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PREFACE

The basis for this thesis stemmed from my ever-growing interest in nuclear engineering
due to its possible positive impact on the Estonian energy mix. This thesis would act as
a stepping-stone to the world of computational fluid dynamics (CFD) while retaining the

close connection to nuclear engineering.

The thesis topic was initiated by Marti Jeltsov, Head of the Nuclear Science and
Engineering group at NICPB (National Institute of Chemical Physics and Biophysics).
Thesis work was done from home due to COVID-19 limitations and the possibilities of
CFD.

The research and simulation was a constant trial-and-error process as I had not worked
with CFD before. The whole process was made much easier by having my two
supervisors always at the ready to assist me and answer my question. I owe a great
debt of gratitude to both Marti Jeltsov and Dmitri NeSumajev for guiding me through
the challenging process and giving me tips along the way. I would also like to thank
Elering AS for supporting the creation of this thesis and the development of energy
systems of the future.

In-vessel melt retention is a very attractive strategy for severe accident mitigation as
it preserves the integrity of the last containment barrier. For reactors of power below
600 MWe, the evaluated safety margins are sufficient but for small modular reactors,
the evaluation is still needed due to compact nature of the SMR designs. This thesis
explains the theoretical background of thermal hydraulics of the IVMR strategy, and in
the second part simulates the stratified steady-state corium pool. The reference quasi-
SMR for this simulation is based on BWRX-300 and BWR-5. AHFM-NRG+ turbulence
model is used to simulate the turbulent flow of the domain. The results from the
simulations indicate that in the steady state, structural integrity is preserved as the
local heat flux stays well below the critical heat flux. However, further assessment is

needed to determine the local heat flux values during transients.

IVMR, CFD, thermal hydraulics, core melt, bachelor thesis



List of abbreviations and symbols

Abbreviations

BC - Boiling crisis

BWR - Boiling water reactor

CFD - Computational fluid dynamics
CHF - Critical heat flux

CRGT - Control rod guiding tube
EVMR - Ex-Vessel Melt Retention
IVMR - In-Vessel Melt Retention
LWR - Light water reactor

PWR - Pressurized water reactor
RPV - Reactor pressure vessel

SA - Severe accident

SAM - Severe accident management

SMR - Small Modular Reactor

Symbols
Ra — Rayleigh number

Gr — Grashof number

Da — Damkoéhler number

Pr - Prandtl number

Pr, — Turbulent Prandtl nhumber

g — acceleration of gravity

B — thermal expansion co-efficient
T - temperature

H - characteristic length

v = kinematic viscosity

a - thermal diffusivity

C, - specific heat



u — dynamic viscosity

k — thermal conductivity

Q - volumetric heat generation
q — heat flux

V - volume

S - surface area

CF - concentration factor

R - radius

6 - contact angle

CHF - critical heat flux

Q - total heat

D - diameter

& — wall thickness

P, — power (thermal)

p — density

R; — thermal insulance

GCI — grid convergence index
F, — factor of safety

€ — relative error

r — grid refinement ratio

p — order of convergence

N - total number of grid points

f - solution of the grid



INTRODUCTION

The first commercial nuclear power plant to generate electricity for a power grid, started
operations in Obninsk of the Soviet Union on June 27, 1954. Since then, the world’s
nuclear power plant fleet has over 18,000 reactor years of experience [1]. During those
18,000 years there have been three major accidents - Three Mile Island, Chornobyl,
and Fukushima - which have led to a partial or a complete meltdown of the nuclear

reactor core.

A nuclear meltdown is a severe accident which occurs when the heat generated by a
nuclear reactor exceeds the heat removed by the cooling systems. As the decay heat
accumulates in the fuel elements and the steel chassis, they begin to melt. The molten

mass — corium - relocates to the lower plenum of the reactor pressure vessel (RPV).

Regarding the severe accident management (SAM), there are two strategies to deal
with the molten corium inside the RPV. One possibility, the Ex-Vessel Melt Retention
(EVMR) is to let it melt through the vessel wall and to trickle down to a device called
core catcher which prevents the corium further escaping the containment building. In-
Vessel Melt Retention (IVMR) keeps the corium inside the vessel by cooling the vessel’s
lower head externally. The IVMR strategy is attractive because it prevents large masses
of radioactive materials and gases escaping the pressure vessel. In the most robust

form, the IVMR strategy also appears less expensive than an external core catcher.

Although the IVMR strategy is not new [2], the coming of the small modular reactors
(SMRs) poses questions about implementing the strategy to those new designs. The
IVMR strategy has proved to work at low and medium residual power levels but the
SMRs pose a geometrical challenge. Because of the integral nature of the designs, the

flow paths might be different and need to be therefore re-assessed.

The main objective on this bachelor’s thesis is to describe the thermal hydraulic
phenomena in the stratified corium and to evaluate the possibility of implementing the
IVMR strategy to small modular reactors. A numerical study of severe accident in the
nuclear reactor is presented. An axisymmetric 2D model of the lower plenum of a 300
MWe BWR reactor was used and full dryout was assumed. The numerical study was
carried out with a commercial computational fluid dynamics (CFD) based simulation
software called Simcenter STAR-CCM+.



The first chapter of the thesis focuses on the occurring phenomena and the basis of the
IVMR strategy. The second chapter describes the modelling process with validation of
the model and the mesh independence study. The numerical study also gives an
approximate value of the steady-state ex-vessel heat flux which is one of the critical
inputs for the feasibility of the IVMR strategy.
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1. IN-VESSEL MELT RETENTION STRATEGY

The in-vessel retention of molten corium by cooling the vessel externally was first
introduced nearly 30 years ago [3]. The Three Mile Island accident in 1979 had
presented a scenario where it would be impossible to prevent the dryout of the nuclear
core. Therefore, a solution was proposed - to submerge the lower head of the RPV under

water in order to cool the molten mass of fuel and debris externally.

The concept was first applied to two types of reactors: AP600 [2] and VVER-440 in
Loviisa, Finland [4]. As the VVER-400 fleet remained popular in European countries like
Hungary, Slovakia, and Czechia, IVMR strategy was further implemented as part of the
SAM. The AP600 was replaced by the AP1000 design. Both of these designs are versions
of PWR. The first BWR to implement the IVMR strategy was SWR-1000 in 2001. [5]

The concept is still attractive nowadays as it is included in the design of some newer
Gen III reactors like AP-1000 and the Chinese CPR-1000. The challenge of implementing
the IVMR in the SAM is the higher power of the new designs. The feasibility of the IVMR
strategy has been thoroughly proven [5] for sub 600 MWe conventional reactors but
further research is needed to demonstrate the adequacy of the concept for higher power

reactors.

Small modular reactors (SMRs) are by definition advanced reactors that produce
electricity of up to 300 MWe. In regards of implementing the IVMR strategy, SMRs pose
a challenge because of the integral and compact nature of the design which leaves less
room for the external coolant in case of implementing the IVMR strategy. Most of the
SMR designs have an insulation on the outer side of the RPV to enhance the thermal
efficiency during the normal operation. This has the opposite effect during the external
cooling - because of the insulation less heat can be removed from the corium. These
two differences from the conventional reactors make the further research and

development of the IVMR strategy necessary for SMR designs.

The IVMR strategy requires only two actions at the SA signal - flooding of the reactor
cavity and depressurizing the reactor pressure vessel. This makes in-vessel melt
retention robust and passive whereas maintaining the structural integrity of the
containment and the vessel. The main difficulties of the IVMR analysis lie on corium
behaviour evaluation and the correct boundary condition assumptions due to the

possible formation and melting of the corium crust. [6]
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1.1 Thermal hydraulics of the corium pool

During a severe accident in light water reactors (LWR), the lack of cooling agent around
the fuel elements leads to core heat up and melting of the materials. The melt (corium)
then relocates to the lower plenum of the RPV. The heat generating components are
then in liquid form and continues to emit decay heat which needs to be cooled to

maintain the structural integrity of the RPV.

1.1.1 Non-dimensional nhumbers

Non-dimensional numbers are used to describe the thermal hydraulic processes in the
corium pool with internal heating and to compare and validate the computational results

with experimental results.

The main driving forces of the corium pool are dominated by natural convection
phenomena which can be characterized in terms of the non-dimensional Grashof (Gr),
Prandtl (Pr) and Damkoéhler (Da) numbers. Experience also indicates a great
dependency on the Rayleigh number. Rayleigh number represents the ratio of buoyancy
and thermal diffusivity. Rayleigh number for fluids with internal heat generation

(internal Rayleigh) is given as:
Ra; = Gr- Pr-Da (1.1)
Rayleigh number for fluids without heat generation is given as:
Ra = Gr-Pr (1.2)

Heat transfer due to natural convection is characterized by the Grashof number. It
reflects the force acting on the fluid due to the difference in temperatures [7]. Grashof

number is given as:

gBATH?

Gr
V2

(1.3)

where g is the gravity, B is the thermal expansion co-efficient, AT is the temperature
difference between the surface and the bulk of the fluid, H is the characteristic length

(here it is the height of the pool) and v is the kinematic viscosity.

The Prandtl number represents the ratio of momentum diffusivity to thermal diffusivity.
For fluids with large Prandtl number, the momentum diffusivity dominates. Vice versa,
for fluids with low Prandtl number, the thermal diffusivity dominates. The Prandtl

number is not dependent on geometry. The Prandtl number is given as:
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Pr=—=-p" (1.4)
a

where Cp is specific heat, y is the dynamic viscosity and k is thermal conductivity of the
fluid.

The Damkohler number is the ratio of reaction timescale to the convection time scale,

flow rate through reactor for continuous processes. The Damkdhler number is given as:

_ o

Da= 77

(1.5)

where (Q is the volumetric heat generation, H is the characteristic length (here it is the
height of the pool), k is the thermal conductivity and AT is the temperature difference

between the surface and the bulk of the fluid

The Nusselt number describes the heat transfer on the boundary of a fluid and a solid
body. The Nusselt number is also known as the dimensionless convective heat transfer
coefficient because of the inclusion of thermal conductivity. The Nusselt number is
defined as: [7]

_aH

Nu= At

(1.6)

where g is the average heat flux over a boundary, H is the characteristic dimension, k
is thermal conductivity and AT is the temperature difference between the surface and
the bulk of the fluid.

If the Nusselt number is close to one, the convection and conduction are of similar
magnitude, and it represents laminar flow. A larger Nusselt number corresponds to more

dominant convection with 100...1000 range representing turbulent flow. [8]

1.1.2 Stratification process

Corium consists of four major components - zirconium from the fuel cladding, steel from
the integral structures, uranium from the fuel and oxygen from oxidation and the fuel.
In addition to the mentioned components, fission products and transuranic elements are
also present in the corium pool as they are by-products of fuel irradiation. The U-Zr-O-
Fe molten pool undergoes separation between non-miscible metallic and oxide phases

due to chemical reactions and density differences. [9]

After the initial corium relocation, the phase separation at equilibrium leads to the

creation of heavy metal layer. At this moment, the steel structures have not yet molten
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into the pool. The addition of the lighter steel from the structures leads to layers
inversion. After the inversion, the metal layer keeps thickening due to partial melting of
the RPV. The final steady state is pictured in Figure 1.1 (right) with the metallic layer

being on top of the molten oxidic pool with the oxide crust separating the layers. [9]

Low iron to corium ratio Low iron to corium ratio High iron to corium ratio
Low corium oxidation degree Medium corium oxidation degree High corium oxidation degree

Molten metal lsyer

Metal pool

Oxide pool

Figure 1.1: Examples of changes of corium pool configuration [5]

The parameters defining the thermodynamic equilibrium of the corium pool can be
expressed in terms of: [10]

e the temperature distribution of the system;

e the Zr oxidation degree and U/Zr atomic ratio of the oxidic corium in the pool;

e the mass ratio xsteel between the steel and oxidic corium in the system.

The kinetics of the layers’ inversion is driven by the Nusselt number, the species
diffusion coefficient, and the thickness of the interaction layer. The biggest uncertainty

lies in the diffusion coefficient as there is no experimental measurement available. [9]

1.1.3 Oxidic layer

The basic features of the flow regime in the oxidic layer consist of steep boundary layer
regions, a well-mixed upper pool volume, and a broadly stratified lower pool portion as
depicted in Figure 1.2. [2]

Upper boundary

L_ Well-mixed upper
pool volume

Steep boundary
layer

L Broadly stratified
lower pool volume

Figure 1.2: Natural convection flow and stratification in the oxidic pool [2]
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The regions can be expected as they have been experimentally proven and
demonstrated in experiments like BALI [11], COPO [2] and SIMECO [8]. The COPO
experiments with hot water for VVER-440 reactor [2] showed that for internal Rayleigh

values 107 < Ra; < 6+ 10'*, the correlation for the upper boundary can be summarized as:
Nu,, = 0.345 - Ra0?33 (1.7)

The upward Nusselt correlation is the most important indicator as this describes the
upward heat flux resulting in superheating of the metallic layer and the magnitude of
the focusing effect (described in 1.1.4). Correlation (1.7) is however only one of the
many correlations for global Nusselt number. For each geometry and composition case,

the validity of the correlation has to be re-assessed.

The overall heat balance of the oxidic pool can be written as:

QV = SupQup + San4an (1.8)

where Q is the volumetric heat source, V is the volume of the oxidic pool, S is the surface
area of the boundary considered, and the gq,, and g4, depend on the local Nusselt

number values which derive from the internal Rayleigh number values.

For BWR type reactors, the geometry differences due to a large number of CRGTs in the
lower plenum (Figure 2.2) alter the flow pattern. In BWRs, the flow pattern is expected
to be governed more by the local flow pattern rather than by the pool’s global circulation
pattern [12].

The oxide crust behaviour

Due to external cooling, solidification takes place at the periphery forming a layer of
crust around the molten corium. This phenomenon is one of the keys in assessing the
feasibility of the IVMR strategy. Experimental studies have identified thermal and
physicochemical phenomena taking place in the corium crust and their impact on the
kinetics of the pool stratification. The behaviour of corium crust is well-understood in
the steady state two-layered configuration but the transient phenomena are not well

researched and many modelling assumptions are made. [13]

The oxide crust reduces the thermal load to the reactor vessel acting as a thermal
resistance due to the lower thermal conductivity value of the crust compared to the one

of the oxidic pool. Because the melting of the oxide crust at the interface between two
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layers is likely as soon as the temperature of the metallic layer exceeds the liquidus

temperature of the oxide, the focusing effect in enhanced [14].

The crust characteristics and behaviour depend on its location. As discussed earlier, the
crust between the metallic layer and the oxidic pool can be neglected as it is bound to
melt in steady-state configuration due to significantly higher than liquidus temperatures
of both metallic and oxidic layers. However, in transient cases, the horizontal crust also
slows down mass transfer but the transfer of molten steel still occurs due to the

formation of cracks and channels in the crust. [14]

(@) (b)

Figure 1.3: Corium configuration after stratification with the crust surrounding (a) or
not (b) the top metallic layer [14]

Another uncertainty lies in the stability of the corium crust. The issue is whether, after
the development of the final two-layered steady state configuration, the oxidic crust
surrounds the metallic layer or not (Figure 1.3). In case of the oxidic crust being present
around the metallic layer (case a), the heat flux transmitted to the vessel wall is reduced
by a factor of 3 compared to the metallic layer not being surrounded by the oxidic crust
(case b). [14]

Decay heat

Following the shutdown of the nuclear reactor (SCRAM), there are various nuclear
species and processes that remain which are capable of generating heat (Figure 1.4).
Should the cooling capability of the reactor be compromised, it may lead to a coolant
boiling and eventual dry-out of the reactor core. Due to the loss of cooling agent, the
heat starts to accumulate in the nuclear core, leading to a rise in temperature and
consequent melting of the core. After relocation of the core, the pool of molten core

continues to be internally heated.
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The decay heat originates from the beta and gamma decay of fission products and
transuranic elements accumulated in the nuclear fuel. Due to the unstable nature of the
fission products, they undergo radioactive decays. Fission products with a short half-life
are much more radioactive and contribute significantly to the decay heat at the start

but because of the short half-life, the share drops rapidly. [15]

The heat generation rate is assumed to be uniformly distributed throughout the oxidic
pool and the crusts, whereas some of this decay heat will escape the molten oxidic pool
as gammas. Some of these gammas are deposited in the vessel wall or the metallic
layer and some will escape the system. Sensitivity calculations have indicated that such

effects are negligible. [2]

Reactor power during shutdown

100+ 1
2. Control rods insert,
1. Normal full power operation chain reaction stops
80
£ 60| :
=
]
2
o
a
40
20L 3. Power rapidly drops to ~7% 4. Decay heat slowly 4
decreases over weeks
0 . , Decay Heat ’ 1
-1 -0.5 0 0.5 1
Time (hours)

Figure 1.4: Relative power of a nuclear reactor before and after shutdown [16]

For the volumetric heat generation rate, the volume of the oxidic pool and the timing
for the formation of the configuration have to be considered. To preserve the
conservativity of the calculations, earliest state shall be considered. Since the material
relocation to the lower head requires core melting with significant structural melting,
the most probable timing for the AP-600 reactor was found to be 4+ hours which would

represent decay heat being ~0.5% of the nominal power. [2].

The decay heat rates also depend on the fuel used in the reactor. The PWR and BWR
decay rates are similar but using MOX fuel results in higher specific decay heat rate than
UOX. For this thesis, UOX fuel is considered. [17]
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1.1.4 Metallic layer

The heat transfer process in the metallic layer is divided into two parts - heat transfer
through natural convection, as Rayleigh-Benard convection without sidewall cooling and
heat transfer to the vertical interface, which is cooled by ambient air above the metallic

layer. For the correlations, case a (Figure 1.3) is considered.
For the Rayleigh-Benard convection, the Globe and Dropkin correlation [18] is used:
Nu = 0.069Ral/3pr0-074 (1.9)

For the vertical heat transfer, the Churchill and Chu correlation [19] can be used:

0.387Ral/é
VNu = 0.825 + 577 (1.10)
0.492\°%/16
1+( Pr)

The components of the metallic layer are Fe and Zr. It is assumed that all of the decay
heat originates from the oxidic pool. Illustration of the energy paths in the metallic layer

is shown in Figure 1.5.

Inner surface
RPV

Metal layer

Crust

Oxide pool

Figure 1.5: Energy paths in the metallic layer [20]

The decay heat from the oxidic pool g, is transferred from the oxidic pool to the metallic
layer through the oxide crust. The heat is then divided into two parts - gq,, is transferred
directly to the RPV wall through thermal conduction and the other part ¢, is transferred
to the surrounding RPV internal surfaces through thermal radiation. Therefore, the

complete energy balance can be given as:
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Svqp = Swqw + Stq: (1.11)

The bottom heat flux g, depends on the energy split of the oxidic layer which in turn

highly depends on the flow patterns and decay heat of the oxidic pool.
Focusing effect

Focusing effect characterizes the amplification of heat flux on the RPV wall. To evaluate
the focusing effect, the concentration factor (CF) is used. The concentration factor is

defined as the ratio of the horizontal wall flux and bottom heat flux:

_w

dp

CF (1.12)

If the top surface of the metallic layer is considered adiabatic and the thermal radiation

flux is neglected (g, =0), the problem becomes more conservative, and the

concentration factor can be given as:

S, mR* R
w2 — (1.13)

CF == =
4 S, 2mRH 2H

where R is the inner radius of the RPV, and H is the height of the metallic layer. This
equation illustrates the impact of the height of the metallic layer — the lower the height

of the metallic layer, the more severe the focusing effect.

In case of the IVMR strategy with real reactor conditions, the outside surface of the RPV
is considered to be isothermal, while the temperature of the metallic layer upper surface
depends on the thickness of the layer and the heat flux transferred from the oxide layer.
Wang and Cheng [20] illustrated the effect of the ratio H/R on the concentration factor
(Figure 1.6). They considered 5 cases - realistic boundary conditions with different
bottom surface heat fluxes (coloured nodes), neglecting the radiative heat flux (black

line) and with cooling of the metal layer from the top by water injection (dotted line).
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Figure 1.6: Concentration factor at different boundary conditions [20]

From the Figure 1.6, it can be seen that the concentration factor decreases with the
increase of the ratio H/R. This means that the horizontal wall heat flux increases with
decreasing of the metal layer height. The figure also illustrates the effect of top surface

cooling as the concentration factor value remains very low.

Due to the effect of the metal layer height on the focusing effect, the transient
stratification phases are the most dangerous regarding the thermal failure of the RPV.
With the configuration changing from left to right (Figure 1.1), the top metal layer would
be quite thin at first, as the three-layered (metallic-oxidic-metallic) configuration is
formed. This causes amplified focusing effect, which in turn causes higher lateral heat

fluxes.
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1.2 Thermal failure of the RPV

In case of a severe accident, the reactor pressure vessel is depressurized and the dead-
weight loads do not play a significant role in structural failure mechanism - thermal

stresses and creep are to be mainly considered instead. [2]

1.2.1 Critical heat flux and boiling crisis

The most limiting thermal failure mechanism of the lower head is the boiling crisis (BC).
Boiling crisis is defined as a state when the nucleate boiling shifts to film boiling due to
a thin film of vapor blanketing the wall. Film boiling is characterized by considerably
lower heat transfer coefficients. As seen in Figure 1.7, the heat flux which corresponds
to the critical point and the boiling crisis, is called critical heat flux (CHF). [21]

q FILM
BOILING

CRITICAL HEAT FLUX

BOILING

NATURAL
ECONVECTION

ONSET OF NUCLEATE BOILING

AT

Figure 1.7: Pool boiling characteristics [21]

The determining factor of the CHF is the temperature difference AT of the saturation
temperature of the fluid and the surface. Because the boiling process depends on both
surface inclination and scale, the CHF is at its maximum at lateral heat exchange
processes which describes the mechanisms present at the focusing effect phenomenon.
This is caused by the rising vapor giving rise to the vapor bubbles near the equator of

the lower head hemisphere which minimizes the vapor squeeze effect. [2]

The analytical equation of critical heat flux for water as a function of contact angle in

degrees (8) and degree of subcooling (ATy,;,) is given by Theofanous et al [2] as:
CHF = 0.4(1 + 0.0216 — (0.0076)%)(1 + 0.036AT;,;,) (1.14)

The degree of subcooling is defined as the difference between saturation temperature

of liquid and actual temperature of liquid. The degree of subcooling is modified by the
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complex boiling and mixing patterns outside the RPV which is not the scope of this
thesis. However, (1.14) shows the impact of effective cooling and mixing of the

recirculating cooling agent.

More robust way of approximately evaluating the critical heat flux for IVMR strategy as

a function of only the contact angle in degrees is given as:
CHF = 490 + 30.20 — 8.88- 10792 + 1.35-10720% — 6.65 - 10750 (1.15)

1.2.2 Structural failure of the RPV

Structural failure of the RPV is highly unlikely unless there is a boiling crisis. Therefore,
thermal failure is the presumption for structural failure and the only possible cause for
its occurrence regarding the IVMR strategy.

Theofanous et al [2] demonstrated that a CHF-limited wall thickness is sufficient to
support the lower head and the corium. The critical region of the focusing effect is
around 6 = 90° (Figure 1.8) which is also the area with the highest possible CHF.
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Figure 1.8: Minimum wall thicknesses required to accommodate the CHF [2]

As deadweight and buoyancy nearly cancel each other out, these factors do not play a
role in the structural failure of the RPV. Thermal stress analysis also confirms that
structural failure margins are larger than margins to boiling crisis which means that BC

is a conservatively limiting structural failure criterion. [2]
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1.3 Increasing the efficiency of the IVMR strategy

Even though the IVMR strategy is quite robust, it could be further improved by
engineering practices suggested by Fichot et al [22]. Implementation of these
innovations would need extensive research and development between industrial and
research partners. This bachelor thesis studies the potential of the IVMR strategy for
SMRs.

Increasing the mass of steel

By increasing the total mass of steel in the corium, the maximum heat flux to the vessel
would decrease due to thickening of the metallic layer and lowering the focusing effect.
This could be implemented by installing steel structures in the RPV to add more mass
of steel during the relocation. The increased amount of steel would also remove heat

through melting.
In-vessel injection

The probability of occurrence of transients leading to an early core melt could be
decreased by implementing in-vessel injection. Before core-melting, the injection would
delay the complete melting and after core relocation, it would cover the top metal layer
and prevent the focusing effect being present. Figure 1.6 (dotted line) also
demonstrates the effect of top cooling on the value concentration factor and the focusing
effect. In-vessel injection would also enhance Zr oxidation impacting the corium

stratification towards two-layered configuration.
External coating of the vessel

Spraying the RPV externally would improve the outside cooling based on existing small-
scale experiments. By coating the vessel, higher CHF values have been obtained which
could contain or slow down release of molten core solution. By “cold spray” coating, UJV
Group has demonstrated CHF value improvements up to 25%. These test, however,

were small scale and large-scale experimentation is needed to confirm the results.
Improving the external vessel cooling

To improve the external cooling of the vessel during transient phases with higher decay
heat, forced circulation could be used together with natural circulation. Spray cooling
could also be introduced to cool the RPV until the injected water reaches its intended
height.
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2. MODELLING THE CORIUM POOL

The second part of the thesis describes the modelling process of the corium pool and

the lower head of the RPV. The whole process can be divided into 10 steps.

Table 2.1: CFD analysis process [23]

Number Step description
1 Formulating the flow problem
2 Modelling the geometry and flow domain
3 Establishing the boundary and initial conditions
4 Generating the grid (mesh)
5 Establishing the simulation strategy
6 Establishing the input parameters and files
7 Performing and monitoring the simulation
8 Post-processing the simulation to get the results
9 Repeating the process to examine sensitivities
10 Documenting

According to those steps, the second part of the thesis is divided into sub-paragraphs

to explicitly specify the choices made and the reasoning behind them.

The simulation is carried out in a commercial software by Siemens Digital Industries
Software called Simcenter STAR-CCM+. It is a multiphysics CFD software for modelling
and simulation of a wide range of physics and flow processes. The integrated
environment includes CAD, automated meshing, multiphysics CFD and sophisticated
postprocessing [24]. STAR-CCM+ was first developed by CD-adapco under the name of
STAR-CD which was founded in 1980 in Imperial College London. The lead academics
behind the birth of the software were David Gosman and Raad Issa. The company and

the software were bought out by Siemens in 2016. [25]
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2.1 Flow domain and geometry

This sub-paragraph encompasses steps 1-2 of the CFD analysis process (Table 2.1). The

first task is to define the objective and the geometrical conditions of the analysis.

The objective of the analysis is to model the natural convection in a two-layered corium
pool, whereas the lower oxide layer has a volumetric heat source simulating the decay

heat. This analysis would be describing the steady state of the turbulent flow in a cavity.

2.1.1 Dimensionality

Several core-melt experiments and simulations have been performed in 2D or 3D pool
geometries. In real life, the process of course takes place in a three-dimensional
environment but for the simulation, 3D is computationally much more demanding. To
assess the effectiveness of 2D models in capturing different flow patterns and heat

exchange, thorough research has been carried out.

/——

2-D 3-D

Figure 2.1: Difference of flow patterns between 2D and 3D geometries [26]

Considering the geometry of a BWR design, axisymmetric 2D domain would not simulate
the effects of the continuously cooled control rod guiding tubes (CRGTs). As observed
by Torregrosa et al. [27], the structural creep of the RPV wall starts to accelerate ~15
minutes later in the 3D model than in the 2D model which did not consider the CRGT

cooling.

Kim, Park and Chung [26] observed different flow patterns for 2D and 3D geometries
(Figure 2.1) in the oxide pool. In a 2D geometry, the flows move on a plane, whereas
the 3D geometry displays radial dispersion of the upward flows and are therefore
expected to be weakened as they proceed to the edges. Since the 2D flows move
linearly, they are not significantly weakened, which leads to more uniform and higher

upward heat transfer.
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After performing 3D IVR natural convection experiments simulating the oxide layer and
comparing the results with the 2D experiments, Bae and Chung [28] observed that the
influence of the main-flow on the top plate heat transfer was larger for the 3D
experiments than for the 2D experiments. Also, the heat dispersion in the domain was
monitored. The Q,,/Q:. ratio, which describes the focusing effect, was lower for the 3D
case. This indicates that the heat dispersion in the 3D geometry is larger than in the 2D

domain and therefore the focusing effect is also less severe in the 3D geometry.

Filippov and Kamenskay [29] stated that the estimated mesh size for correct modelling
of the stratified melt pool was close to 100M cells but to accelerate calculations, 2D
axisymmetric approach may be used as they showed satisfactory results in cases of

moderate Rayleigh numbers (Ra; < 10'%).

Considering the findings of the mentioned papers and the steady-state condition of the
flow problem, 2D axisymmetric is the better choice because of the computational
efficiency and the more conservative nature of the simulation which is described by the

higher heat transfer to the molten metal pool above the oxide layer.

2.1.2 Geometry

The RPV geometry used in the quasi-SMR simulation is based on the GE-Hitachi’'s BWRX-
300 small modular reactor (Figure 2.2). BWRX-300 is a 300 MWe water-cooled, natural
circulation SMR. BWRX-300 is the tenth generation of the GE’s BWR family. The BWRX-
300 plant goal is to have a 95% capacity factor. [30]

Steam line nozzles ——

Dryer

Separators

Feedwater
inlet nozzles

Chimney
Reactor pressure

vessel (RPV)

Core

Control rod blades

Fine motion control
rod drives (FMCRDs)

Figure 2.2: BWRX-300 reactor pressure vessel with internals [30]
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The measurements of the RPV were obtained from the General Description of the BWRX-

300. The key parameters of the pressure vessel are listed in Table 2.2.

Table 2.2: Key parameters of the RPV

Inside diameter D 4 m
Wall thickness § 0.136 m
Total height H,,,,;, 27.4m

The height of the stratified corium pool was computed using the core inventory data
[31] of BWR-5 - fifth generation reactor of the GE's BWR family. The coefficient R used
to calculate the corium layer volumes of the quasi-SMR was based on the ratio of

thermal powers:

_ P.(BWRX —300)
" P,(BWR-05)

(2.1)

Table 2.3: Properties of oxidic and metallic layers

Parameter BWR-5 Quasi-SMR
Power (thermal) P, 2029 MW, 870 MW,
Coefficient R 0.43

Oxide layer volume V,, 10.07 m3 4330 m?
Metallic layer volume V,,,, | 2.43 m? 1.045 m?

Based on the key parameters of the RPV and the calculated volumes of the oxide and

the metal layer, layer heights can be computed.

H=—=—2L (2.2)

Table 2.4: Stratified corium pool layer heights
Oxide layer height H,, ‘ 0.345m

Metallic layer height H,,,, ‘ 0.083 m

Based on the obtained layer heights, geometry of the stratified lower plenum of the
quasi-SMR was modelled. Since no detailed design documents of the BWRX-300 were
available, the lower head was simplified. During the IVMR operation, the whole volume

of the containment structure would not be flooded. To consider this, the water level was
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set to 1 meter from the bottom. Part of the RPV in contact with air above the water is
not modelled because based on the different heat transfer coefficients of air and water
the heat exchange between the RPV and air would be negligent. Disregarding the upper
part of the RPV also saves a lot of computational resource as the corium pool situates
only in the lower 2% of the RPV.

As discussed in 2.1.1, 2D axisymmetric domain is chosen to model the flow domain.
This means disregarding the CRGTs as for BWR-type reactors, control rods enter from

below (Figure 2.2).

To obtain the axisymmetric 2D geometry, the 3D domain with the axis on the X-axis
and the whole domain above the local Y=0 plane must be modelled. Therefore, the first
step is to model a quarter sector of the 3D model and then badge the 2D parts to obtain

the 2D geometry (Figure 2.3).

. Oxidic pool
_\-\-\L_"‘"——
e —
T RPV
-

Figure 2.3: Quarter sector of the 3D model with badged 2D parts
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2.2 Boundary and initial conditions

The next step of the CFD analysis process (Table 2.1) is to establish boundary and initial
conditions. Each obtained part (metallic layer, oxidic pool, RPV) is assigned to a region
and their initial and boundary conditions are given. This ensures the simulation to start
from an initial solution and to use an iterative method to reach a final flow field steady-

state solution. [23]

T

6CFUS(

AXIS

Oxide crust T

Figure 2.4: Graphical representation of parameters

2.2.1 Reactor pressure vessel

The material used for reactor pressure vessel is SA-508 [30]. The needed properties of

the alloy are shown in Table 2.5. The values are constant.

Table 2.5: Thermal properties of the RPV [32]

Property Value
Density pgpy 7600 kg/ms
Specific heat C,zpy 625 /1g .k
Thermal conductivity kgpy 35 W/«

The initial temperature Ty, of the RPV is set to 25°C. The outer side and bottom
boundary of the RPV would be surrounded by water at T,, which is set to static

temperature of 100°C.
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The top section of the RPV, which is not modelled, affects the heat exchange minimally
so the boundary between the bottom and the top section (upper boundary of the
modelled RPV region) is assumed to be adiabatic. If anything, these assumptions

contribute to the conservativeness of the analysis.

2.2.2 Oxidic pool

The oxidic pool consists of U0, and ZrO,. The height of the oxidic pool H,, is previously
obtained in Table 2.4. The mass composition of the layer is based on the reduced size

of BWR-5 [31]. The necessary thermal properties of the layer are shown in Table 2.6.

Table 2.6: Properties of oxidic and metallic layers [31]

Property N?::r)m Oxidic pool Metallic layer
Thermal expansion coefficient B (1/K) 1.05E-04 1.10E-04
Thermal conductivity k(W) | 5.3 31.4

Dynamic viscosity u(Pa-s) 5.35E-03 4.00E-03
Specific heat ¢y (/g k) | 508.10 539.53

Density p(kg/m3) 8467.85 6302.82
Liquidus temperature T; (K) 2973 1600

The initial temperature of the oxidic pool is set to the liquidus temperature of the oxidic
layer at 2973 K. All boundaries are conducting whereas between the oxidic pool and the
RPV there is conjugate heat transfer and between oxidic and metallic layers there is a

conducting baffle.

Oxide crust

Due to the melting and solidification processes in the oxidic domain, the so-called corium
crust is formed at the periphery of the oxidic pool. This is a key phenomenon for the
IVMR strategy as due to the lower thermal conductivity of the crust, the focusing effect
in the metallic layer takes place. The crust acts as a thermal and mass transfer

resistance at different layer configurations, establishing the pool formations.
The current model takes the oxidic crust into account as a stationary model without any

physical domain. The effect of the crust is modeled by thermal insulance, which is a

function of thermal conductivity and thickness of the crust:
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Scrust
Ry crust = o , (2.3)

kcrust

where k.. is the thermal conductivity and 6., is the thickness of the oxidic crust.
Based on the crust’s thermal conductivity value from [2] and the approximate constant

thickness of the crust at 1 cm, the thermal insulance of the crust is

_00L_  h0zea ™K (2.4)
T373 w o’ '

6crust

Rl,crust = K
crust

The approximate thickness of the crust is obtained by monitoring the temperature field
during the simulation and assessing the average thickness of the sub-liquidus

temperature layer at the boundary.

The crust’s insulation is modelled only at the oxide-RPV interface since the temperatures
between the oxidic and metallic layers are higher than the liquidus temperature of the

oxidic crust which would melt the crust at the oxidic-metallic layer interface.

Volumetric heat source

The heat generation rate is assumed to be distributed in the oxidic pool since the main
component of the layer is U0, which holds the decay heat from the fission process. To
set a uniform value throughout the domain, volumetric heat source option is used in the

oxidic pool.
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Figure 2.5: Liquified and relocated debris mass of BWR-5 [31]
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Figure 2.6: Decay heat in the reactor core and the lower head of BWR-5 [31]

Two main parameters that define the total residual (decay) heat are the volume of the
oxidic pool and the timing for the two-layered configuration [2]. As seen in Figure 2.5,
the whole liquefaction takes place after ~7500 seconds. In Figure 2.6, the corresponding
decay heat for BWR-5 at t = 7500 seconds would be ~27 MW. Multiplying the result with
the coefficient R from Table 2.3, the total residual heat of the quasi-SMR would be 11.6
MW.

To obtain the volumetric heat source value, the residual heat must be divided by the
volume of the domain:

1.6 MW

0=y =133

<|Q
-

This value is extremely conservative as it does not consider the time for stratification
nor the lower initial residual power of the SMR which would cause the debris to liquefy
and relocate slower than the 7500 seconds assumed in the present case. Longer time
to relocate would therefore lead to lower decay heat and lower volumetric heat source
value. The conservativity is also displayed when comparing the 7500 second timing with
the assessed timing of 4+ hours (14400+ seconds) of AP-600 [2]. In the latter case,
the total residual heat in the lower head of the quasi-SMR would be ~10 MW and the

volumetric heat source therefore ~2.3 MW/m3.
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2.2.3 Metallic layer

The height of the metallic layer H,,, is previously obtained in Table 2.4. The mass
composition of the layer is based on the reduced size of BWR-5 [31]. The necessary

thermal properties of the layer are shown in Table 2.6.

The initial temperature of the metallic layer is set to the liquidus temperature of the
oxidic layer as the two-layered configuration is formed by stratification which means
active heat transfer and the convergence of the temperatures in the whole lower

plenum.

As mentioned before, the oxidic-metallic layer interface acts as a conducting baffle
interface; the metallic layer-RPV interface as conjugate heat transfer wall and the top

boundary of the metallic layer is adiabatic to maximize the conservativity of the model.
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2.3 Mesh generation

To simulate the flow, the domain is discretized into a grid. STAR-CCM+ has a built-in
automated mesher which generates surface and volume meshes for its input parts. The

mesh generator decomposes the flow domain into control volumes [33].

Figure 2.7: Generated mesh of the simulation domain

The mesh must consider among other things the velocity profile, the phase of the
medium, computational resource, and the curvature of the domain. In this work’s case,
the velocity and its gradient are the highest along the walls as the hotter and lighter

fluid cools down and becomes denser.

Regarding the velocity profile along the wall in the fluid, the boundary layers have to be
resolved thoroughly in order to accurately simulate the mass flow and heat exchange at
the boundary. A layer of structured prismatic cells is used to capture the strong
transverse gradients of the solution with less numerical diffusion than an unstructured
volume mesh would. As velocity field is present only in the fluid domain, prism cells are

not necessary at solid regions (Figure 2.7).

When generating the prism layer, the most important boundary layer parameter to

monitor is the y+ value. y+ is interpretable as a local Reynolds number that determines
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the relative importance of viscous and turbulent processes. The wall region is divided

into layers depending on the y+ value. The layers are:

1. The viscous sublayer (y* < 5) - the fluid is dominated by the viscous effect and
the Reynolds shear stress in negligible

2. The logarithmic area (y* > 30) - turbulence stress dominates the flow and
velocity profile varies vary slowly along the distance y

3. The buffer layer (5 < y* <30) - the buffer layer is the transition between the
viscous sublayer and the logarithmic area. Viscous and turbulent stresses are of

similar magnitude

A suitable y+ value is defined by the choice of turbulence model and is subject to
optimization through remeshing. The current model uses Low Reynolds Standard K-
Epsilon (Low-Re SKE) model, which for the higher accuracy in natural convection cases
should have a y* < 1. To achieve a satisfactory y+ value, the height of the first layer of
prism cells can be adjusted while keeping the total layer and stretch factor (a ratio of
neighbouring layer heights) within required limits. The y+ value for the mesh was well
below 1 for all wall regions to leave a margin for the greater cell size in the mesh

independence study step of the CFD analysis process.

To account for varying meshing considerations in different regions, all three regions are
meshed separately. For all regions, the bulk of the region is meshed using polygonal
mesher and for metallic and oxidic layers, prism layer mesher is used at the boundaries

(Figure 2.7). The total cell count of all regions is displayed in Table 2.7.

Table 2.7: Cell count of the regions in the used mesh

Part Cell count
RPV 47 371
Oxidic layer 30 512
Metallic layer 23 222
TOTAL 101 105

The growth rate of the cells in the oxidic layer is as low as possible (~1) because of the
volumetric heat source in the layer. Through trial and error, the layer demonstrated bad

convergence per heat balance if the growth rate was not close to 1.
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2.4 Simulation strategy

Simulation strategy involves determining things as the use of the turbulence model,
melting and solidification model, the choice of the solver etc. After deciding on the
strategy, the simulation has to be validated against a relatable experiment in the field

to assess the error the model produces.

Due to the turbulent nature of the natural convection heat transfer in the melt core, the
correct choice of the turbulent model is necessary. This can be achieved by simulating
a corresponding experiment and comparing the errors of different turbulence models to
find the most appropriate one. Due to the two-dimensional geometry of the model, the
large eddy simulation models (LES) are not able to resolve the turbulence. Therefore,
the Reynolds-averaged Navier-Stokes (RANS) based models are used to model the

turbulence in the domain.

Several CFD studies have shown that the numerical simulations for the flow
configurations associated with the core melt scenarios are challenging. By validation
study, Aounallah et al [34] concluded that the k-w SST model provided more accurate
results than the k-g&¢ model. However, the models have always had difficulties

reproducing the mean flow [35].

The Algrebaic heat flux model by Nuclear Research and Consultancy Group (AHFM-
NRG+) was developed in 2018 to provide better results for natural, mixed, and forced
convection flow regimes for unity and low Prandtl fluids. The model is based on Low-
Reynolds Standard k-g turbulent model which is in turn calibrated by changing the
coefficients (Table 2.8) of the Temperature Flux Model in STAR-CCM+. [35]

Table 2.8: Temperature Flux Model coefficients of AHFM-NRG+

Model coefficient Value

R 0.5

Sigma-Theta2 1

CtuO 0.2

Ctul 0.25

Ctu3 —4.5-107°-log’(Ra - Pr) + 2.5
Ctu4 0
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The coefficient Ctu3 has a significant influence on the prediction of natural convection
flows, and it highly depends on the Rayleigh and Prandtl number values of the
corresponding domain. Therefore, a logarithmic function of the values of Ra and Pr
define the value of the coefficient. Thanks to this correlative coefficient, the model can

be efficiently used for different working fluids.

Due to the difference in Rayleigh and Prandtl numbers, the coefficients differ for the
metal and oxide layer. The calculated values of the Ctu3 coefficients for both stratified

layers are shown in Table 2.9.

Table 2.9: Ctu3 coefficient calculations for different layers

Layer Rayleigh number | Prandtl number Ctu3 coefficient
OXIDIC 3.04 - 102 0.5129 2.32
METALLIC 1.79 - 10° 0.0687 2.5

Furthermore, a constant density model together with the Boussinesq approximation is
used. Boussinesq approximation ignores any changes in the fluid density due to
temperature gradients except in the weight term in the momentum equation.
Boussinesq model can be used for flows with small temperature differences. The density

variations are assumed to have a linear dependence on temperature: [36]

p = po—Bpo(T —To) (2.11)

The turbulent Prandtl number (Pr,) is necessary to solve the heat transfer problem of
two-dimensional turbulent boundary layer flows. Modelling in this work employs a
constant turbulent Prandtl number of 0.9 - a default value set in STAR-CCM+.

2.4.1 Validation against BALI experiment

BALI experiment was designed in 1993 to create a knowledge basis about heat transfer
distribution at boundaries of corium pools for in-vessel or ex-vessel configurations. The
BALI facility uses water as simulant fluid for corium whereas the same magnitude for
Prandtl number is maintained as for oxidic corium. Volumetric heating of the domain is
achieved by direct current heating in a 2D full scale 15cm thick hemi-cylindrical
geometry (Figure 2.8). The facility is externally cooled by a coolant which causes the

water in the domain to solidify. [11]
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Figure 2.8: BALI in-vessel test section

To compare the experimental results to the results from the simulation, 5 parameters
are monitored using the same physics models as in the main IVMR simulation:
1. Internal Rayleigh number Ra;
External Rayleigh number Ra,
Nusselt number of the top section Nu,,

Nusselt number of the curved section Nug,

i A wWN

i chrved
Ratio / 0

All of the solver and model settings are the same as mentioned before apart from the
Ctu3 coefficient. The Ctu3 coefficient used in the BALI case is 0.5.

In addition to validating the physics models, the choice between segregated and coupled
flow solvers is made based on the error and total CPU solver time. Even though coupled
solvers are usually recommended in the natural convection case, segregated fluid
solvers are easier to use and the AHFM-NRG+ turbulence model was validated using a

segregated fluid solver together with the segregated fluid temperature model. [35]

In order to account for the ice formation, the bottom part of the geometry is cut which

simplifies the problem because ice formation can therefore be set as a boundary
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condition. Every wall except the left one has the boundary condition of constant

temperature of 273K. The boundary condition of the left vertical wall is adiabatic.

Temperature (C) Velocity (m/s)

39.957 .0.060916
I 31.965 I

23.974

0.048733

0.036549

15.983

0.024366

7.9914 0.012183

0.00000 0.00000

Figure 2.9: Temperature field of the Figure 2.10. Velocity field of the BALI
BALI simulation simulation

The mesh used to simulate the BALI experiment consists of 200K cells. The main volume
is meshed by polygonal mesher and the walls are meshed using a prism layer mesher.

There are 10 prism layers at each wall expect the adiabatic vertical wall.

To shorten the time necessary until the absolute convergence, an iterative convergence
error of 1% is allowed. Convergence is measured by monitoring the heat balance and
the mean temperature fluctuations. An iterative convergence error of 1% in this case

means that the results are gathered when the temperature is not visibly rising and

Qout = 0.99- Q4 (2.12)

where Q,,. is the heat going out through the top, bottom and the curved part of the wall

and Q;, is the volumetric heat source which in this simulation’s case is 15.7 kW.

Table 2.10: Results of the validation

Experiment Coupled Segregated Coupled error Segregated error
Ra_internal 2.27E+16 2.64E+16  2.66E+16 16% 17%
Ra_external 3.75E+12 4.58E+12  4.43E+12 22% 18%
Nu_top 2693  2397.6 2468.44 11% 8%
Nu_curved 1441 1614.6 1642.85 12% 14%
Q_curved/Q 0.524 0.4 0.39 24% 26%
Solver CPU time [s] 100556 33894
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Figures 2.9 and 2.10 present the temperature and velocity fields of the validated BALI
experiment. The results of the validation (

Table 2.10) show how accurately the AHFM-NRG+ turbulence model solves the BALI
experiment problem compared to the other turbulence models used in [35]. Considering
the iterative convergence error of 1%, the results are satisfactory. In comparison,
coupled solver is less accurate than the segregated solver while being computationally
~3 times more demanding. Hence the segregated flow solver would be used to simulate

the main IVMR strategy problem.
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2.5 Mesh Independence Study

The simulation process has to be repeated to examine sensitivities of the computed
results and the computational efficiency. Verification assessment process consists of
multiple steps, one of them being the mesh independence study. Examining grid
convergence is necessary to determine the ordered discretization error in the simulation.

The method involves performing the simulation on successively finer grids. [37]

A grid convergence index GCI provides consistent way of reporting the results of grid
convergence. The GCI can be computed using two levels of grid but three are
recommended to accurately estimate the convergence. GCI also provides a result based
on Richardson’s extrapolation as the grid resolution approaches zero. The GCI shows
how much the solution would change with a further grid refinement. The GCI is defined
as: [37]

l€l

GCl = F - ——

(2.13)

where F, is a factor of safety, € is the relative error compared to the finer grid, r is the
grid refinement ratio, p is the order of convergence. When comparing three or more

grids, the factor of safety is F, = 1.25. The grid refinement ratio r can be computed from:

r= (Z—:)% (2.14)

where N is the total number of grid points used for the grid and D is the dimension of
the flow domain. The order of convergence p can be obtained from three solutions of

the three grids:

p=1In (2 :;j)/ln(r) (2.15)

where f is the solution of the grid.

After finding the grid convergence indices for 3 grids, the solutions have to checked to

be in the asymptotic range of convergence for the computed solution:

GC123 = rpGCIlz (2.16)
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2.5.1 Grid convergence study of the IVMR problem

To determine the ordered discretization error and the result as the grid resolution
approaches zero, a grid convergence study is carried out with the solutions of the
simulations of varying grid resolutions. The most important parameter regarding the
IVMR strategy is the external heat flux of the RPV. Therefore, this maximum local heat
flux would be the monitored. As all of the regions are meshed separately, the effects of
different combinations are too great to alter the mesh size of each region. Hence, only
the mesh size of the oxidic pool is changed due to the volumetric heat source in the

layer.

Table 2.11: Grid convergence study input data

Caseno | Base size (mm) Cell count RPV max flux (W/m?)
1 8,66 47040 748347,37
2 11 30512 747615,55
3 15 18472 746424,48

Based on the input from Table 2.11 we can examine the grid convergence of the
simulation. The grid refinement ratio r is found for both grid refinement operations 1-2
and 2-3. The order of convergence is then found based on the average value of both
grid refinement ratios. Solutions are indeed in the asymptotic range of convergence as
the R value is approximately 1. Finally, through Richardson extrapolation, the

assumption for obtaining the maximum local heat flux at zero grid spacing can be made.

Table 2.12: Grid convergence study results

r p error GCl R flux h=0
Grids 1-2| 1.241648| 2.0829237| 0.0009779 0.195%| 1.000978881 749513.59
Grids 2-3| 1.285223 0.0015932 0.317%
AVG 1.263435

The grid convergence study results are shown in Table 2.12. Based on the grid
convergence study, the maximum local heat flux is estimated to be 749 514 W/m? with
an error band of 0.195% or 0.002.
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2.6 Simulation results

The final step of the CFD analysis process encompasses post-processing the simulation

and documenting the findings of the analysis.

The temperature field of the complete model (Figure 2.11) visualizes the potential creep
and ablation/melting region that would occur in the RPV due to the higher than melting
temperatures. The melting point of SA-508 steel is 1500°C [32]. The line between the
grey and blue are in Figure 2. represents the melting temperature of the steel. It has to
be noted that due to the melting and addition of steel, the focusing effect and the

thermal load would decrease.

Temperature (C)
4202.1

3381.7

2561.3

11740.8

Figure 2.11: Temperature field of the complete model

More specifically, the temperature field in the fluid regions (Figure 2.12) shows, how
the highest temperature area is by the radial axis in the metallic layer. The average
temperature of the metallic layer is 4150°C and 4112°C for the oxidic pool. The actual
temperature would be lower due to radiative heat flux off the top layer of the metallic

pool.

The temperature field of the fluid regions shows the lack of temperature areas under
the liquidus temperature of the oxidic pool which would mean that there would be no
crust present. The crust would in fact appear in the region of the RPV creep due to the

differences of liquidus temperature of the oxide crust and the melting point of the RPV.
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Figure 2.12: Temperature field of the fluid regions

The velocity field of the fluid regions (Figure 2.13) demonstrates the natural convective
nature of the flow. As fluids cool by the walls, they become denser, and the flow path is
formed. From Figure 2.12 and Figure 2.13 it is visible how the internal stratification

patterns in the oxidic pool are formed.

Velocity (m/s)
0.058445

0.046756
0.035067

0.023378
10.0711689
0.00000

The local boundary heat flux of the outer wall of RPV is shown in Figure 2.14. This

Figure 2.13: Velocity field of the fluid regions

demonstrates the focusing effect in action as the highest local heat flux is at the location
of the metallic layer. The downward heat flux is ~0.5 MW/m? and it is uniform as the
thickness of the corium crust is constant. The side-wall heat flux presents the impact of
the focusing effect as the local heat flux is at maximum at the metal layer’s height. The
maximum local heat flux based on the simulation and the grid convergence study is
~0.75 MW/m?.
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Figure 2.14: Outer heat flux profile of the RPV

The maximum local heat flux value stays comfortably well below the CHF value of ~1.5
MW/m? [2] (computed from 1.15) which corresponds to the CHF value at 8 = 0°. The
most dangerous situation, however, is in the transient phase due to different layer
configurations of the corium pool. The maximum heat fluxes in the transient phases
show an increase of 1.6-2.4 times compared to steady-state simulation [38]. This would

mean maximum heat fluxes up to 1.8 MW/m?, which would already cause a boiling crisis.
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3. CONCLUSIONS AND DISCUSSION

The current knowledge makes it possible to adopt the IVMR strategy to conventional
reactors that are at or below 600 MWe. For SMRs, the compact design poses series of
challenges which makes the re-assessment of the strategy necessary before adoption

for these types of designs.

As a result of the simulation, the maximum local heat flux in steady-state configuration
in case of 11.6 MW decay heat was found out to be ~0.75 MW/m?, which is well below
the CHF but could present problems in the transient situations. The maximum heat
fluxes in transient phases could be up to 2.4 times higher which would already cause a

boiling crisis.

The results of the simulation are consistent based on the BALI experiment and
comparing the velocity and temperature profiles of other studies. However, the
temperatures of both metallic and oxidic layers are significantly higher than mentioned

in the literature. This could be caused by too conservative decay heat value.

The most influential parameter to define the maximum local heat flux is the value of the
volumetric heat source. Therefore, as the assumed decay heat is conservative, the result
also is conservative. The accuracy of the model could greatly be improved by calculating
the decay heat more precisely using appropriate codes. Because decay heat depends on
the timing of the accident, implementation of suitable codes would be needed to

simulate the melting process as well.

The model could also be greatly improved by implementing melting and solidification
physics models of the corium pool and the RPV. This would simulate the real conditions
more accurately and highlight the actual magnitude of the creep more precisely. This
would be the next necessary step to implement in order to highlight the coolant’s ability

to maintain the structural integrity of the RPV.

The IVMR strategy itself could be upgraded by implementing nhumber of engineering
practices, the most notable ones being in-vessel injection and external coating of the
vessel. Injection would greatly decrease the concentration factor, therefore diminishing
the negative consequences of the focusing effect during the transient phases. External
coating has been proven to work in small-scale experiments, but they have to be tested

in bigger scale in order to become a feasible part of the IVMR strategy.
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SUMMARY

Nuclear energy has been a low-emission energy source for over 60 years. During this
time, there have been three major accidents which have also resulted in the nuclear
core overheating and relocating. The corium continues to emit decay heat which raises

the temperature of the pool and the reactor pressure vessel (RPV).

The molten corium could either be let to penetrate the reactor pressure vessel and
caught by an external core-catcher or it could be kept inside the reactor pressure vessel
by externally cooling the vessel. The latter strategy is called In-vessel melt retention
(IVMR) strategy and it has been proven to work for sub-600 MWe LWRs such as VVER-
400 and AP-600. Due to geometrical limitations of small modular reactors, the IVMR
strategy should be re-assessed. This thesis acts as a preliminary estimation for the

feasibility of the strategy for SMRs.

The applicability of the IVMR strategy depends on the heat transfer between the reactor
pressure vessel and the surrounding cooling agent to preserve the structural integrity
of the RPV. The most cost-effective and abundant coolant is water which is also

considered for the IVMR strategy.

The heat transfer between the RPV and the surrounding water is complex due to the
boiling and bubble formation at the RPV-water boundary. As the heat flux from the
vessel rises, a dangerous phenomenon — boiling crisis - could present itself. The boiling
crisis occurs when the heat flux from the RPV exceeds the critical heat flux (CHF) of

water at set conditions.

The magnitude of the heat flux from the corium pool to the RPV and the consequent flux
from RPV to surrounding water depends on the stratification of the pool. As the fuel
assemblies and the internal structures melt due to the temperature rise, the pool starts
to stratify because of density differences. The pool undergoes several configurations
until it reaches a two-layered steady state with oxidic pool in the bottom and metallic
layer on top. The oxidic layer has a high liquidus temperature which results in the crust
formation at the pool-RPV interface. This in turn causes the upward heat flux from the

oxidic pool to the metallic layer to increase.

The amplification of heat flux on the RPV wall is described by focusing effect which
depends on the height of the metallic layer, the radius of the corium pool, the heat flux
from the oxidic pool, and the boundary conditions. The focusing effect decreases with

the increase of the metallic layer height which is why the most dangerous configurations
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are the transient ones where the metallic layer has not fully developed, and the decay

heat is higher than in the steady state.

The second part of the thesis focuses on the numerical modelling of the quasi-SMR to
assess the thermal hydraulic phenomena and the maximum local heat flux from the RPV
to the surrounding water. The CFD analysis was performed using STAR-CCM+ to model

the lower head of the reactor pressure vessel and the stratified two-layered corium pool.

The geometry was built up using 2D axial symmetry, whereas the parameters of the
RPV were obtained from BWRX-300 and the ones of the corium pool from reduced BWR-
5. The oxide crust was modelled as thermal insulation and the decay heat was
distributed in the oxidic pool as volumetric heat source. The turbulent model used in the
simulation was AHFM-NRG+ which is based on the Low-Reynolds Standard K-Epsilon
turbulence model in conjunction with the temperature flux model. The density

fluctuations were modelled by using Boussinesq model.

The numerical model was validated against the BALI experiment which was developed
in 1999 to investigate the melt pool convection and heat transfer. The validation results
were satisfactory and presented similar results with the experiment. As part of the
validation, segregated flow solver was selected due to higher computational efficiency

compared to coupled flow solver.

After the validation, the model was applied to the 2D axisymmetric geometry of the
quasi-SMR. The velocity and temperature fields presented similar flow patterns as
confirmed by the previous works. As a result of the simulation, the maximum local heat
flux in steady-state configuration in case of 11.6 MW decay heat was found out to be
~0.75 MW/m?, which is well below the CHF but could present problems in the transient

situations.
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KOKKUVOTE

Tuumaenergia on olnud inimkonna jaoks madalaheitmelise elektri allikas lile 60 aasta.
Selle aja sees on toimunud kolm suuremat onnetust, mille tagajarjel on toimunud
reaktori tuuma sulamine ja selle Umberpaigutumine. Sulaolekus kooriumis jatkub

jaaksoojuse teke, mille tagajarjel suureneb kooriumi ja surveanuma temperatuur.

Sulanud kooriumiga on vdimalik kaituda kahel viisil - sellel voib lasta sulada |abi reaktori
surveanuma ning seejarel pllda see spetsiaalse tuumapiitdjaga voi hoida sulanud
massi reaktori surveanuma sees valise jahutuse abil. Teist strateegiat nimetatakse IVMR
(In-vessel melt retention) strateegiaks. Arvutuslikult ning eksperimentaalselt on
toestatud IVMR strateegia sobivus alla 600 MWe kergveereaktoritele nagu naiteks
VVER-400 ja AP-600. Vaikeste moodulreaktorite (VMR) geomeetriliste ja disainiliste
isedarasuste tottu tuleb (le vaadata IVMR sobivus VMRide puhul. See [6putdd esitab

esialgse hinnangu IVMR strateegia sobivusest VMRidele.

IVMR strateegia rakendatavus sOltub soojusvahetustest reaktori surveanuma ja
Umbritseva jahutusagensi vahel, et sailitada surveanuma strukturaalne terviklikkus.
Kdige dkonoomsem ja laialdaselt kasutatavam jahutusvedelik on vesi, mis on kesksel
kohal ka IVMR strateegia puhul.

Soojusvahetus surveanuma ja Umbritseva vee vahel on keeruline erinevate
keemismehhanismide ja mullide tekkimise tottu surveanuma ja vee piirpinnal.
Soojusvoo suurenemine vOib kaasa tuua keemise kriisi — ohtliku fenomeni, mis esineb
juhul, kui surveanumast parinev soojusvoog Uletab kriitilise soojuskoormuse ja

mullkeemine laheb lle kelmeliseks keemiseks.

Soojuskoormuse vaartus kooriumi ja surveanuma ning surveanuma ja Umbritseva vee
vahel sOltub kooriumi kihistumisest. Sulanud ki{tusekoostude ja sisemiste
terasstruktuuride tiheduste erinevuste tottu on  kooriumil iseloomulikud
kihistumismustrid. LOplikus tasakaaluseisundis on koorium kahes kihis - all olev
oksiidikiht ning pealmine sulametallikiht. Oksiidikihil on kdrge sulamistemperatuur,
mistottu  moodustub oksiidikihi ja surveanuma piirile oksiidikoorik. Kooriku

moodustumine suurendab kahe kihi vahelist soojuskoormust.

Soojusvoo voimendumist surveanuma seinal kirjeldab koondumisefekt, mis soOltub
metallikihi kdrgusest, surveanuma sisemisest raadiusest, oksiidikihi soojusvoost ning
aaretingimustest. Koondumisefekt vdheneb metallikihi kdrguse suurenemisega,

mistottu on koige ohtlikumad kihistumiskonfiguratsioonid sellised, kus pealmine
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metallikiht on dhukene. Vastavad ohuolukorrad on just Gleminekufaasid, kui metallikiht

pole taielikult valja arenenud ning jaaksoojus on kdrgem kui tasakaaluolekus.

LOputoo teine osa keskendub vaikese moodulreaktori numbrilisele modelleerimisele, et
hinnata termohidraulilisi fenomene ning maksimaalset soojuskoormust reaktori
surveanuma ja Umbritseva vee vahel. CFD (Computational Fluid Dynamics) anallls on
labi viidud kasutades STAR-CCM+ tarkvara. Selleks on modelleeritud reaktori

surveanuma alumine osa ning kahekihiline koorium.

Mudeli geomeetria on kujutatud 2D aksisimmeetrilisena, kusjuures surveanuma
parameetrid parinevad BWRX-300 andmetest ning kooriumi parameetrid vahendatud
BWR-5 andmetest. Oksiidikoorik on modelleeritud soojusisolatsioonina ning jaaksoojus
on uUhtlaselt jaotunud oksiidikihis. Turbulentsimudelina on kasutusel AHFM-NRG+, mis
pohineb Low-Reynolds Standard K-Epsilon mudelil ja temperatuuri voo mudelil.

Tiheduse muutumine on modelleeritud kasutades Boussinesqi ldhendust.

Kasutatav STAR-CCM+ mudel on valideeritud kasutades BALI eksperimenti, mis viidi
Iabi 1999. aastal, et uurida kooriumi konvektsiooni ja soojusvahetust. Valideerimise
tulemused olid rahuldavad ja tulemused sarnanesid eksperimentaalsetele tulemustele.
Lisaks tulemuste hindamisele osutus edasiste arvutuste tegemiseks valituks eraldatud
lahendaja kasutamine, kuna see pakkus vorreldes sidestatud lahendajaga oluliselt

suuremat arvutusékonoomsust.

Parast valideerimist rakendati flilsikamudel eelmainitud 2D aksisimmeetrilisele
geomeetriale. Simulatsiooni tulemusel valjajoonistunud kiirus- ja temperatuurivéljad
sarnanesid varasemate t66de omadega. 11,6 MW jadksoojuse korral on maksimaalne
soojuskoormus tasakaaluolekus ~0,75 MW/m?, mis jaab kull alla kriitilise

soojuskoormuse, kuid mis vdib tekitada probleeme Uleminekufaasides.

Maksimaalset soojuskoormust mdjutab kdige rohkem valitud jadksoojuse vaartus. Kuna
t6ds kasutatud jadksoojus on konservatiivne, siis on ka saadud tulemus konservatiivne.
Mudelit saab oluliselt arendada rakendades sulamis- ja tahkestumismudelid kooriumile
ja reaktori surveanumale, mille abil saaks tdpsemalt simuleerida oksiidikooriku teket ja

selle mdju ning surveanuma sulamisulatust.
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APPENDIX 1 Pikendatud kokkuvote

Tuumaenergia on olnud elektrivirgu osa aastast 1954, kui Ndukogude Liidus Obniskis
Uhendati vorku 5 MW jaam. Alates sellest ajast on inimkonnal ile 18 000 reaktoriaasta
kogemust. Selle aja jooksul on toimunud kolm suuremat onnetust, mis on ka viinud
osalise voi taieliku tuuma Ulessulamiseni — olukorrani, mis esineb, kui reaktori poolt
toodetud energia Uletab jahutusvedeliku poolt drajuhitava soojuse. Selle tagajarjel
soojus akumuleerub kiitusekoostudes ja temperatuuri tdusu tagajarjel need hakkavad
sulama. Sulanud tuumkiituse ja terasstruktuuride mass - koorium - paigutub GUmber

reaktori surveanuma pohja.

Sulanud kooriumiga on vdimalik kaituda kahel viisil - sellel voib lasta sulada |abi reaktori
surveanuma ning seejarel pillda see spetsiaalse tuumaplidjaga voi hoida sulanud
massi reaktori surveanuma sees valise jahutuse abil. Teist strateegiat nimetatakse IVMR
(In-vessel melt retention) strateegiaks. Arvutuslikult ning eksperimentaalselt on
toestatud IVMR strateegia sobivus alla 600 MWe kergveereaktoritele nagu naiteks
VVER-400 ja AP-600. Vaikeste moodulreaktorite (VMR) geomeetriliste ja disainiliste

isedrasuste tottu tuleb lle vaadata IVMR sobivus VMRide puhul.

Selle 16putéd eesmark on kirjeldada kihistunud kooriumi termohiidraulilisi fenomene
ning anda esialgse hinnang IVMR strateegia sobivusest VMRidele. Selleks on labi viidud
CFD (Computational Fluid Dynamics) analiiis Simcenter STAR-CCM+ tarkvaraga.
LOputod esimene osa keskendub IVMR strateegia teoreetilistele alustele ja teine osa

kirjeldab modelleerimis- ja simulatsiooniprotsessi.

Al.1 IVMR strateegia

IVMR strateegia tootati valja parast Three Mile Islandi tuumadnnetust, kui (heks
vOimalikuks ohuolukorrana pidi arvestama, et vee taielikku aurustumist ja seelabi
vahetut jahutust pole vdimalik tagada. Hoidmaks kooriumi siiski reaktori surveanumas,

pakuti lahenduseks valja surveanuma valine jahutamine selle uputamisega vette.

IVMR strateegia on atraktiivne, kuna selle abil hoitakse suurt hulka radioaktiivset massi
koos erituvate gaasidega reaktori surveanumas, kus on seda lihtsam monitoorida. Kdige

robustsemal viisil on IVMR strateegia ka odavam, kui vélise tuumaputdja paigaldamine.

IVMR strateegia on robustne ja lihtne, kuna selle aktiveerimiseks on vaja ainult kaht

tegevust - kaitsekesta tditmine veega ja seeldbi reaktori surveanuma alumise osa vette
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sukeldamine ning surveanuma rdhu alt vabastamine. IVMR strateegia suurimateks
takistusteks on kooriumi keeruline uuritavus ning seelabi tekkivad kulsitavused.
Eksperimentaalselt ei ole voimalik taielikus suuruses vastavaid fenomene kujutada,

mistottu on vajalik teha palju eeldusi, mis ei pruugi taielikult vastata tegelikkusele.

Strateegia on siiani atraktiivne, kuid rakendatavus on uute reaktorite kdrge vdimsuse
tottu piiratud. Kuigi VMRid on kuni 300 MWe vdimsusega, siis nende integraalne disain
loob uued valjakutsed IVMR strateegia kasutuselevotuks. Seetbttu on vajalik hinnata
IVMR strateegia padevust ka VMRide puhul.

Al.1.1 Kooriumi termohiidraulika

Umberpaigutunud  kooriumis on pohilised liikumapanevad jdud seletatavad
vabakonvektsiooni fenomenidega, mida saab kirjeldada sarnasusarvudega - Grashof
(Gr), Prandtl (Pr) ja Damkdhler (Da). Termohidraulika sOltub suuresti ka Rayleigh
numbri vaartusest, mis on sisemise soojusallikaga vedelikele defineeritud kui (1.1).

Rayleigh number ilma soojusallikata vedelikele on defineeritud kui (1.2).

Grashofi arv (1.3) iseloomustab vabakonvektsiooniga seotud soojuslevi — see kirjeldab

vedelikule mdjuvat temperatuuride vahest tingitud joudu.

Prandtli arv (1.4) kirjeldab hidrodiinaamilise ja termilise piirkihi paksuse vahekorda.
Mida suurem on Prandtli arvu vaartus, seda paksem on hidrodiinaamiline piirkiht
vorreldes termilise piirkihiga. Prandtli arv on vedeliku flilsikaline omadus ja ei soltu

geomeetrilistest mootmetest, mistottu on see tihti toodud ka tabelites valja.

Damkohleri arv (1.5) kirjeldab reaktsiooni ja konvektsiooni ajaskaalade suhet ning
sellega seotakse IVMR strateegia puhul soojuse generatsioon selle lilekandumise

kiirusega.

Soltuva sarnasusarvuna kasutatav Nusselti arv (1.6) nditab soojusiilekandeteguri ja
keskkonna soojusjuhtivusteguri suhet. Nusselti arv kirjeldab soojuslilekannet vedeliku
ja tahke keha piirpinnal. Kui Nusselti vaartus on umbes 1, siis konvektsioon ja
konduktsioon on sarnase suurusjarguga. Suurem Nusselti arv tahistab aktiivsemat

konvektsiooni ja seetdttu kirjeldab turbulentset voolamist.
Kihistumisprotsess

Koorium koosneb neljast pdhilisest komponendist - tsirkooniumist, terasest, uraanist ja
hapnikust. Sulanud U-Zr-O-Fe mass kihistub vastavalt komponentide okstideerumisele

ja tiheduste erinevusele oksiidikihiks ja metallikihiks.
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Parast esmast tuumakoostude sulamist tekib surveanuma pohja raske metalli kiht, mis
hakkab edasisel terasstruktuuride lisandumisel tdusma pinnale, liikudes seejuures labi
oksiidikihi ja tekitades kolmekihilise konfiguratsiooni ja I10puks kahekihilise
tasakaaluseisundi, kus metallikiht on oksiidikihi peal. Kihistumise kiiruse suurimaks
madramatuseks on difusioonikoefitsiendi vaartus ja selle moju, kuna puuduvad

eksperimentaalsed allikad.
Oksiidikiht

Oksiidikihi kdige tdhtsam nditaja on Nusselti arv, kuna see kirjeldab soojusvahetust
metallikihiga ja seeldbi koondumisefekti suurusjérku ja selle mdju. Uldine oksiidikihti
soojusbilanss avaldub kujul (1.8). Kuna kahekihilise konfiguratsiooni korral on
oksiidikiht pdhjas, siis peab silmas pidama ka erinevate reaktoritiilipide erinevaid
geomeetriaid. Keevveereaktorite puhul sisenevad kontrollvardad surveanuma alt,
mistottu on voolused erinevad, kui Joonisel 1.2, kus on vdimalik selgelt eristada piirkihi

regiooni, hasti segunenud Ulemist kihti ning kihistunud alumist osa.

Oksiidikihi kdrge sulamistemperatuuri tottu moodustub oksiidikihi ja surveanuma piirile
koorik, mida iseloomustab madal soojusjuhtivustegur ning muutuv paksus.
Oksiidikoorik on ks votmetegureid IVMR strateegia rakendamisel. Koorik tekib algselt
ka metallikihi ja oksiidikihi vahele, kuid metallikihi temperatuuri tdusmisel see sulab

ning koorik jaab ainult surveanuma piirpinnale.

Soojuse teke on IVMR strateegia puhul madratud lihtsuse huvides oksiidikihti. Soojus
tekib oksiidikihis jadksoojuse tottu, mis langeb kull pérast tavaoperatsiooni [Gppu
koheselt ~7% taisvoimsusest (Figure 1.4), kuid sellegi poolest kujutab akumuleerudes
suurt ohtu. Jadksoojuse suurust hinnates tuleb arvesse votta aega, mis kulub
tavaoperatsiooni IOpust kuni kahekihilise tasakaaluseisundi tekkimiseni.
Kalkulatsioonide konservatiivsuse huvides peaks eeldama minimaalset voimalikku aega.

AP-600 reaktori puhul on vastavaks ajaks hinnatud 4+ tundi.
Metallikiht

Metallikiht koosneb rauast (Fe) ja tsirkooniumist (Zr), mis on omavahel segunenud.
Jaéksoojus oksiidikihist jaguneb kaheks - (ks osa kandub konduktsioonina valja
horisontaalselt [abi surveanuma seina ja teine osa lahkub metallikihist |&bi pealmise

piirpinna soojuskiirgusena. Metallikihi soojusbilanss avaldub seega kujul (1.11).

IVMR strateegia puhul on theks oluliseks naitajaks metallikihis tekkiv koondumisefekt,
mida kirjeldab kontsentratsioonifaktor (1.12), mis tahistab valjuva vertikaalse

soojusvoo ja oksiidikihist siseneva soojusvoo suhet. Kuna metallikihist valjuv soojuslik
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kiirgus on vorreldes teiste voogudega tiihine, siis muutub koondumisefekt suuremaks
ja ulelildine kasitlus konservatiivsemaks. Avaldada on aga kontsentratsioonifaktorit
lihntsam, kuna see taandub surveanuma raadiuse ja metallikihi korguse suhte

vordelisuseks (1.13).

Kontsentratsioonifaktor vdaheneb metallikihi kdrguse ja surveanuma raadiuse suhte
suurenemisega. See tahendab, et kontsentratsioonifaktorit ja koondumisefekti mdjutab
eelkdige metallikihi korgus, mistottu on kodige ohtlikumad olukorrad just

Uleminekufaasid, kui metallikiht on alles valja kujunemas.

Al.1.2 Surveanuma purunemine

Surveanuma purunemise kriitilisim mehhanism on keemise kriisi teke, mis seisneb
mullkeemise tUleminekus kelmeliseks keemiseks. Kelmeline keemine toob kaasa oluliselt
halvema soojusilekande, kuna piirpind on kaetud aurukelmega, mille

soojusilekandetegur on oluliselt madalam kui vedeliku oma.

Punkt, mille juures tekib keemise kriis, kannab nime kriitiline soojuskoormus. Kriitiline
soojuskoormus on suurim kooriumi horisontaalsel teljel, kus leiab aset ka selles t6ds
uuritav koondumisefekt. Kriitiline soojuskoormus ei ole konstantne vaartus, vaid soltub
erinevatest teguritest keemise keeruliste mehhanismide tottu. Sellegi poolest on
robustselt vdimalik hinnata surveanuma Umber toimuva keemise kriitilist

soojuskoormust vastavalt (1.15).

Surveanuma purunemine saab toimuda vaid keemise kriisi korral, mistottu on keemise

kriisi teke eelduseks surveanuma purunemisele.

A1.1.3 IVMR strateegia tohususe téstmine

Kuigi IVMR strateegia on kllaltki robustne, on vdimalik selle tdhusust tosta innovaatilisi
meetodeid kasutades, mis vajaksid rakendamiseks veel edaspidist teadus- ja

arendustood.

Terase hulga tdstmine reaktorituumas vahendaks koondumisefekti ulatust, kuna selle
tulemusel pakseneks pealmine metallikiht ja seega vaheneks kontsentratsioonifaktor.
Terase kogust saab tdsta lisades tuuma terasstruktuure, mis sulades suurendaksid
kooriumi terase hulka ning samas ka eemaldaksid sisteemist soojust struktuuride

sulades.

Uleminekufaaside efektide vdhendamiseks on iiheks véimaluseks ka surveanumasisene

jahutus labi pritsimise, mille tagajarjel jahtuks kooriumi pealmine kiht ning seelabi
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lisanduks pealmine jahutus. Samuti suurendaks see Zr oksldatsiooni, mis avaldaks

maoju kooriumi kihistumisele.

Surveanuma valine katmine kattekihiga suurendaks kriitilise soojuskoormuse vaartust
kuni 25%. Vastavad vaikesemdotmelised eksperimendid vajaksid veel taiendavat

uurimist, et neid rakendada taissuuruses reaktoritel.

Surveanuma jahutamise tdiustamine seisneb lisaks vabakonvektsioonile ka
sundkonvektsiooni kasutamises, et soojusvahetus surveanuma ning Umbritseva vee
vahel oleks efektiivsem. Kuigi see tOstaks soojusvahetuse tdhusust, suurendaks see
ohutussiisteemi aktiivsust, mis ei oleks uusimate trendidega kooskdlas. Lisaks vdib
suurendada IVMR strateegia efektiivsust ka surveanuma valine pritsimine kuni valine

veekiht ei ole saavutanud oma I0plikku kdrgust, et aeglustada tuuma sulamisprotsessi.

Al1l.2 Kooriumi modelleerimine

LOputod teine osa Kkirjeldab kooriumi ja seda Umbritseva reaktori surveanuma
modelleerimist ja tasakaaluseisundi simuleerimist. Simulatsioon on I[abi viidud
kaubanduslikult saadaval oleva tarkvaraga Simcenter STAR-CCM+, mis kuulub Siemens
Digital Industries Software tarkvaraportfelli. STAR-CCM+ on CFD tarkvara, mis
vOimaldab simuleerida erinevaid vooluseid ja olukordi. Integreeritud keskkonnas on

voimalik luua geomeetriat, vorku, voolusimulatsioone ja pohjalikku jareltéotlust.

A1.2.1 Mootmelisus ja geomeetria

IVMR strateegia ja kooriumi termohuidraulika uurimise eesmargil on Iabi viidud arvukalt
eksperimente nii 2D kui ka 3D anumates. Tegelikkuses toimub protsess muidugi 3D
keskkonnas, kuid simulatsiooni silmas pidades on 3D arvutuslikult palju ndudlikum,

mistottu piisava tédpsuse korral oleks oluliselt 6konoomsem kasutada 2D geomeetriat.

Vorreldes 3D geomeetriaga on 2D voolused Uhel pinnal. See toob 3D geomeetria puhul
vertikaalsete vooluste hajumise radiaalselt ning seeléabi nende ndrgenemise. Selle
tulemusel vdheneb vertikaalne soojusvahetus. Kuna 2D voolused on lineaarsed, siis
Ulessuunatud soojusvahetus on Uhtlasem ning tugevam. Lisaks on eksperimentide

tulemusel margatud ka koondumisefekti vaiksemat mdju 3D geomeetria puhul.

Keevaveereaktorite (BWR - Boiling water reactor) puhul peab silmas pidama, et
kontrollvardad sisenevad reaktorituuma ning surveanumasse alt, mistottu ei looks

aksisiimmeetriline 2D modelleerimine diget pilti BWRi tegelikust geomeetriast. Kuna aga
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kontrollvarraste Umber on lokaalne jahutus, siis tegelikkuses vahendavad

kontrollvarraste juhttorud kooriumi temperatuuri.

Vottes arvesse BWR-tilipi reaktorite eriparasid ning 2D ja 3D geomeetria moju
voolusele ning soojusvahetusele, on mdaistlik viia simulatsioon Iabi aksisimmeetrilise 2D
geomeetriaga, kuna see on konservatiivne ning arvutuslikult kordades téhusam kui 3D

geomeetria.

Surveanuma geomeetria modtmeteks on kasutatud GE-Hitachi BWRX-300 VMRI
mootmeid. BWRX-300 on 300 MWe keevaveereaktor, mis on 10. generatsiooni
keevaveereaktor GE BWR-ide nimistust. Modelleerimiseks olulised parameetrid on
toodud Tabelis 2.2.

Kihistunud kooriumi kdrgus on arvutatud vottes arvesse BWR-5 reaktori tuuma koostist
ning soojuslikku vdimsust. Leidmaks vastavaid kihtide kdrguseid VMR-tllipi reaktorile,
on vastavad kdrgused labi korrutatud koefitsiendiga R (2.1), mis on vérdne BWRX-300
ja BWR-5 soojuslike v@imsuste suhtega. Kooriumi kihtide ruumalad ja kdrgused on
toodud Tabelites 2.3 ja 2.4.

Surveanuma ja kooriumi taielikul modelleerimisel on mérgata, et surveanuma korgus
on palju kdérgem kui pohja koguneva kooriumi korgus. Seetdttu on arvutuslikku
efektiivsust silmas pidades maistlik eirata surveanuma Ulemist osa. Lopliku domeenina

on arvestatud ainult alumist 1 m surveanumast.

A1.2.2 Aire- ja algtingimused

Surveanuma materjal on SA-508 teras ning materjali vastavad soojuslikud omadused
on toodud Tabelis 2.5. Surveanuma vdlimised d&ared on konstantsel temperatuuril
100°C, mis tdhistab vee keemistemperatuuri. Surveanuma ulemine araldigatud aar on

adiabaatiline.

Oksiidikihi flusikalised omadused on toodud Tabelis 2.6. Oksiidikihi algtemperatuuriks
on seatud sulamistemperatuur 2973 K. Oksiidikoorik on  modelleeritud
soojusisolatsioonina, kusjuures arvestatud paksus on konstantne. Oksiidikoorik puudub

metalli- ja oksiidikihi vahel, kuna temperatuuride tdusmisel koorik sulaks.

Soojuse teke jadksoojusena on seatud ainult oksiidikihti. Konservatiivselt on arvestatud,
et tuuma Umberpaigutumine toimub ~7500 sekundiga, mis hetkel on soojusliku
vOimsuse vaartus ~11.6 MW. See aeg ei arvesta kihistumiseks kuluvat aega ega ka
VMRIi vaiksemat soojuslikku voimsust, mille tagajarjel toimuksid sulamisprotsessid

aeglasemalt.

60



Metallikihi fldsikalised omadused on toodud Tabelis 2.6. Metallikihi algtemperatuuriks
on seatud oksiidikihi sulamistemperatuur, kuna kihistumise tulemusena on

temperatuurid Ghtlustunud.

Vooluse simuleerimiseks tuleb domeen diskretiseerida vOrguks. Votmaks arvesse
erinevaid vooluprofiile ning materjale, on kdik kolm regiooni diskretiseeritud eraldi.
Nditeks oksiidikihi vorgu puhul tuleb luua vdimalikult Ghtlane vork, kuna sisemise

soojuse tekke tottu vdivad muul juhul esineda simulatsiooni konvergeerumises vead.

A1.2.3 Simulatsiooni strateegia

Kooriumis toimuvad termohidraulilised voolused on turbulentsed, mistottu on lheks
kdige tahtsamaks osaks tapse simulatsiooni loomisel dige turbulentsimudeli valimine.
Kaesolevas 10putdds on kasutatud AHFM-NRG+ mudelit, mis pohineb Low Reynolds
Standard K-Epsilon (Low-Re SKE) turbulentsimudelil. Low-Re SKE on lisaks kalibreeritud
STAR-CCM+ sisseehitatud Temperature Flux Model koefitsientide muutmise abil.
Vastavad koefitsiendid on toodud Tabelis 2.8 ja 2.9.

Turbulentsimudeli padevuse hindamiseks on labi viidud ka valideerimine BALI
eksperimendiga. BALI eksperiment viidi labi 1999. aastal, et wuurida kooriumi
konvektsiooni ja soojusvahetust. Valideerimise tulemused olid rahuldavad ja tulemused
sarnanesid eksperimentaalsetele tulemustele. Lisaks tulemuste hindamisele osutus
edasiste arvutuste tegemiseks valituks eraldatud lahendaja kasutamine, kuna see
pakkus vorreldes sidestatud lahendajaga oluliselt suuremat arvutusékonoomsust.

Valideerimise tulemused on toodud Tabelis 2.10.

Lisaks labi viidud vOrgu soltumatuse uuring on vajalik, et hinnata disketiseerimisest
tingitud vea suurust ning hinnata simulatsiooni tulemust I6pmatu tiheda vorgu korral.

Uuringu tulemusena selgus, et vork on koonduv.

A1l.2.4 Simulatsiooni tulemused

Temperatuuri- ja kiirusvdlja joonistelt (Joonised 2.11 - 2.13) joonistuvad valja
ligikaudne terase sulamise ulatus, korgtemperatuursed alad ning vabakonvektsioonile
iseloomulikud voolused. Jooniselt 2.14 on néha surveanuma soojuskoormuse valja. See
piltlikustab koondumisefekti ning oksiidikooriku md&ju. Simulatsiooni ja voOrgu
sOltumatuse uuringu tulemusena on maksimaalne kohalik soojuskoormus ~0.75
MW/m?, mis jaaks alla kriitilise soojuskoormuse, kuid kujutaks keemise kriisi tekkeohtu
Uleminekufaasides, kus soojuskoormus voib olla kuni 2,4 korda tasakaaluseisundi

vaartusest.
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