order accurate control volume finite element
method (CVFEM) and the compressive advection interface
capturing method (CAICM). To control numerical instabil-
ities, the model was discretised using SUPG and the flux-
limiting schemes with a normalised variable diagram ap-
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TABLE II: Thermo-physical properties of air and corium materials at 2123 K and 100 bar

30,31

Properties Core materials percentage compositions
Core materials Water U0, Zircaloy Graphite Air
Materials % composition (w/w) 65% 10% 10% 15%
Density (kgm*3) 958.78 19100 6560 1710 1.2945 (reference density)
Specific heat capacity (J(kg K)~1) 4184 280 285 720 1006
Thermal conductivity (W(m K)™ ) 0.591 6.80 13.6 140 0.025
Viscosity (kg(m s)~ 1) 2.822x107°% 6.5 10.3 10 2.181x107°

Mean velocity for scenario 1 and scenario 2
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FIG. 7: Mean flow velocity for scenarios 1 (individual) and 2
(bulk).
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FIG. 8: Corium and air mean temperature for both cases.

proach. Mesh adaptivity algorithm was applied to focus res-
olution at the corium-air interfaces. Using EoS for the gas
phase, the effects of air density variation on the corium mass
fraction transport were determined. From the results of this
study, the following conclusions are made:

» Air compressibility has a greater impact on the transport
of scenario 2 corium than that of scenario 1 during core
relocation events.

* Splashing of the corium after hitting the bottom of the
plenum resulted in mean flow velocity increase and
temperature fluctuation.

» Simulated mean corium temperature and velocity have
similar orders of magnitude for both scenarios.

In summary, based on the results presented in Section IV,
fluid and thermal energy flow dynamics (mean flow veloc-
ity and temperature) are similar for scenarios 1 (ie lumping
all materials into UO,) and 2 (explicitly defining properties
of all corium materials). However, computational cost for
simulating scenario 1 is significantly smaller than for sce-
nario 2 (84h and 94.5h of wall-time processed in an Intel Core
i5 with 8 cores and 16GB RAM). Multiphase interface cap-
turing requires high mesh resolution and computational cost.
Mesh adaptivity is used to focus grid resolution at the relevant
physics, in this case the interface between all materials of the
corium, to minimise computational cost without compromis-
ing numerical accuracy. As a good CFD practice, we start sim-
ulations with mesh-grids that is deemed as grid-independent.
Pain et al*?, Hiester et al?®, Adam er al*® and Xu er al?’ de-
scribed how finite elements’ shapes and topology change ac-
cording to flow criteria to ensure numerical stability and con-
vergence with controlled impact on numerical accuracy. Fu-
ture work will extend the model to simulate core relocation in
3D.
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