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Besides the risks related to the Nuclear Power Plant during the production process or
severe incident, the risks from nuclear wastes have also the possibility to threaten the
society. Under long-term storage of nuclear wastes including low-level and high-level
wastes, hydrogen may be spontaneously generated from corrosion of metal wastes and
container wall itself, and from radiolysis of water in the waste. For the sake of hydrogen
safety and the risk reduction of environmental contamination, we have started to
investigate the behavior and characteristics of hydrogen combustion and explosion in waste
vessel/container.

In this report, as the preliminary step, we performed numerical simulation for
temperature, velocity and carbon dioxide distributions of methane combustion in simple
container by applying open source CFD software package, OpenFOAM, as a computational
tool. For combustion scenario, FireFoam solver with LES frame was used to execute this
model. The container A has one cubic meter in volume. To clarify the distribution
behaviors depending on the size of container, the height of container was increased to 1.5m
(second container B1). The dimension of inlet on base of the container was increased from
0.2m%0.006mx0.2m to 0.4mx0.006mx0.4m in higher container (third container B2). The
inlet velocity, initial temperature and pressure was set to 0.01m/s, 300K, 1.01325%105Pa,
respectively for all cases. The air inside of the container was composed of 23 % Oz and 77%
Nz in weight. The computational time was set to 20s. As the results, the average
temperature increased when the height of container increased and inlet size became larger.
The obtained results from the simulation of diffusion behavior of methane, hydrogen and
helium by the FireFoam solver showed that helium diffused faster than other two gases.
By using the XiFoam solver which is compactable premixed combustion, flame propagation
radius was obtained for hydrogen-air premixed flame inside of the cubic combustion

chamber under stoichiometric conditions.

Keywords: Combustion, Analyses, Hydrogen, OpenFOAM, Nuclear Waste
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1. Introduction

In the field of Nuclear Reactor Safety (NRS), researches on distribution and combustion
of hydrogen become more active recently because of the thread on accumulation of large
quantities of hydrogen in the containment of water cool reactors during severe accidents.
Overheating of the core cladding during the accident lets the high temperature Zircaloy
cladding to react with steam and produce hydrogen. Hydrogen may also be generated from
the molten corium-concreate interaction (MCCI) in which zirconium reacts with water and
produces hydrogen, or from reactor core degradation, and released to the reactor coolant
system, eventually the containment, and mixes with air and becomes the combustible
mixture. Depending on the concentration of hydrogen and nature of ignition sources,
geometry, pressure, temperature and other factors, accelerated flames, deflagration or even
detonations can occur and those lead to damage reactor safety systems and integrity of
containment wall. Thus, the risk of hydrogen combustion in the containment is one of the
major threads in NRS. Hydrogen explosion during the severer accidents of Fukushima
Nuclear Power Plant made more attentions on hydrogen risk in NPP [1].

Besides the risks related to the NPP during the production process, risks from nuclear
wastes also threaten the society [2]. Under long-term storage of nuclear wastes including
low-level and high-level wastes, hydrogen may be spontaneously generated from corrosion
of metal wastes and container wall itself, and from radiolysis of water in the waste [3]. It
1s important to be aware of the risk of hydrogen combustion and explosion during storage,
handling and shipping of waste containers. Hydrogen generation rate in various waste
vessels was studied in order to confirm the limit of hydrogen concentration [4][5][6].
Furthermore, generation of methane-rich gas together with hydrogen and carbon dioxide
from the degradation of organics and anaerobic metal corrosion in low- and intermediate-
level nuclear waste (LILW) is also important in nuclear waste repositories [7]. However,
the data on the study ahead of hydrogen generation and accumulation stages i.e. combustion
and explosion of hydrogen, is rare to find.

For the sake of hydrogen safety and the risk reduction of environmental contamination,
we alm to investigate the behavior and characteristics of hydrogen combustion and
explosion in waste vessel/container. Numerical simulation is chosen on this purpose, since
simulation can assist to experiments and it is also important as a complementary work in
combustion and explosion research. To perform numerical simulation, OpenFOAM which
is an open source CFD software developed by OpenCFD Limited will be applied [8]. In this
report, we perform the numerical simulation of methane combustion in container and
investigate temperature, velocity and carbon dioxide fraction as the preliminary numerical
simulation.

To use OpenFOAM solvers as the application tools for preliminary step of numerical
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simulation for hydrogen combustion in the vesslel, we need to understand and to be familiar
with the insides of OpenFOAM, that is, usage of utilities and solvers within the short period
of time with the less use of third party applications. For this, test running with supported
tutorials is the most reliable way for the beginner user of OpenFOAM. Running the
various types of original tutorials for different solvers will let us grow our knowledge at the
very first stage. And then, the relevant solvers should be able to choose for our own specific
models on the research objectives. Thus, we performed the numerical simulations of
methane combustion by FireFoam solver prior to continue the hydrogen combustion in the
first case. Omne more reason for choosing methane is that which is also a gas generated and
realeased in nuclear waste vessel [7]. Next, diffusions of methane, hydrogen and helium
into air were simulated by FireFoam solver. As the second case, numerical simulation of
the combustion of premixed hydrogen-air in the cubic combustion chamber based on the
case in which released hydrogen gas is mixed with exiting air in the waste vessel was

performed by XiFoam solver.
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2. Outline of OpenFOAM

2.1 Features of OpenFOAM

OpenFOAM which stands for Open Source Field Operation And Manipulation, is an open
source numerical simulation with extensive CFD developed by OpenCFD Ltd since 2004 [8].
The new version of OpenFOAM is released every six months in June and December.
OpenFOAM 1is a free software under the GNU General Public License. Since the
OpenFOAM is an open source application tool, it is downloadble from official web site of
OpenCFD Limitted. Without any cost, users can redistribute, extensively modify and
customize the models/codes of OpenFOAM under the terms of License. According to the
Ref.[8], “OpenFOAM has an extensive range of features to simulate anything from turbulent
flows in automotive aerodynamics, to fires and fire suppression in buildings, involving
combustion, chemical reactions, heat transfer, liquid sprays and films. It includes tools for
meshing in and around complex geometries, and for data processing and visualization, and
more. Almost all computations can be executed in parallel as standard to take full
advantage of today’s multi-core processors and multi-processor computers.”

Since Geometry creation module is not included in OpenFOAM, the user can use other
application tools or packages for geometry creation and created geometry can be imported
to OpenFOAM. Mesh conversion utilities in OpenFOAM can convert the format of
generated mesh with other packages to OpenFOAM format. Syntax for tensor operations
and partial differential equations which close to the governing equations that we want to

be solved, is included in the features of OpenFOAM.

2.2 Structure of OpenFOAM

OpenFOAM is a C++ library and it has two applications: solvers and utilities. User can
choose the relevant solver to solve specific problem. Relating to the data manipulation,
the tasks are performed by using utilities. The operation of OpenFOAM includes case
setup, wide range of available functions, running applications and postprocessing the
results. The overall structure of OpenFOAM is as shown in Fig.2.1.

In preprocessing, to generate mesh, we can use either the mesh generators supplied with
OpenFOAM or mesh conversion tools for mesh data that generated by other applications
such as Fluent, STAR-CD, ANSYS, GAMBIT and CFX. In postprocessing, we can use
ParaView, an open source visualization application [9], which can be called by
postprocessing utility paraFoam in OpenFOAM. There are also other applications such as

EnSight, FieldView and Fluent for postprocessing.
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OpenFOAM C++ Library

v

Preprocessing Solving/simulation Postprocessing
i T
utilities meshing user standard ParaView | other
tools applications | applications applications
tools tools

Fig.2.1 Overall structure of OpenFOAM [8].

2.3 Setup of case file in OpenFOAM

For running application, a case file which contains minimum set of required files needs
to be created. A case file has basically three directories: time directories which contain
individual files of data such as initial and boundary conditions for particular fields of
specific problem; constant directory which contains subdirectory polyMesh for meshing and
specific files for physical properties of the field for simulation; system directory which
contains controlDict file to set parameters for run time, data input and output, fvSchemes
for discretization schemes, and f#Solution for equation solvers [8]. Figure 2.2 shows the

basic structure of a case directory.

Ej <CasEs
- D system

comtrollict
fvSchemes
fvSalution
blockMeshDict

- |:| constant

|: ... Properties

|:| polyMeash

boundary
faces
neighbour
oWEr
paints

L D time directories

Fig.2.2 Basic structure of a case directory [8].
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2.4 Solvers for Combustion Modellings in OpenFOAM

In OpenFOAM, choosing the most relevant solver is important to obtain the correct
results for specific model being solved. The standard solvers in OpenFOAM are available
for compressible flow, incompressible flow, multiphase flow, combustion, heat transfer and
buoyancy-driven flows, and particle-tracking flows. To perform the numerical simulations
for combustion modellings, solvers can be chosen depending on whether the modelling is for
premixed, partially-premixed or non-premixed regimes. The list of standard solvers for

combustion modellings are described in Table 2.1.

Table 2.1 Standard solvers for combustion modellings [8].

Solver for chemistry problems, designed for use on single

cell cases to provide comparison against other chemistry

chemFoam ) ‘
solvers, that uses a single cell mesh, and fields created from
the initial conditions
coldEngineFoam Solver for cold-flow in internal combustion engines
engineFoam Solver for internal combustion engines
Transient solvers for fires and turbulent diffusion flames
fireFoam with reacting particle clouds, surface film and pyrolysis
modelling
Solver for compressible premixed/partially-premixed
PDRFoam ) ] )
combustion with turbulence modelling
reactingFoam Solver for combustion with chemical reactions

Solver for combustion with chemical reaction using density

rhoReactingBuoyantFoam | based thermodynamic package with enhanced buoyancy

treatment
) Solver for combustion with chemical reactions using
rhoReactingFoam ) )
density based thermodynamics package
) Solver for compressible premixed/partially-premixed
XiFoam ) ) )
combustion with turbulence modelling
) Solver for compressible premixed/partially-premixed
XiDyMFoam

combustion with turbulence modelling

Since default XiFoam and XiDyMFoam are intended for compressible premixed/partially-
premixed modellings, and fireFoam and reactingFoam which includes rhoReactingFoam
and rhoReactingBuoyantFoam are available for non-premixed modellings. Although
ReactingFoam solvers are implemented for detail chemical reactions, radiation transport

equation i1s not equipped in default solvers for combustion flow simulations. However,
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users can add required equtions to existing codes for solving their intended problem
modellings. Default fireFoam solver can calculate radiative characteristics. There are two
version of fireFoam code: (1) solver for transient fire and diffusion flame simulation (Open
CFD official release); (2) solver modified and maintained by FM Global for fire research [10].

Besides the standard combustion solvers, ddtFoam solver which is developed to simulate

the deflagration-to-detonation transition, is also available to download directly from
Ref.[13].

2.5 Installation of OpenFOAM

OpenFOAM 1is available to download from official web sites of openfoam.org and
openfoam.com by user’s choice on Linux, Mac or Windows versions. The latest version of
OpenFOAM-v1806 was released on 29th June 2018. Every new version includes
improvements of codes, new-tools, -utilites, and -modellings. The detailed instructions are
described at the web page of OpenFOAM, so that user can easily install the downloaded file
following the instructions on their machine, and can start with supported tutorials.
However, some solvers, e.g. ddtFoam does not match with newly versions of OpenFOAM
because it was developed to use in older version of 2.1.1 [13]. Thus, older versions are still
useful in some specific modellings and simulations. For our preliminary numerical
simulation, OpenFOAM-v1712 for Window version was downloaded from openfoam.com [8]
and installed on Dell Precision Tower 5810, with RAM 64.0GB, Inel Xeon CPU E5-1620 v4@
3.5GHz.
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3. Preliminary Numerical Simulations by FireFOAM Solver

3.1 Case Setup for Methane Combustion

In this numerical calculation, we considered the methane combustion model in which fuel
gas was sinking or entering from the base of the vessel/container through the inlet hole.
The air was assumed being inside of the container. Thus, flame type was not a premixed
type but a diffusion one. Although many types of standard combustion solvers are possible
to choose, we chose default fireFoam solver which supported methane combustion, to solve
this diffusion combustion model based on compressible flow. Default FireFOAM uses the
reaction type of irreversivle infinite model for one step combustion reaction, and detail
chemical reaction is excluded. Thus, the running or compilation time for simple model is
less compared with that for the model of detail chemical reaction. Moreover, radiative
characteristics can be calculated without changing or modifying any codes in default
FireFOAM.

Boundary conditions and initial fields for pressure p, temperature ¢, velocity U, turbulent
coefficient & and constant of incident radiation field G are included in time directory. Each
field is always initialized and the output is stored in 0 directory (t=0s), and the other time
directories are used to store the simulation results at each output time. The constant
directory and system directory contain common utilities files for fireFoam solver. The

structure of the case file for FireFOAM is shown in Fig.3.1.

Case
| |
time directory constant system
(at time 0) boundaryRadiationProperties blockMeshDict
CH, chemistryProperties controlDict
0, combustionProperties toposetDict
N, radiationProperties createPatchDict
P reactions decomposeParDict
T thermo.compressible Gas fvSchemes
U thermophysicalProperties fvSolution
k turbulenceProperties
G

Fig.3.1 Structure of case file for Fire FOAM.
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BlockMeshDict is for generating simple meshes of blocks of hexahedral cells.
ControlDict dictonary is for setting input parameters essential for the creation of the
database and the entries represents the time control. 7ZopoSetDict is operating on
cellSets/faceSets/pointSets through a dictionary, for example, connecting a box to host face
by boxToFace utility. To create patches out of selected boundary faces, createPatchDict
utility is used. By decomposePar utility, mesh and fields of a case are automatically
decomposed for parallel execution of OpenFOAM. Discretisation schemes used in the
solution are set in fvSchemes, i.e. setting numerical schemes for terms that appeared in
applications.  FvSolution which contains a set of subdictionaries controls the equation

solvers, tolerances and alogorithms.

3.2 Geometry Creation

In preprocessing, creation of geometry model and mesh generation were performed. 3-

dimensional geometry was setup and the geometries are shown in Fig.3.2.

Im

A
\4

1m

A
v

outlet 1.5m

side

inlet z 7 /
yavd Im
base 1m

Fig.3.2 Geometries for combustion model.

1Im

The size of rectangular shape container A is 1.0m X 1.0m X 1.0m and that of B (B1 and B2)
is 1.0m x 1.5m X 1.0m in length X height x width (x, y, z in direction). There are 6 faces
and 12 edges on each container. For the fuel inlet, 0.2m X 0.006m X 0.2m bounding box is
set on the center of base of A and B1. The size of inlet is increased to 0.4m X 0.006m X

0.4m in B2.
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3.3 Mesh Generation

All geometries were generated in 3-dimensional Cartesian coordinate system. A uniform
mesh of 60 cells was used on one cubic meter face, thus 90 cells for y-z face in B1 and B2
container. Sketch of mesh generation block for A is shown in Fig.3.3. The configuration

of mesh generation for A is shown in Fig.3.4, and for B1 and B2 are in Fig.3.5.

7 6
A

0 1

Fig.3.3 Sketch of mesh generation block.

The simple mesh generator, blockMesh generated the mesh. Block defining, vertices
coordinates, and scale conversion were specified in block mesh dictionary file. The

contents inside of the blockMeshDict of container A is as follows:

convertToMeters 1; // m used in the file
vertices
(

(-0.5 0 -0.5) //vertice 0

(0.5 0 -0.5) //vertice 1

(0.5 1 -0.5) /Ivertice 2

(-0.5 1 -0.5) //vertice 3

(-0.5 0 0.5) //vertice 4

(0.5 0 0.5) //Ivretice 5

(0.5 1 0.5) //vertice 6

(-0.5 1 0.5) /Iverice 7
);
blocks
(

hex (01234567 (60 60 60) simpleGrading (1 1 1)

); 1160, 60, 60 grid points in X, y, z axis respectively
edges

(
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);
boundary
(
base
{
type patch;
faces
(
(0154)
);
}
outlet
{
type patch;
faces
(
(3267)
);
H
sides
{
type patch;
faces
(
(0473)
(0123)
(1562)
(4567
);
H
);
mergePatchPairs
(
);

Each block was divided by simpleGrading (1 1 1) to get the uniform mesh. The number
of grid points in each direction was set as 60, 60, 60 grid points in X, y, z direction

respectively for A and 60, 90, 60 for B1 and B2. Generated total number of cells, nCells on

7107
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container A was 216000, and that on B1 and B2 was 324000.

Fig.3.4 Mesh configuration of container A.

Fig.3.5 Mesh configuration of container B1 and container B2.

3.4 Initial and Boundary Conditions

Initial and boundary conditions were set for wall and patches i.e. inlet, base, outlet, and
sides. The boundary conditions included methane (CH4), air (23% O2: 77% N2), pressure p,
temperature 7, velocity U and turbulence coefficient &. N2 served as inert in the reaction.
Gravitational force was considered along the y-direction. Since the case was setup to start
t= 0s, the initial field data was stored in a 0 sub-directory. The inlet velocity of CH4 along
the y-direction was set to 0.01ms™t. Initial 7', p, k were set to 300K, 1.01325X105 Pa and

,11,
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1.0e-4m?/s2 respectively. The pressure of sides/outlet was assigned via field assignment as
calculated. The boundary condition zeroGradient applies a zero-gradient condition from
the patch internal field onto the patch faces. PressurelnletOutletVelocity means that
which is applied to pressure boundaries where the pressure is specified. NoSIip for velocity
fixes the velocity to zero at the base. InletOutboundary condition provides generic outflow
condition, with specified inflow for the case to return flow [11]. Type of boundary

conditions are listed in Table 3.1.

Table 3.1 Boundary conditions.

Sides/Outlet Inlet Base
CH.4 inletQOutlet 1 zeroGradient
O2 inletQOutlet 0 zeroGradient
D calculated 1.01325%x105 Pa calculated
T inletQOutlet 300K zeroGradient
U pressurelnletOutletVelocity 0.01m/s noSiip
k inletOutlet 1.0e-4m?2/s? zeroGradient

3.5 Numerical simulation

The combustion model was solved by FireFOAM of OpenFOAM version, v1712 for
windows 7 downloaded via openfoam.com. The solver was run in parallel on four
processors of Intel Xeon CPU E5-1620 v4@ 3.5GHz, Dell Precision Tower 5810, with RAM
64.0GB.

The governing equation used in FireFAOM was Favre-average reactive Navier-Stokes
equations [10][12]. The combustion model for methane in FireFOAM uses the following
combustion equation with the default reaction model of irreversibleinfiniteReaction, in
which only one reaction for equilibrium equation was taken into account. Thus, the

number of iterations decreased for only five species [12].
CHs + 202 + 7.5N2 = CO:z + 2H20 + 7.5N2

Equation of state was perfectGas: p = pRT , which meant that ideal gas equation of state
was satisfied in this case.

Thermo-physical properties for species were imported via thermo data from
thermo.compressibleGas file which contained two sets of specific heat coefficient for high-
and low-temperature range for each species taken from JANAF tables of thermodynamics.
The thermodynamic model used in FireFoam was janafand the relation between specific

heat and temperature is as follow:

712,
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Co=R{(((as T+ as) * T+az) * T+a1)* T+ ao)

where R1is gas constant, ao, a1, a2, as, as are specific heat coeffcients. Transport model type
was sutherland in which dynamic viscosity p was calculated by

ANT

K= T1vrT

where As is a Sutherland coefficient and 7% is a Sutherland temperature which were
described in thermo.compressibleGas file. In order to account for energy change due to
reaction, the sensibleEnthalpy keyword was used for sensible form of energy.

The turbulence model, LES (large eddy simulation) simulation type with one equation
eddy-viscosity model (kEqn) was applied and the coefficient for kEqn, ck was 0.07 . The
finite volume Discrete Ordinate Model (fvDOM) was used to solve radiation heat transfer
equation. The cofficients of fvDOM , azimuthal angles in 7 /2 on x-y (from y to x), nPhi,
and polar angles in = (from z to x-y plane), nTheta, were set to 2. Convergence criteria for
radiation iteration and maximum number of iterations were set to 0.1 and 1 respectively.
The gray mean absorption emission model was used to evaluate the coefficients of
absorption and emission.

There are four methods to decompose the mesh and initial field data by decomposePar
utility in OpenFOAM. In this simulation, hierarchical method was chosen. The
computational time was set to 20s for all cases. Time step interval was set to 0.0001 to
achieve the maximum Courant number of 0.6. Data output time interval was set to 0.1 on
run time. The detail of time control data set in controDict is described in Appendix. The
result obtained from numerical simulation was visualized by ParaView application version
5.5, by paraFoam supported with OpenFOAM.

The commands for execution of case are as follow:

$<case directory>

$blockMesh

$checkMesh

$ topoSet

ScreatePatch -overwrite

$cp -O0/ph_rgh.orig O/ph_rgh

$decomposePar -force

$mpirun -np 4 fireFoam -parallel
$reconstructPar

$paraFoam /Ivisualization and data processing

$foamToVTK /lpostprocessing data converter

713,
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3.6 Results and Discussion

We performed the numerical simulations for three types of container to study the
temperature, velocity and carbon dioxide of methane combustion by using FireFoam solver
of OpenFOAM. Temperature near the inlet region of the container was higher than the
region away from it in the y-direction because the concentration of fuel is high near the inlet.
The distribution of temperature in B2 was most vigorous compared with that in A and B1,
and B2 had the highest average temperature. The average temperature of container A, B1,
B2 was 1724.795K, 1727.822K and 1754.117K, respectively. This means the behavior of
the flame in B2 is stronger than that in A and B1. Distribution of temperature in A, Bl
and B2 are shown in Figs.3.6, 3.7 and 3.8, respectively.

To study the effects of fuel inlet size on the behavior of combustion, we performed the
simulation for larger inlet size of fuel. Except early time steps, flame height in B2 was
higher than that in B1 since velocity of the flame in former container became larger than
the latter one. This is because that size of inlet in B2 is larger than B1, and the increasing
amount of methane entering to the container B2 although the initial inlet velocity was set
to the same value. The average velocity magnitude increased from 6.953 at A to 7.047 at
B1 and 8.6371 at B2.

As the more fuel burnt, more carbon dioxide released. Carbon dioxide fraction at B2 was
higher than that of B1 and A. Figures 3.9, 3.10 and 3.11 show the distribution of velocity
magnitude in A, B1 and B2. Distribution of carbon dioxide in 3-dimensional view is shown
in Fig.3.12 for A container, Fig.3.13 for B1 container and Fig.3.14 for B2 container. Figures
3.9 to 3.11 were created by using slice filter in ParaView nomal to z-direction of the
computational domain. By using 1soVolume filter and volume rendering, Figs.3.12, 3.13
and 3.14 were obtained.

The average data values were obtained by averaging the maximum values of temperature,
velocity magnitude and carbon dioxide fraction in the y-direction through the center of
container at each output time interval, 1.e. 0, 0.1, 0.2, ..., 20. Time history of the maximum
values of temperature 7, velocity magnitude U, and carbon dioxide distribution in A, Bl

and B2 are shown in Fig.3.15 (a), (b) and (c), respectively.
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t=6.0s t=8.0s
Fig.3.12 Distribution of carbon dioxide mass fraction in container A at t= 0.1, 0.5, 1.0, 4.0,
6.0, 8.0, 10.0, 12.0, 14.0, 16.0, 18.0, 20.0s (1/2).
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t=18.0s t=20.0s
Fig.3.12 Distribution of carbon dioxide mass fraction in container A at t= 0.1, 0.5, 1.0, 4.0,
6.0, 8.0, 10.0, 12.0, 14.0, 16.0, 18.0, 20.0s (2/2).

_22_



JAEA-Technology 2018-012

t=6.0s t=8.0s
Fig.3.13 Distribution of carbon dioxide mass fraction in container B1 at t= 0.1, 0.5, 1.0,
4.0, 6.0, 8.0, 10.0, 12.0, 14.0, 16.0, 18.0, 20.0s (1/2).
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t=18.0s t=20.0s
Fig.3.13 Distribution of carbon dioxide mass fraction in container B1 at t= 0.1, 0.5, 1.0,
4.0, 6.0, 8.0, 10.0, 12.0, 14.0, 16.0, 18.0, 20.0s (2/2).
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t=6.0s t=8.0s
Fig.3.14 Distribution of carbon dioxide mass fraction in container B2 at t= 0.1, 0.5, 1.0,
4.0, 6.0, 8.0, 10.0, 12.0, 14.0, 16.0, 18.0, 20.0s (1/2).
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t=18.0s t=20.0s
Fig.3.14 Distribution of carbon dioxide mass fraction in container B2 at t= 0.1, 0.5, 1.0,
4.0, 6.0, 8.0, 10.0, 12.0, 14.0, 16.0, 18.0, 20.0s (2/2).
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Fig.3.15 Time history of the maximum values of (a) temperature T [K], velocity magnitude
U [m/s], and (c) CO2 mass fraction at each ouput time step (0.1, 0.2, ..., 20).
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3.7 Simulation of Gas Diffusion by FireFOAM Solver

We also used the FireFoam solver to study the diffusion behavior of methane, hydrogen
and helium into air. Combustion process was set as activation false in combustionProperties.
The size of the model is 1.0m X 1.0m X 0.01m in xXy Xz directions. The initial and boundary
conditions for methane were set as the same conditions in the simulation with active
combustion process. Transport properties for hydrogen and helium were taken from
JANAF tables of thermodynamics. The inlet velocity was set to 0.05m/s for each gas. For
all simulations, the same time step interval (0.0001s) and runtime 10s were used. The
obtained results for two dimensional simulation are shown in Fig.3.16 for methane, Fig.3.17

for hydrogen and Fig.3.18 for helium.
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Fig.3.16 Diffusion behavior of methane into air at t= 0.5, 1.0, 1.5, 2.0, 2.5, 3.0, 3.5, 4.0,
4.5,5.0, 5.5, 6.0, 6.5, 7.0, 7.5, 8.0, 8.5, 9.0, 9.5, 10.0s (1/2).
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Fig.3.16 Diffusion behavior of methane into air at t= 0.5, 1.0, 1.5, 2.0, 2.5, 3.0, 3.5, 4.0,
4.5,5.0, 5.5, 6.0, 6.5, 7.0, 7.5, 8.0, 8.5, 9.0, 9.5, 10.0s (2/2).
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Fig.3.17 Diffusion behavior of hydrogen into air at t= 0.5, 1.0, 1.5, 2.0, 2.5, 3.0, 3.5, 4.0,
4.5,5.0, 5.5, 6.0, 6.5, 7.0, 7.5, 8.0, 8.5, 9.0, 9.5, 10.0s (1/2).
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. —

Fig.3.17 Diffusion behavior of hydrogen into air at t= 0.5, 1.0, 1.5, 2.0, 2.5, 3.0, 3.5, 4.0,
4.5,5.0, 5.5, 6.0, 6.5, 7.0, 7.5, 8.0, 8.5, 9.0, 9.5, 10.0s (2/2).
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Fig.3.18 Diffusion behavior of helium into air at t= 0.5, 1.0, 1.5, 2.0, 2.5, 3.0, 3.5, 4.0, 4.5,
5.0, 5.5, 6.0, 6.5, 7.0, 7.5, 8.0, 8.5, 9.0, 9.5, 10.0s (1/2).
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Fig.3.18 Diffusion behavior of helium into air at t= 0.5, 1.0, 1.5, 2.0, 2.5, 3.0, 3.5, 4.0, 4.5,
5.0, 5.5, 6.0, 6.5, 7.0, 7.5, 8.0, 8.5, 9.0, 9.5, 10.0s (2/2).
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The obtained results show that helium diffused faster than hydrogen and methane into
the air. According to the Ref.[17], considering the combination of the effects of mass and
size of helium atom and hydrogen molecules, hydrogen molecule might diffuse 1.1 times
faster than helium atom at the same temperature and pressure. However, heliun diffuses
and leaks faster than hydrogen through solids, and small cracks or holes as helium atom is
smaller than hydrogen molecules. Thus, the results from current simulations by FireFoam
solver are consistent with the Ref.[17]. By generating the vector glyph for velocity of each
gas in paraView, the difference in diffusion behaviors can be seen as in Fig.3.19 (t= 1.0, 2.0
and 4.0s).

Fig.3.19 Comparison of the diffusion of methane, hydrogen and helium into air by

FireFoam solver.
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4. Preliminary Numerical Simulation by XiFOAM Solver

4.1 Case Setup for Hydrogen-Air Combustion

In this case we considered the premixed combustion of hydrogen-air in cubic combustion
vessel based on the case in which released hydrogen gas is mixed with exiting air in the
radioactive waste vessel. XiFoam is the solver for compressible premixed/partially-
premixed combustion with turbulence modelling. To save computational time, one-eight of
the vessel with the size of 0.26m X 0.26m X 0.26m in x Xy X z direction was used as geometry

model. The skeletal of the case file is as follow:

Case__
|__0 time directory | __constant |__system
| _alphat | _combustionProperties | _blockMeshDict
|_b | _thermophysicalProperties | _controlDict
| _epsilon | _turbulenceProperties | _fvSchemes
| _ft | _fvSolution
| _fu
| _k

Fig. 4.1 Mesh configuration of the one-eight of combustion vessel.
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Mesh generating was performed by blockMesh with simple grading (uniform grid size) in

all dimensions and the number of cell is 125000. The generated model is shown in Fig.4.1.

4.2 Initial and Boundary Conditions

For numerical simulation, intial temperature, pressure and limanar burning velocity
were set as 300K, 1.01325%105Pa and 2.446ms™!, respectively. For all boundaries,
boundary field type was set as summetryPlane, and internal field was set up as in Table 4.1.

the values for alphat, b, epsilon ¢ , ft, fu, k and nutwere set as default values of OpenFOAM.

Table 4.1 Parameter setup for internal fields.

alphat 0 kgm1g!
b 1
€ 375 m?2s3
ft 0.06
fu 0
k 1.5 ms2
nut 0 ms’!
D 1.01325x105 Pa
2.446 ms’!
T 300 K
Tu 300 K
U 0 ms’!
Xi 1

4.3 Numerical Simulation

The progress variable, ¢, which serve as a basic parameter in premixed combustion is
obtained by the following equation
c=1-b
where b is the density-weighted mean reaction regress variable. The value of ¢ varies
across the flame from 0 (unburned gas) to 1.0 (burned gas) by showing the progress of
reaction. The transport equation used in the modelling of flame front propagation with 5

in XiFoam is as follow:

He

Vb) = —p,S,Xi|Vb|
Set

9 b V. (pub \Y
— (pb) + 7. (pib) = V. (

where, S, is the laminar flame speed, Xi (flame wrinkling factor) is the ratio of turbulent
flame velocity to laminar flame velocity (S,/S,), S. is the turbulent Schmidt number, pu,

is the turbulent viscosity and p, is the density of unburned mixture.
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The value Xiis calculated by the following algerabic equations,

Xigg =1+ 2(1-b)(Xigg -1)

TR - u’
Xig=1+ 0.62\/an

where, u'is the turbulence intensity, R, is the Kolmogorov Reynolds number.

There are three types of modle for laminar flame speed calculations: (1) unstrained (2)
algebraic and (3) transport. In this simulation, SuModel was chosen as unstrained.
Flame propagation radius which is one of the important parameter in turbulent premixed

combustion is measured by implementing the following equation [14] in default XiFoam

= [l 0 -]

where p;, is the minimum density of burned gas.

Ignition site was located at the centre of combustion vessel (0.0005 0.0005 0.0005) and

solver.

duration of ignition was 0.003s. The equivalence ratio was set to 1.0. Gulders formulation
for laminar flame speed of specific fuel is the default equation in XiFoam to calculate Su.
The transport equation is as follow:
Sy =W o exp[—¢( & —1.075) ] (Tl)a (3)B
0 Po
where W, n,¢é,acand B are Guilders coefficients. ¢ is the equivalence ratio.

The composition of the fuel and air and initial laminar flame speed were taken from the
data by UCSD mechanism developed by the San Diego University [15].

The thermoPhysical model was chosen as heheuPsiThermo>homogeneousMixture>
const>janaf>perfectGas>specie>absoluteEnthalpy. RAS (Reynolds-Averaged Simulation)
turbulence model was applied for simulation. PIMPLE algorithm which is the combination
of PISO (Pressure Implicit with Splitting of Operator) and SIMPLE (Semi-Implicit Method
for Pressure-Linked Equations), was used in the XiFoam solver. Time step interval was 5 X

106 and computational runtime was 0.01s.

4.4 Results and Discussion

The flame propagation sustains after the ignition period (0.003s) since the iginition
strength, i.e. ignition energy, was set to 3 in combustionProperties. Figure 4.2 shows the
temperature distribution at t=0.001s to 0.0ls. The obtained burned gas temperature
2644.4438K at t=0.01s is smaller then the temperature of 2766K which is obtained by

constant volume combustion for stoichiometric hydrogen-air [16]. The distribution of
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turbulent flame speed and laminar flame speed are shown in Fig.4.3 and Fig.4.4,
respectively. The maximum value of temperature and pressure through the domain
depending on time are plotted in Fig.4.5. Figure 4.6 shows the flame wrinkling factor,
turbulent flame speed and laminar flame speed. Flame propagation radius, R is compared

with the experimental results obtained by Kadowaki et al. [18] and plotted in Fig.4.7.

T T
— 2003.9500 —2013.6338

I 1500.0000 I 1500.0000

—299.8994 — 299.8994

t=0.001s t=0.002s

T
— 2067.1851

I 1500.0000

i 1000.0000

—500.0000 —500.0000
—299.8994 —299.8994

t=0.004s t=0.006s

‘ 1000.0000

—500.0000
— 299.8994 —299.8994

t=0.008s t=0.01s
Fig.4.2 Temperature distribution of Hz-air premixed flame (¢ =1.0) at 0.001, 0.002, 0.004,
0.006, 0.008, 0.01s.
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Fig.4.3 Distribution of turbulent flame speed of Hs-air premixed flame (¢ =1.0) at 0.001,
0.002, 0.004, 0.006, 0.008, 0.01s.
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Fig.4.4 Distribution of laminar flame speed of Ho-air premixed flame (¢ =1.0) at 0.001,
0.002, 0.004, 0.006, 0.008, 0.01s.
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Fig. 4.5 Burned-gas temperature and pressure of He-air premixed flame (¢ =1.0).
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Fig. 4.6 Flame wrinkling factor, turbulent flame speed and laminar flame of Hs-air

premixed flame (¢ =1.0).
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Fig. 4.7 Flame propagation radius of Hz-air premixed flame (¢ =1.0).
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5. Concluding Remarks

We performed this numerical simulation in order to (1) understand the behaviors and
characteristics of methane combustion in the container which was supported by defalult
FireFOAM, as the preliminary step to continue the study of behavior and characteristics of
hydrogen combustion and explosion in nuclear waste vessel/container, and (2) be familiar
with the usage of solvers and utilities of OpenFOAM together with the visualization tool
ParaView for combustion and explosion regimes. By using open source application, the
computational cost for numerical simulation may be reduced in large computational size of
domain and long computational time in parallel compilations compared with the commercial
tools.

In the first case, we used simple rectangular container with the fuel inlet at the base
where the fuel was sinking or entering. As the results, when the height of container
increased and inlet size became larger, the average temperature increased along with the
vigorous distribution, and average burning velocity and generation of carbon dioxide
increased. These results indicated that the size of container and inlet affected the behavior
and characteristics of combustion.

In this simulation, the container was set to be opened in outlet side. To understand the
actual combustion and explosion phenomena, we need to set close type one. For different
types of nuclear wastes, various types of nuclear wastes canisters are in different shapes
and sizes which are kept in vessel/container or on the surface ground or in the under-ground
system. Thus, we need to prepare various geometries and sizes in the next simulations.
In addition, as the concentration of accumulated gas varies depending on the types of
nuclear waste and canister, simulations for different levels of hydrogen concentration need
to be considered.

The simulation of the diffusion behaviors of methane, hydrogen and helium were also
performed by FireFoam solver. The obtained results showed that helium diffused faster
than hydrogen and methane.

In the second case, numerical simulation of the combustion of premixed hydrogen-air
under the stoichiometric conditions in the cubic combustion chamber based on the case in
which released hydrogen gas is mixed with exiting air in the waste vessel was performed by
XiFoam solver. The flame propagation sustained after the ignition period. The obtained
burned gas temperature is smaller than the temperature obtained by constant volume
combustion of Hz-air. The radius of flame propagation was obtained and compared with
the experimental results of Kadowaki et al. The current results by XiFoam are smaller
than experimental results. This shows that simulation results by OpenFoam solver
strongly depends on setup parameter and the choice of models in combustion and transport

properties.
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To meet the various required conditions, OpenFOAM source codes for specific solvers that
will be chosen in our simulations have to be modified. We need to apply other combustion
standard solvers such as reactingFoam, rhoReactingFoam, and ddtFoam which is an
additional solver to OpenFOAM and specialized for deflagration to detonation regimes in
combustion, besides the fireFoam. So that the most relevant solver will be come out for
combustion of hydrogen in waste vessel. 'To complete the simulations, we also need other
application tools to create complex geometries and generate mesh, and to perform the
calculations for thermochemical data of hydrogen that will be used in simulation as initial
conditions. In the next simulations, methane will be substituted with hydrogen as the

second step to approach to our research objectives.
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Appendix

Il controlDict, ;00000000000

application fireFoam;

startFrom latestTime;
startTime 0.0;

stopAt endTime;

endTime 20.0;

deltaT 0.0001;
writeControl adjustableRunTime;

writeInterval  0.1;
purgeWrite 0;
writeFormat binary;
writePrecision 6;
writeCompression off;
timeFormat general;
timePrecision 6;
graphFormat raws;
runTimeModifiable yes;
adjustTimeStep yes;
maxCo 0.6;
maxDeltaT 0.1;
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