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ABSTRACT

Numerical Simulation of High Pressure Hydrogen Releases into Air through

Varying Orifice Geometries

Nasim Shishehgaran

Computational Fluid Dynamics (CFD) is employed to investigate the near exit jet
behavior ofa high-pressure hydrogen releasdo the quiescent ambient air through
different types of orifices. The effect of orifice geometry on the structure, development
and dispersion of highly undexpanded hydrogen jet is numerically investigated.
Various shape of orifices are evaluated including holes with constant areas such as
elliptical and circular openings, and deforming apertures under different configurations
and conditions considering the interactions of enlarging of circular openings and the
releaseitne, as well as the deformation of a circular hole to an elliptical hole. A-three
dimensional irfhouse parallel code is exploited to simulate the flow using an unstructured
tetrahedral finite volume Euler solver. The transport (advection) equation igdppli

track the shape and the locationtleé hydrogen air interface The AbelNobel real gas

law is used since higpressure hydrogen flow deviates from the ideal gas assumption.
Comparative studies between the dispersion of hydrogen jet issuing fifenertti types

of orifices in terms of jet development and pressure expansion are carried out. The
numerical simulations indicate that in addition to the hydrogen storage pressure, the
shape and the size of the orifice influence the hydrogen jet developieht can affect

the ignition risks associated with the accidental release of hydrogen.
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Chapter 1

INTRODUCTION

1.1 The global demand for alternative fuels

I n todayods world, concerns about gl obal
universal need&r energy,urgethe demand fosustainable sources of energy to reduce

Greenhouse Gas (GHG) and £$nissions.

Carbone dioxide (C@ is the primary greenhouse gas which accounts for global warming

impact.The atmospheric CQevels over the past 55 years are shown in Fig. 1.1[1].

It is obviously seen that the concentrations of, @0the atmosphere have been siiyad
rising year by year. The current level of atmospheric, @roughly 390 Parts per
Million (ppm), although the safe upper limit is 350 ppm. The largest source of CO
emissions comes from fossil fuel combustion. By transforming fossil fuel dependent
ecanomy intoan alternative energy economy, @@missions can be reduced back to the

safe level of 350 ppm.

The transportation sector is one of the significant sources ge@3sions and currently
responsible for approximately 20 percent of carbon dioxmissons [2]. It is expected
that the road vehicle population will triple by 2050 which can cause an increase in CO
levels [2]; however, the perspective of the International Energy Agency (IEA) is the 50%

reduction in carbon dioxide emissions by that tirkkence, the only way to curb this

wa



increase and to reduce transportation carbon dioxide emissions is by replacing fossil fuels

with emissionfree alternative fuels such as hydrogen.
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Fig. 1.1: Annual mean atmospheric G@oncentration since 1958 (NOAASR. data)

1.2 Hydrogen as an alternative fuel

Despite an abundance of hydrogen, it is bound in molecular compound and does not exist
naturally as a pure gas and it must be extracted from primary sources of energy. So,
hydrogen can beonsidered as an energy ¢arrand not an energy souréd¢ydrogen can

be produced from different energy sources using various methods including non
renewable methods such as reforming fossil fuels, natural gas and gasifying coal, or low

polluting methods such as biomass decompasitmd electrolysis of water using



renewable electricity or nuclear power. Therefore, the total €flssions of hydrogen

depend directly on the method of manufacture.

Hydrogen and electricity are the two competing future energy carriers for the
transportéion industry with no carbon dioxide emissions at the point of utilization.
Hydrogen can be used as a fuel in modified Internal Combustion Engines (ICE) or fuel
cells. Fuel cell vehicles (FCVs) similar to Battery Electric Vehicles (BEVs) are fully
electricand have higher energy efficiency compared to ICEVs. FCVs are powered by
fuel cells, which create electricity using hydrogen and oxygen in a process inverse to the

electrolysis of water, while the only emissions are water and heat.

The main advantages BCVs over BEVs are faster refueling (less than five minutes not
the hours needed for BEVs) and longer range which make them to be suidddrfyar

car segment including buses; however, BEVs are appropriate for short range application
and the small sizeegment. Hence, it is reasonable to consider hydrogen and electricity as

complementary energy carriers.

1.3 Hydrogen Safety

One of the major challenges with hydrogen technology is the storage. There are three
feasible solutions for storing hydrogen in a g@ortation application. It can be stored and
used in gaseous (GH liquid (LH,) or metal hydrides form. Although, hydrogen has the
highest energy to weight ratio of all fuels, it has a low volumetric energy density as a
liquid or gas. 1 kg of hydrogen damns the same amount of energy as 2.1 kg of natural
gas or 2.8 kg of gasoline; however, the volumetric energy density for this BHout 1/4

of crude oil, and for GHlis about 1/3 of natural gas. So, in comparison with other fuels, it



contains less engy per volume. As a result, larger storage tanks required to store
hydrogen for a specific mile range.

To overcome the aforementioned issues, in gaseous form hydrogen must be compressed
to several hundred times the atmospheric pressure in order to @etlieasize of the
storage tank. In liquid form, since it has a low boiling point compared to other
substances, it requires a cryogenic storage system and it must be cooled down to less than
20 K. Although LH has a higher density at low pressure compave@Hb, liquefaction

process and required materials for insulating the tanks are very expenshagdrith

form, as a chemical storage system, some of metal characteristics make them to release
hydrogen gas atlatively high temperature (396470K) and lowpressure. Despite its

higher safety, it has a low energy to weight ratio which cause metal hydrogen system to
be heavier and larger than a compressed lgasce, storing hydrogen as a compressed

gas can be considered as the most probable solution irhdinieterm with lower cost

compared to the other methods.

In order to commercialize the hydrogen technology in the transportation industry, safety
and standard codes related to production, storage, transportation and utilization must be
precisely developeddowever, some of the special characteristics of hydrogen provide
safety benefits; it is a flammable fuel like gasoline and natural gas but can be dangerous
under specific conditions. In comparison with common fossil fuels and natural gas,
hydrogen has aide flammability range in air mixtusg4-74%) and low energy ignition

(0.02 mJ). In addition, it halw viscosity and small molecular weigtitat make it
release easily. Its high buoyancy and diffusivity (compared to other fuel gas) make it rise

rapidly and dilute into a noflammable concentration (presence of wind can make



hydrogen disperse even more quickly). Although these properties prevent hydrogen from
accumulating near a release exit and can lessen a fire risk especially in the open air, leaks
from high pressure storage tanks lead to large release rates which caa sigkécant
flammable gas cloudConsequently, to ensure that thelespreaduse of hydrogen can
happen with the low associated risk, its cloud dispersion behavior and ignitiobilggss

in case of an incident release must be better quantified. This evaluation will help the

development of hydrogen safatgdes and standards

1.4 Aim of this study

Computational Fluid Dynamics (CFD) is an effective tool which is increasingly used to
investigate the safety issues related to utilization of hydrogen as aCieBl. based
analysis can provide accurate and reliable information related to dispersion and auto
ignition of hydrogen caused by an accidental release of pressurized hydrogen into the
ambient air. Therefore, in this study, the initial phase of the sudden release of hydrogen
from a high-pressure reservoir into the quieat ambient air and the behawviof a

corresponding near exit jet are investigated using a paraleuse code.

Owing to the lack of study of hydrogen dispersion and its-ggribion possibility under
different conditions in terms of geometrical layout, the work in this thesis aims to
numerically investigate the effect of orifice geometry on the behavior and developimen
hydrogen jet issuing from different types of release exits. This analysis and obtained
results then will be used as an input data for investigation ofiguitcon possibility in

future work. Hence, the scope of this work is limited to the near fli@hd at which the

influence of orifice shape and occurrence of agtotion are dominant.



1.5 Objectives of this study

To achieve the aim of this research, four main objectives have been considered:

U Investigate the hydrogen release through the fixed eliptrifices with varying
aspect ratios of AR=4 and AR=6 under two different storage pressures of 70MPa
and 10MPa. Various orifice areas based on 1mm, 2mm and 5mm diameter of
circular orifices are considered. The obtained results are compared with ke resu
of their equivalent standard circular orifices. The areas of the comparable orifices
in this evaluation are equal and constant.

0 Study the gas releaghrough the enlarging orificgith the uniform radial growth
rate of wv= 200 m/ senario, a@mal circnlar/apesture | n
enlarged intoa larger circular holéefore he escaping of hydrogen intor at
which the hydrogeir interfaceis in the nozzle (t=0). Then the results are
compared with their fixed circular counterparts.

U Simulate the hydrogen release by applying the combination of two above
mentioned approaches. In this case, before the hydrogen discharge, the
dimensions of the orifice are fixed and do not change with time, but as the
interface reaches the exit of the pressurizeskel, the orifice starts moving with
the same expansion rate as a second scenario.

U Study the effect of the timéependent deformation @ circular orifice toan
elliptic orifice on the accidental release of hydrogen. In this @small circular
hole is stretched intcan elliptical orifice, while the minor axis of the elliptic

preserves its initial length.



1.6 Methodology of work

To fulfill the aforementioned objectives, a thh@enensional iFhouse code is exploited
using theMessage Passing Interfa@dPl) library for parallel computing to simulate the
flow based on an inviscid approximation. This code has been extensively validated. It
demonstrated good agreement with experimental results for a wide variety of CFD
problems [3]. Convection dominates iscous effects in strongly undekpanded
supersonic jets in the vicinity of the release exit, justifying the use of the finite volume
Euler equations. The transport (advection) equation is applied to track the shape and
position of the hydrogeair interface. The Abel Nobel equation of state is used because
high pressure hydrogen flow deviates from the ideal gas assumption. The system of non
linear equations is solved by means of a fully implicit scheme which has an accuracy of
the first and second ordeis time and space, respectively. Convective fluxes are
evaluated using ReRIUSCL scheme. To avoid the numerical instabilities which are
generated near the shock or discontinuggions, the Van Leevan Albadalimiter is

applied.

To simulate the expandinrelease hole, the dynamic mesh based on the spring analogy
method is used to update the volume mesh. Therefore, the relative velocities in each
coordinate direction are added in all governing equations. Then the system of equations is
solved using an itative GMRES solver and MPI parallel processing to reduce the

solution time.



1.7 Axisymmetric and Non-axisymmetric Jet Structures

The flow fields and jet structures from axisymmetric and-awisymmetric nozzles have

been extensively studied and described nmu@mber of references in the literaturelld];
however, due to the specific characteristics of hydrogen and a differetheegropensity

of ignition between hydrogen and rbgdrogen gases, complete study of the hydrogen
jet formation and dispersion &ssential. In contrast of a large amount of work exists in
the literature related to the hydrogen jet, there is a lack of expesahend numerical
studies othighly underexpanded hydrogen geissuing from irregular orifices as a result

of sudden releses from high-pressure tar&into the ambient air.

When a supersonic free jet discharges from a nozzle into the atmosphere, different
configurations can occur based on the ratio of the stagnation pressure in the tank to the
ambient pressure, the geonyetrf the orifice and the nature of the gas. If the stagnation
pressure in the tank is larger than ambient presawepersonic undexpanded free jet
forms.A schematic of an undexpanded axisymmetric supersonic jet structure is shown

in Fig. 1.2.

When the flow leaves the nozzle owing to the difference between the jet pressure at the
nozzle exit and the ambient pressure, the expansion waves, originated at the rim of the
opening, tends to lower the gas pressure to the ambient pressure. After propHghgon
expansion fans through the air, they are reflected from the outer jet boundary as
compression waves. These waves coalesce to form a curved barrel shock. As the flow
passes behind the barrel shock where it is still supersonic, the reflected shoeKTioe
discontinuities including barrel shock, reflected shock and Mach disk are connetied at

triple point where the slip line is started.
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Fig. 1.2: The schematic of highly underexpanded jet in the-fiel region [4]

The structure of theam-axisymmetric undeexpanded jet depends on the pressure ratio

of the storage tank to the ambient pressure and the aspect ratio of an elliptic orifice [5].
The incident shock wave formation in nrarisymmetric jet differs between the two
symmetry planesf the nozzleOwing to the less expansion of the jet boundary along the
major axis plane compared to the minor axis plane, the tendency for the compression
waves to converge and form the barrel shock is greater along the majof5a5js.
performed an exgrimental investigation on supersonic jets issuing from elliptical orifices

at two different pressure ratios and varying aspect ratios. At a low pressure ratio, the
incident shock wave was only observed along the major axis, however, at higher pressure
rato, it was recognized along both minor and major axes. Hence, in the highly
underexpanded jet, it can be expected to observe the incident shock wave along both

symmetry planes.



A higher spreading rate along the minor axis plane results in the axis sgitchin
phenomena which is attributed to the complex factors depends on the jet velocity. The
phenomenon produces a rotation of the jet axes, so the major axis becomes the minor axis
further downstream. The axis switching in the underexpanded jets can bet afr¢sel
interactions between the expansion and compression waves and the jet boundary;
however, in the subsonic jets is driven by the vortexisdliction [7].

Among the earliest researches on asymmetric jets is the work by Krothapalli et al. [11].
They investigated incompressible jets through rectangular and elliptical nozzles with
aspect ratios greatehan 5.5. The results show thatnan-circular jet increases the
mixing capability. Makarov and Molkov [12] simulated the underexpanded hydrogen jet
for both circular and plane nozzle using the ideal gas equation. The hydrogen was
released from the reservoir at 35 MPa and the aspect ratio of the plane nozzle was set to
200. It was shown that the plane nozzle jet causes faster mixing in comparison to the
round nozzle in the vicinity of the release area. The-swigching phenomenon was
observed during the simulation. It appeared that the hydrogen concentration for both
cases with the same mass flow rate drops to the low flammability of 4% at the same

locaion downstream.

1.8 Literature Review
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1.9 Thesis Outline

The main contents of the following chapters are as follows.

Chapter 2 introduces the equations describing fluid flow and moving mesh, followed by
the discussioron methodologies for solving these equations and applied numerical
methods including the discretization schemes, techniques to calculate the boundary fluxes

and dealing with shock instabilities.
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Chapter 3 discusses the physical model, meshing and pantifithe discretized domain

for parallel computing. The varying types of orifices and the information related to their
geometries and dimensions are provided. The final section of the chapter defines the
applied initial and boundary conditions to simuldte pressuzed hydrogen release into

air.

In chapter 4the numerical results of the hydrogen release feohigh-pressure tank into
air through the fixed circular and elliptical orifices with the same area are presented and

compared.

In chapter 5, th@arious configurations of moving orifices are studied and the results are

compared with those from the orifices with the constant area.

Chapter 6 draws conclusions and summaries on the study done on this work which is

followed by the recommendations fartdire works.
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Chapter 2

GOVERNING EQUATIONS AND NUMERICAL

TECHNIQUES

This chapter outlines the equations governing fluid flow and the method of applying
moving mesh along with the numerical schemes and techniques used for the

discretization of spacand time and the numerical flux calculations.

2.1 Unsteady Compressible Euler Equations

Abrupt discharging of hydrogen fromtagh pressure tank into a low pressure quiescent
environment causes a highly underexpanded jetinSthis study, due to the high
Reynolds number in the vicinity of the release hole, convection dominates the effect of
viscosity and diffusivity. Viscosity effects are restricted to the narrow-gighient
regions such as shock waves and vorticity layers which are not developednatiahe
stage of the formation of highly undexpanded jets and the flow can be treated as an
inviscid and the compressible Euler Equations can model the flow field evolution

[21][30].

In the absence of any source terms, the unsteady Euler equaticmssarvative form
based on fixed grid computations which represent the conservation of mass, momentum

and energy can be written as follows [31]:
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Where6, 0 and0 are the fluid velocity along the x, y and z Cartesian coordinates,

the dendy and0 represents the pressure. The total enarggrmsof internal energy and

kinetic energy, E, and the total enthalpy, H, are given by:
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The internal energy can be calculated by the following equation.

Q WY ¢®
£

And the vector of primitive variablesié® 0,
| L[) Y]
wy U

Since a dynamic mesh algdmb is employed in this study to simulate the enlarging
orifices, the Euler equations must be modified in several cases. Considering the dynamic

mesh formulation in which the convecting velocity components are the relative velocity
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between fluid and coordates for a timalependent system, the modified conservative

fluxes in the Euler equations will be as follows:

4 9] 5 ”
rY” y o r Ur 5 I’IN ” Al [ 4 I I(Y 9 ,U ,U v l’lN
&y, 0 U 0 U, v L 0w~ L U O ¢y
LRI R S G T T T @

Where0 , 0 , 0 are the grid speeds along the coordinate directions, which represent
the time rates of change of the position vectors. In the case of fixed mesh, the grid
velodties are not considered and the cell volume is not-tiefgendant. To simulate the
hydrogen jet escaping through the expanding orifices, the dynamic mesh model based on

the spring analogy is used [32]. This method will be described in the followingreectio

A Discrete form of the Euler equations based on the implicit finite volume method can be

written as:

¥ K4 : o
W= ®» 8 ¥y n &

Where® s the unit normal vector andY refers to the surface area of the boundary

faces.Considering moving mesh, these terms are time dependent and they change with

time, but they are constant for the fixed mesh.

By linearizing the convective fluxes using a linear Taylor expansian,dibcretized
implicit scheme of the Euler equations can be writtethe following form:
W 19

%ﬂ) Ty & YY 179 B & VY &
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Wherew is the cell volume and for the fixed mesh it is constanf.is the conservative

flux-Jacobian. The system of linear equations is solved by means of a fullyiimplic
scheme which has an accuracy of the first and second orders in time and space,

respectively.

Convective fluxes® |, are evaluated using R&AUSCL scheme. This method is among

the most efficient schemes to calculate the convectivedlat the boundaries especially

for the Euler simulationslhe second order R&dUSCL schemas written as follows
0 g 0"y 0"y % 0 8o

Where the interfacevalues related to adjacent cellare evaluated using thknear

extrapolation as

YooY EHTYE}‘D CPp T
i i p " \
Y Y EnY&D P p

In which 1Y and 1Y are the gradiestof variablesm cell | and cell J.

And the change in the flux is given by

T O o 1Y ¢® ¢
Where
TY Yy Y ¢po
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The GMRES iterative solver is used to solve the linearized system of Euler equations

(equation (2.8)at each time ste[34].

2.2VanLeer-Van Albada limiter

To avoid theoscillations generated near the shock or discontinuity regions, the Van Leer
Van Albada limiter is applied to limit theariable values and take the gradient of the
interpolation by a function {x,y) which is called limiter. The limiter controls the
accuracy of the spatial approximation at the thin layer near the exit hole (|Z|=0.1orifice
diameter) and high pressure gradient regions where the second order approximation is
switched to the first order accura@ygrohibit thenumerical instabilities in thesegions.
The VanLeetVanAlbada limiter is written as

L1 QQw 1

" Qai 0 ® T
O O G-

Where- is a very small number.

2.3 Real gas Equation of State (EOS)

The system of Euler equations is completed by the equation of state which correlates the
density of a gas to pressure and temperaiure.ideal gas laws approximately accurate

at low presste and cannot precisely predict the solutionadfighly underexpanded jet

under the high storage pressure like/@MPa [17 [18] [19] [27] [32] [33] [35] [36] [37]

[38] [39]. Hence, in this study owing to the high pressure flow{®MPa), the Abel

Nobd EOS is utilized as a real gas equation which relates pressure, temperature and
density with just one constant. The accuracy of this equation is almost the same as the

more complicated real gas equations such as Bd&aitlgeman but it gives the higher
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stability in simulation of two species flow and also its simplicity reduces the CPU time

and computational cost [35].
The Abel Nobel EOS is defined as

vy ) o B
n T 5 P W” 'Y Y =Y ™M o mrinyx gy QQ ¢ v

WhereY is the average value of the gas constant for the hydragenixture and it is
calculated from equation @0). — is the compressibility factor which is a function of
density in the real gas model, however it eqoalsne for the ideal gas EOS [32]. The
plot of the compressibility factor as a function of pressure at 300 K temperature is
presented in Fig. 2.1. It is shown that by increasing the pressure, compressibility factor
deviates from unity which refers to tideal gas assumption and it shows that the higher

volume is required to store hydrogen based on real gas law compared to the ideal gas

assumption.
1.7
16 —Ildeal Gas /
1.5 —Real Gas /

‘ 13 /
1.2 /
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1 ——""'/

0.9 . .

1 10 100
Pressure (MPa)

Fig. 2.1: Compressibility factor of hydrogen at 300 K based on the Abel Nobel EOS [32]
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The speed of sourtthsed on the Abel Nobetal gas law can be written as

o T
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O|O
c
+
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Where specifi heat at constant volume basgdthe Abel Nobekquation of state equals
to its equivalent value ithe ideal gas layd and specific heat at constant pressure can

be found bytheequation (2.T)

6 O P X

6 Y O Y

Hence, the specific hesdtio in the Abel Nobekquation is the same as the ideal gas law
and can be assumed constant. Furthermor e,

air during the simulation are constant and

tempeature of T=300 K.

2.4 Transport (Advection) Equation
To describe the convection of hydrogen into the ambient air and track the shape and
location of the contact surface between hydrogen and air, the advection equation is

implemented as follows

€

T
T

T

AY0)
o Tt P w

O‘

Where ®is a step function and it is called fraction function. A unit value of fraction
function @ p correspondgo a cell occupied only by air and a zero valde Tt

indicates a cell full of hydrogen. The fraction functions between zero androneo
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p indicate the discontinuity region and shows the cell contains the interface between
hydrogen and air. Hence, bdsen the local value ofy the related properties will be

designated to each control volume.

This equation, while being solved, is segregated or decoupled from the Euler equations. It
means that at the end of the each time step and after solving the dystem of
equations by iterative GMRES solver, the advection equation is solved separately by the
same solver. After calculating c, the average value of the gas corRiafu; the

hydrogenair mixture is solved from the following equation
Y Y p o Y ® & T

Given the molecular weights of hydrogen and air which-are ¢8t p @/mol and
- ¢ @ @g/mol, their specificgas constants will beY T p ¢BFQ"Quand

Y ¢ P Q" Quespectively. The specific gas constants of both gases maintain their

initial values during the simulation.

By applying the dynamic mesh and using the relative velocities eeatviluid and

moving coordinates, the advection equation will be modified anditeen as
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Where0 ,0 ,0 are the grid speeds along the coordinate directions.

2.5 Dynamic Mesh: Spring Analogy Method

A moving mesh algorithm is used in which the unstructured grids deform due to the

imposed motion of the domain boundary. Based on the spring analogy meitioédge
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of each cell is modeled by a linear spring which connects the end vertices [32]. The
stiffness of the spring is inversely proportional to the edge length. As the length of the
edge decreases, the stiffness of the spring increaséise storedges are stiffer than the
longer ones. The stiffness in the linear spring method prevents the collision of
neighboring nodes; however it cannot prevent the nodes from crossing the edges and may

produce the mesh with negative volume elements [34].

The stifness of the edge connecting nodeand j in three dimensionaheshcan be

defined as

P 03 &

& ¢ @ ¢ 0 o
Where ¢ FeFg and ¢ Faf¢  are the coordinates of nodeandj. Since in this work,

the cross sectional surfaces of the orifices will be deformed, there is no displacement

along the z axis.

To satisfy the static equdrium for the interior displacements by imposing the motion on

the boundary nodes, the following equations are solved iteratively

Y6 B U Yo _
“ B o8
Vo B 0 Yo _
“ B &

Where¢ refers to dlthe nodes connected the nodei, andm denotes the number of

iterations.
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After convergences of the equation2@.and (224), the positionf the interior nodes

at the next time step will be updated as follows

o o Yoo g |

@ o Yo 8

Since our models consist of both mayiand normoving regions, thepring method is
only influenced the moving section by defining the conditiohtheir respective nodes

and cells.
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Chapter 3

NUMERICAL SIMULATION

A 3D paralel in-house code is modified to simulate the discharge of hydrogen from a
high pressure reservoir into air through varying types of orifices. Since, in recent years,
automobile manufacturers have been considering and implementing the 70MPa hydrogen
storag to maximize the FCVs range by increasing the storage capacity and providing
almost the same storage density as liquid hydrogen, therefore, in this work, 70 MPa
storage pressuns considered to evaluate the dispersion of hydrogetméncaseof an
incident leak through different geometries of exit holes. The obtained results are

compared with those under lower filling pressure of 10 MPa.

3.1 Computational Domain, Meshing and Partitioning

The 3D computational domain used in this study is shoviAign3.1.The model consists

of a circular cylinder with the diameter of 150 mm and the axial length of 100 mm as a
reservoir containing hydrogen gasta high pressure and a 2mm straight nozzle leading
to the exit at the ambient pressure with the dimensions ofrti0< 100 mm (20Rkgest

orifice). 10 €xamine the influence ofifice geometry on the jdiehaviorand the ignition
possibility, three different shapes of orifices are considered including fixed circular, fixed

elliptic and expanding exits.

GAMBIT is usedas the prgrocessing software to generate the mesh. Since dwuse

code uses tetrahedral elements/volumes, the mathematical domain is discretized into an
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unstructured tetrahedral mesh. The discretized domain contains almost 2 million nodes
and 12 milion tetrahedrons. To ensure that the mesh is sufficiently refined to resolve
large pressure gradients and all relevant flow features in the proximity to the exit area, a
very fine grid resolution is generated in this region. Then the element size isonetse

a growth rate of 1.02 downstream and in the regions far from the exit (Fig. 3.2). This
gradual transition in grid size prevents numerical errors associated suitiden increase

in grid size and also it results in the reduction of the CPU time iandirn, the

computational cost.

METIS software package is used to distribute the finite volume mesh to the processors
and partition the discretized domain for parallel computing, since it produces high quality
partitions. The partnmesh algorithm is ia#d which converts the mesh into a nodal

graph, i.e. each node of the mesh is assigned as a vertex of the graph.

Parallel computations are carried out on Cirrus (Concordia University paratfgluting
cluster) and Mammouth ar al | el ww  ( liversitéa dee Gherbaobke) t h e
supercomputers. The computational domains are decomposed into 64 partitions using the

Cirrus cluster and into 120 subdomains using the Mammpwthr al | e | ww cl ust

To study the model sensitivity to grid resolution, three diffegeiat levels including the
fine mesh with almost 3 million nodes and 17.5 million elements, the medium mesh with
nearly 2 million nodes and 12 million elements and the coarse mesh with virtually 1
million nodes and 6 million elements are considered. Theltseof the grid sensitivity

study will be shown in chapter 4.
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3.1.1 Orifices with the constant areas: Fixed Elliptical andCircular Orifices

The parameter under consideration for comparable circular and elliptical orifices is the
same exit area. Therefore, three different areas based on 1 mm, 2 mm and 5 mm
diameters of circular exits are investigated. For each case, two gyafiptical shapes

with the aspect ratios (major axis/minor axis) of AR=4 and AR=6 are considered and
compared with their comparable circular counterparts (AR=1).hbset casesthe
elliptical orifice can be regarded as a model of a crack. The majorraadiselliptical

cases are perpendicular to the axial axes of the pressurizedThekdimensions ol

the test cases are listed in Table 3.1 and the cross sectional surfaces of the circular and
elliptical exit geometries with the aspect ratios of AR AR=4 and AR=6 and the

identical area of A=19.63 nfnare depicted in Fig. 3.3.

10Hmm 12.25 mm

Fig. 3.3: Cross sectional surfaces of the varying shapes of orifices (A=19.68 mm
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Table 3.1:The dimensions of different types of orifices

Area(A) =0. 8 (mnf)

Orifice Type | Major Axis, Minor Axis, | Aspect Ratio,
a(mm) b (mm) a/b
Circular 1 1 1
Elliptical 1 2 0.5 4
Elliptical 2 2.45 0.41 6
Area(A) =3. 14 (mnf)
Orifice Type | Major Axis, Minor Axis, | Aspect Ratio,
a(mm) b (mm) a/b
Circular 2 2 1
Elliptical 1 4 1 4
Elliptical 2 5 0.82 6
Area(A) =19. 63 (mnf)
Orifice Type | Major Axis, Minor Axis, | Aspect Ratio,
a(mm) b (mm) a/b
Circular 5 5 1
Elliptical 1 10 2.5 4
Elliptical 2 12.25 2.04 6
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3.1.2 Expanding Orifices

Two cases of the round orifice with initial diametefsD;=1 mm and 2 mm are
considered to evaluate the expanding exit and compare the results to the fixed circular
opening with the same initial diameters. The growth rate of the circular hole along the
radi al di rect i onelesssthisOte th a wasd thas aircularenelesis t h
stretched intoan elliptical orifice only imited to the ydirection velocities of the
boundary nodesThe boundary nodes move along the normal surface direction (radial
axis) with the proposed speed based on the spnafpgy. As mentioned in the previous
chapter, the moving region of the computational domain is restricted to the pressurized
vessel and the exit hole, so, only the boundary nodes related to this region move and have
displacements. Excluding the crosstes@l area of the release tube, the dimensions of
the domain containing pressurized tank andpyassure domain along with the length of

the release tube are preserved in all cases.

3.2Boundary and Initial Conditions

As stated before, the viscosity effand the heat transfer between the gas inside the
reservoir and its surrounding are neglected, therefore all the solid walls of the high
pressure tank and the release tube are assumed to be slip free and adiabatic: The non
reflecting far field boundary coitibn was applied around the circumference of the low
pressure cylinder (external environment) and at the end of the cylinder. As it was
indicated in the Euler equations, it is supposed that there are no external forces. Hence,

the effect of the gravity otine fluid is neglected.

The flow is initially at rest with zero velocity. The reservoir and the half of the tube filled

with hydrogen at two different pressures of 10 MiPZ0 MPa and the rest with air at the
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atmospheric pressure (0.101325 MPa). Théaintemperature is 300 K everywhere
inside the domain. The initial contact surface is assumed to be located in the middle of
the release tube. The air mixture fraction is defined as c=1 and the hydrogen mixture

fraction is ¢=0. The initial conditions apeesented in Table 3.2.

Table 3.2:Initial Conditions

Initial Reservoir Pressure 70MPa & 10MPa
Initial Temperature 300 K
Air mixture fraction 1
Hydrogen mixture fraction 0
Hydrogen & air is 1.4
Molecular mass of hydrogen ( 2.016g/mol
Molecular mass of air( 28.96 g/mol

3.3 Time Step Calculation

Owing to the rapid changes of flow characteristics in regions with discontinuities like
shok waves and applying the first order implicit scheme for time discretization along
with high level grid resolution, a very small time step @) is required to achieve

the stable and accurate solutions.
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The time step at each iteration is the minimualue of the local time steps. The local
time step for each element based on the given initial and maximum CFL numbers is
calculated from the following relation

o 6 00 .,
—Ya

Yo —— o
@ Wws ®

Wherew is the speed of sound which is calculated from equ#Bdr6), Svsis the flow
velocity at element j andf& refers to the length scale of the element. Since hydrogen

have the lowest density and in turn the highest sonic speed, the calculated time step is

very small and the numerical simulation of the hydrogen j&tig timeconsuming.

The initial and maximum CFL numbers are different between the cases with fixed mesh
and moving mesh. For fixed mesh, the initial CFL number is set to 0.15. This value is
constant for the first 1000 iterations, and then it is augmemtécda rate of 0.001 at each

time iteration to reach the maximum CFL which in this case is defined as 0.8.

The initial and maximum CFL numbexd moving cases are defined as 0.3 and 5
respectively but the increment step is lower than the fixed cases artito 0.0002 at

each iteration.

Hence, based on the predefined CFL numbers and the high velocity of hydrogen flow, the

initial time step is abouyt 1
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Chapter 4

HYDROGEN RELEASE FROM FIXED ORIFICES:

ELLIPTICAL AND CIRCULAR HOLES

In this chater, after presenting the results of the grid convergence study, the comparative
studies between the hydrogen release from elliptic orifices and circular orifices under
different conditions in terms of the orifice geometry and the storage pressurergz@ car
out. The release of hydrogen from 70 MPa and 10 MPa pressurized tanks through fixed
elliptical orifices with two different aspect ratios are investigated and dispersion
characteristics and the je¢haviorare quantified. The obtained results are carag with

those from the comparable fixed standard circular orifices with the same areas.

4.1 Grid Sensitivity Study

In order to guarantee mesh independent results and achieve an accurate and converged
solution, the gd sensitivity study fothe case wittanarea of 19.63 mfrand aspect ratio

of 4 is conducted. As mentioned before, three levels of grid refinement such as fine,
medium and coarse with almost 3 million, 2million and 1 million nodes are generated.
The contact surface pressure and flow charattesialong the centerline are reported to
visualize convergence of the solutions as the grids are refined. The results are shown in
Fig. 4.1 and Fig. 4.2. It is recognized that the obtained results are not so sensitive to the

grid size and changing the sig& resolution does not significantly affect the numerical
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solution, but the coarse mesh with 1 million nodes makes more numerical diffusions
especially in the regions with high pressure gradient, i.e. near the discontinuities.
Therefore, the 2 millioinode mesh is applied in all cases to damp the flow instabilities.

However, the flow field along the centerline axis and near the exit is very well captured

even wth the coarse mesh (Fig. 4.2).
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Fig. 4.1 Grid convergence study: contact surface pressuragtbe centerline
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4.2 Evaluation of the contact surface location and the release time

As the effects of the orifice geometry on the gas jet andigntion are dominanin the
near field flow and diminish in the far field, this study foesison the near exit jet

behavio . Therefore, mainly the initial 10 ¢€s

Owing to the existence of two different species (hydrogen and air) with {esifis

properties, one of the major issues in this study is to capture the contact surface position
accurately compared to the location of the moving shock based on the real gas law and
advection equation which is decoupled from the Euler equations. aloa¢® the release

time and to compare the locations of the hydregeimnterfaces between the jets starting

from varying shapes of orifices with different areas, the time histofidhe contact

surface locatioralong the jet centbne for all cases wter initial storage pressure of 70

MPa and 10 MPa up to 10 e©€s of hydrogen r el
respectively. It should be pointed out that the release afeesto the specific timeat

which the hydrogerair contact surfaceha is initially located in the middle of the
pressurized vessel, reaches the exit hole which is located at z=0. As it is noticed from the
time histories of the interface locations (Fig. 4.3), the release time is not affected by the
shape of the orifices arglsen various areas under the same storage pressure of 70 MPa
and it equals to t=0.6 ¢s. The <contact S
geometries of orifices including elliptic and circular holes with an equal area are virtually

the same up to 20s .
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Fig. 4.3: Contact surface locations as a function of time, fixed orifices, P=70MPa

After 2.0 e€s, the interface | ocation diffe
the slo of the curve related to the largest area is higher than tleesotvhich indicates

that a jet issuing from theriger area moves faster inir and its contact surface is ahead

of the others. For instance, the hydrogen r i nt er face at t=10 ¢&s
of 19.62 mm progresses into air withthevelot y of 1100 m/s or 1.1
cases with the smaller areas of 3.14%amd 0.8 mm, the interfaces advance witlower

speeds of 0.9 mm/ e€s and 0.75 mm/ ¢s, res
and circular jets are slightly thersa, nevertheless for the largest orifice area (A=19.63

mn?), the contact surface corresponding to circular case moves slightly faster than its

equivalent from the elliptic orifice.
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Reducing the storage pressure to 10 MPa, delays the separation of the locations of
hydrogenair interfaces between varying types of orifices. As it is shown in Fig. 4.4, the
moment at which the contact surface locations start to separateispract | y 3. 0 ¢€s
has a delay compared to 70 MPa jets. As a result, the corresponding release time in all
cases with 10 MPa storage pressure is aln
increasing the orifice area, the related interface locatioradiithnces rapidly and there is

no significant difference between the locations of interfaces related to elliptic and circular
holes. However, the hydrogen/air interface of the jet from 70 MPa moves more rapidly
compared to its counterpart in the lower pueef 10 MPa, since it experiences a higher

jet velocity.
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4.3 Description of the flow field under the reservoir pressure of 70 MPa

4.3.1 Centerline flow characteristics

The evolution of the centerline Mach number, concentration, temperature,rerassu
densityfor the circularand elliptic hydrogen jet issuing from varying aspect ratios of the
orifices (AR=4 & 6) with three different areas under filling pressure of 70 MPa are
presented in Fig. 4-big. 4.13. The flow characteristics are shown at different times,

before the interface reaches the exit, at the release time and after the release of hydrogen.

Along the centerline of the jet, as hydrogen starts discharging from the release tube, the
pressure continuously decays to a value below the atmospheric preBsare by
passing through the Mach disk, the pressure is increased back to the ambient pressure.
After a large and continues pressure drop in the release tube, the choked condition is
reached at the exit of the pressurized vessel, just before the jes ks@vtube. After the
release, the decaying of pressure is completed by a sudden jet expansion into the ambient
surroundings The rate of expansion is a function of the storage pressure, the higher the
pressure, the larger the jet expansion into the arhbie. The flow density experiences

the same profile as pressure, during the leakage of hydrogen.

As the pressure of the flow decreases by passing through the release tube, the velocity
increases until it reaches the sonic velocity at the exit of ttkxzlewoThe incident
expansion of the released hydrogen causes the large rise in the velocity of the jet. In all
cases after a certain time, the flow reacheshyersonicvelocity. At the end of the
expansion of the jet where the flow has the maximum Maghber, the Mach disk is

formed. Then, the speed of the jet decreases across the normal shock. The development
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of the jet into air causes the generation of the lead shock in front of the contact surface
and results the increase in velocity which will beoweered by flow passing through the

shock.

The initial temperature inside the reservoir and ambient environment is set to 300 k and
the flow is considered to be static. As the jet velocity inside the tube increases, the
temperature decreases continuouélffer the release of hydrogen and consequently the
abrupt jet expansion, the flow temperature is reduced to its lowest peak upstream of the
Mach disk. The generation of the Mach disk at the end of the expansion process results in
the temperature increasét the hydrogerair interface, the temperature profile
experiences a discontinuity which there is a steep rise in the temperature of the air in
downstream of the contact surface and it is reduced back to the ambient temperature of

300 K downstream of thlead shock.

By comparing the flow properties distribution before the release of hydrogen from the
nozzle and after the release time, the formation of transient hydrogen jet is recognized.
As the jet expands into the surrounding air, the high and low peahles of the
temperature along the jet centerline experience a monotonic decrease. While the lead
shock becomes continuously weaker, the Mack disk becomes stronger as it advances into

the expanding gas.
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By comparing the jet characteristics along the centedingifferent shapes of orifices

with the same area, it is concluded that centerline pressure and denssglyghtly
affected by using different geometriet holes, however the stretigof the Mach disk

and the maximum value of the Mach number are evidently changed; the lower the aspect
ratio, the stronger the Mach disk.The locations of the Mach disk and-hydrogen
contact surface do not change withryrag shapes of orifices. As it was seen in Fig. 4.3
and also in plots of advection of hydrogen/air interfaces along the centerline, by
increasing the opening area, the difference between the contact surface locations
regarding different aspect ratios gwut it is insignificant for the orifices with the

smaller area.

The hot temperature of air downstream of the hydregennterface is one of the
important parameters that affect the aiggoition process [20] [23]. To evaluate the
highest peaks of theemperature during the flow expansion, the temperature profiles
along with the locations of contact surfaces are presented at different moments. In all
cases (elliptic and circular), the maximum hot temperat@®urs in the pressurized
vessel, before theelease of hydrogen at which the hydrogéncontact surface reaches
the exit (t<0.6 ¢€s), however, the exact
highest temperature differs from case to case. After the leakage of hydrogen into air and
during theflow expansion, the maximum peakthe temperature starts decaying to the
lower value which proves that the highest possibility of -agmdtion occurs in the early
stage of the hydrogen release, however, the other factors such as the storage ptessure, je
velocity and the rate of flow expansion can affect the-agriion processAt the release

time (t=0.6 €©€s) and during the expansi on,
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cases with elliptic orifices are slightly lower than their equivalent values in cases with
circular openings. This effect is more dominant in theesasgith smaller cross sectional

area (A=0.8 mrf), since the rate of expansion is greater compared to the pressure drop
from the larger exit area. For instance, the highest temperature peak at the release time
for the circular case with the area of 0.8 frimalmost T=3200 K, but this value in
elliptic cases with AR=4 and 6 are T=2850 K and T= 2750 K, respectively. In addition,
as it is shown in Fig. 4.1Fig. 4.13, the high temperature peaks during the expansion
from the orifice with the area of A=183 mnf for both elliptic and circular jets decrease

ata lower rate and maintain their highest hot temperature for a longer time compared to
those from the smaller orifice areas such as.8=®nf and A=3 14 mnf (Fig. 4.5 Fig.

4.10)36].

4.3.2 Contact surface presure along the centerline

One of the important parameteto determine the ignition possibility is the pressure
expansion at the interface of the hydrogen and air along the jet centerline. The auto
ignition may occur for sufficiently low rates of expansj@i]. Thereforethe centreline

pressures as a function of time on the contact surface for both circular and elliptical exits
with different di ameters are compared toge
interactions between an orifice area, thmahsions of an elliptic exit and the interface
pressure, three various areas based on 1 mm, 2 mm and 5 mm diameters of circular

orifices are considered. The results are shown in Fig-Fid.44.16.

Considering all cases, the contact surfacessune deogs with time until reachinghe
ambient pressure. For a given area by increasing the aspect ratio of a releasmtaule,
surface pressurexpands more rapidly in the vicinity of the exit hole whesggnificant

51



pressure drop is achieved. Thishaviorcan be negligible for the smallestea of the exit

hole (Area=08 mnf), while it is crucial for a larger orifice size (Area=B3 mnf) [37].

In other words, the ellipticglet escaping froma small holebehaves the samas its
comparable circular jeHowever, as the orifice area increases, the differences between
the pressure expansions from varying elliptic and circular holes are more considerable.
For the nozzle area of 19.63 Mrthe contact surface pressure in the case of elliptic jet
drops fastethan its comparable circular jet. However, there is a slight change between
the pressure expansions through two varying elliptiices; the more elongated case
shows the higher expansion with virtually the same expansion rate. Although thefslop
the pressurdime curve is not affected by applying different shapes of orifices avith
identical area, it differs by changing the orifice area @hamaller area presents the
steeper slop and a higher rate of pressure drop. In addition, by preserving ttiee
geometry and decreasing its area, it is concludedatbataller release holeasa more
pronounced expansion and a steeglepe which cause the hydrogen jet reaches the
ambient pressure faster and sooner. It can be recognized that the cordaet m@ssures
for different ori fice | theysmallerwificadarea {A=B 0 ¢ s
mnY) are virtually the same and the value practically equals to®MPa, however, this
value in the case with the area of A8 mnf is aimost P=1 MR and in the case with

the largest area of A=188 mnf is about P=5 MPa. So there is a rapid depressurization
for the jet issuing from the hole witnsmaller area but elliptic and circular jets starting
from the hole witranidentical area are depresg@d and reaatthe ambient pressure at

the same time.
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In orderto accurately evaluate the expansion of the contact surface pressure along the
centerline, the contours of the pressure and the concentiatitve case of the round

orifice with the area of A= 19.63 nfmat different times during the release of hydrogen

into

contact surface pressure on the centerline does not change significandypaessure

dropduring this initial period of discharging of the interface from an eximfinitesimal.

t
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he air are illustrated in Fig.

4 .

17

As a result, the plateau appears in the contact surface pressure curve, which is longer for
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a circular jJjet compared to an elliptic et

which can be understood from both Fig. 4.16 and Fiy 4d).
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The distributionof the concentration, temperature and Mach number df® micro
seconds for circular and elliptical (AR=4) orifices with the equivalent area of14=3

mn are presented in Fig. 4F8g. 4.20.

By comparing Mach numbers and concentrations along the minor and major axes, it is
understood that the change irethrifice geometry affects the development of the jet.
Spreading and mixing characteristics differ from elliptical and circular jets. The hydrogen
jet releasing from the elliptical hole spreads more quickly in the minor axis plane than the
major axis planand, in turn, it mixes with air faster along the minor axis and advances
through the ambient air more quickly. While the circular hydrogen jet spreads with the
same rate in both directions and the mixing rate does not change along the minor and
major axes The unequal spreading rates are because of theumiform curvature

variation of the elliptic orificg38].

The higher spreading rate along the minor axis plane results in the axis switching
phenomena which is recognized in the elliptic jets for bofieetsratios of 4 and 6 and

under both pressures of 10 MPa and 70 MPa.

In addition, the magnitude of the Mach number along the major and minor axes at
di fferent axi al positions of z=5 mm and
and circular jet are shown in Fig. 4.21. These curves clearly depict different velocity
magnitudes along the major and minor axes of the elliptic jet which cause the difference
in spreading rate of hydrogen into air between the axes; however, as shown in Fig. 4.22,
thereis no change in the magnitudes of the Mach number for the circular jet along two

different axes.
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4.4 Description of the flow field under the reservoir pressure of 10 MPa

4.4.1 Centerline flow characteristics

To evaluate the influence of the orifice geometry on the release of hydrogen from a
reservoir with a lower pressure (compared to 70 MPa) into the quiescent ambient air, the
evolution of the flow under the filling pressure of P=10 MPa is investigatede &arthe
presented study ithe previous sectigrnthe centerline flow properties such as Mach
number, concentration, temperature, pressure for both circular and elliptic hydrogen jets
issuing from varying dimensions of orifices are provided in Fig.-#ig34.31. Easily
perceived that the structure of the jet is similar to the underexpanded jet from the 70 MPa
reservoirs, however the flow field from 10 MPa tank developed sooner, since it has a

lower jet velocity.

As previously detailed, the releasetimég¢ he case of 10 MPa storag
The hydrogerair interfaces along the centerline for bothpeiti and circular cases stand

in the same location from the exit during the expansion of the jet. The location of the

Mach disk same as the caseith the pressure of 70 MPa does not alter by changing the

shape of the orifice. However, as the aspect ratio of the ellypifice increases, the

Mach disk becomes weaker.

The temperature profiles before the time of release, at the release time isugdtlokeir
expansion are presented. The maximum value of the high peaks of the temperature like
cases with 70 MPa occurs in the tube, when the interface has not exited the nozzle (t=1
€s) , however the maxi mum hot ai rlowerdhaper at u

its equivalent value under 70 MPa pressure (about 1000 K).
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During the expansion, the hot air cools down anchigkestpeaktemperature gradually
decreases along the centerline. The rate of decay of the highest temperature during the
expanson under 10 MPa storage pressure is higher compared to 70 MPa pressure. By
comparing temperature profiles between the circular and elliptical cases, it can be
concluded that under the lower storage pressure (10 MPa) and larger orifice area (A=19
63 mnf), the differences betweehe highest peaf temperature ithe elliptic casevith

larger aspect ratio and its circular counterpart is clearly larger than the cases with the 70
MPa pressure, however, this difference is not significant for the smaller Ax@a §

mn?). In all cases, circular jets experience a higher value of hot temperature compared to
their equivalent elliptic jets. The temperature gradient is not affected by using different

shapes of orifices.
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Fig. 4.24 Flow characteristicsalong thecenterlineat different times, elliptical orifice

(AR=4), Area=08 mnf, P=10 MPa
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(AR=1), Area=1963 mni, P=10 MPa

71



Mach Number

Pressure(Pa)

1
45F — AR=4_1=0.6,8 : ‘[ [ { [ i
— — — AR=4_t=1ps L P! ] |
4 ——— AR=4_1=3)s 3 [ !
F AR=4_1=5}:5 0.8} o ' ]
a5k — — — AR=4_t=10ps | h :
g A e | L | |
3 F pd .-i-o-l I | | ,
[ r II @ 0.6 : | [
2 | [
2.5 1 g ! J
‘ 8 4l 0o
2 Q04 i ‘- lj
15 < T |
- [
1F 0.2 ! ! i :
: * (! . |
0.5 F [ |
E= L [ R ) UI L J} L Lj 1 1 J/l L1 I
3 S.008 0 oz.(oos) 0.01 0.015
- m
b) CenterlineConcentration
1E+07 —
' [ \~.\ N\ \\\' ——— AR=4_1=0.6ps b ——.— AR=4_1=0.6%
\‘\7\5‘ — — — AR=4_t=1ps 2000 — 1 | — — — AR=4_t=1us
| N = I o A
BE+06 - \ \ A I !i.'\ — :2::_::?535
\ L i -
Z\ l
1500 i
SE+06 - S 1i8
+06 g 3 ] !\
L E L :!I 1 ‘ |
& [ | !
f 81000 - !!' I' | \ \
4E+06 - X £ L I i \
[ N A r\
N » 0o \ A
2E+06 |- A soo T TR \ / \
I Y P [N
\ \/ \\ N ’"‘%J.—l_- - J /f j;
A T INRT | WP o SV ST R T
-0.016  -0.01  -0,005 0.005 001 0015  _0008 0 0.005 0.01 0.015
Z Z(m)
c) CenterlinePressue d) CenterlineTemperature
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4.4.2 The contact surface pressuralong the centerline

The pressure ratio of the storage tank to the ambient air affects the expansion of the
contact surface pressure and the depressurization of the flow. So in this section, the
expansion process the contact surface pressure alongdésterlinefor both elliptical

and circular orifices under the pressure ratio of 10 MPa is investigated.

As it was observed from the 70 MPa cases and also in this section from the 10 MPa
storage pressure, the @adt which the pressure at the contact surface decays depends on
the dimension and geometry of the orifice. As it is shown in Fig.-Bi§24.34, the
hydrogen jets issuing from an elliptic orifice with the higher aspect ratio experiences a
rapid expansiortompared to thget from anelliptic orifice with the lower aspect ratio

and also its circular counterpart. The temporal pressure gradients for different shapes of
orifices are almost equal and are not affected. The hydrogen jet issuing from an elliptic
orifice expands sooner than the jet from the standard circular orifice, nevertheless it does
not expand faster and they have the same expansion rate. Although the expansion process

is affected by the shape of the orifice, the depressurization is similar tredsame area.

Compared to the jet expansion from a 70 MPa tarkidmporal pressure gradiennist

affected by lowering the pressure ratio, but due to the lower pressurized tank, the contact
surface pressure decreases to the ambient pressuredrratsh t i me. At t =10 ¢
jet from the orifice with the area of 0.8 rithas the contact surface pressof P=0.3

MPa along the centiame but this value under 70 MPa pressure is P=0.6 MPa.

A steeperslopeof the contact surface pressure as a foncof time forthe smallhole

compared to the larger orifice confirms that the jet issuing tla@rbighole experience a
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less pronounced expansion and more gradual depressurization which results in a lower
temperature diffusion and higher temperatur@i@sl These characteristics with the large

orifices can intensify the auignition possibility.
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Fig. 4.32: Contact Surface pressure versus time along the centerline, fixed orifices

(circular & elliptical), Area=0.8 mm, Preservoir=10 MPa
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Chapter 5

HYDROGEN RELEASE FROM ENLARGING

ORIFICES

Owing to the deformation of thexit hole during the hydrogen release in some real
situations, the moving mesh is applied to expand the orifices through three feasible
scenams. In this section, firstlythe results related to the expansiminsmall circular

holes with the uniform and equal growth rates which are imposed from the beginning of
the simulation (t=0) are presented for two different initial orifice sizes, secaotialy,
aforementioned caseme evaluated when the orifictarts movingafter a release of
hydrogenwith a uniform and constargpeed. Finally, the deformatiaf a small circular

orifice to an elliptical one started from the beginning of the simulation amalyzed. In

each section, the comparative study between the hydrogen releases from expanding

orifices and their equivalent fixed orifices is carried out.

5.1 Expanding orifices with a uniform radial speed imposed from t=0

In this study, a release hole withsaall circular area is expanding into a larger circular

hole. It is assumed that the release holentargedirom the beginning of the simulation

(t=0), i.e. before the hydrogen/air interface reaches the exit of the nozzle. The radial
growth rates in altasesn both x and y directionare similar and equal to 200 m/s or 0.2

mm/ €¢s which are i mposed based on the prede
initial orifice diameters of 1mm and 2mm under two filling pressures of 10 MPa and 70
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MPa are eamined. The two dimensional mesh slices of the expanding release hole with
aninitial diameter of 2 mm before the mesh deformation at t=0 and at two varying times
(t=5 €€s & t=10 ¢€5s) after dischargiAsg t he
stated previously, the computational domain consists of both moving anthoning

sections, so the boundary motion only considered for the release tube and does not

influence the rest of the domain.
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Fig. 5.1: Two dimensional views of the expanding redcagle (=2 mm, v =0. 2 mm/ ¢

|l eft) cross sectional area, right) side vi
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5.1.1 Hydrogen release from 70 MPa reservoirs

The time histories of the contact surface location in both casesnitith diametes of
D=lmmand D=2 mm during the first 4 s of rel
recognized that the release time is not affected by applying moving mesh and it is similar
to the time of the release from the fixed orifice area. In all cases under the 70 MPa
pressure, the hydrogeni r i nterface reaches the exit
moving and fixed cases stamdslightly the same location from the exits; however, the
interfaces in fixeemesh cases are a little aheafdtheir counterparts in thexpanding

cases. Meanwhile, the contact surface of the jet escapingaftarger area has a steeper
slope which means it develops more rapidly into air relative to the interface &rom

smaller orifice.
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B : D=1mm, v=0.2 mm/.5
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Fig. 5.2: Contact surface location along the cerline as a function of time, expanding

and fixed orifices (B-1 mm and =2 mm)
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The time histories of the contact surface pressure along the centerline for enlarging
orifices and fixed orifices with two varying initial diameters are illustrated in FRy. 5.
Along the centerline of the jet, as hydrogen starts releasing from the nozzle, the contact
surface pressumelated to the expanding exit hole decays sharply and continuously to the
atmospheric pressure compared to the expansion of thedizentcontat surface
pressure in the fixed cases. Thmshaviorstarts from t=0, i.e., before the interface of the
hydrogenair leaves the nozzle. The stopf the pressure decay as a function of time is
steeper for the moving case in comparison to the fixed casertiheless the curves
converge at the same time after the exmansind they reacthe ambient pressure with

the same ratenladdition, the centkne pressureat the interface of hydrogen and air
releasing througla smaller area drops more sharply tlzlarger area and as a result, it
reaches the neambient pressure with the higher depressurizing rate. This pattern is

similar to the cases with the fixed holes (Fig. 4.14).

The evolution of the centerline Mach number, concentration, temperature asuar@refs
the hydrogen jet issuing from the expanding orifice with the initial diameter=@f Ibm
andthe storage pressure BE 70 MPa at different moments before and after discharging

are shown in Fig. 5.4.

By comparing the evolution of the flow from miayg orifices with the fixed orifice, it is
concluded that the locations of the contact surface and Mach disk do not change,
however, the shocks generated due to the release from the expanding hole is weaker than
those from the exit hole with a constantaarsince the cross sectional area of the nozzle

in moving case is larger than the fixed case at the same moment during the flow
expansion. This behavior can describe the bow shock as well.
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Fig. 5.3: Contact sirface pressure versus time along the centerlexpanding and fixed

orifices, (=1 mm and =2 mm), Riorage=70 MPa

Similar to the fixed cases, as the jet expands into the surrounding air, the high and low

peaks of the temperature along the jet cemieiixperience a steady decreassyever in

moving cases this decay occurred soofdre maximum hot air temperature along the

centerline is located in the release. Since the interface pressuréthe moving case

along the jet centerline decays sharply and more quickly compared to its equixalént

case, the temperature of the hotdownstream the interface stadscreasing sooner and

with the higher rate of decd6]. It is noticed, at the release time, both cases have

practically the same value of temperature peak, but after dischafdnyglrogen jet and

during the expansi on

(at t =1

€s),

S

decays faster; it has a lower peak of temperature compared to the fixed orifice.
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Fig. 5.4: Flow characteristicalong thecenterlineat different times, enlarging orifice,

Di=2mm, P=70 MPa
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5.1.2 Hydrogen release from 10 MPa reservoirs

As itis illustrated in Fig. 5.5, theont act sur f ac ¢the exitofthemozile s st

for both fixed and moving orifices with differentoss sectional area. From these results

and previous ones, it can be concluded that the location of the species interface in the

early stage of the release is not affected by changing the orifice geometrical layout and it

is only a function of storage pge, however, it can differ far from the exit, as it is seen

for orifices with 2 mm diameter.

0.006

D=1mm, fixed mesh
D=1mm, v=0.2mm/p.s
D=2mm, v=0.2mm/p.s

D=2mm, fixed mesh

0.002 i

Contact Surface Location{m)

SN EEEE NN RN
0 1E-06 2E-06 3E-06 4E-06 HE-06
Time(s)

Fig. 5.5: The comparison of the contact surface locations as a function of time between

the cases with expanding and fixed orifices=(Dmm and =2 mm), Riorage=10 MPa

Under the lower storage pressure of P=10 MPa, akin to the expanding results from 70
MPa pressure, the expansion of the jet ftbmenlarging orifica is significantly higher
than the pressure drop from the fixed cases. As reported in BjghB. contact surface

pressure iriheexpanding cases starts decaying instantly even before the interface reaches
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the exit especially in the case with the smaller initial diameter,=fr®m. In contrast of

the 70 MPa results, the depressurization proisesst similar between fixed and moving

cases withalower pressure.

4E+06

D=1mm, fixed mesh
D=1mm, v=0.2mm/us
D=2mm, v=0.2mm/us
D=2mm, fixed mesh

3E+06 [

2E+06 [-4

Pressure(Pa)

1E+06 [

. N
2E-06 3E-06

Time(s)
Fig. 5.6: Contact Surface pressure versus time alongémerlinefor expanding and

fixed orifices, (=1 mm and =2 mm), Rioragee10 MPa

5.2 Expanding orifices with a uniform radial speed effective after the

release

The aim of this study is to investigate what happens if the orifice starts enlarging once the
hydrogenair interface reaches the exit of the nozzle. So instead of considering the
expanding of the release tube from the beginning of the simulation, it is assumed that
during the initial period of discharging of hydrogen at which the contact surface is still in
thetube, the dimensions of the orifice are fixed and constant, but as soon as the contact

surface is at the location of the exit hole that is at the release time, the boundary domain
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of the orifice starts enlarging with a uniform radial speed of v=200 mésjaivalently
v=0.2mm/ ¢ s. Thi s e v aHeamuptireteass lcydrogendronetdeiretetise

tube more accurately based on the real scenario.

In order to compare the results obtained in this section with the fixed cases, the CFL
number is defing akin to the fixed case. As it was studied in previous sections, the
hydrogenair interface in the case with the filling pressure of P=70 MPa leaves the exit
hole at t=0.6 =¢s, while this time for 10
beforether el ease time, the mesh is fixed and d
(for the cases with the pressure of 70MPa)
10 MPa) and greater than those, the boundary of the release tube starts moving in both

the x and y directions uniformly with the rate agf0x2Zmm/ ¢ s .

The contact surface pressures versus time for orifices with initial diameterslofriin

and D=2 mm under the storage pressure of 70 MPa are compared with their counterparts
in the case thathe hole is expanding from t=0 and for the fixed orifices. Results are
shown in Fig. 5.7 and Fig. 5.8. In addition, the obtained results under the tank pressure of
10 MPa are presented in Fig. 5.9 and Fig. 5.10. It is noticed that if the orifice starts
enlargingwhenthe contact surface reaches the exit of the nozzle, the pressure along the
centerline decreases slowly compared to the cases at which the orifice deforms when the
interface of the hydrogeair is in the middle of the release tube. By compaitimg
pressure expansion in this scenario with that from the fixed orifice area, it is concluded
that the interface pressure decays with virtually a similar pattern as the fixed case and
there is no difference in terms of pressure gradient and expansioy dhei release of

hydrogen into air; however, the depressurization for the expanding case occurs slightly
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sooner compared tthe fixed case. Hencehe study of discharge of hydrogen froma
pressurized tank through the fixed orifice can accurgbeddict the behaviorof the
hydrogen dispersion and even the possibility of the-ayrtidion in the vicinity of the

release exit.

By comparing the jet characteristics from the moving orifice with the initial diameter of
Di=2 mm which is shown in Fig. 5.11, witheir equivalents from the fixed orifice (Fig.

4.8), it can be recognized that theljehavioris not affected by applying the deformation

of the orifice at the release time. The temperature profile and the highest peak of the
temperature at various timafter the release of hydrogen present the same values as the

fixed case. This condition also exists for the Mach number and the pressure profiles.
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Fig. 5.7: The comparison of the contact surface pressures aloncgtiiterlinebetween

expanding orites (startedatt=06 e€s & t =0) amrEdmn, P=x@®&MPa)or i f i c

Fig. 5.8: The comparison of the contact surface pressures along the centerline between

expanding orifices (startedi=ammP=FOMPE) s &
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