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Abstract

TWOPORFLOW is a thermal-hydraulics simulation code currently under development at the
Institute of Neutron Physics and Reactor Technology (INR) of the Karlsruhe Institute of Technology
(KIT). It has the capability to simulate single- and two-phase flow in a structured or unstructured porous
medium using a 3-D Cartesian geometry. TWOPORFLOW calculates the transient or steady state
solution of the mass, momentum, and energy conservation equations for each fluid phase with a semi-
implicit numerical procedure based on the implicit continuous Eulerian (ICE) method.

TWOPORFLOW can simulate simple 1-D geometries like heated pipes, fuel assemblies
resolving the sub-channel flow between rods or a whole nuclear core using a coarse mesh. Several
closure correlations are implemented to model the heat transfer between solid and coolant, phase change,
wall friction as well as liquid-vapor momentum coupling.

These models have been not fully evaluated. Important models such as the turbulent mixing and
void dispersion were missing.

Consequently, the goal of this doctoral thesis is to extend and improve the simulating capability
of TWOPORFLOW regarding the two-phase flow phenomena in Boiling Water Reactors (BWR) by
implementing physical models e.g., turbulent mixing, void dispersion, and critical heat flux.

In order to evaluate the quality of the implemented models and the overall prediction capability
of TWOPORFLOW, experimental data from selected experiments are used to be compared with the
simulation’s results.

Finally, the enhanced prediction capability of TWOPORFLOW is applied to the simulation of
two BWR reactor cores, namely the one of Oskarshamn-2 (Sweden) and Laguna Verde unit 1 (Mexico)
for the first time showing promising results.

Based on the performed investigations, possibilities for further development are identified in the
areas of model development, numerical improvement, validation, code coupling, and parallelization.






Kurzfassung

TWOPORFLOW ist ein thermohydraulischer Simulationscode, der derzeit am Institut fir
Neutronenphysik und Reaktortechnik (INR) des Karlsruher Instituts fiir Technologie (KIT) entwickelt
wird. Er hat die Fahigkeit, ein- und zweiphasige Strémungen in einem strukturierten oder
unstrukturierten porésen Medium unter Verwendung einer kartesischen 3D-Geometrie zu simulieren.
TWOPORFLOW berechnet die transiente oder stationdre Losung der Erhaltungsgleichungen von
Masse, Impuls und Energie fur jede Fluidphase mit einem semiimpliziten numerischen Verfahren
basierend auf dem kontinuierlichen impliziten Euler-Verfahren (englisch: ICE Implicit Continuous
Eulerian).

TWOPORFLOW kann einfache 1-D-Geometrien — wie beheizte Rohre oder Brennelemente —
bei der Auflésung von Unter-Kanalstromung zwischen Stiben oder einen ganzen Kern mit einem
Groben-Gitter simulieren. Zur Modellierung des Warmetibergangs zwischen Feststoff und Kihlmittel,
Phasenwechsel, Wandreibung sowie Flussigkeit-Dampf-Impulskopplung werden verschiedene
Schlielungs-Korrelationen implementiert.

Diese Modelle wurden nicht vollstandig evaluiert. Wichtige Teile wie das turbulente Mischen
und die Porendispersion fehlten.

Ziel dieser Dissertation ist es daher, die Simulationsfahigkeit von TWOPORFLOW bezlglich
der Zweiphasenstromungsphdnomene in Siedewasserreaktoren (SWR) durch die Implementierung
physikalischer Modelle wie turbulente Mischung, Porendispersion und kritischem Warmefluss zu
erweitern und zu verbessern.

Um die Qualitdt der implementierten Modelle und die Gesamtvorhersagefahigkeit von
TWOPORFLOW zu bewerten, werden Daten aus ausgewahlten Experimenten mit den Ergebnissen der
Simulation verglichen.

Schliellich wird die verbesserte VVorhersagefahigkeit von TWOPORFLOW auf die Simulation
von zwei SWR-Reaktorkernen (Oskarshamn-2 in Schweden und Laguna Verde-1 in Mexiko)
angewendet, und zwar zum ersten Mal mit vielversprechenden Ergebnissen.

Basierend auf den durchgefiihrten Untersuchungen werden Weiterentwicklungsmadglichkeiten
in den Bereichen Modellentwicklung, numerische Verbesserung, Validierung, Codekopplung und
Parallelisierung identifiziert.
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1 Introduction

1.1 Motivation

Nowadays there are 451 nuclear reactors all over the world; from them 367 are Light Water
Reactors and 75 of them are Boling Water Reactors (BWR) [1]. In Mexico two BWR type GE BWR-5
Mark-11 design plants are in operation and produce 6.01% of the total electric energy in the country [2].
The Fukushima severe accident highlighted the importance of reactor safety and the need for
standardized safety requirements for all nuclear power plants worldwide. Moreover, it became also
evident that the continuous back fitting and upgrade of the plant status is primordial to prevent accidents.
For this purpose, numerical simulation tools describing the physical phenomena taking place in the
whole nuclear power plant are extensively used to evaluate the plant safety status combined with
probabilistic safety analysis methodologies. These numerical simulation tools must describe the core
physics, thermal hydraulics, and thermo-mechanics, according to the state-of the-art, to perform good
predictions of the stationary plant conditions and later to be applied for the analysis of any kind of
transients and accidents in nuclear reactors. The simulation tools cover phenomena in the core, in the
primary and secondary circuit and in the containment. The focus of this doctoral thesis is the
improvement of a thermal hydraulic code to describe the core phenomena of a Boiling Water Reactor
using a porous-media approach.

In case of accidents in a nuclear power plant, an imbalance will occur between the heat
generation inside the fuel pellets and the heat removal systems foreseen to remove the heat from the
core to the heat sink. If there is a multiple failure of safety systems, an accident will progress leading to
a core degradation. The local flow conditions will achieve Critical Heat Flux (CHF) conditions, where
the heat transfer is non-sufficient to keep cladding material intact. Consequently, the safety barriers will
fail, and the release of radioactive material will start.

A central concept in reactor safety is the Defense-in-depth concept, which is structured in five
levels, and for each level goals and measures are developed to control accident events [3]:

Prevention of abnormal operation and failures.

Control of abnormal operation and detection of failures.

Control of accidents within the design basis.

Control of severe plant conditions, including prevention of accident progression and mitigation
of the consequences of severe accidents.

e Mitigation of radiological consequences of significant releases of radioactive materials.

The analysis of the initiating events at each of these safety levels is done using numerical
simulation tools, which must be validated using experimental data or by code-to-code comparisons.

Nowadays mainly one-dimensional system thermal hydraulic codes and sub-channel codes are
being used to simulate the thermal hydraulic two-phase flow phenomena in the core of a BWR. These
codes are not able to describe phenomena below the macro- and component scale. Recent work is
focused on the use of improved methods such as computational fluid dynamics (CFD) or porous-media
two-phase flow approaches to better describe the core thermal hydraulics of BWRs. At present, the two-
phase models of CFD-codes are not yet sophisticated. Hence, the porous-media approach is a promising
alternative. Codes based on this approach such as CUPID [4], and PORFLO [5], are examples for
developments.

At the Karlsruhe Institute of Technology (KIT) a porous-media two-phase flow code,
TWOPORFLOW, [6-10], is being developed for reactor applications. In the frame of the doctoral thesis,
the TWOPORFLOW code is extended and validated for the simulation of BWR-cores. The main
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challenges related to it, are described in the next subchapter. Later, the thesis objectives and the
organization of the doctoral thesis is presented.

1.2 Challenges

In a reactor core, different mechanisms and processes that determine the integrity of the safety
barriers take place e.g., two-phase flow and heat transfer along the core height. The coolant enters the
lower part of the core under subcooled conditions; it is heated up reaching saturation conditions at
around one third of the core height. There, steam is produced at constant temperature. The steam flow
with high velocities is flowing upwards entraining water droplets, which are separated from main steam-
flow by the separators located above the core. The liquid flows back to the downcomer where it is mixed
with the main coolant water. To assure that only dry and hot steam is reaching the turbine, dryers are
positioned in the reactor pressure vessel. Consequently, an internal recirculation loop is formed along
the core, upper plenum, downcomer, and lower plenum which determines the pressure drop along the
flow path and hence also along the core. Since the pressure directly affects the saturation temperature
and hence the void generation inside the core, it is especially important to describe not only the heat
transfer but also the pressure changes along the flow path in an accurate manner.

In addition, the geometric peculiarities of the in-vessel core components will strongly determine
the flow velocity and pressure drop along the internal recirculation loop. It must be noted that the lower
grid plate, the foot of the fuel assemblies, the spacer grids, the upper grid plate, and the fuel assembly
head have complicated forms (see Figure 1.1). Detailed information about these components is needed
to describe the flow and heat transfer inside the core and reactor pressure vessel with numerical
simulation tools. Therefore, the knowledge of the thermal-hydraulic conditions in the Nuclear Power
Plants (NPPs), mainly in the reactor core, is especially important. Measurements at different locations
of the NPP can provide some information in this context, but important details within the fuel assemblies
cannot be obtained by these methods. In order to evaluate, in detail, the thermal hydraulics phenomena
inside the Reactor Pressure Vessel (RPV), it is necessary to use advanced numerical thermal-hydraulic
simulation tools based on well validated physical models and numerically stable solutions.

Fuel assembly head

i~

Upper grid plate

Fuel pellet

Spacer grid

Fuel rod

Water channel

Lower grid plate

Fuel Assembly foot

Figure 1.1. Main components of a BWR fuel assembly.



1. Introduction

The main challenge of the doctoral thesis is to improve the prediction of thermal-hydraulic
safety relevant phenomena occurring in the core of BWR during normal operation or under accidental
conditions by using a tri-dimensional porous-media approach as implemented in the in-house code
TWOPORFLOW. The code solves in 3D Cartesian geometry the mass, momentum and energy
conservation equations based on the two-fluid porous-media approach to describe the thermal hydraulics
of reactor cores.

The solution in TWOPORFLOW is more detailed than the one of 1D system thermal hydraulic
codes, less CPU-intensive than CFD-codes and uses a full 3D approach, differing from the sub-channels
codes which use a simplified momentum equation transversal to the axial direction.

Hence, the main pre-CHF heat transfer models in TWOPORFLOW are reviewed, validated, and
improved in order to enhance the simulation of all safety-relevant phenomena in BWR-cores. Missing
models e.g., for turbulent mixing and void dispersion are implemented and validated using appropriate
test data. Furthermore, the existing Bowring CHF-correlation [11] already implemented in
TWOPORFLOW as well other new correlations [12]-[14] will be implemented and extensively
validated. Finally, the extended and validated TWOPORFLOW code is applied to simulate a BWR-core
of a real nuclear power plant e.g., of the Mexican BWR plant Laguna Verde Unit 1. A validated 3D
porous media code with a Cartesian mesh is very much appropriate to be coupled with a 3D core
simulator such as PARCS [15]. This doctoral thesis will pave the way for such further developments.

1.3 Major objectives

Taking in to account the main challenges shortly discussed in the previous subchapter, the major
goal of this thesis is to enhance the simulation of two-phase flow phenomena inside the RPV of BWRs
for normal operation and transient conditions. Hence, the main thesis objectives are listed hereafter:

e Evaluation of the existing models in TWOPORFLOW, like sub-cooled boiling, transient void
formation and pressure loss, using selected relevant tests.
e Improvement of the physical models of TWOPORFLOW related to safety relevant phenomena
in Light Water Reactors e.g.
= implementation of turbulent mixing in the momentum and energy conservation
equations,
= implementation of drift void dispersion in the momentum equations, and
= improvement of Critical Heat Flux models.
o Validation of implemented models in TWOPORFLOW using selected experimental data for
void fraction, pressure drop and critical power.
e Application of TWOPORFLOW to simulate a whole BWR-core at nominal and transient
conditions.

1.4 Organization of thesis

The doctoral thesis is started with the introductory chapter, and it is followed by Chapter 2,
where the general description of a Boiling Water Reactor is provided. In Chapter 3, a short description
of thermal hydraulic core analysis tools is given.

In Chapter 4, a detailed description of the code, including the porous media approach,
fundamental conservation equations, steam-water properties, heat conduction models, the constitutive
models for conservation equations closure, and numerical method is presented.

The main work realized to achieve the objectives of this doctoral thesis is presented in the
chapters 5 to 8. In Chapter 5 the improvements and implementations regarding the turbulent mixing,
void dispersion and CHF are described. In Chapter 6 the validation of the models, including turbulent
mixing, sub-cooled boiling, void dispersion, transient void, and pressure loss are presented, while in
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Chapter 7 the validation of CHF is performed. Chapter 8 shows the application of TWOPORFLOW for
the simulation of BWR reactor cores under normal and off-normal operation conditions.

The main conclusions of the doctoral thesis as well as future development possibilities are
presented in Chapters 9 and 10, respectively



2 General description of Boiling Water Reactors (BWRs)

In Boiling Water Reactors, the steam produced in the core directly flows into the turbine. There
are many manufacturers of BWR such as General Electric, ABB, former German KWU, Toshiba, etc.
General Electric designed the BWR-plants of Generation 2, which are the major fraction of BWRs under
operation worldwide. These plants are characterized by external recirculation loops and jet pumps
located in the downcomer around the core to improve the internal recirculation of the coolant inside the
reactor pressure vessel. In Figure 1.2, a simplified scheme of a BWR power plant of General Electric
design is exhibited. The main components are the reactor building with the containment, the Reactor
Pressure Vessel (RPV), the feedwater and steam line system, the turbine, condenser, and generator. The
steam generated in the reactor core with entrained liquid droplets flows upwards and passes through the
steam separators and dryers located above the reactor core. Afterward the steam leaves the RPV and
flows through the long steam lines directly to the turbine, where it is expanded to transfer thermal energy
into kinetic energy, which is utilized in the generator to produce electricity. The liquid separated from
the steam in the separators flows downward in the downcomer and is mixed with the incoming main
feed water. The main feed water flow is conducted to the RPV by the feedwater pumps; it passes through
a pre-heater before reaching the RPV. The coolant is pumped into the lower plenum through jet pumps
mounted around the core in the downcomer. The control rods are located below the core. The condenser
is feed with cold water, normally taken from a natural water body like a lake, a river, or the sea.

Reactor Pressure _
Vessel (RPV) Steam line

Containment
structure

Turbine Generator

Connection to
electricity grid

Separatorsfand

Reactor core

Cold water

Condenser

/ N \
Downcomer Pre-heater
Control rods

Feed pumps

\

Condensate pumps

Figure 1.2. Simplified scheme of a BWR Nuclear Power Plant.

Figure 1.3 shows the internals of the RPV of a BWR. The square fuel assemblies are in the
core region and above the core the separators and dryers are positioned. The reactor core consists of fuel
assemblies and control elements with a cross shape which can be inserted between four fuel assemblies.
The fuel assemblies are composed of fuel rods cooled by light water, which serves also as the neutrons’
moderator. The assemblies are arranged in simple square arrays supported by a grid plate [16]. The
cylindrical fuel used in this kind of reactors is UO, (>*U as fissile material and 28U as fertile material).
The clad material is Zircaloy. Typical fuel assembly arrangements of BWR can consists of 8 x 8, or 9 x
9,10x 10, or 11 x 11 fuel rods. The older fuel assemblies e.g., 8x8 may not have water rods but all other
new fuel assembly designs have water rods of different shapes to increase the moderation and hence the
power production in the upper part of the core. The control rods are inserted from the bottom of the core
and are made of boron carbide (B4C). They are the principal control and shutdown mechanism of the
reactor power.
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Figure 1.3 shows an example of a RPV, and its main components, an example of a fuel
assembly, and axial cuts of the core and an arrangement of four fuel assemblies and a control rod.
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Figure 1.3. Scheme of a Reactor Pressure Vessel (top left) and a fuel assembly (top right), and axial
cuts of both.

An example of the main thermal hydraulic BWRs data is listed in Table 1.1.

Table 1.1 BWRs’ thermal hydraulic typical values for cycle characteristics.

General plant data

Gross thermal power [MW (th)] 3579
Net electrical power [MW(e)] 1178
Efficiency [%] 32.9

Thermal hydraulic parameters

Pressure [MPa] 7.17
Inlet temperature [°C] 278
Average outlet temperature [°C] 288
Core flow rate [kg/s] 13100




2. General description of Boiling Water Reactors (BWRS)

The Oskarshamn-2 and the Laguna Verde unit 1 BWRs core will be simulated with
TWOPRFLOW to demonstrate its improved capabilities. Both reactor cores have an arrangement of 444
assemblies and 109 control rods. Details about these reactors are given in Section 8.






3 Main characteristics of thermal hydraulic core simulation tools

At present, the thermal hydraulic phenomena of BWR-cores are simulated with different
one-dimensional system thermal hydraulic codes e.g., TRACE, RELAPS and quasi-three-dimensional
subchannel codes such as CTF, FLICA4 or SUBCHANFLOW, which are characterized by two-phase
flow models of different capability. Efforts are underway to extend the model capability of CFD codes
for two-phase flow conditions like the ones of BWR-cores, which may be feasible in the medium term.
A promising alternative is the porous-media approach for two-phase flow conditions as is being
developed for new codes such as CUPID and PORFLO to fill the gap between the CFD and system
thermal hydraulic codes.

In this chapter, the main shortcoming, and advantages of different thermal hydraulic codes to
describe the BWR-core behavior are presented to emphasize the needs for alternative solutions based
on the porous-media two-phase flow approach of the in-house TWOPORFLOW code.

3.1 System thermal hydraulic codes

System thermal hydraulic codes are based on 1D models of two-fluids considering phase change
with a coarse spatial discretization (donor-cell approach) to solve steady state or transient problems. The
conservation equations of mass, momentum and energy are solved considering mechanical and thermal
non-equilibrium. In the last decades, 3D models have been added to the system thermal hydraulic codes
such as RELAPS5, TRACE, ATHLET, CATHARE to better describe the phenomena inside the RPV and
the core. The cylindrical or Cartesian meshing of the 3D models are rather coarse and, hence, phenomena
taking place in smaller scales cannot be described by such codes [17]. The limitations of the system
codes consist in the difficulty to simulate some phenomena at localized level e.g., turbulences, void drift,
void fraction, subcooled boiling, etc.

For example, the German ATHLET code (Analysis of Thermal Hydraulics of Leaks and
Transient) [18] is a highly modular code that consists of different modules such as: thermo-fluid-
dynamic, heat transfer and heat conduction, neutron kinetics, and general control simulation modules.
It solves the differential equation system using the FEBE-method (Forward-Euler, Backward-Euler).
The thermo-fluid-dynamic equations are solved using either a 6-equations model (two-phase flow) or a
5-equations model (mixture momentum equation) in 1D-geometry.

The TRACE code (TRAC/RELAP Advanced Computational Engine) [19] is a system code
developed by the United States National Regulatory Commission (US-NRC) for the analysis of loss-of-
coolant accidents (LOCAS), operational transients, and other accident scenarios in PWRs and BWRs.
It solves the fluid-dynamics equations in the spatial one-dimensional (1D), and three-dimensional (3D)
components. TRACE takes a component-based approach to model a reactor system, including pipes,
plenums, pressurizers, BWR fuel channels, jet pumps, separators, turbines, feed-water heaters,
containment, valves, and vessels with associated internals. 3D (X, y, z) Cartesian- and/or (r, 0, z)
cylindrical-geometry flow calculations can be performed within the reactor vessel or other reactor
components where 3D phenomena take place. Flows within a coolant loop are usually modeled in one
dimension using pipes and tee components. A full two-fluid (six-equation) hydrodynamic model is used
to evaluate gas-liquid flow.

Parallel to the code development, an extensive verification and validation program is conducted
by the international community lead by the code developers to make sure that the codes are predicting
in an accurate manner the key-phenomena of a nuclear power plant.
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3.2 Sub-channel thermal hydraulic codes

The sub-channel codes offer the possibility of simulating the fluid dynamics within the reactor
core in more detail, i.e., at sub-channel level instead of coarse meshes used by the system thermal
hydraulic codes. There are different approaches used in the sub-channel codes, depending on the
problem to be simulated and the desirable detail of the simulation, going from single-phase fluid models,
which have mixture liquid-vapor equations, to the multi-phase representations, which have three
equations (momentum, energy, and mass) for each phase. One of the main characteristics of the sub-
channel codes is the consideration that the fluid moves predominantly in axial direction, assuming the
reduction of the three-dimensional equations to two equations, one for the flow in the axial direction
and the other one transversal to the axial. This is a substantial simplification already, because the
problem is converted mathematically from an elliptic to a parabolic type, which is for most cases
justified. This approximation necessitates the introduction of cross flow, to consider the interchange of
mass between neighboring channels. Two sub-channel codes are described below, CTF, which is one of
the most known codes, and SUBCHANFLOW, developed at KIT.

CTF is the COBRA-TF version of the Pennsylvania State University (PSU) now the North
Carolina State University (NCSU) and it originates from [20][21]. CTF extends the six conservation
equations in two-fluid formulation to three fields: vapor, continuous liquid, and entrained liquid droplets,
resulting in a set of nine time-averaged conservation equations. It uses coolant properties and state
functions for water from the IAPWS-97 [22] (International Association for the Properties of Water and
Steam) formulation. The conservation equations are solved using a semi-implicit, finite-difference
numerical technique on an Eulerian mesh. CTF can solve a problem either in 3D Cartesian or sub-
channel coordinates. Due to the flexible geometry definition, CTF can describe both hexagonal and
square fuel assemblies and cores.

SUBCHANFLOW [23] is a sub-channel code developed at the Karlsruhe Institute of
Technology (KIT) in Germany. It is based on the sub-channel COBRA-family programs.
SUBCHANFLOW can manage both rectangular and hexagonal fuel bundles and core geometries built
from these. It uses coolant properties and state functions for water from the IAPWS-97 [22] formulation.
Thermo-physical functions for liquid metals and gases are also available. In SUBCHANFLOW, a three-
mixture equation system for mass, momentum and energy balance is formulated, and corresponding
constitutive equations for wall friction, wall heat transfer, slip velocity correlation, and void fraction are
implemented.

3.3 Computational Fluid Dynamics (CFD)

“Computational fluid dynamics (CFD) is a science that, with the help of digital computers,
produces quantitative predictions of fluid-flow phenomena based on the conservation laws (conservation
of mass, momentum, and energy) governing fluid motion” [24]. That gives quite a lot of freedom to
simulate different geometric forms with more detail. The fundamental basis of each CFD code are the
Naiver-Stokes equations. The CFD codes are capable to simulate the flow behavior inside a structure
with high resolution. The limitation with this kind of codes is that they need a high amount of CPU time,
memory, and their two-phase flow models are still under development.

Parallel to the commercial CFD tools like, ANSYS CFX [25] open source CFD tools such as
OpenFoam [26], TrioCFD [27] are gaining increasing use in different engineering areas among other
also in nuclear engineering.

3.4 Porous media thermal hydraulic codes

In the porous media codes, the computational domain is divided into a coarse mesh of limited
volumes, each of which is characterized by volume-averaged parameters. The porous media approach
is a practical method of analyzing typical geometries of interest like a fuel rod array in a nuclear reactor
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core or the shell side of a steam generator in which an array of tubes carrying the primary coolant is
immersed. The presence of solid objects in the flow domain has the effect of altering the pressure loss
by friction and the heat transfer to the solid material, which is uniformly dispersed in the flow domain.

The porous media codes have been applied to simulate different problems, e.g. a first version of
TWOPORFLOW is used to simulate micro-channel heat exchangers [7]. Other codes are used to
simulate the secondary side steam generators in PWRs [28], the Passive Auxiliary Feed-water System
(PAFS) [29], [30], Advanced Power Reactor 1400 (APR1400) core [31], lateral cross flow between fuel
elements [32], the European Pressurized Reactor (EPR) [5], heat transfer and two-phase flow in a core
debris bed [33], to name a few examples.

For example, PORFLO [34] is a code developed at the Technical Research Centre of Finland
(VTT) . It solves a system of 5-equations in 3D porous media model using the Semi-Implicit Method
for Pressure Linked Equations (SIMPLE) algorithm modified for two-phase flow. It has been coupled
with the Serpent Monte Carlo reactor physics code, COSY a component/system scale thermal hydraulics
solver module, and FINIX a general purpose fuel behavior module , in the framework of the project
NUMPS (Numerical Multi-Physics) at VTT [35].

CUPID (Component Unstructured Program for Interfacial Dynamics) [36] is a code developed
at the Korea Atomic Energy Research Institute (KAERI). It is a three-dimensional thermal-hydraulic
code for the simulation of two-fluid, three field problems in nuclear reactor components. The governing
equations are solved on an unstructured grid with a semi-implicit method. It is coupled with the system
thermal hydraulic code MARS (Multi-dimensional Analysis of Reactor Safety) for the analysis of a
PAFS [29] as well as with a three dimensional neutron kinetics code MASTER (Multi-purpose Analyzer
for Static and Transient Effects of Reactors) [31].

11






4 The porous media two-phase flow code TWOPORFLOW

TWOPORFLOW is a porous media code developed to simulate thermal-hydraulics phenomena
in single- and two-phase flow in micro-channel heat exchangers [7]. Later, it has been modified and
extended to simulate the thermal hydraulics of reactor cores. TWOPORFLOW solves six governing
equations for liquid and steam in 3D Cartesian geometry. More details about the equations are given in
the next subchapters.

As working fluid, only steam and water are included and the state equations based on the
IAWPS-formulation are implemented [22].

For fuel rods, a 2D heat conduction model is implemented for cylinder geometries where the
Fourier’s law equation is solved using the finite volume method considering the temperature-dependent
thermo-physical material properties of the corresponding materials.

In TWOPORFLOW, a set of wall/fluid and inter-phase heat transfer correlations are
implemented for a vertical flow regime covering the whole pre-CHF range to close the system of
conservations equations.

4.1 Porous media approach in TWOPORFLOW

In the porous media approach, solid structures such as fuel rods are represented like blocking
volumes and areas. TWOPORFLOW is capable to simulate a structured (calculating the porosity based
on the dimensions of the regular structures) and unstructured (knowing the porosity of the medium)
porous medium. Figure 4.1 shows schematically the two types of porous medium configurations. In
BWR cores, a typical configuration is the structured porous media.

Structured Unstructured
porous medium porous medium
Total area (Porosity
data needed)
y
Rod
Structures

X V4

Total area

Fluid movement direction
(z in this case)

Figure 4.1. Scheme of structured and unstructured porosity medium.

In order to calculate the thermal hydraulics in reactor cores, TWOPORFLOW needs both the
flow area fraction (¢) for each Cartesian coordinate (x,y, z) and the volume porosities (e,,) as input.
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The calculation of €, in each node is performed by dividing the volume of the fluid (V},) by the total
volume of the node (V;):

%
- =V—‘;. (1)

In order to calculate the flow area fraction (¢) in each Cartesian coordinate, the total area (Ay)
and the flow area (4,,) are used:

Aw

%

The hydraulic diameter (D) should be given as input as well. The hydraulic diameter in each
Cartesian coordinate is calculated by:

Dy =4—+=, 3)

where B, is the wetted perimeter which is the sum from the perimeters of the structures in the cross-
sectional area which are in contact with the fluid.

The heat transfer area of the node is calculated from the heat transfer area density H, (which is
given as input) and the total volume of the node by the expression:

A= H,Vr. 4)

The Cartesian discretization can be done in different ways e.g., centered rod, centered coolant,
or assembly wise where the whole assembly is seen as a sub-channel. These options of spatial
discretization available in TWOPORFLOW are shown in Figure 4.2.
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Centered rod Centered coolant Assembly wise

Fluid movement direction
(z in this case) —

Figure 4.2. Different options for spatial discretization of the computational domain in
TWOPORFLOW.

4.2 System of conservation equations

TWOPORFLOW solves a system of six conservation equations formulated according to the
two-fluid model. Three conservation equations are written for both the vapor and the liquid phase. It
allows a general description of the two-phase flow in three-dimensions. In this model, it is possible to
calculate the velocities and temperatures of the two phases separately. Moreover, porosity is
implemented by the Fractional Area Volume Obstacle Representation (FAVOR) technique [37].
According to this technique, a velocity vector related to the area porosity is defined:

Ve
v

where the subscripts x, y, z represent the Cartesian coordinates, and k will become the fluid (I when
liquid and v when vapor).

In order to describe two-phase flow, a large number of constitutive equations are required, e.g.,
correlations for heat transfer, wall friction, interphase momentum coupling which will be described in
section 4.5.

Hereafter, the main balance equations are shortly presented.

Mass balance equations

The mass conservation equations of the liquid (1) and vapor phase (v) are given by the following
equations:

0 —
K2 4 7 - (W) = T, (6)

15



Boiling Water Reactor core analysis by means of an improved porous media based two-phase flow approach

d(aypyey)

ot +V- (avv—v)v) =1, (7)

where «a,, is the vapor volume fraction, «; is the liquid volume fraction, p the density of the fluid and

I; the rate of evaporation/condensation at the liquid-vapor interface, which is described in Section 4.5.3.
The sum of the fluid volume fractions is:

a +a,=1. (8)
Momentum balance equations

The momentum conservation equations are used in a non-conservative form, and they are given
hereafter for the liquid and vapor phase:

8171 alle(Vl)

QP15 + - +a,V(P) = —F, + F + ayp g + a,D,, )
v, a,w, V(¥ , . . -
avpva—: + %(v) +a,V(P) = —F,, — F; + a,p,g + @,D,, (10)
v

V, is the velocity vector, P the pressure, F,,; the structure liquid wall friction Force E,,, the structure
vapor wall friction Force 13, the friction force at vapor/liquid interphase, g the gravity vector.

The diffusion terms are defined as:

0 v, d v, v,
ax Pxte 5 + 3y Py i By + 3, Pt 5,
D =i i % i % i % 11
e + 3y P Gy L T Sl (11)
0 v, d v, a av,
ax Pxte 5, + ay Pyl By + 5, Pt 5,

u is the effective viscosity.
Energy conservation equations

For energy conservation equations, the internal energy (e) is used as the main variable:

d(apiever) da,

T + V- (aiprewy) + PV - () + PEVE — K =0Qgq— 0y (12)
d(a,pyepe Jda
% +V- (avpvevwv) + PV - (avwv) + PEVa_tv -K,= st + QI: (13)
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Q, is the heat exchange between structure and fluid and Q; is the heat exchange between the phases
i.e., liquid and vapor. The thermal diffusion term (K ) for liquid and vapor is given by the equation:

9 2 9 9 9 d
Ky = a’lk“kfx 35 et @Akakey@Tk * &Akakengk' (14)

A is the thermal conductivity and T the temperature.

4.3 Steam-Water properties

In TWOPORFLOW, water and steam are implemented as working fluid. It is possible to choose
between three different methods to calculate the state properties of water/steam mixture:

o |APWS-97: calculates the state dynamic properties of water according to the IAPWS-97
formulation (The International Association for the Properties of Water and Steam) [22]. The
IAPWS-97 consists of a set of equations for different regions covering the range from 273.15K
to 1073.15 K for a pressure < 100 MPa and 1073.15 K to 2273.15 for a pressure < 50 MPa.

o Water vapor simple: water using fits and modifications made by Bill Rivard [38] from the group
t-3 “Fluid Dynamics” of the last theoretical division of IAEA (International Atomic Energy
Agency), taken from code TRAC (Transient Reactor Analysis Code) and recoded to improve
efficiency. The compressed liquid properties have been reprogrammed by John Kelly
(Massachusetts Institute of Technology, MIT) [39].

o Water vapor detailed: this option calculates the properties of water according to a simplified
approach of the IAPWS data, taking values from Haar, Gallagher, and Kell steam tables [40].

4.4 The Heat conduction model

The calculation of the temperature distribution of cylindrical solid structures with or without
heat source is performed in TWOPORFLOW by solving the Fourier’s equation according to the finite
volume method for given boundary conditions and considering temperature-dependent thermo-physical
properties of the materials of the solid structure. For example, a fuel rod consisting of a fuel pellet, a gas
gap, and a cladding, is discretized radially and axially in material zones containing a certain number of
mesh-points where the temperature is predicted. In Figure 4.3, the radial discretization of a fuel rod is
shown with subdivisions of the pellet and cladding. The gap, inner, and outer cladding points are located
on the cell boundaries. Since the axial heat conduction is rather small, compared to the radial heat
conduction due to the dimension of the rod, it is neglected.

The rod temperature equation is given by:

L9 _10, 9T 9 T )
Pirar “ror " or 0z oz Q

T is the Temperature, ¢ is the time, r is the radius and z the axial position. p is the density, C,
is the heat capacity, A the thermal conductivity and Q is the heat generated inside the fuel. The equation
is integrated over the volume leading to a set of linear equations for the temperatures of each radial ring.
The coupled system is solved inverting a tridiagonal matrix. Since the axial heat conduction is rather
small, compared to the radial heat conduction due to the dimension of the rod, it is evaluated in an
explicit manner. In Figure 4.3, the radial discretization of a fuel rod is shown.
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Nodes Area boundaries
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Fuel

Figure 4.3. Schematic representation of a fuel rod with surrounding coolant and its radial
discretization for the heat conduction solver.

4.5 Constitutive models for the closure of the system of conservation equations

The system of conservation equations needs to be mathematically closed by the constitutive
correlations. They are needed to describe the heat transfer from solid surface to coolant, liquid-vapor
heat transfer including vaporization and condensation, wall friction, and liquid-vapor momentum
coupling.

Non-dimensional properties are used in several empirical correlations describing physical
processes like heat and momentum transfer. The non-dimensional key numbers used in
TWOPORFLOW are defined in detail in Annex 1 equations (70) to (76).

In TWOPORFLOW, the following vertical flow regimes are defined based on the actual coolant
temperature and saturation temperature:

Sub-cooled regions (T; < Tgqe):

e Convective heat-transfer: the wall temperature (T,,) and the liquid temperature (T;) are lower
than the saturation temperature (Ts,;), having single-phase liquid.

e Subcooled nucleate boiling: T,, is higher than Tg,¢, but T; still being lower, leading to the
formation of bubbles only at the solid surface.

Saturated regions (T, T,, = Ts4t)

e Saturated nucleate boiling: In this regime, three different flow patterns could appear: a) bubbly
flow when vapor bubbles are present in a continuous liquid phase b) slug flow characterized by
the presence of gas plugs separated by liquid slugs and c¢) annular flow characterized by the
presence of a continuous core of gas surrounded by an annular liquid phase.

e Two-phase forced convection: Heat is transferred by convection through the thin liquid film
to the vapor. Extremely high heat transfer coefficients are possible in this region.
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e Liquid deficient region: this region is reached when T,, is higher than the critical temperature
(T,,) meaning CHF is reached. A more detailed explanation of CHF is given in Chapter 5.3.

Superheated regions (T, > Tap):

o Convective heat-transfer to vapor: T, is higher than T, and the flow regime is single phase
vapor.

In TWOPORFLOW, two different sets of models for interfacial momentum exchange, heat
transfer coefficients and sub-cooled vapor generation are implemented. The first set of models consists
of well-known empirical correlations characterized by their simplicity, which lead to a short
computational time. The second set of models are based on correlations taken from the manual of the
system code TRACE [19] and adapted to the structure and peculiarities of TWOPORFLOW. In this
case, the correlations take into account additional parameters for example, the correlation of Unal [41]
to calculate the fraction of sub-cooled vapor generation, depends only on fluid velocities and
temperatures, while the TRACE model [19] depends on the Peclet number, mass flow, temperatures of
the fluid and the thermal conductivity, that leads the CPU time to increase. The first set of correlations
are named as “TPF correlations” and the second one as “TPF-TRACE correlations.”

In Figure 4.4, a scheme of heat transfer and vertical flow regimes according to Collier [42] it is
presented, where the areas of application of the two sets of correlations of TWOPORFLOW are
indicated. The scheme shows that the heat transfer regimes are classified based on the equilibrium
thermodynamic quality (x,) relating the flow enthalpy (h) to the saturation liquid (hl,sat) and vapor

(hy,sae ) enthalpies.

h — hl,sat

Xg = ———————.
hv,sat - hl,sat

(16)

The equilibrium quality can be used only for single-component mixtures (e.g., water with steam)
and it can take values lower than zero (for sub-cooled fluids) and greater than one (for super-saturated
vapors).

The flow quality (x), which relates the vapor mass flow rate (G,) with the total mass flow rate
(the sum of (G,,) plus the liquid (G;)) as:

G
=T (17)
G, + G,
can be used to define the equilibrium quality as:
h,+(1—x)h—h
X, = xhy + ( x)h Lsat (18)

hv,sat - hl,sat

Under equilibrium conditions h;=h; sq¢ and h, = hy, 54, therefore x, = x. In subsequent
chapters, correlations that use the equilibrium quality, and other ones, which use the flow quality, are
presented.

The TPF-TRACE set of correlations is applied only to calculate the pre-CHF flow regimes while
the TPF set of correlations is applied to calculate the heat transfer along the entire boiling curve.
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Figure 4.4. Heat transfer regimes description for uniform wall heat flux, and application of
TWOPORFLOW (modified from [16] and [42]).

45.1 Wall heat transfer

The boiling heat transfer plays a key role in reactor cores of BWR, in steam generators of PWR
under normal conditions and in the core of PWR under accidental conditions. Hence, the modeling of
such safety-relevant phenomena in simulation tools such as TWOPORFLOW is important. In
TWOPORFLOW, correlations to calculate the heat transfer in all the pre-CHF regimes, single phase
gas, condensation, and the film boiling - by interpolation between CHF and the MSFBT (Minimum
Stable Film Boiling Temperature) or Minimal Heat Flux (lower limit for the heat flux in the film boiling
regime)- are implemented.

Since the CHF-prediction in TWOPORFLOW is done using the Bowring [11] correlation and
this correlation has not yet been validated, a goal of this dissertation is to implement and validate other
models, in order to have a wider range of applicability in the code (different boundary conditions and
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4. The porous media two-phase flow code TWOPORFLOW

geometries). For each flow regime, the heat transfer coefficient is computed based on a specific
correlation considering the local void fraction and the wall surface temperature.

The wall heat transfer area and the hydraulic diameter are provided by input. The hydraulic
diameter is given at the cell interfaces for each direction of the flow (X, y, z). However, the hydraulic
diameter must be calculated at the center of the cell for the TWOPORFLOW heat transfer models.
Hence, the averaged hydraulic diameter at the cell center is determined by the following relation:

3 Dy;G;
Dhave = %

(19)
i=1Gi

Dy; represents the hydraulic diameter in direction i and G; is mass flow rate and it is given by
the subsequent equation:

G; = avpv|Vv,i|+alpl|Vl,i|- (20)

In general, the heat transfer from the fuel rod surface to the coolant is computed by using the
heat transfer coefficients (h) to the liquid and vapor phase. The vapor power density generated by the
heated rod surface is calculated by the following relation:

_ Ahv,fc(Tw - Tv)

Sv V ’ (21)

A is the area of the rod surface and V the cell volume. The liquid power density generated by the heated
rod surface is expressed by the relation:

A (hl,fc (Tw - Tl) + hl,nb (Tw - Tsat)) (22)
Qs = v .

hy ¢ is the liquid heat transfer coefficient for forced convection and h,,,;, is the liquid heat transfer
coefficient for nucleate boiling.

The constitutive models used to calculate the wall heat transfer in TWOPORFLOW by means

of the TPF and the TPF-TRACE groups of correlations, in the different flow regimes are listed in
Table 4.1. The details of the correlations are given in the Annex 1.
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Table 4.1. Wall heat transfer constitutive models in TWOPORFLOW
Models (Detailed equations in Annex 1 section 1.a)

Flow regime TPF TPF-TRACE [19]
Single-phase
liquid/vapor [43] Eig}

convective Eq. (78) and (79) Annex 1 Eq. (97) to (99) Annex 1

heat transfer
Onset of nucleate boiling
[48]
Subcooled/nu | [46] Eg. (100) Annex 1
cleate/saturat | [47] -
ed boiling Eq. (80) to (85) Annex 1 [Sut;cooled/nucleate boiling
49
Eqg. (105) to (107) Annex 1
Transition Eg%
boiling

Eqg. (86) to (89) Annex 1

[52]
Film boiling [53]
Eg. (90) to (94) Annex 1

[54]
Condensation | [51]
Eqg. (95) and (96) Annex 1

[55][43]
Eqg. (101) to (104) Annex 1

4.5.2 Fraction of sub-cooled vapor generation

The sub-cooled boiling is a transition regime between convection and saturated boiling. Vapor
bubbles are generated at the wall due to nucleate boiling. Some of them collapse immediately due to
condensation while others detach and become part of the bulk two-phase flow. Other bubbles slide along
the heated surface before either condensing or detach. The mass transfer rate due to subcooled boiling
is necessary to calculate the heat exchange for direct evaporation from the wall, which at the same time
is necessary to calculate the heat exchange between phases.

The correlations used in TWOPORFLOW to calculate the sub-cooled vapor generation in both
groups of correlations are listed in Table 4.2. .
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Table 4.2. Fraction of sub-cooled vapor
generation correlations in TWOPORFLOW

TPF TPF-TRACE
[19]

[56] [57]

Eq. (108) to (110) Eq. (111) and (112)

Annex 1 Annex 1

4.5.3 Liquid-vapor interface heat and mass exchange models

The interfacial heat and mass exchange are defined at the vapor interface by the expression:
Qr + Ithysat = Qp, (23)
and at the liquid interface as:
Qn — Ithysqr = =0 (24)

The interfacial heat mass transfer rate is given by the combination of the equations (23) and
(24):

I = _< Qw +Qn > (25)

hv,sat - hl,sat

The models used in TWOPORFLOW to calculate the interfacial heat and mass exchange and
the heat mass transfer rate in the different regimes are listed in Table 4.3. The TPF group of
correlations use, in this case, the same model for all the two-phase flow regimes.

Table 4.3. Liquid-vapor interface heat and mass exchange models in TWOPORFLOW
Regime TPF TPF-TRACE[19]
Dispersed bubbly flow [58] [59]

[51]EQ. (113) to (134) Annex 1 | [60]

[61]

[62]

EQ. (135) to (141) Annex 1
Bubble/Slug [63]

[60]

[64]

Annular/Mist [55]

[65]

[66]

[67]

[68]

[69]

Eq. (153) to (166) Annex 1
Interpolation Dispersed/cap EQ. (167) Annex 1

slug bubble and annular mist
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45.4 Wall friction

The wall shear forces need to be calculated to solve the momentum conservation equations. It
is necessary to calculate first a dimensionless friction factor f;. The models used in TWOPORFLOW
to calculate the wall friction are listed in the Table 4.4.

Table 4.4. Wall frictions models in TWOPORFLOW

Regime TPF TPF-TRACE
Bubbly Slug [16] [71]

[47] [72]

[70] Eq. (179) to (182) Annex 1

EQ. (168) t0 (177) Annex 1
Annular flow [73]

EQ. (183) t0 (187) Annex 1

Transition bubbly/slug to Eq. (188) and (189) Annex 1
annular/mist

4,55 Liquid vapor momentum coupling

As well as the wall friction, the friction forces between phases are necessary to solve the
momentum conservation equations. In TWOPORFLOW the velocities of the two phases are coupled by
the interfacial drag force that arises from shear between the phases and is defined by:

ﬁ] = FIVrlvl- (26)

The models used in TWOPORFLOW to calculate the interfacial friction forces are listed in the
Table 4.5.

Table 4.5. Liquid vapor momentum coupling models in TWOPORFLOW
Regime TPF TPF-TRACE
Bubbly/slug [16] EQ. (191) to (193) Annex 1
Eq. (190) Annex 1
Annular/Mist [74]
Eq. (194) to (204) Annex 1

4.6 Numerical methods

In TWOPORFLOW a semi implicit transient numerical procedure based on the implicit
continuous Eulerian (ICE) method [75] [76] is used to solve the basic conservation equations, based on
a finite volume method with a staggered grid configuration in three dimensional Cartesian coordinates.

The scalar variables are cell centered, whereas the velocity components are located on cell faces (see
Figure 4.5).
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4. The porous media two-phase flow code TWOPORFLOW

3
?
si

Figure 4.5. Typical mesh cell.

In TWOPORFLOW a steady state solution is calculated by a pseudo-transient. The criteria used
to determine the steady state are the residuum of liquid and vapor velocities, void fraction, as well as
the vapor, liquid, and surface temperatures:

% _ T, — Tv,t—At

= 27
dt At ’ @1
dfy _ T —Tie-ae (28)
dt At ’
% — Ts — Ts,t—At (29)
dt At ’
dav _ ay, — av,t—At (30)
dt At ’
i) _ %] = Vo )
dt At ’
and:
dlVi] _ 7l = [Viaad )
dt At '

The limits to reach steady state are given in the input. The simulations presented in this work
are done using the values:

e For the temperature’s residuum= 1 x 10~* g,
e \oid residuum=1 x 10™* %
e Velocities residuum =1 x 10~% sﬂz
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The momentum convective terms are treated explicitly, and the momentum equations are written
as finite-difference equations rearranged in a way that the new time step velocities are rewritten as a
linear function of the local and adjacent cell implicit pressures.

The set of conservative continuity and energy equations is cell volume integrated in
consideration of the volume and area porosities given by input. For each time step the velocity
components in the cell boundary flux terms are eliminated by the momentum equations. Mass and
energy equations are linearized in order to reduce the whole system to a pressure Poisson equation [77].
This can be solved using a Direct, SOR, ADI, or BICGSTAB solver. Pressure, temperature, and void
fraction are obtained to calculate the fluid properties and the velocities are set up from the pressure
gradients.

The heat conduction equation of the rods is solved with a finite-volume method and is calculated
implicitly.

Stationary solutions are found by performing a transient calculation starting with appropriate
initial and boundary conditions. The program stops at the end of the maximum time previously given as
an input (for the transient) or when the steady state is reached. The enlargement of the time step is
limited to 10%. In each computational cell the local time step is calculated by:

At = (33)

m | =

where:

Vo WV, 1 ram | avty | a1y “vﬂv] (34)

1
% z
= |— — —_— 2 |— —_ _
[Ax + Ay + AZ] * [sz * Ay? + Az? [ o) Py PiCpr  puCoy

The time step is limited by the Courant condition (first term of equation (34)), the viscous
diffusion time scale, and the thermal inertia of the fluids (second term of equation (34)). The solution of
the energy equation inside the fuel rods uses an implicit method, so the properties of the fuel rods do
not appear in the time step limitation. The global time step is taken as the minimum of all local time
steps. A flow chart of the solution procedure is presented in Figure 4.6.
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Figure 4.6. Flow chart of TWOPORFLOW.
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3) Improvements of the porous media models of TWOPORFLOW

Simulation tools for design or safety evaluation of reactor cores must have reliable and validated
models to describe safety-relevant phenomena e.g., pressure drop, heat transfer for flow regimes in the
pre- and post-CHF region.

Hence, the models describing the natural mixing between sub-channels as well as the forced
mixing due to constructive peculiarities e.g., mixing grids, and dry-out and departure from nucleate
boiling will be revised and if necessary, implemented in the code.

Mixing models were not present in TWOPORFLOW, and for CHF only the Bowring correlation
was implemented. The code was only capable of simulating correctly the phenomena that occurred in
the pre-CHF regime.

In this section, the implementations of the single-phase thermal mixing, void drift and CHF are
described. One of the basic ideas of this code is to maintain the straightforwardness and fast
convergence. For this reasons, simple algebraic equations are used to calculate the thermal mixing and
void dispersion.

5.1 Turbulent mixing

TWOPORFLOW is a code based on empirical correlations using a coarse mesh. A very detailed
modelling of mixing effects as usually used in CFD codes does not fit into this concept. The mixing of
momentum and energy is based on simple, but experimentally proven correlations in the area of thermal
hydraulics of reactor cores.

5.1.1 Turbulent viscosity

Turbulence models are based on the turbulent-viscosity hypothesis introduced by Boussinesq in
1877 [78]. As a result, the eddy viscosity can be specified as a function of a characteristic velocity and
a characteristic length. Although the eddy viscosity hypothesis is not completely correct, it can provide
an adequate estimate of turbulent flows. The effect of the turbulent viscosity of the flow between sub-
channels in the momentum equations is described by a simple algebraic equation approach. According
to it, the turbulent flow can be simulated as a pseudo fluid having an effective viscosity (u), which is
the result of the sum of the molecular and the turbulent viscosities. This extension is based on a mixing
coefficient (8) determined by fitting to experimental results [79]. According to it, the total viscosity is
expressed by the following equation:

Mk = Hmork + Ueur ks (35)

where ., 1S the turbulent viscosity and u,,,,; the molecular viscosity. The subscript k indicates that it
is applied for liquid [ and vapor v phases. The turbulent viscosity is calculated as:

Peurke = BPrViL, (36)

where p is the viscosity, VV the velocity of the fluid and L the characteristic length between sub-channels,
which is defined by the sub-channel width.
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5.1.2 Turbulent heat conductivity

In order to describe the effect of the turbulent flow between channels in the energy equation, the
turbulent heat conductivity (A4,,) between adjacent sub-channels is calculated using the Prandtl number
[80]. The Prandtl number is defined as the ratio between the momentum eddy diffusivity and the energy
eddy diffusivity. In detailed turbulence analysis, the Prandtl number is a variable on a local scale. In the
simplified view of TPF a constant value of 0.9 for the turbulent Prandtl number is used [81]. The
turbulent heat conductivity is defined by the ratio of turbulent viscosity multiplied by the heat capacity
and divided by the turbulent Prandtl number:

ur, C
Apur e = Pourk Pk, (37)

Priurk

The turbulent heat conductivity is added to the molecular thermal conductivity of the fluid and
it directly affects the conductivity terms in equations (12) and (13):

A = Amol,k + Atur,k- (38)

5.2 Void dispersion

The void distribution in the reactor core has a great influence on the neutron physics of the
system. In strong axial dominated flow, vapor volume is transported in lateral direction. A simple model
to describe void dispersion is added by the void dispersion term (P;) to the vapor momentum equation
for bubbly flow. It is calculated from an assessment of the turbulent kinetic energy using the next
equation [82]:

Vi
P =04 Heur E (39)

This implementation directly affects the equation (10) adding a term, and thus gives the
following equation:

v,  a,w,V(V, . . o
a,,p,,a—: + L(v) + a,V(P) = —F,,V, — F; + ay,p,g + a,D, — P;Va,. (40)

€y

5.3 Critical Heat Flux (CHF)

The CHF is a physical phenomenon which leads to the substantial deterioration of the heat-
transfer coefficient of the two-phase flow [16]. Two different kinds of CHF conditions are important. In
PWRs, the Departure of Nucleate Boiling (DNB) phenomenon occurs when the liquid in contact with
the cladding disappears (due to a local increase of the heat flux) and instead it is in contact with a vapor
film which strongly decreases the heat transfer coefficient since the heat capacity of vapor is quite small,
compared to the one of water. Dry-out takes place when the liquid film of annular flow in a BWRs is
evaporated at some location along the core height. In Figure 5.1 both phenomena are shown graphically.
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Figure 5.1. Departure of Nuclear Boiling and Dry-out.

The CHF is used to calculate the CHF Ratio (CHFR) known as well like DNB Ratio (DNBR).
This is one of the most important safety margins in nuclear reactors. The CHFR is calculated as follows
[16]:

CHFR =2 i (41)

In this equation, Q" is the actual critical heat flux predicted for a fuel assembly and q, is the
experimentally measured heat flux at which the CHF conditions occur.

This safety criterion stablishes that the minimum value of CHFR (MCHFR or MDNBR) should
not be less than 1.3.

In order to extend the models of TWOPORFLOW beyond the pre-CHF point, Bowring CHF
model is revised, and new models have been added. In this connection, the iterative calculation of critical
surface temperature considering the numerical stability is implemented. The new models are two
correlations, (Biasi and Bowring) and the Groeneveld Look-up table.

The application ranges of key-parameters of the models are shown in Table 5.1.
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Table 5.1. Limits of application from the CHF models implemented in TWOPORFLOW.
Correlation Limits of application
Biasi D =0.0030—0.0375m
L=02-60m
P =0.27 — 14 MPa
G = 100 — 6000 kg/m?s
x=1/A+p/py) tol
Bowring D =0.002 —-0.045m
L=015-37m
P =0.2-19 MPa
G =136 — 18600 kg/m?s
Groeneveld LUT D =0.003 -0.025m
P=0.1-21.0MPa
G = 0.0 — 8000 kg/m?s
x, =—0.5t00.9

5.3.1 Biasi CHF correlation

The CHF Biasi correlation [12] has been developed for round ducts, and uniform heating with
a root-mean-square (rms) error of 7.26% in 4551 data points, and 85.5% of the points are within +/-
10% absolute deviation. It is a function of pressure, mass flux, flow quality, and tube diameter. This
correlation has been used in different thermal hydraulic simulation programs for nuclear applications,
[20] and [19]. For high-quality conditions and a specific mass flow rate of G < 300kg/m?s, the
following equation is used:

q" . = (15.048 x 107)(100Dy) "G °°H(P)(1 — x), (42)
For the low-quality region (G > 300kg/m?s), Biasi proposed:

1 1
g = (2.764 x 107)(100D;) "G5 (1.468F(p)a‘a - x). (43)

Where Dy, is the hydraulic diameter, x is the quality defined as the ratio of the mass flow rate of vapor
and the total mass flow rate:

(44)

and F(P) and H (P) are analytical functions of the pressure (P), introduced to extend the validity range
of the latter:

H(P) = —1.159 + 0.149P, e %01%bar + 9P, . (10 + P,fa,)'l. (45)
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F(P) = 0.7249 + 0.099P,,,.e ~0-032P, (46)

Where P, = 10P, being P the pressure in MPa. For those expressions, the value of n is a
constant dependent of Dy equal to:

0.4.D, > 0.01
n:{ Dy = 0.01m (47)

0.6,Dy < 0.01m’

5.3.2 Bowring correlation

The Bowring correlation [11] is developed for round tubes with a uniform axial heat flux. The
root mean square (rms) error in this correlation is 7% with 3800 data points. This correlation is a function
of mass flow, pressure, flow quality, tube diameter, and inlet sub-cooling; and has probably the widest
range of applicability in terms of pressure and mass flux [16]. The correlation is described by the
following equations:

A — Bhs,x
q”cr Zng’ (48)
being A4, B and C functions of G, D, P:
h¢,DyG
2.317 (”’TH) F, 40
A= T (49)
1+ 0.0143F,D, %G
DyG
B=_—"" 50
— (50)
and:
B 0.077F;DyG
- n 51
1+ 0.347F, (&) 1)
Where n is calculated as:
n=2-5p,, (52)

being a function of the reduced pressure (p,-) as well as F; to F,:
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p, = 0.45P, (53)

and the pressure (P) is given in MPa.

Forp, < 1MPa:

P 189%2exp[20.89(1 — p,)] + 0.917

) 54
Fy 1917 , -
- F, (55)
Z7 (p1316exp[2.444(1 — p,)] + 0.309Y
1.309
g Pr7%exp[16658(1 —p,)] +0.667 (56)
3= 1.667 ’
and:
F, = F3pr1'649' er
For pgr > 1MPa:
Fl — pr—0.36sexp[0.648(1 - pr)]; (58)
N F, (59)
2 P~ 0448exp[0.245(1 — p,)]
F3 — pr0.219’ (60)
and:
F, = ngR1.649_ (61)

5.3.3 Groeneveld look-up table

The 2006 Groeneveld Look-Up Table (LUT) [13] is a normalized database that predicts the
CHF as a function of the coolant pressure, mass flow, and thermodynamic quality. It contains around
25000 data points taken from different correlations. The rms error at constant inlet flow conditions is
5.86%. The Groeneveld CHF used in TWOPORFLOW can be expressed as follows:
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qucr = q”LUT Klpfactor- (62)

For a mass flow larger than the upper limit of G = 8,000kg/m?s this value is used and for
values of equilibrium quality below -0.5 a linear extrapolation is made:

¢ = do.s + (904 — 90.5)(xe + 0.5)

cr 0.1 Klpfactor- (63)

The equilibrium quality is defined as:

h — hl,sat

Xe =777
hv,sat - hl,sat

(64)

where h is the local specific enthalpy of the fluid (single phase or two-phase), h, s the liquid and h,, s4¢
the vapor saturated enthalpies, respectively. Thus, in the two-phase saturated region, 0 < x, < 1, in the
subcooled region x, < 0 and in the superheated region x, > 1.

In the last two expressions K; is a correction factor for the hydraulic diameter taken from [14]
and is expressed as:

[0.008]1/2
Dy,
K, = 0.57,Dy > 0.025m

Kl — )DH < 0025m (65)

The pactor IS an approach used in case the pressure is outside the given ranges (if the pressure
is inside the ranges prqcor = 1). Then, the following equation is used for extrapolation [83]:

1 1
pv /2hsq lo(pr = p)] /4|
q"cr = CHF(P;, Go, Xe0) — y y CH (66)
Py 2hfg [0(pl - Pv)] 4|P

k

Where P, is either 100 kPa (if P, < 100 kPa) or 21,000 kPa (if P, > 21,000 kPa). In this
particular case, the subscript k represents the pressure values of application (P, k = 100 — 21000 kPa).
In order to avoid the extra computational burden related to the calls at the fluid properties subroutine, it
is necessary to evaluate the last term in Eq. (66) where a curve-fit is used [19]:

" P, G,x
Practor = q,, cnr e) _ 1.546P* — 1.6108P** + 1.7818P*% — 0.7199P**, (67)
9" cur (P G, Xe)

where the non-dimensional pressure is defined as:
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P..—P

pr=-C
Pcr_Pk

(68)
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6 Validation of the pre-CHF models of TWOPORFLOW using
experimental data

One of the main objectives of this work is the validation of both, the recently implemented and
the already existing physical models in TWOPORFLOW. The physical phenomena investigated are
turbulent mixing, sub-cooled boiling, void dispersion, transient void, and pressure loss using the already
described groups of correlations TPF and TPF-TRACE (section 4.5). The validation of these phenomena
is presented in chapters 6.1 through 6.4, making a general conclusion of the validation in section 6.5.

A brief description of the experiments is provided at the begin of each sub-chapter. It is
necessary to mentioned that in TWOPORFLOW the axial mesh is relatively coarse compared to standard
CFD simulations for single-phase flow. As usual in two-phase flow codes using interpenetrating fluids,
the cell size cannot be smaller than the bubble or slug size. In addition, the axial nodalisation is oriented
at the axial power distributions of the tests and the spatial resolution of the measurements.

Further details of the experiments and their boundary conditions in steady state are shown in the
Annexes.

6.1 PSBT thermal mixing tests

By turbulent mixing, momentum, and energy transfer take place, but no net mass transfer
between sub-channels. In order to describe the effect of the turbulent flow between sub-channels in the
momentum equations a simple algebraic equation approach is implemented (Section 5.1).

The subchannel analysis of bundles is sensitive to the mixing coefficient (8) (see section 5.1).
According to [84], for assemblies containing mixing vane spacers, a constant value of (8) is determined
by single-phase flow experiments measuring the exit sub-channel temperature, which is valid for the
geometry under consideration. In order to validate the thermal mixing model in TWOPORFLOW,
steady-state liquid fluid temperature tests are simulated to obtain the value of (8) which gives the best
prediction of the experimental temperatures. The obtained results are compared with the ones obtained
by another works, Section 6.1.3. By analogy, the liquid mixing coefficient is used for the vapor as well.
In bubbly and slug flow regimes the vapor mixing coefficient is not as important as the liquid one,
because the flow is mainly determined by the liquid flow due to the strong drag effects. The void
dispersion term in the momentum equation gives the important contribution to vapor mixing effects
between sub-channels.

6.1.1 Short test description

The Nuclear Power Engineering Corporation (NUPEC) has developed and performed a series
of tests, which are summarized in the NUPEC PWR sub-channel and Bundle Tests (PSBT) benchmark.
It consists of two phases of measurements, in a representative PWR fuel assembly: Phase I.- Void
distribution and Phase Il.- departure from nucleate boiling (DNB) [85]. The latter is as well divided in
three exercises: steady-state fluid temperature benchmark, steady-state DNB benchmark, and transient
DNB benchmark. In order to validate the implementation of the turbulent-viscosity and conductivity in
TWOPORFLOW (equations (36) and (37) in section 5.1), nine tests of the steady state fluid temperature
benchmark have been used. These single-phase flow tests use a special lateral power distribution as
given in Figure 6.1.

The assembly has a 5 x 5 rod array containing two non-mixing vane spacers, 8 simple spacers
and 7 mixing vane spacers with pressure loss coefficients (§ defined in Eq. (171), Annex 1) of 0.7, 0.4,
and 1.0 correspondingly. The assembly has a constant axial power distribution. The boundary conditions
are varying between the following ranges (details of the boundary conditions and geometric dimensions
are given in Annex 2, Tables 12.1 and 12.2):

e Qutlet pressure: 4.92 — 16.58 MPa,
e Inlet mass flow: 540 — 4722 kg/m?s,
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e Inlet temperature: 86 — 289.2 °C,
e Bundle power: 0.4 — 3.44 MW.

y
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Z. > x

Figure 6.1. Normalized lateral power distribution of PSBT steady state fluid temperature bundle
tests.

Figure 6.2 shows the layout of the NUPEC PSBT test. The heated section has a length of 3658
mm and is shown in detail in Figure 6.3.
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Specifications

Max. Heating Power 10 MW
Max. Coolant flow rate | 60 t/h
______ - : ; i Max. Coolant pressure | 16.6 MPa

Spray Flow Control Section
<

F Measuring
Section

Flow
. Channel

Test

Grid

Steam Drum

Nozzle for

Pressure Drop Nesel Air Cooled Heat
i Exchanger

Measuring Bl Power g

Preheater

Mixer

Circulating

Water Pump Spray Pump

_ B\
f el
Mixer

From Demineralizer

Filter Feed Water
Pump

Figure 6.2. System diagram of NUPEC PSBT facility [85].
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Figure 6.3. Test section thermal mixing tests of NUPEC PSBT facility [85].
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The reported measurement error of the thermocouples in the experiments is about 1°C.

6.1.2 TWOPORFLOW modeling

In TWOPORFLOW, the mesh is constructed by a coolant centered sub-channel approach,
resulting in an arrangement of 6x6 sub-channels in directions X and Y, respectively. The axial length
has been divided in 27 equidistant nodes of 137.2 mm. The hydraulic diameters in axial direction are
11.7 mm (central channels), 8.13 (wall channels) and 6.35 (corner channels).

The number of rods per channel is ¥, %, or one depending on the location of the sub-channel.
In the centered coolant approach, the normalized power distribution of the sub-channel must be
calculated considering all the rod parts that are inside the sub-channel (Figure 6.4).
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Figure 6.4. View from the top of the 6x6 sub-channel TWOPORFLOW’s model of PSBT steady
state fluid temperature bundle tests.

In the porous media description, the subchannel like flow is simulated by using a partial free flow area
in the main flow direction giving the appropriate porosity. In the two lateral directions, the small gap
between the heater rods defines the porosity. The heat transfer along the circumference of the rods is
described by a surface area density in each volume cell. The boundary conditions sufficient to solve the
equations inside the bundle are the flow rate and temperature at the bottom (inlet) and the pressure at
the top (outlet).

6.1.3 Comparison of TWOPORFLOW predictions with experimental data

In both TPF and TPF-TRACE group of correlations six different values for the mixing
coefficients (8), namely 0.03, 0.04, 0.05, 0.06, 0.07 and 0.08 have been used. It is worth to note that in
[23] and [86] is found out that mixing coefficient () of 0.06 and 0.05 are the most appropriate values
in order to predict the outlet temperature close to the measured values.

The outlet temperatures of each sub-channel predicted by TWOPORFLOW are compared with
the measured ones. Then, the standard deviation of the predictions from the experimental values are
calculated by the relation:
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2
5= Zlivzl(Texp,i - Tsim,i) (69)
N-1 '

where {Texp,1.Texp,z. ...,Texp,N} are the experimental values of the outlet temperatures,

{Tsim,1.Tsim,z. ...,Tsim,,\,} are the predicted outlet temperatures, and N is the number of simulation
results. The standard deviation of the bundle outlet temperature calculated with Eq. 70 is shown in
Figure 6.5 for the different mixing coefficients considered in the simulations. It can be observed that
the mixing coefficients 0.05 and 0.06 have the smaller standard deviations for both sets of correlations
(TPF, TPF-TRCAE).
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Figure 6.5. Comparison of standard deviations of the outlet temperature predicted using the TPF

and TPF-TRACE set of correlations for six different mixing coefficients of PSBT steady state fluid
temperature bundle tests.

In addition, a more detailed comparison of the predicted outlet temperatures using 8 = 0.05 as
mixing coefficient and the data follows.

The values of the experimental data, against the difference between the experimental and the
simulated data for both correlations is shown in Figure 6.6. The graphic shows the 36 outlet channels
of 9 different simulation cases which are in total 324 comparison points for every group of correlations.
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Figure 6.6. Difference between measured and simulated outlet temperature of predicted coolant
temperature at the outlet of the 36 channels of the PSBT steady state fluid temperature tests obtained
with TPF and TPF-TRACE set of correlations.

The average difference of the outlet temperature compared with the experimental with TPF is
3.19°C while with TPF-TRACE correlations is 3.17°C.

The maximal difference is around 13.39°C for both correlation sets. This corresponds to the
channels located near the canister wall (channel (4, 6) in Figure 6.4), and where the largest power
difference of the connected rods exists. These tests have also the highest mass flux of 4722.31 kg/(m?2s).

However, more than 80% of the deviations are under 4°C.

All predictions using the TPF set of correlations are nearer to the experimental data than the
ones using TPF-TRACE correlation set. However, comparing the sub-channel temperatures obtained
with both correlations, the average difference between them is 0.094°C.

Based on this analysis it can be concluded that both set of correlations predicts the bundle
behavior with similar quality using the mixing coefficient of 0.05.

6.2 PSBT Sub-cooled boiling tests
6.2.1 Short test description

The validation of the subcooled boiling models of TWOPORFLOW is performed using the data
of 43 tests of Single sub-channel test performed in the frame of the PSBT benchmark [85].

The single channel tests consist of four different geometrical types of sub-channels, which are
described below (see Figure 6.7):

Case S1. Center channels surrounded by four rods (16 selected cases are simulated).
Case S2. Center channels surrounded by 3 fuel rods and a guide tube (12 cases).

Case S3. Side channels surrounded by two rods and a part of the assembly wall (8 cases).
Case S4. Corner channel surrounded by one rod and two wall parts (7 cases).
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Figure 6.7. Different types of sub-channels simulated, the areas
delimited by blue lines, are the equivalent to the different sub-channels’
simulations of PSBT Single sub-channel tests.

The single sub-channel test section is uniformly heated along 1555 mm and the void
measurement is done at 1400 mm elevation from the bottom of the heated section (see Figure 6.8). The
loop used for this test is the same shown in Figure 6.2.
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Figure 6.8. Test section sub-cooled boiling tests of NUPEC PSBT facility [85].

The void measurements are done using a narrow gamma-ray beam CT scanner to measure the
subchannel averaged void fraction and a wide gamma-ray beam to measure the chordal averaged void
fraction. For each subchannel type (corner, side, or center) a relationship between the subchannel
averaged and the chordal averaged void fractions was individually derived. These relationships were
then used to correct the subchannel averaged void fraction measured with the wide beam in the bundle
tests. The system was operated by translate/rotate method. At each translation/rotation location, the
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intensity of gamma-ray attenuated by the object, the so-called “projection data,” was detected. An image
reconstruction was then performed by a filtered back-projection algorithm to obtain the distribution of
the linear attenuation coefficient. The void fraction measurement procedure is shown in Figure 6.9. The
estimated accuracy of the tests corresponds to a standard deviation of 0.03 absolute void fraction [85].
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Figure 6.9. Void fraction measurement procedure in NUPEC PSBT facility [85].

Until this point, we will refer to the tests as S1, S2, S3 and S4 or typical, thimble, side, and

corner sub-channel correspondingly.

The boundary conditions of the tests are described in Table 6.1 (for more details, see Annex 2,

Tables 12.3 and 12.4):

Table 6.1. Boundary conditions value ranges of Single sub-channel PSBT tests.
;upk;—Channel Pressure [MPa] | Power [MW] Inlet temperature [°C] | Mass flow [kg/m?s]
S1 Typical 4.9-16.6 0.0499 - 0.0799 189.2 - 339.7 1369.44 - 3055.56
S2 Thimble 4.95-16.6 0.015 - 0.0601 209.2 - 345 494.44 - 3058.33
S3 Side 494-14.8 0.0252 - 0.0405 189 - 314.5 1369.44 - 3027.78
S4 Corner 4.96 - 14.7 0.0125-0.0152 214 - 3345 1394.44 - 3088.89

6.2.2 TWOPORFLOW modeling

The different subchannels are represented in TWOPORFLOW by one 1D cell (coolant centered
sub-channel approach) subdivided axially in one cell with a length of 50 mm, 14 cells using 100 mm
and one cell with 105 mm. This nodalization assures that the predicted values correspond to the location
of the measured data i.e., 1400 mm (calculated in TWOPORFLOW at the center of the cell). The number
of rods per channel is ¥4, ¥, % or one depending on the type of sub-channel. In order to represent the
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different pin and coolant areas in axial direction, different porosities are given depending on the case.
For the cases S1 and S2 the porosity value is 0.1332, for S3 0.0851 and for S4 0.0530.

The physical models selected for these tests are the ones described in section 4.5 for the groups
of correlations TPF and TPF-TRACE.

The boundary conditions are already being described in section 6.2.1 Short test description.

6.2.3 Comparison TWOPORFLOW predictions with experimental data

As mentioned, the tests have been analyzed using TWOPORFLOW with two sets of correlations
(TPF and TPF-TRACE). In Figures 6.10 through 6.13 the absolute difference of the predicted and
measured void fraction is plotted in dependence of the measured one at the axial elevation of 1400 mm.

It is worth to note that although the void fraction measurement error given by the benchmark
amounts 0.03, participants in the benchmark considered a value of 0.05 acceptable, because of the
uncertainties implied by the experimental methods [23].

For the sub-channel S1, TWOPORFLOW with the TPF correlation sets tends to slightly under-
predict the void fraction, while with TPF-TRACE correlation sets tends to over/under-predict the
measured data for void fractions between 0.05 and 0.6 (Figure 6.10).
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Figure 6.10. Comparison of the absolute difference of the void fraction with respect to the
measurements at 1.4 m height of both groups of correlations TPF and TPF-TRACE sub-channel
type S1 (typical sub-channel) of Single sub-channel PSBT tests.

For the sub-channel S2, the simulations with both type of correlations tend to under-predict the
void data from 0.08 to 0.35, where the under-prediction is more pronounced than for S1.
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For sub-channel S3, the simulations of the eight tests with TPF-TRACE mainly over-predicts
the data for void fractions below 0.42 and underpredicts it for values larger than 0.45. Specially for small
void fractions the over-estimations are high. For a void fraction of around 0.48, a large underestimation
is calculated. The predicted void fraction with the TPF-correlation set is mainly within the error band of
+0.05, except for one value of 0.82.
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Figure 6.11. Comparison of the absolute void fraction differences with respect to the measurements
at 1.4 m height of both groups of correlations TPF and TPF-TRACE sub-channel type S2 (thimble
sub-channel) of Single sub-channel PSBT tests.
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6. Validation of the pre-CHF models of TWOPORFLOW using experimental data

For the subchannel S4 Figure 6.13, both correlation sets slightly under-predict the measured
data for low void fractions around 0.001. There are two simulations using the TPF-TRACE correlations,
in which the measured data are similar, but a large difference between the simulated and the measured
void fraction is found. In the test with less difference, the boundary conditions are a pressure of 14.7
MPa, an inlet temperature of 318.4 °C and a mass flow rate of 0.13 kg/s. The boundary conditions for
the case with the larger difference are 4.9 MPa, 214 °C and 0.06 kg/s. The TPF-TRACE correlations for
sub-cooled boiling are dependent on the Peclet number, saturation temperature and mass flow (equations
(104) and (105) Annex 1). This dependence on these three parameters leads to the large differences in
the simulations, because the void fraction in the measurement is similar, but the boundary conditions
differ. Those differences are not present in the TPF correlations, because there are only dependent on
the temperature (equations (101) to (103) Annex 1). The simple correlations seem to be more robust
using less parameters.
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Figure 6.13. Comparison of the absolute void fraction differences with respect to the measurements
at 1.4 m height of both groups of correlations TPF and TPF-TRACE sub-channel type S4 (corner
sub-channel) of Single sub-channel PSBT tests.

In general, it can be stated that TWOPORFLOW tends to under-predict the measured void data
specially for the subchannel of type S2, S3 and S4, where a cold structure is connected to the subchannel
(S2: thimble, S3 and S4: wall of the test). In addition, it can be observed that for low void fractions, the
TPF-TRACE correlation sets tend to overestimate the data. One reason for it is the fact that the sub-
cooled boiling is dominated by evaporation-condensation effects, which in both cases are simulated by
simplified models.

Furthermore, the TWOPORFLOW results are compared with the ones of the subchannel code
named Subchanflow [23] in Table 6.2. There, it can be observed that the results obtained with TPF
correlations are nearer to the results obtained with Subchanflow. With the exception for using the TPF
correlations in assembly S3, the standard deviation in Subchanflow is lower in all cases (Table 6.2).

49



Boiling Water Reactor core analysis by means of an improved porous media based two-phase flow approach

Table 6.2. Comparison of the void fraction standard
deviations of both groups of correlations TPF and TPF-
TRACE of Single sub-channel PSBT tests.

TPF TPF-TRACE | Subchanflow
S1 0.05 0.09 0.05
52 0.07 0.06 0.04
33 0.05 0.12 0.08
S4 0.02 0.05 0.03

Based on these investigations, it is recommended to use the TPF correlations to simulate sub-
cooled boiling.

6.3 BFBT test for steady state void dispersion

6.3.1 Short test description

The validation of the TWOPORFLOW groups of correlations (TPF and TPF-TRACE) is
performed using the NUPEC BWR Full-size Fine-mesh Bundle Test (BFBT) benchmark [87] data. It
provides good-quality experimental data for the validation of different thermal hydraulic codes. Both
static void distribution and Critical Power tests are considered. Figure 6.14 shows the layout and a
cross-sectional view of the NUPEC BFBT facility. The test section is shown in Figure 6.15, where the
heated section has a length of 3708 mm. An X-ray CT scanner has been used to measure fine mesh void
test distributions. The scanner has been located 50 mm above the heated length (assembly exit). The
scanning section consists of a pressure vessel made of titanium (Ti), the channel wall and the cladding
of the heater rods at this location are made of beryllium (Be) to minimize X-ray attenuation in the
structure. The system consists of an X-ray tube and 512 detectors. To obtain a measurement of every
sub-channel, a rotation technic is used (Figure 6.16).

The reported sub-channel void fraction accuracy is 3% (0.03) and the measurements have been
taken at assembly exit.
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Figure 6.14. Layout of NUPEC BFBT facility [87].
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Figure 6.16. Void fraction measurement system BFBT steady state tests [87].
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6.3.2 Selected tests for code validation

In order to obtain a correct simulation of bundle average void fractions, it is necessary to work
with appropriate wall friction, interfacial friction, turbulent mixing, and void dispersion models. For the
validation of the void dispersion models in TWOPORFLOW, fifteen tests of the Exercise 1 Phase |
“steady-state sub-channel grade benchmark” are used. The tests have an 8x8 pin assembly geometry
(Figure 6.17), a width of 1325 mm, an axial heated length of 3708 mm and a total length of 3758 mm.

The assemblies have seven non-mixing spacers with pressure loss coefficient (&) of 1.2,
different lateral power distributions, (uniform for assembly 1; Figure 6.18-A for assemblies 01, 02, 03;
and Figure 6.18-B for assembly 4), and different axial power distributions (constant for assemblies 01,
02, 03, and 4; and cosine for assembly 1).

Three types of experiments, related to the void fraction, have been performed for every
assembly. Experiments with a low (0.4 to 0.5), middle (0.6 to 0.7) and high (0.7 to 0.8) assembly
averaged void fraction, making a total of fifteen tests. Further details of the experiment are shown in
Annex 2 Tables 12.5 and 12.6 and Figure 12.1 ( there, the axial power distributions are shown).
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power distributions)
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Figure 6.17. Top view of test Assemblies 1, 01, 02, 03 and 04 of BFBT steady state tests [87].

Assemblies 01, 02 and 03 Assembly 4
Figure 6.18. Lateral power distribution BFBT.
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The boundary conditions of the tests are shown in Table 6.1:

Table 6.3. Boundary conditions value ranges of steady-state sub-channel grade benchmark

BFBT tests.
Assembly type | Pressure [MPa] | Flow[kg/m2s] | Power [MW] | Inlet temperature [°C]
01 7.17-7.21 733.05-737.14 | 19-6.44 277.66 - 278.28
02 7.17-7.19 733.05-735.1 | 191-6.45 276.19 - 277.88
03 7.17-7.18 733.05-734.08 | 1.92-6.45 277.7 - 278.19
04 7.15-7.159 | 755.57-760.86 | 1.92-3.52 277.68 - 277.77
1 7.16-7.2 732.03-736.12 | 1.92-6.48 277.73 - 278.01

6.3.3 TWOPORFLOW modeling

The heated length of the test section is modeled in TWOPORFLOW using a coolant centered
sub-channel approach resulting in 9x9 sub-channel and 24 axial cells. The axial mesh has been chosen
to have the same number of cells as number of power axial distribution values are given in the
benchmark (24 axial cells of 154.5 mm length).

The number of rods per channel is ¥4, %2, ¥ or one depending on the location of the sub-channel.
In the centered coolant approach, the normalized power distribution of the sub-channel must be
calculated considering all the rod parts that are inside the sub-channel (Figure 6.19).

In addition to it, the mixing coefficient of 0.007 is also provided to TWOPORFLOW for this
bundle (a this small value is used because the assemblies do not have mixing vane spacers as is the case
in PSBT and taking into account the values for sub-cooled boiling given by [79]). Porosities and heat
transfer area densities are deduced from the different channel geometries inside the bundle. Channels at
the outer boundary and the corners have different values than the inner ones.
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Figure 6.19. View from the top of the TWOPORFLOW’s model of NUPEC BFBT steady-state
sub-channel grade benchmark with two water channels (top) and a central water channel (bottom).

Finally, the boundary conditions at the bundle inlet (mass flow rate and coolant temperature)
and at the bundle outlet (pressure) as well as the bundle power summarized in Table 6.3 are given to
this model.

6.3.4 Comparison of the void fraction predicted by TWOPORFLOW with the
data

In Figures 6.20 to 6.24, a comparison of the void fraction predicted using the two correlation
sets (TPF and TPF-TRACE) at the bundle outlet with the measured data of the five fuel assembly types
is given. In these figures three different tests for each fuel assembly are presented. One test with void
fraction of 0.4, the second 0.6 and the third 0.8, meaning 243 points for TPF and TPF-TRACE groups
of correlations for every fuel assembly type.

According to a COBRA-TF analysis [88] big uncertainties of the measured data have been found
and discussed during the benchmark exercise. Based on it, it is agreed that deviations of £ 0.2 in the
void fraction are acceptable.

It can be seen there that for void fractions below 0.4 TWOPORFLOW tends to over-predict
while for values above 0.8 the tendency is to underestimate the measure valued by more than 10 %.
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For the Assembly 02, the absolute difference of the calculated and predicted void fraction as
function of the measured average void is within the £0.2 range, where the measured values are mainly

overpredicted for void fractions below 0.6 and under-predicted above it using both correlation sets.
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Figure 6.21. Difference between measured and simulated average void fraction for assembly type
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For the Assembly 03, the absolute difference of the void fraction predicted by the two correlation
sets of TWOPORFLOW mainly over-predicts and under-predicts the data in the entire range of void
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fractions. A larger over-prediction/under-prediction larger than 0.20 is observed for few simulations
around 0.3 and 0.67, respectively, Figure 6.22.
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Figure 6.22. Difference between measured and simulated average void fraction for assembly type
03 at the CT position (3758 mm) for BFBT steady-state sub-channel grade benchmark with TPF and
TPF-TRACE groups of correlations

In case of the Assembly type 04, where the water rods are quite large (area of four subchannels),
it can be observed that an over-prediction of the measured data by more than 0.2 is observed for the full

range of void fractions, Figure 6.23.
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Figure 6.23. Difference between measured and simulated average void fraction for assembly type
04 at the CT position (3758 mm) for BFBT steady-state sub-channel grade benchmark with TPF and
TPF-TRACE groups of correlations
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For the Assembly type 1, which is characterized by having a cosine axial power fraction it can
be stated that the absolute difference of the predicted and measured data is mainly bellow +0.1 with a
tendency to an over-prediction of the measured data above 0.1 for void fractions below 0.55, as shown

in Figure 6.24.
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Figure 6.24. Difference between measured and simulated average void fraction for assembly type 1
at the CT position (3758 mm) for BFBT steady-state sub-channel grade benchmark with TPF and
TPF-TRACE groups of correlations

Summarizing it can be stated that from 1215 predictions of the void fraction at the outlet of the
sub-channels only 24 for TPF and 20 for TPF-TRACE are outside the range of 0.2. The values outside
the range correspond to those sub-channels with non-heated rods and surrounding the water rod in the

Assembly 03 and 4, respectively.
Sub-cooled boiling is dominated by local evaporation at the wall and condensation at the bulk.

These mechanisms are described in TWOPORFLOW using simplified models, which is the reason for
the observed deviations of the predictions from the experimental data, especially in regions with un-
heated structures.

In general, it can be stated that both sets of correlations predict similar bundle behavior. In all
the cases, the larger differences are located either near the non-heated rods, water rods or at the edge of
the assembly. These local effects cannot be resolved in detail due to the porous media approach, which
does not account for the large gradients in void fraction inside of a computational cell. All the results of
the simulations are in the sub-cooled boiling/nucleate boiling flow regime.

In order to evaluate the accuracy and precision of the code predictions, the absolute error of the
predictions is compared to the experimental data.

Figure 6.25 shows the comparison of the absolute error of the TWOPORFLOW predictions
using the two set of correlations for the five Assembly types and three different void fraction values

(low, middle, high). It can be observed that apart from assembly 4, in all the cases, low void fractions
have the larger deviation: for a void fraction of 0.4, the absolute error is the largest. Assembly type 4

has the lowest absolute error while Assembly type 03 the largest.

On the other hand, it can be observed that both correlation sets predict similar deviations from
the experimental data, which are not larger than 0.03 void fraction.
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Finally, it is worth to note that near unheated water rods in BWR assemblies, large temperature
gradients appear due to the heat flux coming from the neighboring fuel rods. Channel-centered
subchannel modelling averages the heat fluxes from the different surfaces, so it cannot describe in detail
the behavior of such configuration. Local condensation in the cold region plays a key role. The averaging
inherent in the present modelling cannot be corrected by any parameters of the empirical correlations.
This would lead to deterioration in the regions without strong temperature gradients. To simulate the
behavior around unheated rods high-resolution CFD calculation are essential to get some insight.
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Figure 6.25. Comparison of the void fraction accuracy of both groups of correlations TPF and
TPF-TRACE with respect to the experimental data of BFBT steady-state sub-channel grade
benchmark by assembly and void fractions 0.4, 0.6, 0.8.

6.4 Transient BFBT void tests
6.4.1 Short description of the transient void fraction tests

For the development of transient calculations, not only appropriate wall friction, interfacial
friction, turbulent mixing, and void drift models, but also a detailed heat conduction model is necessary.
In order to evaluate the quality of typical transient simulations using TWOPORFLOW, the turbine trip
without by-pass and the recirculation pump trip tests that belongs to the transient macroscopic grade
benchmark are selected [87]. These tests are performed using an assembly type 4 (see Figure 6.17)
equipped with 7 non-mixing spacers (pressure loss coefficient (§) of 1.2). The initial boundary
conditions of the tests are:

Outlet pressure: 7.2 MPa,
Inlet mass flow: 55T/h,
Inlet temperature: 279 °C,
Bundle power: 4.5 MW.
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6.4.2 Short description of the turbine trip without by-pass tests

A turbine trip is an event in which a malfunction of a turbine or reactor system causes abrupt
stop of the steam flow to the turbine by closing the steam inlet valves. In Figure 6.26, the typical
evolution of thermal hydraulic parameters in case of a turbine trip event without by-pass is shown. There
the boundary conditions are normalized to 1 i.e., divided by the conditions at initial time.

The power, pressure at outlet, temperature and flow rate remain constant for the first 10 seconds.
Afterwards, a fast power peak and a moderate pressure increase occur. It is caused by the void collapsing
in the core due to the propagation of a pressure wave from the main steam line to the core after the
turbine isolation valve closure. After 45 seconds, the speed of the recirculation pumps is increased to
achieve nominal conditions.
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Figure 6.26. Normalized to one boundary conditions in the turbine trip without by-pass BFBT
transient tests.

The bundle averaged void fractions have been measured using X-ray densitometers at three
different heights 683, 1706, and 2730 mm. It is worth mentioning that the measurements data needed to
be corrected due to a systematic overestimation of void fraction (see [88] for details) leading to an
uncertainty of more than 2% for the measured values. In both scenarios the transient test last for 60
seconds.

6.4.3 TWOPORFLOW modeling

The tests are modeled in TWOPORFLOW using the same discretization described in section
6.3.3 Figure 6.19 for a fuel assembly type 4 (Figure 6.17) meaning a coolant centered approach with
9x9 sub-channels in lateral and 24 channels in axial direction. The thermal inertia is determined by the
thermal conductivity and heat capacity of the heaters simulating the fuel rods. These are directly
implemented as subroutines in TPF using the data of the benchmark specification. The boundary
conditions (flow rate, temperature, pressure) are provided by timetables, which are used as interpolation
tables inside the code.
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6.4.4 Comparison the void fraction predicted by TWOPORFLOW with the
measured data

The void fraction evolution as predicted by TWOPORFLOW using both correlation sets (TPF
and TPF-TRACE) during the 60 seconds transient is compared with the experimental data in Figure
6.27. There, it can be observed that in general TWOPORFLOW is able to predict qualitatively the time
evolution of the void fraction measured at the three elevations. The predictions using the TPF-TRACE
correlations is similar to the ones obtained using the TPF-correlations, except for the low void fractions
(< 0.21). For low void fractions, the predicted void fraction using the TPF-correlations is in good
agreement with the data. For void fractions higher than 0.5, the simulations tend to under-predict the
data during the first 15 sec and the last 6 sec while the code over-predicts the measured data between 15
and 54 sec.
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Figure 6.27. Comparison of measured and simulated with TWOPORFLOW percentage of void
fraction variation related to the time in turbine trip without bypass transient BFBT test at 683, 1706
and 2730mm assembly height.

In Table 6.4 the time averaged (mean) absolute error at 683, 1706 and 2730mm assembly
height is presented. TPF correlations show a better agreement with the experimental data at low
quality regions (x 0.87% void fraction) and the discrepancies increase with the steam quality (+ 1.86%
at 1706mm and + 4% at 2730mm). The TPF-TRACE correlations present significant deviations in

both low- and high-quality regions, having a better agreement at 1706mm between 30 and 60% void
fraction.
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transient test
(Error,wg = M * 100).

Table 6.4. % Void fraction Mean Absolute Error
(MAE) in turbine trip without by-pass BFBT

Measurement height [mm]

Correlations 683 1706 2730
TPF 0.87 1.86 4.00
TPF-

TRACE 5.34 1.55 3.96

6.4.5 Short description of the recirculation pump trip test

A recirculation pump trip is an event in which the recirculation pump fails and results in a
reduction in recirculation flow, which reduces the core coolant flow rate. The BFBT test is performed
using the Assembly type 4 and the boundary conditions of a typical recirculation pump trip of a BWR.
In Figure 6.28, the time evolution of the power, pressure, mass flow rate and coolant temperature
(normalized to the conditions at the test start) for the recirculation pump trip are shown.

In case of a recirculation pump trip event, a decrease of the mass flow rate happens within few
seconds. That leads to increasing the void fraction and, consequently, a decreasing in the neutron
moderation in the core leading to a power decrease. During the next 30 seconds, the mass flow rate
stabilizes at 1/3 of the nominal value. After 40 seconds the pumps start to operate again increasing the
flow rate to the steady state value [89].
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Figure 6.28. Normalized boundary conditions in the recirculation pump trip BFBT transient test.

6.4.6 Comparison of the void fraction predicted by TWOPORFLOW with the

measured data

The predicted void fraction using the TPF, and TPF-TRACE correlation sets at three axial
locations is compared to the measured data in Figure 6.29.

The predictions using the TPF-correlations show excellent agreement with the data except for a
two short time windows (0 to 12 and 42 to 60 sec) at the elevation of 2730 mm, where the code tends to
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under-predict the data. The predictions with TPF-TRACE-correlation set in general under-predicts the
measured void fractions and this under-prediction increases with increasing elevation. Only at the lowest
elevation i.e., for low void fractions, this correlation sets tend to over-predict the void fraction at two-
time windows (0-11 and 48-53 sec).
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Figure 6.29. Comparison of measured and simulated with TWOPORFLOW percentage of void
fraction variation related to the time in recirculation pump trip BFBT transient test at 683, 1706 and
2730mm assembly height.

In Table 6.5, the time averaged (mean) absolute error at z = 683, 1706 and 2730mm assembly
height is presented. The results show the same behavior as the comparisons with the turbine trip without
by-pass transient measurements, meaning that TPF correlations show a better agreement with the
experimental data at low quality regions (x 0.86% void fraction) and the discrepancies increase with the
steam quality (£ 1.87% at 1706mm and + 3.09% at 2730mm). The TPF-TRACE correlations present
significant deviations in both low- and high-quality regions, having a better agreement at 1706mm
between 30 and 60% void fraction.
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Table 6.5. % Void fraction Mean Absolute Error
(MAE) in recirculation pump trip BFBT transient
test

(Error,wg = M * 100).

Measurement height [mm]
Correlations 683 1706 2730
TPF 0.86 1.87 3.09
TPF-
TRACE 1.43 2.73 4.56

The TPF correlations are considered as validated having an error, which goes from + 0.8% void
fraction in low quality regions to + 5% in high quality regions.

These results are similar as the results obtained with another codes as the studies of [88], [89]
and [90] confirm. The TPF-TRACE correlations need to be reviewed and are not recommended for these
types of simulations. They are constructed by many detailed physical descriptions of the interaction of
vapor and liquid leading to several theoretical or empirically determined parameters, which are difficult
to deduce from global experimental values. The original TPF approach uses less complicated models
with less parameters leading to a better validation procedure. Void fraction calculations are very
sensitive to the models describing momentum coupling, evaporation, and condensation. The non-linear
behavior makes it difficult to find the single model being responsible for deviations from the
experimental behavior.

6.5 General conclusions on TWOPORFLOW validation

In sections 6.1 through 6.4 the validation of pre-CHF phenomena in TWOPORFLOW using
two different groups of correlations (TPF and TPF-TRACE) has been analyzed using two PSBT and
two BFBT groups of tests. The calculation of thermal mixing in section 6.1 demonstrates that comparing
the sub-channel temperatures obtained with both groups of correlations, the averaged difference is about
0.094°C. Both families of correlations give nearly the same quality of results for turbulent mixing and
TWOPORFLOW uses a similar mixing coefficient g (0.05) as other validated codes.

In section 6.2 for the validation of sub-cooled boiling, the obtained results reveal that neither
TPF nor TPF-TRACE correlations are capable to obtain results inside the reported experimental void
fraction accuracy (0.03 absolute void fraction). However, the results nearer to the experimental data are
obtained with TPF correlations and it is recommended to use this group of correlations for sub-cooled
boiling.

The validation of steady state void dispersion is performed in section 6.3, in which the deviations
between both groups of correlations are not larger than 0.03 void fraction having the larger deviations
near the unheated rods. That is because the simple global modelling of turbulence by mixing coefficients
is not enough to describe the large temperature gradients between channels with heated and unheated
rods. In addition, considering two-phase flow, local condensation in the cold region plays an important
role. To simulate the behavior around unheated rods CFD calculations are essential to get some insight.

Finally, in section 6.4 the simulation of transient void is investigated concluding that the TPF
correlations present the experimental data better in all quality regions while the TPF-TRACE
correlations show high discrepancies at low and high steam quality regions.

Considering all these conclusions, the TPF-TRACE correlations do not give any improvement
compared to the simpler empirical correlations. The recommendation is to use TPF correlations.
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7 Validation of Critical Heat Flux simulations in TWOPORFLOW with
experimental data

In this section, the TWOPORFLOW capability to simulate Critical Heat Flux is validated using
different experimental data performed under steady state or transient thermal hydraulic conditions and
geometries like tubes and fuel assemblies. Three different CHF-methods implemented in
TWOPORFLOW are validated: Biasi, Bowring, and Groeneveld LUT (described in section 5.3).

7.1 Becker CHF steady-state experiments

7.1.1 Short test description

The Becker CHF tests have been performed at the Department of Nuclear Reactor Energy at the
Royal Institute of Technology (KTH) [91] in Stockholm. The tests consist of a tube with a heated length
of 7000 mm uniformly heated. The temperature is measured with thermocouples positioned every 20cm
between the bottom and 3m height, at higher z levels the measurements have been made every 10 cm.
The boundary conditions of the tests are:

Outlet pressure: 6.85 MPa,

Inlet mass flow: 496 — 3034 kg/m?s,
Inlet temperature: 274 — 278 °C,
Bundle power: 0.06 — 0.18 MW.

Further details of the tests are given in Annex 2 Tables 12.7 and 12.8. The reported experimental
error in the heat flux measurement is 1% and in the location of CHF is + 5 cm.

7.1.2 TWOPORFLOW modeling

In TWOPORFLOW one dimensional pipe flow is described by distributing the wall structure
material and the fluid flow area in one cell located in the x-y-plane. The flow takes place in z-direction
build up by several Cartesian volume cells. Key input parameters for the code are the hydraulic diameter,
the flow area and the heat exchange area of the wall structure calculated from the heated perimeter. Flow
in a tube is a special case of the porous media construction explained in section 4.1, where the rod is
replaced by the tube wall structure. The location of the coolant relative to the structure (inside, outside)
does not play a role in the porous media description.

The different boundary conditions of the tests are defined in TWOPORFLOW as time-
dependent boundary conditions at the core inlet (mass flow rate and inlet temperature) and outlet
(pressure).

7.1.3 Comparison of TWOPORFLOW predictions against experimental data

The TWOPORFLOW simulations have been performed for the developed model of the 14
Becker tests using three different implemented CHF models, namely the ones of Bowring, Biasi, and
Groeneveld.

Figure 7.1 shows the comparison of the CHF predicted by the code with three different
correlations and the measured data as function of the mass flux for the tests is shown.

The CHF predicted with the correlations of Bowring and Groeneveld are close to the
experimental ones for all mass flow rate ranges. In case of the CHF predicted by the Biasi correlation,
there is a clear dependency from the mass flux, where the over-prediction increases with increasing mass
fluxes (lower qualities) in most cases. Biasi shows a CHF standard deviation from the experimental data
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of 9.19%, Bowring 1.30% and Groeneveld 1.43%. Biasi, which presents the larger deviations, was
developed for cylindrical ducts. However, the reported deviation of this correlation is 7.26% in 4551
measured data points, and 85.5% of the points are within +/- 10% absolute deviation, which agrees with
the 9.19% deviation presented in this work.
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Figure 7.1. Comparison of measured and predicted CHF as function of the mass flux for the Becker
CHF Steady State experiments.

In Figure 7.2, the absolute difference of the predicted and measured location of CHF-
appearance is shown for all tests performed.

It can be observed that the CHF predicted by Groeneveld over-predicts the measured CHF axial
location for low mass flux (~500 kg/m?s) and for mass fluxes higher than 2500 kg/m?s in 4 of 6
experiments, the other 2 appear almost at the same axial height than the experimental data being under-
predicted by about 0.01 m. For mass fluxes larger than 500 kg/m?s and lower than 2500 kg/m?s
TWOPORFLOW under-predicts the CHF-location using Groeneveld LUT.

The CHF-predicted by Bowring correlation shows similar behavior than the one of Groeneveld.
This correlation over-predicts the measured CHF-location for low mass flux (~500 kg/m?s) and for mass
fluxes larger than 2500 kg/m?s in 3 of 6 experiments, the other 3 appear almost at the same axial height
compared to the experimental data being under-predicted in about 0.05 m for mass fluxes ~2000 kg/m?s
and 0.01 m for mass fluxes ~2500 kg/m?s. In mass fluxes larger than 500 kg/m?s and lower than 2500
kg/m?s TWOPORFLOW under-predicts the CHF-location using Groeneveld LUT.

On the contrary, the CHF-location calculated by Biasi is over-predicted for mass fluxes ~500
kg/m?s and largely under-predicted in larger mass fluxes. The averaged absolute differences for Biasi,
Bowring and Groeneveld methods are 0.20, 0.10 and 0.13 m, correspondingly.
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Figure 7.2. Difference between the appearance of CHF in simulated and experimental data as
function of the mass flux for the Becker CHF Steady State experiments.

Generally, the Biasi correlations predicts the CHF-value and the axial location with the largest
deviations, 9.19% for CHF and = 0.20 m for CHF axial appearance. The higher deviations are in lower
steam qualities. The Bowring correlation, on the other hand, presents the most accurate results with
deviations of 1.30% for CHF and £ 0.10 m for CHF axial appearance. Groeneveld LUT shows similar
results than the Bowring correlation with a deviation of 1.43% for CHF and + 0.13 m for CHF axial
appearance.

7.2 BFBT CHF steady state tests

7.2.1 Short test description

In order to validate the prediction capability of TWOPORFLOW regarding safety-relevant
phenomena in the core of BWR, the BFBT-test data is used. For this purpose, 111 steady-state critical
power BFBT-experiments of the Exercise 1 of the Phase 1l of the BFBT benchmark are simulated. The
assemblies used in this benchmark are of type 4 as described in Figure 6.17 of section 6.3.1, having an
8 x 8 pin arrangement with a single central water rod (60 fuel rods) and an axial heated length of 3708
mm.

Three different variations of assembly type 4 are used, C2A, C2B and C3. Assemblies C2A and
C3 have lateral power distribution as described in Figure 7.3-A corresponding to an assembly at the
beginning of the cycle with a cosine axial power shape and an inlet peak power shape. Assembly C2B
has a lateral power distribution corresponding to the middle of the cycle as presented in Figure 7.3-B
with cosine axial power shape. The assemblies have seven spacers along the height with & = 1.2.

A summary of the boundary conditions is presented in Table 7.1.
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Table 7.1. Boundary conditions value ranges of steady-state Critical Power
benchmark BFBT tests.
Assembl Pressure Flow Power Inlet temperature
Y | [MPa] [kg/m?s] [Mw] [C]
C2A 7.2 292.95-1929.15 3.20-10.0 261.59-283.16
C2B 7.2 291.49-1903.61 3.45-10.7 262.42-283.42
C3 7.2 291.49-1908.6 3.31-10.2 263.01-283.13

Further details of the boundary conditions and axial power shapes are to be found in Annex 2
Tables 12.9 through 12.12 and Figure 12.2.
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Figure 7.3. Lateral normalized power distribution BFBT.

The critical power is measured by slowly increasing the bundle power while monitoring the
individual heater rod thermocouple signals, measuring the local cladding temperature with an accuracy
of 1.5°C. The power measurement has an accuracy of 1.5%. The critical power is defined when the peak
rod surface temperature became 14°C higher than the steady-state cladding temperature level. Dry-out
is observed in the peak power rod located at the peripheral row adjacent to the channel box. The boiling
transition is always observed just upstream of the spacers.

Figure 7.4 shows a summary of the radial and axial thermocouple positions (further details of
the thermocouples positions are to be found in Annex 2, Figures 12.3 through 12.5). The thermocouples
are located at different circumferential angles in a rod, some rods have more than one thermocouple
attached. In TWOPORFLOW it is not possible to calculate the circumferential position of CHF. Due to
the porous medium approach, such details cannot be resolved. For that reason, in this study the
experimental temperatures are compared with the averaged rod temperatures in the sub-channel, where
the CHF appears. Measurements are in the rods 1, 2, 4, 8, 12, 25, 31, 45, 53, 59, and 60, at different
axial locations A (3521 mm), B (3009 mm), C (2497 mm), D (1985 mm), and at different circumferential
angles.
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Figure 7.4. Definition of thermocouple radial and axial position with the radial location of the TC
(black dots) for the BFBT CHF Steady State Tests.

7.2.2 TWOPORFLOW modeling of the BFBT test bundle

The BFBT-test section is modeled using a pin-centered approach. Hence, the test section is
represented by of 8x8 Cartesian cells, where in each cell a rod is considered, except for the four central
cells, where each cell includes a quarter of the water rod, Figure 7.5. In axial direction, the model
consists of 24 equidistant cells of 154.5 mm. The axial and radial power distribution as used in the tests
are also given as input in TWOPORFLOW, see Section 7.2.1.
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Figure 7.5. View from the top of the TWOPORFLOW’s model of NUPEC BFBT phase I, Critical
Power, exercise 1 steady state benchmark.
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7.2.3 Comparison of the TWOPORFLOW predictions with the experimental
data

Using the BFBT-experiments, the steady state CHF tests have been simulated with
TWOPORFLOW using the boundary conditions given in Table 7.1 and three different CHF-correlations
i.e., Biasi, Bowring and Groeneveld.

In Figures 7.6, 7.7, and 7.8 the absolute error i.e. the difference of the predicted and measured
CHF-value (Simulated — Experimental CHF) is plotted versus the mass flux for the assembly C2A,
C2B and C3. Each point represents the CHF value for a test.

In Figure 7.6, it can be observed that the Bowring correlation over-predicts the CHF in all the
cases. The over-prediction for mass fluxes lower than 600 kg/m?s are not higher than 0.02 MW/mZ. For
mass fluxes from 880 to 1930 kg/m?s the over-predictions are in a range of 0.05 to 0.1 MW/m?. Biasi
and Groeneveld LUT present similar behavior. Both correlations under-predict most of the cases for
fluxes lower than 600 kg/m?s presenting the results in a range of 0 to 0.041 and 0 to 0.39 MW/m? CHF
difference. For mass fluxes from 880 to 1930 kg/m?s Biasi over-predicts the CHF in a range of 0.01 to
0.06 MW/m? and Groeneveld in a range of 0.011 to 0.11 MW/m? The averaged CHF deviations are
0.03, 0.06 and 0.05 MW/m? for Biasi, Bowring and Groeneveld correspondingly.
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Figure 7.6. The absolute error of the CHF-predictions (simulated-experimental CHF) with respect
to the mass flux using Biasi, Bowring, and Groeneveld LUT in assembly C2A for the BFBT CHF
Steady State Tests.

In Figure 7.7, it can be observed that the Biasi correlation over-predicts the CHF in all the cases
with mass fluxes from 580 to 1930 kg/m?s in a range of 0.01 and 0.09 MW/m?and for mass fluxes ~300
kg/m?s the differences are in a range of 0 to an under-prediction of 0.005 MW/m?2. Bowring over-predicts
all the cases from 300 to 1320 kg/m?s in a range of 0.02 to 0.15 MW/m?. The cases with mass flux ~1610
kg/m?s have differences in a range of £0.01 MW/m?and for higher mass fluxes the under-predictions
are in a range of 0.01 to 0.07 MW/m?. Groeneveld LUT has a similar behavior as Bowring with over-
prediction in all the cases from 580 to 1320 kg/m?s. For mass fluxes ~300 kg/m?s the differences are in
a range of 0 to an under-prediction of 0.005 MW/m?2. The cases with mass flux ~1610 kg/m?s have
differences in a range of £0.02 MW/m?and for higher mass fluxes the under-predictions are in a range
of 0.01 to 0.07 MW/m?2. All three correlation show an increase in CHF difference from 290 to 890 kg/m?s
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and a decrease for higher mass fluxes. The averaged CHF deviations are 0.04, 0.05 and 0.04 MW/m?
for Biasi, Bowring and Groeneveld correspondingly.
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Figure 7.7. Variation of the CHF error (simulated-experimental CHF) with respect to the mass flux
using Biasi, Bowring, and Groeneveld LUT in assembly C2B for the BFBT CHF Steady State
Tests.

In Figure 7.8 it can be observed that all the methods over-predict the CHF from mass fluxes
from 870 to 1910 kg/m?s, Biasi in the range of 0.01 to 0.11 MW/m?, Bowring in the range of 0.06 to
0.14 MW/m?, and Groeneveld in the range of 0.04 to 0.15 MW/m?2. For lower fluxes Biasi presents a
range from 0 to an under-prediction of 0.05 MW/m?, Bowring from 0 to an under-prediction of 0.004
MW/m?, and Groeneveld from 0 to 0.04 MW/m?. The averaged CHF deviations are 0.07, 0.08 and 0.09
MW/m? for Biasi, Bowring and Groeneveld correspondingly.
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Figure 7.8. Variation of the CHF error (simulated-experimental CHF) with respect to the mass flux
using Biasi, Bowring, and Groeneveld LUT in assembly C3 for the BFBT CHF Steady State Tests.

In order to investigate the correct prediction of the lateral CHF location occurrence, the BFBT-
assembly is divided into three regions: 1, 2, and 3, see Figure 7.9. In the experimental data CHF appears
91 times in region one, 20 times in region two and there are no cases in region three. The Biasi
correlation shows exactly the same number of appearances per region, Bowring 82 times in region one,
29 times in region two and no cases in region three, Groeneveld show 84 appearances in region one, 27

appearances in region two and no cases in region three.
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Figure 7.9. Radial location of CHF in experimental data and simulated data for the BFBT CHF
Steady State Tests.

Moreover, the axial appearance of CHF as predicted by TWOPORFLOW is compared against
the experimental data. In the benchmark documentation it is mentioned that the dry-out is observed

74



7. Validation of Critical Heat Flux simulations in TWOPORFLOW with experimental data

upstream the spacers, but an exact axial position is not mentioned. The thermocouples are located only
at four positions downstream the spacers A (3521 mm), B (3009 mm), C (2497 mm) and D (1985 mm)
as shown in Figure 7.4.

Additionally, and possibly because of the axial power distribution of the assemblies, in type
C2A and C2B (cosine power distribution) just in the upper 3 (A, B, C) and 2 (A, B) spacers,
correspondingly, measurements have been taken. In assembly C3 the measurements have been done at
all the mentioned spacers. Due to these inconsistencies in the measurements, it is not possible to know
the exact height at which CHF appears in the different experiments.

However, a comparison between the axial CHF appearance obtained with TWOPORFLOW and
the measured data is done, taking as reference the location of the thermocouples.

The mentioned inconsistencies in the measurements could lead to an apparent under-prediction
of the data in TWOPORFLOW, mostly in the assemblies C2A and C2B.

The deviation of simulation results compared to the experiments is considered to be + 0.512 m
which is the distance between the spacers. In Figure 7.10 it is shown that all the correlations present
values inside the given deviation, but Bowring in assembly C3. The behavior of Bowring dependent on
the axial power shape is remarkable because no power shape correction factor is included in all
correlations.
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Figure 7.10. Difference of simulated minus measured CHF axial appearance in fuel assemblies’
type C2A, C2B and C3 for the BFBT CHF Steady State Tests.

Summarizing, the Biasi correlation gives the better CHF values related to the investigated
experiments, but in general the results of the three correlations are similar.

In addition, the Biasi correlation is the most accurate to predict the lateral CHF appearances.

For the axial location of CHF all correlations present values inside the given deviation, with the
exception of Bowring in assembly C3.
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7.3 BFBT CHF transient tests
7.3.1 Short test description

Transient BFBT-tests have been performed for each assembly arrangement C2A and C3, where
the CHF is measured. The thermal hydraulic conditions of these tests are representative of two BWR-
transients, namely a turbine trip with bypass and for a recirculation pump trip. In the post-boiling
transition test series, the rod surface temperature is measured under the quasi-steady-state condition
beyond the boiling transition. The main purpose of this test series is the quantification of the post-dry-
out heat transfer coefficient.

7.3.2 TWOPORFLOW modeling

The TWOPORFLOW model of the assemblies C2A and C3 is the same as the one developed to
analyze the steady-state CHF test, Section 7.2.2. It is worth to mention that the C3 assembly has an
inlet-peak axial power distribution (Annex 2, Figure 12.2) and the radial power distribution of both
assemblies corresponds to the beginning of the cycle (Figure 7.3-A).

The tests have been modeled in TWOPORFLOW using a pin centered sub-channel approach of
8x8 sub-channels with a central water rod and 24 axial cells as presented in Figure 7.5. The axial mesh
is chosen to have the same number of cells as number of power axial distribution values given in the
benchmark, in which 24 axial cells with a length of 154.5 mm are given. The measurements of these
tests have been made with the same arrangement described in section 7.2.1.

7.3.3 Description of the turbine trip without by-pass CHF tests

In the turbine trip without by-pass, the power, pressure at outlet, temperature, and flow rate
remain constant for the first 22 seconds. Afterwards they change dramatically: the fast closure of the
turbine isolation valve leads to the propagation of a pressure wave from the main steam line to the core,
and this in turn leads to the collapse of the void, a higher coolant density and, in consequence, a better
moderation of the neutrons leading to a power rise. In Figure 7.11 the boundary conditions normalized
to one (divided by the conditions at initial time) for this test are shown which are used in
TWOPORFLOW for the simulation.

The initial boundary conditions of the tests are:

Outlet pressure: 7.1 MPa,

Inlet mass flow: 42 t/h,

Inlet temperature: 276.7°C assembly C2A and 275.5 °C assembly C3,
Bundle power: 8.5 MW.
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Figure 7.11. Normalized boundary conditions for the BFBT turbine trip without bypass transient

CHF test (transient starts at 22s).

7.3.4 Comparison of the CHF predicted by TWOPORFLOW against the
measured data

The transient CHF-test have been simulated with TWOPORFLOW using three correlations:
Biasi, Bowring and Groeneveld. In the test, CHF is reached at 23s, at the top of the spacers.

In Table 7.2, a comparison of the CHF predicted by TWOPORFLOW with the three CHF-
correlations and the experimental value for the two assembly arrangements is shown. There is also the
time for the appearance of CHF included.

Table 7.2. CHF predicted with TWOPORFLOW using Biasi, Bowring and Groeneveld
correlations minus measurements for the turbine trip without by-pass within the BFBT CHF
transient tests.

Assembly Experimental Biasi Bowring Groeneveld
CHF Time CHF Time CHF Time CHF Time
[MW/m?] [s] [MW/m?] | [s] | [MW/m?]| [s] | [MW/m?] | [s]
C2A 1.19 23 1.21 23.06 1.23 23.26 1.20 23.02
C3 1.23 23 1.24 22.96 1.25 23.16 1.24 22.94

In general, the predicted CHF and the time values are close to the measured ones. The CHF

appears less than a second later than in the tests. In Figure 7.12, the differences between the CHF
predicted by TWOPORFLOW with different correlations and the experimental results is exhibited. The

best predictions of the CHF are performed by TWOPORFLOW with the Groeneveld correlation.
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Figure 7.12. TWOPORFLOW simulation results minus measured CHF data in turbine trip without
by-pass BFBT critical power transient benchmark using Biasi and Bowring correlations and
Groeneveld LUT for assembly types C2A and C3.

In addition, the axial location of the CHF-appearance predicted by TWOPORFLOW is
compared against the experimental data. As described in section 7.2.3, there is not an exact measured
axial position, but the position of the thermocouples, considering the measurements to have a deviation
of £ 0.512 m which is the distance between the spacers. The measurements have been done in the same
way than in the steady state tests at the spacers A, B and C in assembly C2A and A, B, C, and D in
assembly C3 (Figure 7.4).

In the experiments, the CHF is being detected first at spacer B (3009 mm) in both assemblies.

Figure 7.13 shows that the CHF-appearance for the assembly C2A predicted the Biasi and
Bowring correlations are located upstream the spacer B, while the one predicted by using the Groeneveld
correlation is located below this spacer, all the cases are inside the given deviation. For the C3 assembly
-with an inlet peak power distribution-, the CHF predicted with TWOPORFLOW using the Biasi
correlation appears a little downwards the spacer while the CHF predicted with TWOPORFLOW using
the Bowring correlation is located just 0.081 m upwards of the spacer. Only the application of the
Groeneveld correlation appears outside the given deviation at a height near the spacer D.
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Figure 7.13. Deviation of the CHF predicted by TWOPORFLOW with different correlations from
the measured axial location for the turbine trip without by-pass BFBT critical power transient
benchmark using Biasi and Bowring correlations and Groeneveld LUT for assembly types C2A and
C3.

7.3.5 Description of the recirculation pump trip CHF tests

Due to the recirculation pump trip, the mass flow rate starts to decrease after 22 seconds leading
to an increase of the void fraction and hence to a decrease of the neutron moderation and associated with
it of the fission power. During the next 30 seconds, the mass flow stabilizes at 1/3rd of the nominal
value. Figure 7.14 shows the evolution of the boundary conditions normalized to one (divided by the
conditions at initial time) for this test.

The initial boundary conditions of the tests are:

Outlet pressure: 7.2 MPa,

Inlet mass flow: 46.2 t/h,

Inlet temperature: 278.1°C assembly C2A and 277.4 °C assembly C3,
Bundle power: 8.5 MW.
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Figure 7.14. Evolution of the normalized BFBT transient boundary conditions of the recirculation

pump trip CHF test.

7.3.6 Comparison of the CHF predicted by TWOPORFLOW against the
measured data

As mentioned, the steady state is maintained until 22s, CHF is reached at 23s.

In Table 7.3, a comparison of the CHF measured in the two assemblies C2A and C3 with the
CHF predicted by TWOPORFLOW with different CHF-correlations is presented. Considering that the
time measured for the appearance of CHF amounts 23 s, it can be stated that the predicted CHF values
are close to the measured ones.

Table 7.3. Comparison of CHF and the time of appearance predicted by TWOPORFLOW with
different correlations with experimental data.
Assembly Experimental Biasi Bowring Groeneveld
CHF Time CHF Time CHF Time CHF Time
[MW/m?] [s] [MW/m3 | [s] | [MW/Mm?] | [s] | [MW/m?] | [s]
C2A 0.75 23 0.74 23.16 0.73 23.74 0.74 23.18
C3 0.67 23 0.64 23.58 0.61 23.98 0.63 23.60

In Figure 7.15, the absolute difference between the CHF simulated with different correlations
and the experimental is shown. There it can be observed that the TWOPORFLOW -predictions always
under-predict the measured CHF. Consider that the steam quality increases suddenly in the tests, Again,
TWOPORFLOW with the correlations of Biasi and Groeneveld predicts the smallest deviations from
the data.
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Figure 7.15. Deviation of the TWOPORFLOW CHF-simulations from the measured data using
Biasi and Bowring correlations and Groeneveld LUT in case of the recirculation pump trip BFBT
critical power transient benchmark for assembly types C2A and C3.

According to the tests, the CHF appears at spacer B (3009 mm) in assembly type C2A and at
spacer C in assembly type C3. Applying again the + 0.512 m criterion explained in section 7.2.3, it can
be observed in Figure 7.16 that the CHF predictions with Biasi and Bowring are upstream the
thermocouple at position B, while the ones using the Groeneveld correlation appear below this spacer.
For the assembly C3 the CHF predicted by TWOPORFLOW with the Biasi and Bowring correlations
are a little downwards spacer C and one predicted with the Groeneveld correlation is upwards of this
spacer. All the cases are inside the given deviation.
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Figure 7.16. Deviation of the location of the CHF appearance predicted by TWOPORFLOW from
the measured data using Biasi and Bowring correlations and Groeneveld LUT in case of the
recirculation pump trip BFBT critical power transient benchmark for assembly types C2A and C3.

7.4 General conclusions regarding the TWOPORFLOW CHF model validation

The prediction capability of TWOPORFLOW using three CHF-correlations is validated based
on the BFBT CHF data provided by the benchmark.

For the Becker CHF steady state experiments (tubes) TWOPORFLOW shows the larger
deviations using the Biasi correlation 9.19% for CHF and + 0.20 m for CHF axial appearance. However,
the correlation reports a deviation of 7.26% in 4551 data points, and 85.5% of the points are within +/-
10% absolute deviation, which agrees with the 9.19% deviation presented in this work. The Bowring
correlation, on the other hand, presented the most accurate results with deviations of 1.30% for CHF
and £ 0.10 m for CHF axial appearance. Groeneveld LUT shows similar results than the Bowring
correlation with deviation of 1.43% for CHF and + 0.13 m for CHF axial appearance.

In the case of the BFBT CHF steady state tests, for assembly C2A the correlations present CHF
deviations of 0.03, 0.06 and 0.05 MW/m? for Biasi, Bowring and Groeneveld correspondingly. In the
case of assembly C2B the averaged CHF deviations are 0.04, 0.05 and 0.04 MW/m? for Biasi, Bowring
and Groeneveld correspondingly. For assembly C3 the averaged CHF deviations are 0.07, 0.08 and 0.09
MW/m? for Biasi, Bowring and Groeneveld correspondingly.

The lateral and axial appearance of CHF was studied for BFBT CHF steady states as well. For
the lateral appearance, the assembly was divided in 3 regions. In the experimental data, 91 times CHF
appears in region one, 20 times in region two and there are no cases in region three. The Biasi correlation
shows exactly the same number of appearances per region, Bowring 82 times in region one, 29 times in
region two and no cases in region three, Groeneveld show 84 appearances in region one, 27 appearances
in region two and no cases in region three.

For the axial CHF appearance in BFBT steady state tests, the deviation of the experiments is
inside de deviation of + 0.512 m which is the distance between the spacers and all the correlations
present values inside the given deviation, but Bowring in assembly C3.
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In the case of BFBT transient tests, the deviation from the measured data observed with Biasi
correlation is -0.005 MW/m? and -0.036 MW/m?, for assemblies C2A and C3 correspondingly. For
Bowring -0.015 MW/m? and -0.064 MW/m? for assemblies C2A and C3 correspondingly. For
Groeneveld -0.005 MW/m? and -0.039 MW/m? C2A and C3 for assemblies C2A and C3
correspondingly. The axial appearance is inside the given deviation in all the cases.
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8 Application of TWOPORFLOW for the thermal hydraulic analysis of
BWR-cores

To demonstrate the prediction capability of the extended and validated TWOPORFLOW code
versions, two different BWR-cores have been selected:

e The core of the Nuclear Power Plant Oskarshamn-2, and
e  The core of the Laguna Verde Nuclear Power Plant Unit 1.

For the core analysis, only the TPF-correlation sets with the Groeneveld LUT for CHF
calculation will be used.

8.1 Thermal hydraulic analysis of the Oskarshamn-2 core

8.1.1 Short description of the core and thermal hydraulics parameters

The Oskarshamn-2 core has an active diameter of 3.672 m, a thermal power of 1800 MW. and
an active length of 3.712 m [92]. It consists of 444 fuel assemblies of 4 different types and 109 control
elements of cross-type.

The four different types of assemblies are:

e Type 1 has 64 fuel rods and 6 spacers with & = 0.598. There are 232 type 1 assemblies in the
core. The control rods enter through this kind of assembly (Figure 8.1).

e Types 2 and 3 have 72 fuel rods, a central water channel and 6 spacers with & = 0.877 for type
2 and ¢ = 0.812 for type 3. There are 186 of these assemblies in the core (Figure 8.2).

e Type 4 has 91 fuel rods, 8 of them are just partial length rods with a length of 2.310 m, where
2.0945 m is the heated section and 0.2155 m is the unheated plenum. Partial length rods are rods
which begin at the lower part of the active length and terminate at an intermediate level below
the end of the active length reducing the amount of fuel in the upper core region. Assemblies
type 4 have a central water channel and 6 spacers with a ¢ = 0.834 the first 4 (from down to
top) and ¢ = 0.681 the last two. There are 26 of these assemblies in the core (Figure 8.3).
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Figure 8.1. Fuel assembly type 1, the circles represent the fuel rods, P is the pin pitch, d the pin

diameter and the cruciform area the passing region for the control rods of Oskarshamn-2.
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Figure 8.2. Fuel assemblies’ type 2 and 3, the circles represent the fuel rods, P is the pin pitch,
d the pin diameter and the square the water channel of Oskarshamn-2.
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Figure 8.3. Fuel assembly type 4, the circles with the number 1 represent the full-length
fuel rods, the ones with the number two the partial length fuel rods, P is the pin pitch, d the
pin diameter and the square the water channel of Oskarshamn-2.

In Figure 8.4 a cut of Oskarshamn-2 and the different fuel assembly types is shown. A lateral
arrangement of 24 x 24 channels is presented, in which every channel represents an assembly or a reactor
pressure vessel part. The distribution of the different type of assemblies in the core is shown, where 0
corresponds to the reactor pressure vessel (reflectors) the number 1 to the assembly Type 1, number 2
to assembly Type 2, number 3 to assembly Type 3 and number 4 to assembly Type 4. The coolant flows

from bottom to top in axial direction z.
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Figure 8.4. Radial distribution of the different fuel assembly types within the Oskarshamn-2 core
8.1.2 TWOPORFLOW core model

A three-dimensional core model has been developed to represent the core of the Oskarshamn
reactor in TWOPORFLOW. It consists of a 24 x 24 Cartesian grid with 60 axial cells. The first ten
equidistant spaced axial cells represent the 0.7424 m lower plenum, and the last 50 equidistant cells
correspond to the 3.712 m high active core. In this model, the lower core plate and the spacers are
modeled merely by pressure losses at the corresponding axial positions. For each 3D Cartesian cell, the
volume and area porosities, the heat transfer area density the power released to the rods and at specific
locations, the pressure loss coefficients are provided as input. In addition, the mass flow rate and coolant
temperature at the inlet and the pressure at the outlet are provided as boundary conditions.

In Figures 8.5 and 8.6, the relative radial power distribution and the axial power distribution as
predicted by the coupled code TRACE/PARCS are given, which are used as input in TWOPORFLOW.
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Figure 8.5. Relative normalized radial power distribution of the Oskarshamn-2 reactor core
calculated by TRACE/PARCS [93] for the stationary plant conditions.
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Figure 8.6. Axial relative normalized power distribution in the Oskarshamn-2 reactor core
calculated by [93] with a TRACE/PARCS coupling for the 1999 Feed-water Transient.

8.1.3 TWOPORFLOW stationary core analysis: code-to data and code-to-code
comparison

The Oskarshamn core stationary conditions are analyzed with TOWPORFLOW using the model
described above and the initial and boundary conditions listed hereafter.

e Outlet pressure: 7 MPa,
e |nlet mass flow: 4.6911 t/s,
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o Inlet temperature: 270.42 °C,
o Bundle power: 1802 MW.

The main core parameters predicted by TWOPORFLOW are compared to the ones calculated
by a subchannel code (COBRA-TF) and a system thermal hydraulic code (ATHLET) as part of the
international O2-Benchmark [93].

In Table 8.1, selected parameters e.g., the pressure loss , and the core average void fraction,
and their corresponding absolute errors predicted by TWOPORFLOW are compared to results of
COBRA-TF and ATHLET; including the benchmark data.

There can be observed that TWOPORFLOW shows a good agreement with the benchmark data,
and the TWOPORFLOW predicted parameters are similar to the ones of COBRA-TF and ATHLET,
having the smallest absolute error in pressure loss of the three codes with -0.0103 MPa and the second
smallest in average void with -0.018.

Table 8.1. Comparison of the Oskarshamn-2 benchmark’s results with the TWOPORFLOW
simulation in Steady State.

Benchmark | TWOPORFLOW | COBRA-TF |ATHLET
Pressure loss [MPa] 0.1162 0.1059 0.1603 0.131
Pressure loss absolute error [MPa] - -0.0103 -0.0441 0.0148
Core Averaged Void [-] 0.42 0.402 0.425 0.399
Average void absolute error [-] - -0.018 0.005 -0.021

A comparison of the axial averaged core void fractions predicted by TWOPORFLOW, and the
other codes is presented in Figure 8.7. Since no void fraction measurements from the reactor core are
available, code to code comparison is only possible. The three codes predict a similar void fraction
evolution along the core height, having the largest difference in the sub-cooled boiling area i.e., at the
core bottom. That could be due to the different approaches (ATHLET is a system code, COBRA-TF a
sub-channel code and TWOPORFLOW a porous media code). In the ATHLET model, the local pressure
loss effect caused by the spacer grids are not being presented, that is the reason why it is not possible to
see the local pressure loss effect caused by the spacer grids; for TWOPORFLOW and COBRA-TF these
effects are observed, but the height at which they appear is not always the same. That is due to
differences in locations in which the spacers are modeled.
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Figure 8.7. Comparison between the average void fractions dependent on the axial position
calculated with TWOPORFLOW, COBRA-TF and ATHLET for the Oskarshamn-2 Nuclear Power
Plant at steady state.

In Figure 8.8, the axial void fraction distribution of the core predicted by TWOPORFLOW and
COBRA-TF are compared to each other for the hottest fuel assembly with the coordinates (12,9) in
Figure 8.5. It seems that the reactor model in COBRA-TF has a slightly larger active length, and there
are slight differences in the spacer grid positions as well. However, the results with both codes are
similar, having the largest differences again in the subcooled boiling region (approximately the first 50
cm of axial height).
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8.1.4 Thermal hydraulic analysis of the Oskarshamn-2 BWR stability transient

On February 25, 1999, a stability transient event took place in the Oskarshamn-2 reactor, which
was later documented by [94] [95] as the O2 OECD/NEA benchmark.

A maintenance work outside the Unit 2 lead to a control system logic failure in the loss of
feedwater pre- heaters. The failure signal was transmitted to the turbine, causing a turbine trip, but, due
to a failure in the relay circuit, the load reject (sudden reduction in the electric power demanded by the
grid) signal was never transmitted to the reactor. Consequently, the power level of the generator was
reduced from 625 MWe to 585 MWe and steam line bypass valves opened to allow the excess steam
into the main condenser while maintaining full reactor power. As the reactor never received the load
rejection signal, the expected automatic controls, such as automatic insertion of control rods (SCRAM)
and main recirculation pump trips, never occurred. Because of the turbine trip and opening of the steam
line bypass valves, the feed water preheater system was no longer functional, and the feed water
temperature decreased by 75°C over a period of 150 seconds. The feed water temperature decrease
resulted in colder water entering the reactor vessel, which created a positive reactivity feedback and
increased the core power level.

A pump controller reduced the main re-circulation flow when the reactor power increased more
than 2% above the nominal power, thereby reducing the power. Cold feed water continued entering the
vessel, which caused the power level to increase and activated the pump controller.

The operators partially scrammed the reactor by fully inserting 7 predefined control rods and
reducing flow to the minimum at about two minutes after the initiation of the event. After the partial
SCRAM, the power was reduced to 65% and the flow to 3200 kg/sec.

However, the flow of cold feed water continued, which caused the reactor power to increase and
enter the unstable region of the power. The reactor power started to oscillate with successively increasing
amplitudes over a period of 20 seconds.

The reactor scrammed due to high power at 3 minutes and 6 seconds after the initial load
rejection event, when the power exceeded 132 % at 2500 kg/s recirculation flow. The scram proceeded
according to the design, opening the generator breaker two seconds after the scram, disconnecting it
from the main grid and moving the reactor into a hot shutdown state.

Figure 8.9 illustrates the normalized qualities of (divided by the initial steady state conditions)
the 300 seconds of the transient.
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Figure 8.9. Normalized to one boundary conditions during the 300 seconds of the Oskarshamn-2
instability transient.
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A BWR stability problem is normally evaluated with a coupled system thermal hydraulic code
and a 3D kinetics code such as TRACE/PARCS, RELAP5/PARCS, etc. Since TWOPORFLOW is not
yet coupled with a 3D neutron kinetics code, and a TRACE/PARCS solution of the O2-Stability problem
is available at KIT, a thermal hydraulic analysis of the O2-core has been performed with
TWOPORFLOW using time-dependent boundary conditions (power, mass flow rate, pressure, inlet core
temperature) obtained from the O2-benchmark with TRACE/PARCS [96]. The results obtained by
TWOPORFLOW are compared to the ones of other codes e.g. COBRA-TF and ATHLET [93] in
Figures 8.10 and 8.11.

From the result at the beginning of the transient i.e., for the first 250 seconds, we can conclude
that the COBRA-TF simulation is performed using different initial boundary conditions compared to
ATHLET and TWOPORFLOW.

The first significant power oscillation in the core takes place around second 72, what is reflected
in both temperature and density results. While the temperature and the flow rate decrease (around second
150) in the core, the temperature decreases, and the coolant density increases (Figure 8.9). The coolant
temperature simulated with ATHLET has a more significant decrease compared to TWOPORFLOW,
while the densities are similar in both codes. The highest differences between the codes are shown
between 220 and the 260 seconds, which is the range of time showing the largest instabilities in the core
power (Figures 8.10 and 8.11).
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Figure 8.10. Comparison of core averaged coolant temperature between the TWOPORFLOW,
ATHLET and COBRA-TF simulations of the Oskarshamn-2 instability transient [94] [95].
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Figure 8.11. Comparison of core averaged coolant density between the TWOPORFLOW, ATHLET
and COBRA-TF simulations of the Oskarshamn-2 instability transient [94] [95].

8.2 Thermal hydraulic analysis of the Laguna Verde BWR reactor core
8.2.1 Short description of the core and thermal hydraulic parameters

The core of the Laguna Verde Unit 1 consists of 444 fuel assemblies and has a thermal power
of 2027 MW [97].

The core loading includes two fuel assembly types and 109 control elements (cross-type). It has
an active height of 3.81 m. The two different types of assemblies are:

e Type 1 has 62 fuel and 2 water rods with 7 spacers with & =1.191. There are 312 type 1
assemblies in the core (Figure 8.12).

e Type 2 has 60 fuel rods with a central water channel and 7 spacers with £ = 1.069. There are
132 of these assemblies in the core (Figure 8.13).

The assembly distribution inside LVVNPP reactor core is shown in Figure 8.14.
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Figure 8.12. Fuel assembly type 1, P is the pin pitch, d the pin diameter, the un-colored circles
represent the fuel rods and the two-colored circles the water rods of Laguna Verde Unit 1.
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Figure 8.13. Fuel assembly type 2, P is the pin pitch, d the pin diameter, the un-colored circles
represent the fuel rods and the colored circle the water rod of Laguna Verde Unit 1.
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Figure 8.14. Distribution of the different assembly types inside the Laguna Verde Unit 1 reactor
core, 0 corresponds to the reflectors, 1 to assembly Type 1 and 2 to assembly Type 2.

8.2.2 Short description of the Laguna Verde stability transient

On January 24th, 1995, during the fourth operation cycle, the Nuclear Power Plant Laguna
Verde Unit 1 (LVNNP) experienced power oscillations throughout the transition to high speed of the
re-circulation pumps. With the reactor operating conditions of 34.9% power and 37.8% flow through
the core, the re-circulation valves started to close up to reach the minimum positions, leading to power
oscillations in the reactor [98].

This transient is evaluated with the core simulator SIMULATE-3K which consist of a 3D
diffusion solver and an internal thermal hydraulic module [99]. The key-parameter of the LV core
predicted with SIMULATE-3K are used as initial and boundary conditions for the thermal hydraulic
analysis to be performed with TWOPORFLOW.

8.2.3 Laguna Verde BWR Core Model for TWOPORFLOW

A three-dimensional core model is developed to represent the core of the Laguna Verde reactor
in TWOPORFLOW. It consists of a 24 x 24 Cartesian grid with 35 equidistant axial cells. The first five
axial cells represent the 0.762 m high lower plenum, and the 30 last cells correspond to the 3.81 m high
active core. In this model, the lower core plate and the spacers are modeled by pressure losses at the
corresponding axial positions.

The relative radial and axial power distributions predicted in [98] and shown in Figures 8.15
and 8.16 are used as initial conditions for the TWOPORFLOW analysis together with the time dependent
boundary conditions .
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Figure 8.16. Relative normalized axial power distribution in the Laguna Verde Nuclear Power Plant
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8.2.4 Steady state case simulation results and code to code comparisons

A TWOPORFLOW simulation of the stationary core conditions using the model described
before and the following boundary conditions:

Outlet pressure: 6.51 MPa,
Inlet mass flow: 2.92889 t/s,
Inlet temperature: 268.66 °C,
Bundle power: 714.8 MW.

The results obtained with TWOPORFLOW are compared against the results of SIMULATE-
3K [98] and a TRACE simulation performed by [96]. The TRACE model is not detailed i.e., the 444
assemblies are not simulated individually but grouped in 29 fuel assemblies’ subtypes with different
neutronic characteristics, in which the hottest channel is grouped in the assembly number 27 (cell located
in (11, 7) Figure 8.15.

The comparison of the results obtained with TWOPORFLOW with the ones obtained by
SIMULATE-3 and TRACE reference model, as well as with the are presented in Table 8.2. It can be
observed that the key-parameters predicted by TWOPORFLOW are in good agreement with the ones of
SIMULATE-3 and TRACE

Table 8.2. Comparison of the SIMULATE-3, and TRACE results with the TWOPORFLOW
simulated data in Steady State.
SIMULATE-3 TRACE TWOPORFLOW
Pressure loss [MPa] 0.04 0.037 0.0363
Pressure loss absolute deviation ) -0.003 -0.0037
[MPa]

Core average void [-] 0.366 0.412 0.335
Average void absolute deviation [-] - 0.046 -0.031

In Figure 8.17, the average core void fraction along the core height is shown. The void fraction
predicted with TWOPORFLOW is in very good agreement with the one calculated by SIMULATE-3
in the sub-cooled boiling region i.e., in the bottom part of the core (up to 1.75 m). But at higher core
elevations the discrepancies increase up to 0.059 at the top of the reactor core. The differences of the
void fraction predicted by TRACE and TWOPORFLOW are more pronounced and in general
TWOPORFLOW underpredicts the void fraction along the whole core elevation. The simplified core
model of TRACE i.e., grouping the fuel assembly in a reduced number of channels (only 29 instead of
444 in TWOPORFLOW) may be the reason to these differences.
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Figure 8.17. Comparison between the core averaged void fractions dependent on the axial position
calculated with SIMULATE-3, TWOPORFLOW and TRACE for the Laguna Verde Nuclear Power
Plant.

Finally, the axial void fraction distribution predicted by TWOPORFLOW and TRACE for the
hottest channel in the cell (11,7) and in the channel 27, respectively, is compared in Figure 8.18. In this

case, the agreement of the predicted void fraction in the lower part of the core by both codes is good
while the discrepancies increase at higher elevations.
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Figure 8.18. Comparison between the void fractions in the hottest channel dependent on the axial
position calculated with TWOPORFLOW and TRACE for the Laguna Verde Nuclear Power Plant.
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Summary

The goals of this thesis are, first, to analyze 2 different groups of two-phase flow correlations

models with respect of their simulation capabilities and their limitations. Then, to identify the major
sources of deviations and to implement improved models for turbulent mixing, void dispersion, and
CHF. An extended validation process is performed to enable their use in steady state and transient
reactor core simulations.

Improvements in physical models.

Turbulent mixing in the momentum and energy conservations equations. It is calculated by a
simple zero equation turbulence model using a mixing coefficient given as input to in order to
calculate the turbulent viscosity which is added to the molecular viscosity and at the same time
affects the turbulent thermal conductivity.

Void dispersion in the momentum equations. It is calculated by an empirical correlation added
to the vapor momentum equation for bubbly flow.

Improvements in CHF. The revision of the Bowring correlation and the implementation of the
Biasi correlation and the Groeneveld Look-Up Table method have been realized.

Evaluation of TPF and TPF-TRACE groups of correlations.

Turbulent mixing in the momentum and energy conservations equations. This evaluation has
been made using the PSBT steady state fluid temperature benchmark. The simulation of thermal
mixing demonstrates that, comparing the sub-channel temperatures, the average difference
between the correlation groups is 0.09°C. Both families of correlations give nearly the same
quality of results for turbulent mixing. TWOPORFLOW shows qualified results in single phase
flow using a similar value of the mixing coefficient as used by other validated codes.
Sub-cooled boiling has been investigated using the PSBT Single sub-channel benchmark. The
obtained results reveal that neither TPF nor TPF-TRACE correlations are capable to obtain
results less or equal the reported experimental void fraction accuracy (0.03 absolute void
fraction) and it is recommended to perform further investigations in the sub-cooled boiling
region using another benchmark or experimental data.

Void dispersion in the momentum equations has been evaluated using the BFBT steady-state
sub-channel grade benchmark. It is concluded that the deviations between both groups of
correlations are not larger than 3% having both the higher deviations near the unheated rods.
Transient void. In order to make these evaluations, two transient scenarios have been selected
from the BFBT transient macroscopic grade benchmark. The TPF correlations present better
results compared to the experimental data in all quality regions while the TPF-TRACE
correlations show high discrepancies at low and high steam quality regions.

The TPF-TRACE correlations have been implemented in the code with the purpose to obtain an

improvement in the simulation of physical phenomena. This purpose has been not met. The results of
both types of correlations are, in most of the cases, similar and even in transient conditions the TPF
correlations show better results. The recommendation is, to eliminate the TPF-TRACE group of
correlations in TWOPORFLOW and focus the effort on the improvement of TPF correlations.

Evaluation of CHF models.

Tube geometries have been analyzed using the Becker experiments. The Biasi correlation
presents the less accurate results. The largest deviation appears at lower steam qualities. The
Bowring correlation gives the most accurate results and the Groeneveld LUT shows similar
results. For tube simulations, the Groeneveld LUT and the Bowring correlation are
recommended to be used.
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Assembly geometries under normal operating conditions have been analyzed using the BFBT
steady state benchmark. The Biasi correlation presents the most accurate results for all the
different pressures and assembly types. The Biasi and the Groeneveld correlation results give
both an acceptable accuracy in all the conditions, while Bowring is more inaccurate in the
predictions. The Biasi correlation or the Groeneveld LUT are recommended for the simulation
of fuel assemblies in steady state conditions.

Assembly geometries under transient conditions have been analyzed using two exercises
(recirculation pump trip and turbine trip without bypass) from the BFBT transient benchmark.
The TWOPORFLOW code gives accurate results using the Biasi correlation and the Groeneveld
LUT.

It is important to remark that the most consistent method in the simulation of CHF is the

Groeneveld LUT, having similar accuracies in almost all the geometries and conditions.

Application to simulate BWR reactor cores.

TWOPORFLOW is applied to simulate BWR reactor cores. In this context, only TPF

correlations models have been used, because they give the best results for the validation calculations.

Oskarshamn-2 nuclear reactor simulation under steady state conditions. The steady state
simulations have been compared against data generated with COBRA-TF and ATHLET. The
compared parameters are core averaged void fraction, core averaged void fractions dependent
on the axial positions and core averaged pressure loss. The simulations show similar results
compared to COBRA-TF and ATHLET having the largest difference in the sub-cooled area.
Oskarshamn-2 nuclear reactor simulation under transient conditions. The transient
simulations have been compared as well against data generated with COBRA-TF and ATHLET.
The compared parameters are the coolant average density and the coolant temperature both
dependent on time. The results show a good agreement between TWOPORFLOW and
ATHLET. In comparison with COBRA-TF larger differences appear.

Laguna Verde nuclear reactor simulation under steady state conditions. The steady state
simulation with TWOPORFLOW is compared against simulations made with SIMULATE-3
(reference model) and TRACE. The compared parameters are core averaged void fraction, core
averaged void fractions dependent on the axial positions and core averaged pressure loss. In this
case, the results show many discrepancies, TWOPORFLOW shows a good agreement with
SIMULATE-3 in the sub-cooled area, but in saturated boiling there are differences of about
10% of the void fraction. In the comparison TRACE-TWOPORFLOW, the difference is about
14% of the void fraction. In the case of the comparison against TRACE, it is important to
mention that the TWOPORFLOW model is a detailed approach (using 444 assemblies), and the
TRACE model is simplified (using 29 channels). In any case, it is not possible to state which
codes have the better results, because of the lack of measured data.

Summarizing up, progress has been achieved in the development and application of

TWOPORFLOW to become a qualified tool to simulate two-phase flow conditions in BWRs.
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10  Outlook

The future work can be divided into three groups of tasks:

e Revision of the sub-cooled boiling correlations.
¢ Implementation and validation of post-CHF models.
e Coupling with system thermal hydraulics simulation tools or neutronic simulation codes.

To re-evaluate the sub-cooled boiling models, it is recommended to look for different tests to
evaluate these phenomena. It is necessary to analyze whether the deviations are similar to those obtained
using the PSBT benchmark. If it is the case, then a review of the implementation and the models existing
in TWOPORFLOW is recommended.

TWOPORFLOW can simulate the post-CHF phenomena, but these simulations have not yet
been evaluated. First, it is necessary to evaluate the transition boiling, in order to see if it is better to
implement a correlation or to continue using the current method. Actually, a heat flux interpolation
between the critical and the minimum stable film boiling (MSFB) temperature points is done. Once this
evaluation is made, the liquid film, gas, condensation, and mixed boiling heat modes, could be evaluated
as well.

The status of TWOPORFLOW already allows the coupling with other codes. It is possible to
couple it with system thermal hydraulic simulations tools, like TRACE. This allows simulating the
whole plant with more detailed results from the core.

The thermal hydraulic phenomena and the neutron reactions taking place in the core strongly
affect the behavior of each other. An important future task is to couple TWOPORFLOW with neutronic
simulation codes providing a multi-physics description of the phenomena occurring inside the reactor
core.
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12 Annexes

Annex 1 Constitutive models for the closure of the conservation equations
a. Dimensionless physical numbers

The correlations used in TWOPORFLOW for the simulation of thermal-hydraulics physical
phenomena are dependent on different dimensionless numbers. Those numbers are defined bellow.

Grashof number: represents the ratio between the buoyancy force due to spatial variation in
fluid density to the restraining force due to the viscosity of the fluid [100]:

— glew — TllDHave3
(ﬂ)z , (70)
P
where g is the acceleration due to gravity, y the thermal expansion coefficient T,, and T, the temperatures

of the wall surface and the liquid correspondingly, Dy, the averaged hydraulic diameter, y; the
viscosity of the liquid and p; the density of the liquid.

Gr

Nusselt number: is the ratio of the thermal energy convected to the fluid to the thermal energy
conducted within the fluid. In other words it is the dimensionless heat transfer coefficient [100]:
hL
Nu=—, 71
u=- (71)
where h is the convective heat transfer coefficient, L the characteristic length and A the thermal
conductivity.

Peclet number: is the ratio of heat transport by motion of a fluid to the heat transport by thermal

conduction [101]:
GlDHCpl Nu
= ———0—0— = RePr = — 72
e % ePr = — (72)

where G, is the mass flux of the liquid, Dy, the hydraulic diameter, Cp; the specific heat of liquid, 4; the
thermal conductivity of the liquid, Re the Reynolds number, Pr the Prandtl number, Nu the Nusselt
number, St the Stanton number.

Prandtl number: is the ratio of the momentum diffusivity to the thermal diffusivity [101]:
C
pr="2P (73)

where p is the viscosity, Cp the specific heat of the fluid and A the thermal conductivity of the fluid.

Reynolds number: is the ratio of the inertial forces to the viscous forces and is used to
determine whether the fluid flow is laminar or turbulent [101]:
o= PVDyave
‘Ll )

where p is the density of the fluid, V the velocity of the fluid, Dy, the averaged hydraulic diameter
and u the viscosity of the fluid.

(74)

Stanton number: ratio of heat transfer coefficient to heat capacity of a fluid [101]:

st=— - M (75)
" CppV  RePr’
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where h is the heat transfer coefficient, Cp the specific heat of the fluid, p is the density of the fluid, V
the velocity of the fluid, Nu the Nusselt number, Re the Reynolds number and Pr the Prandtl number.

Weber number: is the ratio between the inertial force and the surface tension force and the
Weber number indicates whether the kinetic or the surface tension energy is dominant in two phase flow
[101]:

V2L
we =2 —, (76)

where py, is the density of the fluid, V, the relative velocity between the two media, L the characteristic
length, o the surface tension.

Froude number: relates the inertia forces in a system to the effects due to gravity [100]:

Fr = \/ﬁ, (77)

where V is the velocity of the fluid, L the characteristic length, g acceleration due to gravity.
b. Wall heat transfer

TPF correlations

The Chen correlation [46] is used, for nucleate and saturated boiling; the rest of the boiling curve
is calculated using different correlations described in the following sections.

Single-Phase Liquid/Vapor convective heat transfer

In the single-phase liquid or gas forced convection regimes the heat transfer coefficient is given
in relation to the Nusselt number:

_ Nu/lk

hsc (78)

DHave

Where 4, represents the conductivity of the fluid (liquid or gas) and the Nusselt number is taken
from Gnielinski [43] as:

Ny = [ 0.5 ] Pr(Re —1000)
¥ = [(15810g(Re) — 3.28)2 127 05 S (79)
+12 ((1.58log(Re) - 3.28)2) (Pr#/>—1)
Subcooled/Nucleate/Saturated boiling
The surface heat flux is evaluated as:
q” = hl,nb(Tw - Tsat) + hl,fc(Tw - Tl)r (80)

and the heat transfer coefficient of (sub-cooled) nucleate boiling is given by the correlation of Chen:

112



/1?.79Cp10.45p10.49
hynp = 0.001225 , (81)
n 00,5M?.29h}9;4p8.24
where:
[1+ 0.12Re* 4], Re < 32.5
S=41[1+0.42Re®78]71, 32.5 < Re <70, (82)
0.1, Re > 70
and;
—4 -1 0.73611.25 Dhave
Re =107*(2.35(X + 0.213)%7°°) %> q;p,V; 0 (83)

The heat transfer coefficient of forced convection (h; ) is the maximum of the single-phase
liquid coefficient (78) and the Chen heat transfer coefficient, being the latter:

h; = 2.35hq (Xt + 0.213)0736, (84)

and the Martinelli [47] parameter is calculated as:

x 109 0.5 0.1
@ = ol B G ®
1-x) Pv Ky
Where u,, are obtained by the IAPWS-97 tables for a given density and temperature.
Transition boiling
In transition boiling the heat transfer coefficient is given by:
_ Wiranqe + (1 - Wtran)hfilm(Tmsfb_Tsat)
Ry = , (86)
Tw - Tsat
where wy,.q,, 1S @ weighting factor:
(Tmsfb _Tw)
=~ 7/ 87
Wtran Tmsfb _ T(;r ( )

In this case the minimum stable film boiling temperature (Ty,sfp) is computed according to
Groeneveld and Stewart [50] using the pressure in MPa and the temperature in K. For P < 9MPa:

Tmsfp = 557.85 + 44.1P — 3.72P2, (88)
and for higher pressures:
Tsfp = 647.037 + 0.71P. (89)
The calculation of hg;;,,, is explained below.
Film boiling

The heat transfer coefficient for film boiling for pressures P < 1.33 x 10° Pa is given by [52]
Groeneveld (Dittus Boelter modified):
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0.0232,

film = R63'8PTVO'4. (90)
DHave
For higher pressures:
0.0522 0.4\ 7106
piim =~ ReQ 0 pr 2 (1 ~01 [(1 — %) (ﬂ - 1)] ) , 91)
Have v
where:
D G
Re, = —Have ~ [x + P_v] (1—x). (92)
Uy b

For low or high flow the Bromley correlation plus forced convection [53] is used. In this

correlation when the square root of the Froude number is less than 2 (vVFr < 2) forced convection is
considered to be present. In TWOPORFLOW it is evaluated as:

JFr = aypyVy 4 aplV (93)
\/gDHavepv(pl - pv) \/gDHavepl(pl - pv)

If VFr is lower than 2 then:

0-62a19(pl - pv)pv/l?? [hfg + O'SCPV(TW - Tsat)]
ytim = o ' (94)
2 MMU(TW — Tsat)

Condensation
The heat transfer coefficient in condensation is given by:
hyfe = Whyging + (1 —W)hgim, (95)

where w is a weighting factor in the range 0.8 < a,, < 0.9. In this case the heat coefficient for film
boiling is calculated by the Shah [54] correlation as follow:

0.24Re;,*8pPr,%* 2 (1 — x)0-76x0.04
l v l x0.8 +3.8 > —= . (96)

Dyave (E)

film =

TPF-TRACE correlations
Single-Phase Liquid convective heat transfer

In TWOPORFLOW single-phase liquid convection heat transfer is taken if the wall temperature

(T,,) is lower than the saturation temperature (Ts,;) and the void fraction «,, is lower or equal to 0.8. It

is calculated using the maximum of the forced convection and natural convection Nusselt numbers. The
Nusselt number for forced convection is [102] [44]:

Prl 011 hchHave

Nug, = _> e Have, 07

qu (PTW /1[ ( )
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hs. is obtained in equation (78), and the liquid Prandtl number is evaluated at the bulk temperature.

The Nusselt number for natural convection is calculated as [45]:
1
Nuy,. = max (0.59(GrlPrl)°'25, 0.1(GrPr)3 ) (98)

where the Gr is the Grashof number. The wall heat transfer coefficient to the liquid h; is given by:

A

Have

hy = hse = max(Nqu, Nunc) * D (99)

Onset of nucleate boiling

The wall surface temperature at which nucleate boiling heat transfer begins is denoted as
“temperature of the onset of nucleate boiling.” This temperature is considered for the heat transfer
regime selection. If the wall temperature is higher than the saturation temperature, but lower than the
temperature of onset of nucleate boiling, the heat transfer of liquid is equal to the heat transfer of forced
convection. The temperature of the onset of nucleate boiling is calculated as [48]:

Tonb
= min(Tl: Tsat)
2

2h¢ 0T, 2he 0T, 100
\/( rcOlsat )\/( fcOlsat >+4max(0.0,Tsat—Tl) (o)

pvhfgkl(l - e(—93—59)) Puhfgkl(l — e(_93—59))
+

4
Here the contact angle for water and stainless steel 6 = % is used.

Condensation

If @, > 0.9 and T4 < Tsq;, the heat flux of the liquid is calculated using the laminar and
turbulent Nusselt number as:

JNulamZ + Nuturb2

(00207 2o

(101)

max

where the laminar Nusselt number is Nu;q., [55] [19] and Rey;y,,, is evaluated from the liquid flux G,,
the averaged hydraulic diameter Dy, and the viscosity of the liquid y;:

Nugm = 2(1 4 1.83 X 10™*Refy), (102)
and the turbulent Nusselt number is calculated as [43] [19]:

hfilmDHave

103
a7, (103)

Nugyrp =

In this case hs;;,,, is calculated with equation (101). If the void fraction is in the range 0.8 <
a, < 0.9, then the heat flux is:
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a,—0.8
l:(—

o, — 0.8
— )hﬁlm + (1 _H—hS )hfc. (104)

0.1

(Sub-cooled) Nucleate boiling

Nucleate boiling begins if the wall temperature is higher than the onset of nucleate boiling
temperature. In this case, the liquid heat flux is calculated as:

Tw - Tonb

hy = h,,, ———.
: pb Tw_Tsat

(105)

In this case heat flux in pool boiling is [49]:

1
0.68 1-(09-03p,07%)
0.27 U000 )\ 2 T
~ 5600 (1-73Pr + (1 - Pr) Pr ) (106)
- 2000(0.9—0.3pr0'15) '

hpb

where p,. is the reduced pressure, and the pressure is given in Pa:

Pr= 5 (107)

c. Fraction of sub-cooled vapor generation

TPF correlations
To calculate the fraction of sub-cooled vapor generation the correlation of Unal [41] is used.

This correlation depends only on liquid velocities, wall, saturation, and liquid temperatures. The value
for the Unal coefficient is:

) {0.11; [Vi| < 0.45m/s
= (108)

024 V]| > 0.45 m/s
The sub-cooling temperature is calculated as:
Towp = Umax(T,, — T, 0.0). (109)

If Tgypis greater than 0 K and the wall temperature is higher or equal than the saturation
temperature the vapor generation fraction is:

(110)

T, —(T... —T.
I5yp = min (1.0, max <0,0, 1 — (Tsar sub)))l

Tsub

If these conditions are not reached I5,,;, = 0.0.
TPF-TRACE correlations

Here a correlation dependent on the Peclet number, saturation temperature, mass flow, hydraulic
diameter and conductivity is used. The Peclet number is the ratio of the Nusselt number and the Stanton
number. If the Peclet number is below 70000 we have the thermally controlled region, if the local Nusselt
number is constant (455); but when the Peclet number is higher than 70000 it is the thermally and hydro-
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dynamically controlled region in which the Stanton number is a constant from 0.0065 [57]. The latter
case is what is occurring in this case. The liquid temperature at which bubble detachment occurs is
calculated as:

GlDHave/ll .

= — 111
Tl,b Tsat PeSt ’ ( )
and the vapor fraction is:
Iy = min | 1.0, max( 0.0 T~ Ti (112)
sub " " max(1 x 108, Teqe — Ty) /)

d. Liquid-vapor interface heat and mass exchange models

TPF correlations
Interfacial mass transport

First the interfacial heat transport is calculated. The heat exchange for direct evaporation from
wall is calculated as a heat flux:

QFsl,evap = Igubhl,nb (Tw — Tsar), (113)

where A is the wall heat transfer area.

The condensation and evaporation heat flux, including sub-cooled boiling. A large coefficient
is used to drive sub-cooled vapor and super-heated liquid to saturation with the temperature given in K
and is calculated by:

Qrp =1X 1Olz(Tsat - Tv)z + hv,sat(Tsat - Tv)- (114)

The first term in equation (114) is used only if T, < Tgq¢. In liquid phase, if the saturation
temperature is higher than the liquid temperature, and the fraction of liquid is higher than 1x1078 then:

QFIl =-1x 1012(Tsat - Tl)z - QFsl,evap + hl,sat(Tsat - Tl)- (115)
The first term in equation (115) is used only if T; > T,,:.The power density is calculated by

multiplying the heat flux by the evaporation-condensation area density. The area density of dispersed
bubble flow is calculated as:

a
Ay = 6. (116)
dap
Here, Reynolds and Nusselt number for dispersed bubble flow take the form:
Vitor — d
Reyy = Pll Ltot v,tot| db, (117)
H
Nugp = 2 + 0.6Rey;, " Pr, %3, (118)

The diameter of the bubbles in departure boiling and in case of droplets is calculated using the
Weber number criteria [58]:
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o
12 s Dyave < dgp < 5x1073

2
Pl(lVl,tot - v,tot|)
5x107% dgp < Dyave
L 5 X 10_3; ddb 2 5 X 10_3

ddb:<

2 o

dd‘rop .y pv(|Vl,tot - Vv,tot_'Z
5x107% darop < Dhave

L 5% 1073 dgrop = 5% 1073

The area of annular flow is:

aq

nr _
Al,annular =6 d .
drop

Then Reynolds and Nusselt annular numbers:

_ pvlvl,tot - v,totlddrop

Re 1 = )
annutar /-11]
and:
Nuannular =2+ 0-6Reannular0'5PTUO'3-
The saturation heat transfer coefficients for liquid and vapor are:
(1 - W)NububklA;f(’ib "
hl,sat = ddb + WlOOOAI,annular'
and:
wNu 1ar Ko AT .
hv,sat — annutar’'v ,annular + (1 _ W)lOOOAI’db.

ddrop

For equations (124) and (125) w is a weighting factor in the range 0.3 < a,, < 0.7.

If there are fuel rods present, the film diameter is calculated as:

drigm = max (1 x 107%,0.5Djave (1 = /at,) ).
The area of annular flow is then:

" \/Cl_v

AI,annular = 4D )
Have

and the vapor and liquid mass flux:
G, = aypymax(V, or, 1 X 1078),
and:

G, = aypymax(Vyor, 1 X 1078).
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(120)

(121)

(122)

(123)

(124)

(125)
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(127)

(128)
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Here Regnnyiar i €qual to Re,, multiplied by |/, and Reg;;, to Re;. Then the Nusselt number
are calculated as:

Ntgnnuiar = max(4,0.023Regnnuiar > P1,%%), (130)
and:
Nugjy = max(4,0.023Ref ;" °Pr, ). (131)
The saturation enthalpies of liquid and vapor are:
a,Nuy, kA ayNugi kA7
hl,sat _ v b(;lb 1411,db + l fllr(r; l I,annular' (132)
db film
and:
aNu ky\ a,AYL
psat = l annulml") v viliannular +0£1,1000A;f:1b. (133)
Have

In case a, < 1 X 10™* or a; < 1 x 1078 the heat transfer in liquid and vapor in the interface
are equal to zero.

Condensation and evaporation

Once interfacial mass transport and heat transfer are calculated, the condensation and
evaporation could be calculated as:

Q=0+ hv,satF- (134)

TPF-TRACE correlations
Dispersed Bubbly Flow Regime

Dispersed bubbly flow regime is taken up to 30% of void fraction as well as for a specific mass
flux, given by the criterion from Choe et al [59]. The transition is implemented by a linear ramp:

0.3 ;G <2000 kg
' T (mzs)
G — 2000 kg
a =40. 2|——]; — ). 135
v,db 03+02(2700_2000),2000<G<2700 (mzs) (135)
0.5 ;G = 2700 kg
' S (mzs)

Interfacial area for the dispersed bubble flow regime is computed by equation (116) if
1x107*m < dpp < 0.9Dyqpe and a,< @y, g5 . But if a, = a,, 45 then it is computed as:

6(11; db 1-— a,
AL = - . 136
I,db ddb <1 _ ay,db ( )

Dispersed bubbles diameter it is approximated by:
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’ o
ddb = 2 m (137)

Heat transfer coefficient between liquid and bubble interface is computed using the Ranz-
Marshall correlation [60]:

ki
hl,db = d—deudb. (138)

The Nusselt number is calculated with equation (118) with Reynolds number as a function of
the dispersed bubble relative velocity defined as:

V. apd
Reyy = Pi1Vrdap db’ (139)

Hy
where the dispersed bubble relative velocity is given by:
Vrap = Min[|V, = Vi|, Vap]; (140)

and for a single distorted particle, the Wallis formula [61], applying as well the multi particle correction
of Richardson and Zaki [62]:

5ghp 1/4
Vap = ﬁ( z > (1 a)®. (141)
l

Cap Bubble/Slug Flow Regime

For the cap bubble/slug flow regime, the large bubble component is computed and added to the
coefficient for dispersed bubbles:

A bs = (WA ap + (AT b (142)

The interfacial area for the large bubbles regime is computed by the formula of Ishii and
Mishima[63]:

c* Ay — Ay ap
A = (224 143
Llb D* ( 1 _ ay'db ( )

where both the coefficient C* and the diameter D* depend on the flow regime (slug or cap bubble) and
the hydraulic diameter of the channel. For channels with a hydraulic diameter less than Dy ., =
50,/a/gAp large bubbles are treated as slugs, else they are assumed to be cap bubbles. Then, C* and
D* are computed by:

* {4'5; DHave < DH,CT (144)
16 ; Dhave = Dy,er’
D D <D
D* = { Have Have Her (145)
Dh,cr; Dyape 2 DH,CT

The heat transfer coefficient for large bubbles is defined by:
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k
hl,lb = D—l* Nuyy, (146)

with the Nusselt number given by the Ranz-Marshall correlation [60] and the bubble Reynolds number
like:

V..,D*
Relb — P r,lb ; (147)
23]
where:
Ve = Min[|V, = V[, Vip ], (148)
and;
Vo ; dip < 0.125
1.13V; i, e~ % ;0.125 < dy, < 0.6
Vip = - ;
0.496 ——= ; d;), = 0.6
Vi
with:
d b (149)
lb DHave’
and:

‘/E_\W _ (150)

When sub-cooled boiling is present, the liquid interfacial heat transfer is modified for near wall
condensation. The model suggested by Lahey and Moody [64] is used in this case with the interfacial
heat flux:

DHave Pi1Py

qé,ond = 0.075 4 hfgﬁav. (151)

Then, the interfacial heat-transfer when sub-cooled boiling is present can be computed by:

(AT )sp = 0-075hng—p”av- (152)

The sub-cooled boiling heat transfer is added by a simple void fraction ramp between 10% and
20%.

Annular/Mist Flow Regime

For void fractions of 75% or above, it is assumed to have annular/mist flow regime. Models for
annular films as well as entrained droplets are computed separately and combined by:

(MAT ) am = (hlA;”)film + (hlA;”)drop; (153)

where the interfacial area is given by the equation (127). For cases where the surface is only partially
wetted by the liquid film, this interfacial area is multiplied by the fraction of the surface wetted:
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(1 —a,)Dyave

fver = 2 (154)

Where the film thickness take a value of § = 25 x 107 m [19].The interfacial heat transfer
coefficient for liquid film h; ;. is combined by laminar and turbulent parts, using a power-law
weighting as follows:

1/2
hy fiim = [(hl,lam)z + (hl,turb)z] ; (155)

where both hy 4., and h; ., are calculated using the next equation, just with either laminar or turbulent
Nusselt number:

N'U./‘{l

(O-SDHave(l _ \/a—v)) (156)

The laminar film is computed by the condensation correlation of Kuhn et al [55] using the
Nusselt number based on the film thickness.

hl,lam =

Nugm = 2(1 4 1.83 X 10™*Regy ). (157)
The turbulent Nusselt number is calculated according to Gnielinski [43] as:

0.7(1.58l0g(Rery,) — 3.28)%(Repyr — 1000)Pryy,

Nuy pyrp =

J0.5(1.58l0g(Re;,,,) — 3.28) 2 (Pr2/3 _ 1) ’ (158)

tur

where the turbulent Reynolds is between 1 x 103 and 5 x 10°, and the turbulent Prandtl between
5 x 10~ tand 2 x 103. Vapor interfacial heat transfer coefficient is computed by:

k

hiy = D—’:Nui,u; (159)
with the diameter of annular core as:
D¢ ~ Dyavey/ % (160)
and:
Nu,; = Max{4,0.23Re28Pr04}. (161)

Reynolds’ number Re, is calculated using D.. Those are taken from the Dittus-Boelter
correlation [65]. For the heat transfer coming from droplets, the Sauter mean diameter [66] (the drop
diameter that has the same ratio of interfacial area/ volume as the entire population) is indirectly used.
Due to the fitting parameters that [67] use, the ratio of the Sauter mean to the volume median diameter
is 7.96x10~3: Then the droplets diameter is:

-3 2/ —1/
ddmp _ 7.96 x 10 i JRe2/3 (@) 3 (p_v) 3. (162)
pv(avVl) J25) P1

The drop diameter calculated from (162) has a limit between 84 x 10~ °m < darop < 0.004m.
Then, the droplet interfacial area dependent on the annular core region occupied by the droplets a gy
is given by:
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6agrop
AIII — . 163
harop = (1 - adrop)ddrop ( )

In the interfacial heat transfer between drops and surface, the asymptotic value given by Kronig
and Brink [68] is used:

ki

ddrop

hli,drop = 2m? (164)

The vapor side heat transfer coefficient uses the Nusselt number given by Ryskin [69] in both,
condensation and evaporation:

Nuy;iqg = 2 + /VinaxPe; (165)

Where 1}, 4, is the maximum dimensionless velocity at the surface of the drop:

1.5
2.8(1 +2 M)(2 +3u/1t) (166)
(2+3 Plﬂl) /Re,

*
Vm ax

1+

Finally, hli,drop = hvi,drop-
Interpolation between Dispersed/Cap Slug Bubble and Annular/Mist

A simple void-fraction based interpolation is performed, using a weighting factor, resulting in
the heat transfer coefficient for all phases k:

a— 05

0.75 — 0.5 (hici AT Jam + (1

a—0.5

=) (i "D (167)

hue = T 075-05

e. Wall Friction

TPF correlations

The wall drag model is the one proposed in [16]. In this case, the wall friction is given by:

azp, V.
E, = ffv vPvY + Pig, (168)
2Dy,
and:
faatpVi  Comana/frofripupiV
F., = P 169
sl 2Dy + 2D, + Pig s (169)

where the local pressure losses by spacers for each phase is given by a friction factor calculated using
the pressure loss coefficients (£) given as input:

fakPka

170
Prsge = 20x (170)

& is defined as:
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$=p (171)
2

where Ap is the pressure difference, in this case between the flux downwards and upwards the spacers,
p is the density of the fluid and v the velocity.

The Lockhart-Martinelli [47] coefficient (Cyy,) take the values:

where:
Re, + Re,
ez 1300 (173)
2000 ’

being w a number limited by the code between 0 and 1.
The friction factor is taken from Churchill [70] and when Re > 100:

1/12

8 \'* 1
=2 (—) | (174)
Iy [ Rey, (a+ b)3/2]
where:
16
2.4571 ! (175)
a= . o )
’ (1)0'9 1027k
Re ' DHave
16
b= [37530] ; (176)
Re
where Ra is the surface roughness and in TWOPORFLOW is given by input. If Re < 100:
64
= — 177
fr = %e (177)
TPF-TRACE correlations
The drag wall model for both phases is:
2f s,re,
Fae =G+ P (178

where the pressure loss coefficient due to spacers is the same as in the equation (170).

Bubbly/Slug Flow Regime

For two-phase flow with nucleate boiling, the friction coefficient is corrected by a model
developed by Levy [71]. This model balances surface tension, drag forces, and states, based on the

examination made by Ferell and Bylund [72]. The bubble diameter used for the model by Levy has to
be a function of void fraction. The model is given by:
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C,p = min{2,155d,[a,a;]%?}, (179)

g
d, = 0.015 /TWDH' (180)

Then taking the friction coefficient obtained with equation (169) the wall shear stress is:

where:

F
T, = %plvf. (181)

Finally, the Bubbly/Slug Flow Regime friction coefficient with wall nucleation is:

Fg 2p;

ffs,bs = __(1 + Cnb)z- (182)
4 Dy

Annular/Mist Flow Regime
The Annular/Mist Flow Regime splits into laminar, turbulent, and single-phase gas flow. While

the transition to single-phase gas flow depends on a critical film thickness value, the friction coefficient
for laminar and turbulent flow is determined by:

1/3
frsfim = (Fotam + ffoers) s (183)
when the laminar value is the same as for pipe flows:
16 <0.95
Re,’ a, <0.
frsiam = \[16 + 8 ( a, —0.95 ) ; (184)
0.99 — 0.95 o> 0.95
Rel ’ v '

and the turbulent value is given by Haaland’s explicit approximation to the Colebrook equation made
from [73]:

1
ffs,turb = .

111])? 185
{1 toso i+ (*474) ”

Finally, the wall-liquid drag coefficient is given by:

ffsl,am = ffs,film(1 - av)z; (186)
and the wall-vapor drag coefficient is:
ffsv,am = 0. (187)

Film breakdown is assumed to occur when the film thickness becomes less than a critical value
of 25 microns.
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Transition Bubbly/Slug to Annular/Mist Flow Regime

The transition from Bubbly/Slug to Annular/Mist uses a weighting factor dependent on the void
fraction, and then the wall-drag for liquid and vapor are calculated as:

09 —aqa, 09 —a,
ffsips/am = (m) frsips +{1— (m) frstams (188)
and:
09 —a,
ffsv,bs/am =11- (m) ffsv,am- (189)

f. Liquid-vapor momentum coupling

TPF correlations

In TPF correlations the modified correlation of Kazimi [16] is used:

FI:l—av 1—-a,

2 AV]. 190
avDH avDH 127 + Py ( )

TPF-TRACE correlations
Bubbly/Slug Flow Regime

The interfacial drag coefficient for Bubbly/Slug can be computed by:

a,a,3gA
Fips = 20 9% pg (191)
gj
where the profile slip factor Ps is:
_ _ 12
1 _ @, V-7
Ps = max| 0.05,min| 1.0, 17 . (192)
r

The Bubbly/Slug flow regime is split into three different parts: Dispersed Bubble Phase,
Transition Phase, and Slug Flow Phase; and the Dispersed Bubble Phase use the Churn-Turbulent
Regime:

max(1 x 1073, p; — p,)D
By = 0.188\/g ( ; P Po)ly (193)
v

Annular/Mist Flow Regime

The Annular/Mist Flow Regime is split into two parts, interfacial drag on a liquid film and on
entrained droplets. Therefore, an entrainment model is needed to determine the fraction of liquid flow.
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The interfacial friction coefficient for the liquid film can be computed, using the Wallis model [74] for

nr

up-flow to compute the friction factor and Aj f;,,,, is computed by equation (127):
nr 1
Fy fitm = 0.005(1 + 75av,f”m)A,ﬂlm§ Dy (194)

In order to calculate ag;;p,:
av

Ay, fitm = 1 — F— (195)

and:

max(1 x 107>, ;1) )) (196)

a =max|1x 1075, min| Eyxa;, Ex _
vdrop ( ( PP max(1x 1075, a,1,)

For the Droplet drag, the Entrainment model is needed to determine the fraction of the liquid
flow. For small diameters, the Ishii-Mishima [63] correlation is used, and for large diameters the Steen-

Wallis entrainment correlation [103]:
2
-5 iV Py
/max(l X 107>, a, V) iy /Pl\

0.015 + 0.44 log,, |0.9245 Dy > 0.032
+ 910 \ 02.46 X 10-* / H ;

E, = ; (197)

tanh[7.25 x 107" Wel?>min{6400, Re;}°?°], Dy < 0.032
where the Weber number in this case takes the form of the effective Weber number at the entrance like:

2 1/3
_ Pvlalo| "Dy (A_p) . (198)

We
Y 4 Py

The drop drag coefficient is computed by a correlation by Ishii and Chawla [104]

Cp = Rj:op (1+0.1Red7), (199)
with the Reynolds number:
Regrop = Polraroparop (200)
Hmix
the mixture viscosity given by:
Hy

Umix = (1 — av,drop)z_si (201)

and the relative velocity:
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Vi drop = max| 1

0.25
A . ogA
x 1075, min | V;,1.718_|dgrop /gp_p(l—%,dmp)ls, ”2[ izp] (
v v

- av,drop)L5

The interfacial friction coefficient for Droplets can then be computed by:

_ 3avav,drop 2
FI,drop - CDpv 4d r,drop
drop

and thus, the Annular/Mist Flow Regime interfacial friction coefficient:

Fl,drop
FI,am = FI,film + T
T
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Annex 2 Boundary and experimental conditions of the steady state experiments

used in the evaluations

a. Boundary and experimental conditions of PSBT Steady state Temperature

experiments

Table 12.1. Experimental conditions PSBT Steady State Temperature (Turbulent mixing

tests)

Xa

z® y

Configuration
Rods array 5x5
Number of heated rods 25
Heated rod outer diameter (mm) 9.50
Heated rods pitch (mm) 12.60
Axial heated length (mm) 3658
Flow channel inner width (mm) 64.9
Axial power shape Uniform
Number of spacers:

Mixing vane spacers (MV) 7
Non-mixing vane spacers (NMV) 2
Simple spacers (SS) 8

Spacer locations:

MV (mm) z= 457, 914, 1372, 1829, 2286, 2743, 3200
NMV (mm) z= 0, 3658
SS (mm) z= 229, 686, 1143, 1600, 2057, 2515, 2972, 3429

Table 12.2. Boundary conditions PSBT Steady State Temperature (Turbulent mixing tests)

Test number P[rlt\e:;gge Flow[kg/m?s] I[Dl\cjlv\\;s]r Inlet temperature [°C]
01-5343 14.74 1397.25 1.25 165.30
01-5342 14.71 533.34 0.52 164.50
01-5215 14.74 3041.72 2.09 282.90
01-5125 14.74 3038.94 1.50 289.20
01-5237 14.72 4708.42 3.23 229.40
01-6232 16.58 583.34 0.42 251.50
01-6233 16.58 1361.14 1.02 254.00
01-1237 4,92 4722.31 3.44 86.00
01-5252 14.71 541.68 0.41 113.90

129



b. Boundary and experimental conditions of PSBT Single sub-channel
experiments

Table 12.3. Experimental conditions PSBT Single Sub-channel (Sub-cooled boiling)

X X X X
99999 00000 00000
To otels 888 00000
Configuration olelelele) 35633 88888
00000 00000 O0QOOO
Z » |Z > Z > 7 >
y y y y

Dimensions in mm
Heater

(Inconel)

R4.75

131 T3

Insulator
Pressure vessel /| (Alumina)
(Titanium)
12.6
32 }_4.0
Central (Typical) Subchannel Central (Thimble) Subchannel
S1 S2
25
R4.75
i:‘:zs
Side Subchannel Corner Subchannel
S3 4
Sub-channel S1 Center S2 Center .
type (Typical) (Thimble) S3 Side S4 corner
Number of
heaters 4x1/4 3x1/4 2x1/4 1x1/4
Axial heated
length (mm) 1555
Axial power .
shape Uniform
Flow area
mm2 107.098 107.098 68.464 42.592
Heated
perimeter mm 29.845 22.384 14.923 7.461
Wetted
perimeter mm 54.645 54.645 44,923 33.161
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Table 12.4. Boundary conditions PSBT Single Sub-channel (Sub-cooled boiling)

Test number | Pressure [Pa] | Flow[kg/s] E\/Igslinlert:r); Power [W] | Inlet temperature [°C]
1.1222 1.66x10’ 0.33 3050.00 5.00x10* 334.70
1.1223 1.66x10’ 0.33 3055.56 4.99x10* 339.70
1.2237 1.47x107 0.33 3036.11 6.00x10* 329.60
1.2422 1.47x10’ 0.15 1388.89 6.00x10* 284.10
1.2423 1.47x107 0.15 1369.44 5.99x10* 299.30
1.4311 9.85x10° 0.15 1391.67 7.99x10* 214.20
1.4312 9.83x10° 0.15 1397.22 7.98x10* 248.90
1.4325 9.84x10° 0.15 1397.22 5.98x10* 253.80
1.4326 9.82x10° 0.15 1394.44 6.01x10* 268.80
1.5221 7.40x10° 0.15 1394.44 4.99x10* 219.20
1.5222 7.35x10° 0.15 1394.44 5.00x10* 243.90
1.6221 4.95x10° 0.15 1391.67 5.00x10* 189.20
1.6222 4.90x10° 0.15 1388.89 4.99x10* 204.20
2.1231 1.66x10’ 0.33 3050.00 3.75x10* 335.00
2.1232 1.66x10’ 0.33 3055.56 3.75x10* 340.00
2.1233 1.66x10’ 0.33 3058.33 3.75x10* 345.00
2.3232 1.23x107 0.32 3030.56 4.51x10* 309.80
2.3233 1.23x10’ 0.32 3030.56 4.51x10* 319.90
2.4421 9.85x10° 0.15 1397.22 6.01x10* 244.00
2.4422 9.86x10° 0.15 1394.44 6.01x10* 279.20
2.4551 9.88x10° 0.05 497.22 1.50x10* 274.00
2.4552 9.88x10° 0.05 494.44 1.51x10* 294.30
2.6431 4.96x10° 0.15 1391.67 3.75x10* 209.20
2.6432 4.96x10° 0.15 1394.44 3.75x10* 224.20
2.6433 4.95x10° 0.15 1397.22 3.76x10* 253.90
3.2231 1.47x107 0.21 3027.78 4.04x10* 309.40
3.2232 1.47x107 0.21 3027.78 4.05x10* 314.50
3.2451 1.47x10’ 0.09 1377.78 3.02x10* 283.80
3.2452 1.48x10’ 0.09 1369.44 3.02x10* 299.00
3.2453 1.47x10’ 0.09 1372.22 3.02x10* 314.30
3.6431 4.94x10° 0.09 1377.78 4.02x10* 189.00
3.6432 4.94x10° 0.09 1380.56 4.01x10* 223.90
3.6461 4.96x10° 0.09 1377.78 2.52x10* 203.90
4.2251 1.47x107 0.13 3072.22 1.52x10* 310.30
4.2253 1.47x107 0.13 3072.22 1.51x10* 318.40
4.2256 1.47x107 0.13 3086.11 1.51x10* 330.50
4.2257 1.47x107 0.13 3088.89 1.51x10* 334.50
4.4455 9.86x10° 0.06 1400.00 1.52x10* 278.80
4.4456 9.86x10° 0.06 1394.44 1.52x10* 289.00
4.6461 4.96x10° 0.06 1397.22 1.25x10* 214.00
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c. Boundary and experimental conditions of BFBT Steady State Sub-channel
grade tests.

Table 12.5. Experimental conditions BFBT Steady State Sub-channel grade (Void dispersion tests)

Assembly type 1 and 01

(different axial and lateral

power distributions)

'— 132.5mm —

Assembly type 02

T— 132.5mm —

Assembly type 03

1— 132.5mm —

Assembly type 4

'— 132.5 mm —

0
/06

00000000
000K

000000
BOOGO0

(O Heated rod @ Water rod @ Non-heated rod
Assembly Assembly 1 Assembly 01 | Assembly 02 | Assembly 03 | Assembly 4
Rods array 8x8
Number of heated 62 62 60 55 60
rods
Number of unheated 0 0 5 7 0
rods
He_ated rod outer 123
diameter (mm)
Heated rods pitch 16.2
(mm)
Axial heated length 3708
(mm)
Assembly pitch (mm) 1325
Number of water rods 1
Axial power shape Cosine Uniform
Spacer pressure loss 19

coefficient (§)
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Figure 12.1. BFBT axial power distributions used in Sub-channel grade experiments

Table 12.6. Boundary conditions BFBT Steady State Sub-channel grade (Void dispersion tests)

Averaged
anifater . voi_g P[rﬁj ;l;;e Flow[kg/m?s] I[D&V\\;S]r Inlet temperature [°C]
raction
0011-55 0.4 7.18 734.08 1.9 277.66
0011-58 0.6 7.17 733.05 3.51 277.89
0011-61 0.8 7.21 737.14 6.44 278.28
0021-16 0.4 7.19 735.10 1.91 277.49
0021-18 0.6 7.17 733.05 3.51 276.19
0021-21 0.8 7.18 734.08 6.45 277.88
0031-16 0.4 7.18 734.08 1.92 277.70
0031-18 0.6 7.18 734.08 3.52 278.15
0031-21 0.8 7.17 733.05 6.45 278.19
1071-55 0.5 7.19 735.10 1.92 277.73
1071-58 0.7 7.16 732.03 3.52 277.88
1071-61 0.8 7.2 736.12 6.48 278.01
4101-55 0.4 7.159 756.53 2 277.75
4101-58 0.6 7.2 760.86 1.92 277.77
4101-61 0.8 7.15 755.57 3.52 277.68
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d. Boundary and experimental conditions of CHF Becker tube experiments

Table 12.7. Experimental conditions Becker tube CHF
experiments.
Hydraulic diameter m 0.01 \ 0.014
Heated length mm 7000
Inner diameter mm 10 14.9
Outer diameter mm 14 20.8
Axial power shape Uniform
Table 12.8. Boundary conditions Becker tube CHF experiments.
Test number | Pressure [Pa] | Flow[kg/m?s] | Power [W] | Inlet temperature [°C]
420 7.02x10° 3034.5 1.86x10° 276.20
424 7.04x108 2482.4 1.55x10° 275.40
425 7.01x10° 2482.9 1.75x10° 275.60
430 6.99x10° 1997.8 1.41x10° 275.40
431 7.02x10° 1993.6 1.53x10° 275.50
432 6.98x10° 1994.9 1.74x10° 275.40
434 6.99x10° 1501.1 1.31x10° 275.60
435 7.01x10° 1496.4 1.52x10° 276.70
436 7.02x108 1495.3 1.74x10° 275.90
438 7.00x10° 1008.9 1.10x10° 275.60
439 7.01x108 1010.6 1.31x10° 275.60
440 7.00x108 1010.1 1.53x10° 275.30
442 7.00x10° 496.9 6.62x10* 274.80
443 7.01x108 497.3 7.67x10* 274.60
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e.

Boundary and experimental conditions of CHF BFBT Steady State

experiments

Normalized power shape

Table 12.9. Experimental conditions BFBT Steady State CHF
experiments.
y“l— 132.5 mm —
.+.+.+O+.¢.¢.¢.
9.0.0.00,00.0
o'elee'sle'e's O Heated rod
.+.+.‘A‘.+. @ Water rod
olele. oo
AN
.+.*.§.¢.+Q¢Q§Q
QLA
0.00.00.0.0.0
® >
Z X
Test assembly C2A | caB | c3
Simulated fuel assembly type High burn-up 8x8
Number of heated rods 60
Heated rods outer diameter (mm) 12.3
Heated rods pitch (mm) 16.2
Axial heated length (mm) 3708
Number of water rods 1
Water rods outer diameter (mm) 34
Number of spacers 7
Spacer pressure loss coefficients 19
) '
Axial power shape Cosine | Cosine | Inlet-peak
Cosine Inlet peak
3500 pommmmmmmme NG A 3500
3000 [ N 3000
g 2500 f---mmeemceoenonee e g 2500
£,2000 F------m-oomamooe- A-mmmee- - £,2000
= 1 =]
3 ! 3
21500 f-----modemeeooe- deme- - 21500
I} | 51
< ! <
1000 --------mmmmm- R S 1000
500 e 500
0 0
0 0.5 | 1.5 0 0.5 1 1.5

Normalized power shape

Figure 12.2. BFBT axial power distributions used in CHF experiments
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Table 12.10. Boundary conditions BFBT Steady State CHF experiments assembly

C2A.

Test number | Pressure [Pa] | Flow[kg/m?s] | Power [W] | Inlet temperature [°C]
SA603500 7.18x10° 295.60 3.25x10° 277.80
SA603600 7.16x10° 295.60 3.39x10° 270.96
SA603700 7.17x10° 292.95 3.39x10° 266.99
SA603800 7.16x10° 293.25 3.46x10° 263.68
SA603901 7.18x10° 293.83 3.20x10° 282.75
SA605500 7.16x10° 589.72 5.77x10° 277.86
SA605502 7.17x10° 589.14 5.73x10° 277.78
SA605600 7.17x10° 592.66 5.88x10° 271.56
SA605700 7.17x10° 594.13 5.98x10° 267.09
SA605801 7.16x10° 593.25 6.09x10° 262.80
SA605900 7.16x10° 593.25 5.62x10° 283.16
SA607500 7.13x108 881.21 7.04x10° 277.98
SA607600 7.15x108 887.37 7.24x10° 271.56
SA607700 7.16x10° 880.62 7.37x10° 266.91
SA607800 7.18x10° 884.15 7.51x10° 263.08
SA607900 7.15x10° 887.37 6.87x10° 282.91
SA610503 7.17x10° 1620.35 8.85x10° 276.26
SA610504 7.17x10° 1628.27 8.91x10° 276.51
SA610600 7.18x10° 1615.94 9.20x10° 270.49
SA610700 7.13x108 1620.35 9.37x10° 266.41
SA610701 7.21x10° 1610.95 9.38x10° 266.09
SA610800 7.24x10° 1623.28 9.52x10° 261.59
SA610900 7.27x10° 1617.41 8.66x10° 281.37
SA610902 7.18x10° 1626.80 8.69x10° 281.40
SA611500 7.13x10° 1768.00 9.10x10° 276.73
SA611600 7.12x10° 1766.53 9.34x10° 269.91
SA611700 7.23x10° 1764.18 9.57x10° 266.09
SA611800 7.15x10° 1763.30 9.72x10° 261.79
SA611900 7.16x10° 1770.05 8.75x10° 281.16
SA612500 7.16x10° 1918.58 9.29x10° 276.88
SA612600 7.17x10° 1907.72 9.61x10° 269.94
SA612700 7.17x10° 1913.59 9.72x10° 266.77
SA612800 7.18x10° 1908.31 1.00x10’ 261.87
SA612900 7.16x10° 1929.15 9.12x10° 281.33
SA616500 7.13x10° 1325.92 8.30x10° 276.86
SA616600 7.19x10° 1321.23 8.50x10° 270.75
SA616700 7.23x10° 1324.75 8.65x10° 266.83
SA616800 7.15x108 1322.99 8.89x10° 262.53
SA616900 7.14x10° 1331.21 8.15x10° 281.46
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Table 12.11. Boundary conditions BFBT Steady State CHF experiments assembly

C2B.

Test number | Pressure [Pa] | Flow[kg/m?s] | Power [W] | Inlet temperature [°C]
SB603500 7.17x10° 291.49 3.49x10° 277.96
SB603602 7.15x10° 292.37 3.60x10° 271.16
SB603700 7.17x108 293.25 3.67x10° 267.35
SB603800 7.15x10° 296.18 3.75x10° 262.42
SB603900 7.14x10° 293.83 3.45x10° 282.86
SB605500 7.15x10° 587.96 5.92x10° 277.55
SB605600 7.14x10° 585.03 6.06x10° 271.94
SB605700 7.16x10° 592.37 6.19x10° 267.45
SB605800 7.17x10° 589.14 6.21x10° 263.06
SB605900 7.14x10° 582.39 5.71x10° 283.25
SB607500 7.13x10° 882.09 7.30x10° 277.69
SB607600 7.17x108 879.16 7.46x10° 271.60
SB607700 7.16x10° 875.63 7.55x10° 267.22
SB607800 7.14x10° 879.74 7.75x10° 262.78
SB607900 7.18x10° 873.58 7.13x10° 282.97
SB610500 7.20x10° 1609.78 9.37x10° 277.53
SB610501 7.19x108 1611.83 9.34x10° 278.03
SB610600 7.18x10° 1611.83 9.70x10° 271.88
SB610700 7.18x10° 1605.96 9.78x10° 267.37
SB610800 7.14x108 1611.54 1.00x107 263.54
SB610900 7.20x10° 1610.95 9.13x10° 282.80
SB611500 7.19x10° 1757.72 9.70x10° 277.48
SB611600 7.19x10° 1759.78 1.00x10’ 271.06
SB611700 7.13x10° 1753.61 1.02x107 267.65
SB611800 7.18x10° 1757.72 1.03x107 262.99
SB611900 7.13x10° 1756.26 9.45x10° 282.07
SB612500 7.18x10° 1896.27 9.88x10° 278.42
SB612600 7.18x10° 1898.62 1.03x10’ 272.07
SB612700 7.21x10° 1880.13 1.06x107 267.49
SB612800 7.15x10° 1902.73 1.07x10’ 263.01
SB612900 7.16x10° 1903.61 9.70x10° 283.42
SB616501 7.14x10° 1315.65 8.63x10° 278.16
SB616600 7.18x10° 1318.29 8.89x10° 271.66
SB616700 7.18x10° 1318.88 9.10x10° 266.96
SB616800 7.16x10° 1321.23 9.25x10° 262.82
SB616900 7.18x10° 1315.65 8.36x10° 282.42




Table 12.12. Boundary conditions BFBT Steady State CHF experiments assembly C3.

Test number | Pressure [Pa] | Flow[kg/m?s] | Power [W] | Inlet temperature [°C]
SC603900 7.14x10° 292.07 3.31x10° 283.13
SC603500 7.15x10° 292.07 3.38x10° 277.70
SC603600 7.16x10° 293.83 3.51x10° 270.48
SC603700 7.17x10° 291.49 3.51x10° 267.22
SC603800 7.16x10° 292.95 3.57x10° 263.17
SC605900 7.12x10° 585.61 5.74x10° 282.86
SC605500 7.16x10° 585.91 5.83x10° 277.89
SC605600 7.15x10° 582.97 5.97x10° 272.02
SC605700 7.13x10° 585.03 6.09x10° 267.43
SC605800 7.15x10° 584.44 6.16x10° 263.10
SC607900 7.17x10° 877.10 6.93x10° 283.06
SC607500 7.15x10° 875.63 7.13x10° 277.65
SC607600 7.15x10° 878.27 7.22x10° 271.51
SC607701 7.15x10° 877.98 7.53x10° 267.01
SC607800 7.10x10° 880.33 7.57x10° 263.06
SC616900 7.13x10° 1318.88 8.50x10° 282.80
SC616500 7.15x10° 1322.11 8.61x10° 277.70
SC616600 7.14x10° 1319.47 8.75x10° 271.41
SC616701 7.12x10° 1318.29 8.91x10° 267.24
SC616800 7.14x108 1317.71 9.02x10° 263.32
SC610900 7.19x10° 1611.54 8.74x10° 281.80
SC610500 7.19x10° 1611.54 8.98x10° 278.12
SC610502 7.14x10° 1607.43 8.93x10° 277.80
SC610600 7.13x10° 1604.49 9.28x10° 271.48
SC610700 7.15x10° 1609.48 9.47x10° 267.45
SC610800 7.21x108 1616.24 9.67x10° 263.01
SC611900 7.14x10° 1760.36 9.00x10° 282.46
SC611500 7.19x10° 1753.03 9.22x10° 278.06
SC611600 7.13x10° 1758.60 9.51x10° 271.52
SC611700 7.19x10° 1758.60 9.64x10° 267.54
SC611800 7.15x10° 1754.79 9.87x10° 263.32
SC612900 7.15x10° 1907.72 9.32x10° 282.72
SC612500 7.17x10° 1908.60 9.41x10° 277.62
SC612600 7.17x10° 1904.20 9.77x10° 271.40
SC612700 7.16x10° 1903.91 9.94x10° 267.30
SC612800 7.16x10° 1904.20 1.02x10’ 263.09
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