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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 of a high-pressure hydrogen release into the quiescent ambient air through
different types of orifices. The effect of orifice geometry on the structure, development
and dispersion of highly under-expanded hydrogen jet is numerically investigated.
Various shapes 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
release time, as well as the deformation of a circular hole to an elliptical hole. A three-
dimensional in-house parallel code is exploited to simulate the flow using an unstructured
tetrahedral finite volume Euler solver. The transport (advection) equation is applied to
track the shape and the location of the hydrogen - air interface. The Abel-Nobel real gas
law is used since high-pressure hydrogen flow deviates from the ideal gas assumption.
Comparative studies between the dispersion of hydrogen jet issuing from different 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 development which 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

In today’s world, concerns about global warming and climate change along with growing
universal needs for energy, urge the demand for sustainable sources of energy to reduce

Greenhouse Gas (GHG) and CO; emissions.

Carbone dioxide (CO,) is the primary greenhouse gas which accounts for global warming

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

It is obviously seen that the concentrations of CO; in the atmosphere have been steadily
rising year by year. The current level of atmospheric CO, is 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
economy into an alternative energy economy, CO, emissions can be reduced back to the

safe level of 350 ppm.

The transportation sector is one of the significant sources of CO, emissions and currently
responsible for approximately 20 percent of carbon dioxide emissions [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 time. Hence, the only way to curb this



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

with emission-free alternative fuels such as hydrogen.
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Fig. 1.1: Annual mean atmospheric CO, concentration since 1958 (NOAA-ESRL 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 be considered as an energy carrier and not an energy source. Hydrogen 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 decomposition and electrolysis of water using



renewable electricity or nuclear power. Therefore, the total CO, emissions of hydrogen

depend directly on the method of manufacture.

Hydrogen and electricity are the two competing future energy carriers for the
transportation 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
electric and 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 of FCVs over BEVs are faster refueling (less than five minutes not
the hours needed for BEVs) and longer range which make them to be suited for a larger
car segment including buses; however, BEVs are appropriate for short range application
and the small size segment. 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 transportation 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 contains the same amount of energy as 2.1 kg of natural
gas or 2.8 kg of gasoline; however, the volumetric energy density for the LH; is about 1/4

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



contains less energy 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 decrease the size 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 compared to GH,, liquefaction
process and required materials for insulating the tanks are very expensive. In hydrid
form, as a chemical storage system, some of metal characteristics make them to release
hydrogen gas at relatively high temperature (390K-470K) and low pressure. 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 gas. Hence, storing hydrogen as a compressed
gas can be considered as the most probable solution in the short term 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 developed. However, 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 a wide flammability range in air mixtures (4-74%) and low energy ignition
(0.02 mJ). In addition, it has low viscosity and small molecular weight that make it
release easily. Its high buoyancy and diffusivity (compared to other fuel gas) make it rise

rapidly and dilute into a non-flammable 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 can make a significant
flammable gas cloud. Consequently, to ensure that the widespread use of hydrogen can
happen with the low associated risk, its cloud dispersion behavior and ignition possibility
in case of an incident release must be better quantified. This evaluation will help the

development of hydrogen safety codes 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 a fuel. CFD 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 quiescent ambient air and the behavior of a

corresponding near exit jet are investigated using a parallel in-house code.

Owing to the lack of study of hydrogen dispersion and its auto-ignition 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 development of
hydrogen jet issuing from different types of release exits. This analysis and obtained
results then will be used as an input data for investigation of auto-ignition possibility in
future work. Hence, the scope of this work is limited to the near field flow at which the

influence of orifice shape and occurrence of auto-ignition are dominant.



1.5 Objectives of this study

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

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

» Study the gas release through the enlarging orifice with the uniform radial growth
rate of v= 200 m/s or 0.2 mm/us. In this scenario, a small circular aperture is
enlarged into a larger circular hole before the escaping of hydrogen into air at
which the hydrogen-air interface is in the nozzle (t=0). Then the results are
compared with their fixed circular counterparts.

» 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 pressurized vessel, the orifice starts moving with
the same expansion rate as a second scenario.

» Study the effect of the time-dependent deformation of a circular orifice to an
elliptic orifice on the accidental release of hydrogen. In this case, a small circular
hole is stretched into an elliptical orifice, while the minor axis of the elliptic

preserves its initial length.



1.6 Methodology of work

To fulfill the aforementioned objectives, a three-dimensional in-house code is exploited
using the Message Passing Interface (MPI) 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 viscous effects in strongly under-expanded
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 hydrogen-air 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 orders in time and space, respectively. Convective fluxes are
evaluated using Roe-MUSCL scheme. To avoid the numerical instabilities which are
generated near the shock or discontinuity regions, the Van Leer-Van Albada limiter is

applied.

To simulate the expanding release 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 iterative 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 non-axisymmetric nozzles have
been extensively studied and described in a number of references in the literature [4-10];
however, due to the specific characteristics of hydrogen and a difference in the propensity
of ignition between hydrogen and non-hydrogen gases, complete study of the hydrogen
jet formation and dispersion is essential. In contrast of a large amount of work exists in
the literature related to the hydrogen jet, there is a lack of experimental and numerical
studies of highly under-expanded hydrogen jets issuing from irregular orifices as a result
of sudden releases from high-pressure tanks 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 geometry of the orifice and the nature of the gas. If the stagnation
pressure in the tank is larger than ambient pressure, a supersonic under-expanded free jet
forms. A schematic of an under-expanded 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 propagation of the
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 shock forms. The
discontinuities including barrel shock, reflected shock and Mach disk are connected at the

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

The structure of the non-axisymmetric under-expanded 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 non-axisymmetric jet differs between the two
symmetry planes of the nozzle. Owing 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 major axis. [5-6]
performed an experimental 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
ratio, 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 switching
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 be a result of the
interactions between the expansion and compression waves and the jet boundary;
however, in the subsonic jets is driven by the vortex self-induction [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 greater than 5.5. The results show that a non-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 axis-switching 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

location downstream.

1.8 Literature Review

The accidental release of hydrogen from high pressure reservoirs into the low pressure
surrounding results in the formation of underexpanded jets and can lead to the auto-
ignition or to the dispersion of a hydrogen cloud. Investigation of hydrogen dispersion is
reported in various numerical and experimental studies. Some studies have focused on

the calculation of the hydrogen concentration and its relation to dimensions of the
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circular exit [13] [14]. Han et al. [15] studied the concentration distribution and the mass
flux of hydrogen released from a pressurized tank through the different hole sizes (less
than 1 mm) and storage pressures (less than 400 bar). They defined the dilution length of
a specific hydrogen mole fraction as a distance from the hole. The ideal gas law was
applied as the state equation. Results represented a consistent decrease of the centerline
hydrogen concentration and the dependency of mass reduction ratio on 1/d for different
storage pressures less than 400 bar. Penaeu et al. [16] investigated the release of hydrogen
from a 10 MPa pressurized tank through the circular nozzle into both hydrogen and
quiescent air. Development of the bow shock and the Mach disk was studied and
compared between a binary jet and a single-component jet.

The deviation of the hydrogen behavior from the ideal gas rises with increasing pressure
as shown by Mohamed et al. [17]. He used the Beattie—Bridgeman state equation to
describe specific heats, internal energy and speed of sound. Cheng et al. [18] simulated
the direct release of hydrogen from a 400 bar tank. The differences between the results
from the ideal gas law and the real gas law were presented. The Abel Nobel real gas law
was used. It was concluded, by applying the ideal gas law at this pressure, the hydrogen
mass flow rates were overestimated by 35% in the first 25 seconds of release. Real gas
results show a longer horizontal extent and larger volume hydrogen clouds which lead to
the incorrect estimation of clearance distance and hazardous zones. The Abel Nobel
equation of state was incorporated into the numerical simulation of hydrogen release
from higher tank pressure of 70 MPa. By comparing the corresponding results with the
results from the ideal gas simulation, it was concluded that applying the real gas law is

necessary for studying the discharging of hydrogen from a pressurized tank with storage
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pressure greater than 10 MPa and the Abel Nobel law provides an accurate calculation
[19]. Hence, in the current study, the Abel Nobel real gas law is applied due to the high
pressure storage of 70 MPa.

Other studies have focused on the evaluation of the ignition and the auto-ignition
possibility of the hydrogen release. Radulescu et al. [20-21], analyzed the effect of the
volumetric expansion on the ignition of high pressure hydrogen release in a diffusion
layer by applying the Lagrangian unsteady diffusion-reaction model. It was demonstrated
that the strong expansion can lessen the ignition possibility. Furthermore, it was shown
that for each storage pressure there exists a size of the hole that separates the non-ignition
region from the auto-ignition region. Many researches have been conducted to clarify the
effects of tube length and tube diameter on the auto-ignition possibility of the high-
pressure hydrogen release [22-25]. Golub V. et al. [22] investigated the hydrogen self-
ignition in tubes both numerically and experimentally. The effect of the shape of the
release tube on the self-ignition was analyzed. Two different shapes of the tube were
considered, circular and rectangular. In addition, the relation between the storage pressure
and the possibility of self-ignition was examined. It was shown that the auto-ignition in a
rectangular tube occurred at the lower pressure compared to its equivalent circular tube.
Yamada E. et al. [24-25] carried out a direct numerical simulation (DNS) with a detailed
chemical model to study the ignition of high pressure hydrogen (40 MPa) discharging
into air. By maintaining the same tube diameter of 4.8 mm, the effect of varying tube
lengths was evaluated. It was found that there is a relation between the length of the tube
and the auto-ignition. Longer tube provides the enough space for hydrogen and air to mix

better around the exit, and in turn, the higher possibility of the auto-ignition. Very
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detailed direct numerical simulation DNS which is made for smaller release pressures and
for longer release tubes, lead to the similar conclusions [27-28]. Furthermore, it was
recognized that longer tubes increase the ignition probability and for a higher release
pressure, an auto-ignition can occur inside the release tube. This effect is related to the
better mixing of hydrogen and air through the molecular diffusion.

In many of these studies Computational Fluid Dynamics (CFD) was used and it was
shown to be a powerful tool that provides a good agreement with experimental data [29];
But most of the studies about hydrogen safety issues were focused on the circular nozzles
and the development of hydrogen jet exiting from a standard round exit hole. Thus, in
this work, Computational Fluid Dynamics is applied to study the near exit jet as this is
the critical location for auto-ignition. The novelty of this work is that the influence of the
exit geometries including elliptical, expanding and circular on the jet behavior is
investigated. Although the study of the ignition of hydrogen jet is not the objective of this
work, the obtained results will be applied as an input data to investigate the possibility of

an auto-ignition and an ignition in the near exit jet in the future.

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 discussion on 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 partitioning the 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 simulate the pressurized hydrogen release into

air.

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

compared.

In chapter 5, the various 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 for future 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 space and time and the numerical flux calculations.

2.1 Unsteady Compressible Euler Equations

Abrupt discharging of hydrogen from a high pressure tank into a low pressure quiescent
environment causes a highly underexpanded jet. So in this 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 high-gradient
regions such as shock waves and vorticity layers which are not developed at the initial
stage of the formation of highly under-expanded 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 equations in conservative 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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Where the vector of conserved variables, U , and convective fluxes, F are defined by

p pu pv pw
puf / pu?+P|| pvu pwu

g=|pv|F=|]| puww ||pv?+P pwv (2.2)
pw puw pvw ||pw?+ P
pE l puH J l pvH J l pwH J)

Where u, v and w are the fluid velocity along the x, y and z Cartesian coordinates, p is
the density and P represents the pressure. The total energy in terms of internal energy and

kinetic energy, E, and the total enthalpy, H, are given by:

1
E=¢+ E(u2 +v2 + w?) (2.3)

P
H=E+ (2.4)

The internal energy can be calculated by the following equation.

e;=c,T (2.5)

And the vector of primitive variables is W=

vTsE QT

Since a dynamic mesh algorithm 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 coordinates for a time-dependent system, the modified conservative

fluxes in the Euler equations will be as follows:

plu—wy) [ PO=W) I pw-w)
. [ pP(u —w)u+P | p(v —wy)u p(w—w,)u
F=|]| pu—w)v |[|p—w)v+P p(w —w,)v (2.6)
\ pau-wow || pw-ww || pw—ww+P
p(u—w)E +uPl|pw - wy)E + vP| p(w —w,)E + wp]

Where wy, w,,, w, 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
velocities are not considered and the cell volume is not time-dependant. 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 following sections.

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

written as:

— —
urtt - ot

Vil ———+ Z F33L. fgy, ASay, = 0 (2.7)

over dV;

Where ﬁavi is the unit normal vector and ASyy, 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 expansion, the discretized

implicit scheme of the Euler equations can be written in the following form:

Vil 3 oF - 3
Wiz, Z T Ry S,y |sUr = - Z BN fiy ASsy. (28)
At aU L L I3 L i

over dV; v, over dV;
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Where V; is the cell volume and for the fixed mesh it is constant. is the conservative

[ )
Ql| T

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

respectively.

Convective fluxes, ﬁg‘vi, are evaluated using Roe-MUSCL scheme. This method is among

the most efficient schemes to calculate the convective fluxes at the boundaries especially

for the Euler simulations. The second order Roe-MUSCL scheme is written as follows

1
F; | °F(Uy) + °F(Uy)] - S 0°Fy (2.9)

N =

j =

Where the interface values related to adjacent cells are evaluated using the linear

extrapolation as

1 S

1 )

In which (VU); and (VU); are the gradients of variables in cell I and cell J.

And the change in the flux is given by

Where
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The GMRES iterative solver is used to solve the linearized system of Euler equations

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

2.2 VanLeer-Van Albada limiter

To avoid the oscillations generated near the shock or discontinuity regions, the Van Leer-
Van Albada limiter is applied to limit the variable values and take the gradient of the
interpolation by a function f (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 accuracy to prohibit the numerical instabilities in these regions.

The VanLeer-VanAlbada limiter is written as

0 if xy <0
fOooy) = 2 +ex+ x*+e)y (2.14)
else
x%+y?+2¢

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 temperature. The ideal gas law is approximately accurate
at low pressure and cannot precisely predict the solution of a highly under-expanded jet
under the high storage pressure like P;=70MPa [17] [18] [19] [27] [32] [33] [35] [36] [37]
[38] [39]. Hence, in this study owing to the high pressure flow (P;=70MPa), the Abel
Nobel 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 Beattie-Bridgeman 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

Rmix

P=w-b

= (1= bp) pRyixT = {pRymixT, b = 0.00775 m3/kg (2.15)

Where R,y is the average value of the gas constant for the hydrogen-air mixture and it is
calculated from equation (2.20). { is the compressibility factor which is a function of
density in the real gas model, however it equals to one 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 the ideal 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
1.6 —|deal Gas /
1.5 —Real Gas /

1:2 /
1.1 /
_//-

‘I =
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 sound based on the Abel Nobel real gas law can be written as

L O 2.16
a= o [ZPE-b) (2.16)

Where specific heat at constant volume based on the Abel Nobel equation of state equals

to its equivalent value in the ideal gas law (C,) and specific heat at constant pressure can

be found by the equation (2.17)
C, =G, (2.17)
C,=R-C, (2.18)

Hence, the specific heat ratio in the Abel Nobel equation is the same as the ideal gas law
and can be assumed constant. Furthermore, the isentropic exponents, y, of hydrogen and
air during the simulation are constant and equal to their initial values (y =1.4) at the initial

temperature 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

dc  d(cu) N a(cv) N d(ew) 0

— 2.1
Jt d0x dy 0z (219

Where ¢ is a step function and it is called fraction function. A unit value of fraction
function (¢ = 1) corresponds to a cell occupied only by air and a zero value (c = 0)

indicates a cell full of hydrogen. The fraction functions between zero and one (0 < ¢ <
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1) indicate the discontinuity region and shows the cell contains the interface between
hydrogen and air. Hence, based on the local value of c, 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 linear system 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 constant, R, for the

hydrogen-air mixture is solved from the following equation
Rmix = Ry, (1 —¢) + Ry (2.20)

Given the molecular weights of hydrogen and air which are My, = 2.016 g/mol and
Mair = 28.96 g/mol, their specific gas constants will be Ry, = 4124 J/kgK and

R,ir = 287 ] /kgK respectively. The specific gas constants of both gases maintain their

initial values during the simulation.

By applying the dynamic mesh and using the relative velocities between fluid and

moving coordinates, the advection equation will be modified and re-written as

dc n a(C(u - Wx)) + a(C(U - Wy)) + a(C(W - Wz)) —

— 2.21
at 0x dy dz 0 ( )

Where w,, w,,, w, 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 method, each edge
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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 increases, so, the short edges 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 stiffness of the edge connecting nodes I and j in three dimensional mesh can be

defined as

1 1
K;;: = — (2.22)

K A
((xi —xj)2 +(yi—y,-)2+ (Zi—Zj)Z) s

Where (x;,y;,2;) and (x;,y;, z;) are the coordinates of nodes i and ;. 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 equilibrium for the interior displacements by imposing the motion on

the boundary nodes, the following equations are solved iteratively

n m
me1 _ 2 KijAx)

Axmtt ==L T 2.23
27 KijAy"
AymHt =2l 2.24

Where n refers to all the nodes connected to the node i, and m denotes the number of

iterations.
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After convergences of the equations (2.23) and (2.24), the positions of the interior nodes

at the next time step will be updated as follows
X = al + Ax, (2.25)
vt =yl + by, (2.26)

Since our models consist of both moving and non-moving regions, the spring method is
only influenced the moving section by defining the conditions of their respective nodes

and cells.
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Chapter 3

NUMERICAL SIMULATION

A 3D parallel 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
storage 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 pressure is considered to evaluate the dispersion of hydrogen in the case of 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 shown in Fig. 3.1. 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 gas at the high pressure and a 2mm straight nozzle leading
to the exit at the ambient pressure with the dimensions of 100 mm % 100 mm (20Djargest
orifice). 10 examine the influence of orifice geometry on the jet behavior and the ignition
possibility, three different shapes of orifices are considered including fixed circular, fixed

elliptic and expanding exits.

GAMBIT is used as the pre-processing software to generate the mesh. Since our in-house

code uses tetrahedral elements/volumes, the mathematical domain 1s discretized into an
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unstructured tetrahedral mesh. The discretized domain contains almost 2 million nodes
and 12 million 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 increases with
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 with a sudden increase
in grid size and also it results in the reduction of the CPU time and in turn, 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 utilized 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 parallel-computing
cluster) and Mammouth-parallel II (located at the Universit¢ de Sherbrooke)
supercomputers. The computational domains are decomposed into 64 partitions using the

Cirrus cluster and into 120 subdomains using the Mammouth-parallel II cluster.

To study the model sensitivity to grid resolution, three different grid 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. The results of the grid sensitivity

study will be shown in chapter 4.
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3.1.1 Orifices with the constant areas: Fixed Elliptical and Circular 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 varying elliptical 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). In these cases, the
elliptical orifice can be regarded as a model of a crack. The major axes in all elliptical
cases are perpendicular to the axial axes of the pressurized tanks. The dimensions of all
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=1, AR=4 and AR=6 and the

identical area of A=19.63 mm? are depicted in Fig. 3.3.

10 mne 12.25 mm

Fig. 3.3: Cross sectional surfaces of the varying shapes of orifices (A=19.63 mm’)
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Table 3.1: The dimensions of different types of orifices

Area (A) =0. 8 (mm?)

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 2 245 0.41 6
Area (A) =3. 14 (mm”®)
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 (mm?)
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 diameters of Di=1 mm and D;=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
radial direction is 0.2 mm/us, nevertheless, this rate in a case that a circular hole is
stretched into an elliptical orifice only limited to the y-direction velocities of the
boundary nodes. The boundary nodes move along the normal surface direction (radial
axis) with the proposed speed based on the spring analogy. 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 cross sectional area of the release tube, the dimensions of
the domain containing pressurized tank and low-pressure domain along with the length of

the release tube are preserved in all cases.

3.2 Boundary and Initial Conditions

As stated before, the viscosity effect and 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 condition 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 on the 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 MPa or 70 MPa and the rest with air at the
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atmospheric pressure (0.101325 MPa). The initial temperature 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 are presented 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 isentropic exponent () 1.4
Molecular mass of hydrogen (My, ) 2.016 g/mol
Molecular mass of air (M) 28.96 g/mol

3.3 Time Step Calculation

Owing to the rapid changes of flow characteristics in regions with discontinuities like
shock waves and applying the first order implicit scheme for time discretization along
with high level grid resolution, a very small time step (10°-10"°) is required to achieve

the stable and accurate solutions.
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The time step at each iteration is the minimum value 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

CFL
At;

=—— Al (3.1)
] aj+ |V]| ]

Where q; is the speed of sound which is calculated from equation (2-16), |V;| is the flow
velocity at element j and Al; 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 jet is very time-consuming.

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 augmented with a rate of 0.001 at each

time iteration to reach the maximum CFL which in this case 1s defined as 0.8.

The initial and maximum CFL numbers of moving cases are defined as 0.3 and 5
respectively but the increment step is lower than the fixed cases and is set to 0.0002 at

each iteration.

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

initial time step is about 10719,
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Chapter 4

HYDROGEN RELEASE FROM FIXED ORIFICES:

ELLIPTICAL AND CIRCULAR HOLES

In this chapter, 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 pressure are carried
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 jet behavior are quantified. The obtained results are compared 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 grid sensitivity study for the case with an area of 19.63 mm? and 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 characteristics along 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 spatial 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 million-node 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 with the coarse mesh (Fig. 4.2).
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Fig. 4.1: Grid convergence study: contact surface pressure along the 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 and auto-ignition are dominant in the
near field flow and diminish in the far field, this study focuses on the near exit jet

behavior. Therefore, mainly the initial 10 ps of hydrogen dispersion are examined.

Owing to the existence of two different species (hydrogen and air) with their specific
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. To evaluate the release
time and to compare the locations of the hydrogen-air interfaces between the jets starting
from varying shapes of orifices with different areas, the time histories of the contact
surface location along the jet centerline for all cases under initial storage pressure of 70
MPa and 10 MPa up to 10 ps of hydrogen release are presented in Fig. 4.3 and Fig. 4.4,
respectively. It should be pointed out that the release time refers to the specific time at
which the hydrogen-air contact surface that 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 and even various areas under the same storage pressure of 70 MPa
and it equals to t=0.6 ps. The contact surface locations corresponding to varying
geometries of orifices including elliptic and circular holes with an equal area are virtually

the same up to 2.0ps.
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Fig. 4.3: Contact surface locations as a function of time, fixed orifices, P=70MPa

After 2.0 ps, the interface location differs by changing the orifice area. It is observed that
the slope of the curve related to the largest area is higher than the others which indicates
that a jet issuing from the larger area moves faster into air and its contact surface is ahead
of the others. For instance, the hydrogen-air interface at t=10 ps in the case with the area
of 19.62 mm” progresses into air with the velocity of 1100 m/s or 1.1 mm/ ps, but in the
cases with the smaller areas of 3.14 mm? and 0.8 mmz, the interfaces advance with lower
speeds of 0.9 mm/ ps and 0.75 mm/ ps, respectively. The interface positions of elliptic
and circular jets are slightly the same, nevertheless for the largest orifice area (A=19.63
mm?), 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
hydrogen-air interfaces between varying types of orifices. As it is shown in Fig. 4.4, the
moment at which the contact surface locations start to separate is practically 3.0 ps which
has a delay compared to 70 MPa jets. As a result, the corresponding release time in all
cases with 10 MPa storage pressure is almost 1us. Similar to the 70 MPa cases, by
increasing the orifice area, the related interface location still advances 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 pressure of 10 MPa, since it experiences a higher

jet velocity.

38



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, pressure and
density for the circular and 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. 4.5-Fig. 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 pressure. Then, 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 jet leaves the tube. 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 ambient air. 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 the nozzle. The 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 reaches the hypersonic velocity. At the end of the
expansion of the jet where the flow has the maximum Mach number, 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 be recovered 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 continuously. After 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 increase. At the hydrogen-air interface, the temperature profile
experiences a discontinuity in 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 the lead 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 peak values 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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Fig. 4.9: Flow characteristics along the centerline at different times, elliptical orifice
(AR=4), Area=3. 14 mm’, P=70 MPa
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Fig. 4.11: Flow characteristics along the centerline at different times, circular orifice

(AR=1), Area=19. 63 mm’, P=70 MPa
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Fig. 4.12: Flow characteristics along the centerline at different times, elliptical orifice

(AR=4), Area=19. 63 mm’, P=70 MPa
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Fig. 4.13: Flow characteristics along the centerline at different times, elliptical orifice

(AR=6), Area=19. 63 mm’, P=70 MPa
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By comparing the jet characteristics along the centerline of different shapes of orifices
with the same area, it is concluded that centerline pressure and density are slightly
affected by using different geometries of holes, however the strength of 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 air-hydrogen
contact surface do not change with varying 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 grows but it is insignificant for the orifices with the

smaller area.

The hot temperature of air downstream of the hydrogen-air interface is one of the
important parameters that affect the auto-ignition process [20] [23]. To evaluate the
highest peaks of the temperature 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 temperature occurs in the pressurized
vessel, before the release of hydrogen at which the hydrogen-air contact surface reaches
the exit (t<0.6 ps), however, the exact time that the compressed air experiences the
highest temperature differs from case to case. After the leakage of hydrogen into air and
during the flow expansion, the maximum peak of the temperature starts decaying to the
lower value which proves that the highest possibility of auto-ignition occurs in the early
stage of the hydrogen release, however, the other factors such as the storage pressure, jet
velocity and the rate of flow expansion can affect the auto-ignition process. At the release

time (t=0.6 ps) and during the expansion, the highest peaks of temperature profiles for the
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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 the cases with smaller cross sectional
area (A=0.8 mm?), 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 mm? is almost 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. 4.11-Fig. 4.13, the high temperature peaks during the expansion
from the orifice with the area of A=19. 63 mm?” for both elliptic and circular jets decrease
at a lower rate and maintain their highest hot temperature for a longer time compared to
those from the smaller orifice areas such as A=0. 8 mm” and A=3. 14 mm” (Fig. 4.5- Fig.

4.10)[36].

4.3.2 Contact surface pressure along the centerline

One of the important parameters to 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 expansion [21]. Therefore, the centreline
pressures as a function of time on the contact surface for both circular and elliptical exits
with different diameters are compared together up to a time of 10 ps. To evaluate the
interactions between an orifice area, the dimensions 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. 4.14-Fig. 4.16.

Considering all cases, the contact surface pressure decays with time until reaching the
ambient pressure. For a given area by increasing the aspect ratio of a release hole, contact
surface pressure expands more rapidly in the vicinity of the exit hole where a significant
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pressure drop is achieved. This behavior can be negligible for the smallest area of the exit
hole (Area=0. 8 mm?), while it is crucial for a larger orifice size (Area=19. 63 mm?) [37].
In other words, the elliptical jet escaping from a small hole behaves the same as its
comparable circular jet. However, 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 mm?, the contact surface pressure in the case of elliptic jet
drops faster than its comparable circular jet. However, there is a slight change between
the pressure expansions through two varying elliptic orifices; the more elongated case
shows the higher expansion with virtually the same expansion rate. Although the slope of
the pressure-time curve is not affected by applying different shapes of orifices with an
identical area, it differs by changing the orifice area that a smaller area presents the
steeper slope and a higher rate of pressure drop. In addition, by preserving the orifice
geometry and decreasing its area, it is concluded that a smaller release hole has a more
pronounced expansion and a steeper slope which cause the hydrogen jet reaches the
ambient pressure faster and sooner. It can be recognized that the contact surface pressures
for different orifice layouts at t=10 ps in the case with the smaller orifice area (A=0.8
mm®) are virtually the same and the value practically equals to P=0. 6 MPa, however, this
value in the case with the area of A=3.14 mm” is almost P=1 MPa and in the case with
the largest area of A=19.63 mm” is about P=2.5 MPa. So there is a rapid depressurization
for the jet issuing from the hole with a smaller area but elliptic and circular jets starting
from the hole with an identical area are depressurized and reached the ambient pressure at

the same time.
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In order to accurately evaluate the expansion of the contact surface pressure along the
centerline, the contours of the pressure and the concentration in the case of the round
orifice with the area of A= 19.63 mm? at different times during the release of hydrogen
into the air are illustrated in Fig. 4.17. As indicted, between t=0.8 ps and t= 2 ps, the
contact surface pressure on the centerline does not change significantly and a pressure
drop during this initial period of discharging of the interface from an exit is infinitesimal.

As a result, the plateau appears in the contact surface pressure curve, which is longer for
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a circular jet compared to an elliptic jet. After, t=2 ps, the pressure expands more quickly

which can be understood from both Fig. 4.16 and Fig. 4.17 (d).
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The distribution of the concentration, temperature and Mach number after 10 micro
seconds for circular and elliptical (AR=4) orifices with the equivalent area of A=3.14

mm? are presented in Fig. 4.18-Fig. 4.20.

By comparing Mach numbers and concentrations along the minor and major axes, it is
understood that the change in the orifice 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 plane and, 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 the non-uniform curvature

variation of the elliptic orifice [38].

The higher spreading rate along the minor axis plane results in the axis switching
phenomena which is recognized in the elliptic jets for both aspect ratios 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
different axial positions of z=5 mm and z=10 mm after 10 pus of release for both elliptic
and circular jets 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,
there is 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 investigated. Same as the
presented study in the previous section, the 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. 4.23-Fig. 4.31. 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 release time in the case of 10 MPa storage pressure is t=1 ps.
The hydrogen-air interfaces along the centerline for both elliptic 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 cases with the pressure of 70 MPa does not alter by changing the
shape of the orifice. However, as the aspect ratio of the elliptic orifice increases, the

Mach disk becomes weaker.

The temperature profiles before the time of release, at the release time and during the
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
us), however the maximum hot air temperature in the case of 10 MPa is much lower than

its equivalent value under 70 MPa pressure (about 1000 K).
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During the expansion, the hot air cools down and the highest peak temperature gradually
decreases along the centerline. The rate of decay of the highest temperature during the
expansion 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 mm?), the differences between the highest peak of temperature in the elliptic case with
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 area (A=0. 8
mm?). 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 characteristics along the centerline at different times, elliptical orifice

(AR=4), Area=0.8 mm’, P=10 MPa
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Fig. 4.25: Flow characteristics along the centerline at different times, elliptical orifice

(AR=6), Area=0.8 mm’, P=10 MPa
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Fig. 4.26: Flow characteristics along the centerline at different times, circular orifice

(AR=1), Area=3.14 mm’, P=10 MPa
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Fig. 4.27: Flow characteristics along the centerline at different times, elliptical orifice

(AR=4), Area=3.14 mm’, P=10 MPa

69



45F ——u— AR=6_1=0.619
i = ARbitis
af S AR=6_1=3ps
I AR=6_1=5/:s
; — — — AR=6_1=10.s
35F
g 3f
K] L
Sasf
Z°7F
g F
@ 2f
= |
15[
5 N,
" VLo
0.5 f \
-000 0.01 0.015
a) Centerline Mach Number
1E+07 —
[ — R AR=5_1=0.5,5
— — — AR=6_t=1ps
| ———- AR=6_1=3/s
L AR=6_1=5Ls
8E+06 T — — — AR=6_1=10.8
& BE+06 -
I
3
(1]
g
£ aEs0s -
2E+06 |-
Ll Y asasmn
-0.01 -0.005 0.005 0.01

c¢) Centerline Pressure

! T T ] /
1 % |
08l il [ '
! f
I !
c !
. |
b ] |
'E I I l
3 i ‘
g 0o :
o4l ! : !
< 1 r
! i
02 | ,l '| I IJ
i .
L Lo J]l I Jl TR ) ’/J T I T S
005 0 %.(oo.ri 0.01 0.015
m
b) Centerline Concentration
S AR=6_1=0.6)1s
2000 |- J\ — — —  AR=B_t=Tps
R ——e———- AR=6_1=3)s
i AR=6_1=5}is
L l — — — AR=6_1=10ys
|
hy
1500 - !!,‘
3 i
3 !!'I
3 iy
31000 i
g LI
it i
500 i l Lo JI \ [\\\
A | /
gl | —
L. I L 1 ‘:}‘{'i‘f‘ f"‘;—»—-L L ! \i/ L 1 I s
-0.005 0 0.005 0.01 0.015
Z(m)

d) Centerline Temperature

Fig. 4.28: Flow characteristics along the centerline at different times, elliptical orifice

(AR=6), Area=3.14 mm’, P=10 MPa
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Fig. 4.29: Flow characteristics along the centerline at different times, circular orifice

(AR=1), Area=19.63 mm’, P=10 MPa
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Fig. 4.30: Flow characteristics along the centerline at different times, elliptical orifice

(AR=4), Area=3.14 mm’, P=10 MPa
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Fig. 4.31: Flow characteristics along the centerline at different times, elliptical orifice

(AR=6), Area=19.63 mm’, P=10 MPa
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4.4.2 The contact surface pressure along 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 of the contact surface pressure along the centerline for 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 rate at which the pressure at the contact surface decays depends on
the dimension and geometry of the orifice. As it is shown in Fig. 4.32-Fig. 4.34, the
hydrogen jets issuing from an elliptic orifice with the higher aspect ratio experiences a
rapid expansion compared to the jet from an elliptic 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 under the same area.

Compared to the jet expansion from a 70 MPa tank, the temporal pressure gradient is not
affected by lowering the pressure ratio, but due to the lower pressurized tank, the contact
surface pressure decreases to the ambient pressure in a short time. At t=10 ps, the 10 MPa
jet from the orifice with the area of 0.8 mm? has the contact surface pressure of P=0.3

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

A steeper slope of the contact surface pressure as a function of time for the small hole

compared to the larger orifice confirms that the jet issuing from the big hole experience a
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less pronounced expansion and more gradual depressurization which results in a lower
temperature diffusion and higher temperature values. These characteristics with the large

orifices can intensify the auto-ignition 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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Fig. 4.33: Contact Surface pressure versus time along the centerline, fixed orifices

(circular & elliptical), Area=3.14 mm’, Proservoir =10 MPa
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Fig. 4.34: Contact Surface pressure versus time along the centerline, fixed orifices
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Chapter 5

HYDROGEN RELEASE FROM ENLARGING

ORIFICES

Owing to the deformation of the exit hole during the hydrogen release in some real
situations, the moving mesh is applied to expand the orifices through three feasible
scenarios. In this section, firstly, the results related to the expansion of small 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, secondly, the
aforementioned cases are evaluated when the orifice starts moving after a release of
hydrogen with a uniform and constant speed. Finally, the deformation of a small circular
orifice to an elliptical one started from the beginning of the simulation are analyzed. 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 with a small circular area is expanding into a larger circular
hole. It is assumed that the release hole is enlarged from 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 all cases in both x and y directions are similar and equal to 200 m/s or 0.2
mm/ps which are imposed based on the predefined velocities on the boundary grids. Two
initial orifice diameters of 1mm and 2mm under two filling pressures of 10 MPa and 70

78



MPa are examined. The two dimensional mesh slices of the expanding release hole with
an initial diameter of 2 mm before the mesh deformation at t=0 and at two varying times
(t=5 ps & t=10 ps) after discharging the hydrogen into air are illustrated in Fig. 5.1. As
stated previously, the computational domain consists of both moving and non-moving
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 release hole (D;=2mm, v=0.2mm/us),

left) cross sectional area, right) side view, a) t=0 (initial diameter), b) t=5 us, c) t=10 us
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5.1.1 Hydrogen release from 70 MPa reservoirs

The time histories of the contact surface location in both cases with initial diameters of
D=1 mm and D;=2 mm during the first 4 ps of release are compared in Fig. 5.2. It can be
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 hydrogen-air interface reaches the exit at t=0.6 ps. The interfaces in both
moving and fixed cases stand in slightly the same location from the exits; however, the
interfaces in fixed-mesh cases are a little ahead of their counterparts in the expanding
cases. Meanwhile, the contact surface of the jet escaping from a larger area has a steeper
slope which means it develops more rapidly into air relative to the interface from a

smaller orifice.

0.01
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i —-—-1. D=2mm, v=0.2 mm/us
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Fig. 5.2: Contact surface location along the centerline as a function of time, expanding

and fixed orifices (D;=1 mm and D;=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 Fig. 5.3.
Along the centerline of the jet, as hydrogen starts releasing from the nozzle, the contact
surface pressure related to the expanding exit hole decays sharply and continuously to the
atmospheric pressure compared to the expansion of the centerline contact surface
pressure in the fixed cases. This behavior starts from t=0, i.e., before the interface of the
hydrogen-air leaves the nozzle. The slope of the pressure decay as a function of time is
steeper for the moving case in comparison to the fixed case, nevertheless the curves
converge at the same time after the expansion and they reach the ambient pressure with
the same rate. In addition, the centerline pressure at the interface of hydrogen and air
releasing through a smaller area drops more sharply than a larger area and as a result, it
reaches the near-ambient 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 and pressure of
the hydrogen jet issuing from the expanding orifice with the initial diameter of Di=2 mm
and the storage pressure of P= 70 MPa at different moments before and after discharging

are shown in Fig. 5.4.

By comparing the evolution of the flow from moving 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 constant area, since 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 surface pressure versus time along the centerline, expanding and fixed

orifices, (D;=1 mm and D;=2 mm), Pgraqe=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 centerline experience a steady decrease, however in
moving cases this decay occurred sooner. The maximum hot air temperature along the
centerline is located in the release tube. Since the interface pressure of the moving case
along the jet centerline decays sharply and more quickly compared to its equivalent fixed
case, the temperature of the hot air downstream the interface starts decreasing sooner and
with the higher rate of decay [36]. It is noticed, at the release time, both cases have
practically the same value of temperature peak, but after discharging of hydrogen jet and
during the expansion (at t=1 ps), since the contact surface pressure in the enlarging case

decays faster; it has a lower peak of temperature compared to the fixed orifice.
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5.1.2 Hydrogen release from 10 MPa reservoirs

As it is illustrated in Fig. 5.5, the contact surface at t= 1ps stands on the exit of the nozzle
for both fixed and moving orifices with different cross 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 pressure, however, it can differ far from the exit, as it is seen

for orifices with 2 mm diameter.

_ —_———— D=1mm, fixed mesh
N | = — — D=1mm,v=0.2mm/us
0.008 : - D=2mm, v=0.2mm/L.5
D=2mm, fixed mesh

Contact Surface Location{m)

: EEEEEREEEE
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 (D;=1 mm and D;=2 mm), Pyrqg0.=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 from the enlarging orifices is significantly higher
than the pressure drop from the fixed cases. As reported in Fig. 5.6, the contact surface

pressure in the expanding cases starts decaying instantly even before the interface reaches
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the exit especially in the case with the smaller initial diameter of D;=Imm. In contrast of
the 70 MPa results, the depressurization process is not similar between fixed and moving

cases with a lower pressure.

4E+06 T
= —— D=1mm, fixed mesh
I — — —  D=1mm, v=0.2mm/us
B — - D=2mm, v=0.2mm/us
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0 1E-06 2E-06 3E-06 4E-Q6
Time(s)

Fig. 5.6: Contact Surface pressure versus time along the centerline for expanding and

fixed orifices, (D=1 mm and D;=2 mm), Pgorage=10 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
hydrogen-air 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
the tube, 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 m/s or equivalently
v=0.2 mm/ps. This evaluation can predict the abrupt release of hydrogen from the release

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 defined akin to the fixed case. As it was studied in previous sections, the
hydrogen-air interface in the case with the filling pressure of P=70 MPa leaves the exit
hole at t=0.6 ps, while this time for 10 MPa pressure is t=1 ps. Hence, in this study,
before the release time, the mesh is fixed and does not change with time but at t=0.6 ps
(for the cases with the pressure of 70MPa) and t= 1 ps (for the cases with the pressure of
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 of v=0.2 mm/ps.

The contact surface pressures versus time for orifices with initial diameters of Di=1 mm
and D;=2 mm under the storage pressure of 70 MPa are compared with their counterparts
in the case that the 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
enlarging when the 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 hydrogen-air is in the middle of the release tube. By comparing the
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 expansion during the release of

hydrogen into air; however, the depressurization for the expanding case occurs slightly
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sooner compared to the fixed case. Hence, the study of discharge of hydrogen from a
pressurized tank through the fixed orifice can accurately predict the behavior of the
hydrogen dispersion and even the possibility of the auto-ignition 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, with their equivalents from the fixed orifice (Fig.
4.8), it can be recognized that the jet behavior is 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 times after 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 along the centerline between

expanding orifices (started at t=0. 6 us & t=0) and fixed orifice, (D;=1 mm, P=70 MPa)
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Fig. 5.8: The comparison of the contact surface pressures along the centerline between

expanding orifices (started at t=0.6 us & t=0) and fixed orifices, (D;=2 mm, P=70 MPa)
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Fig. 5.9: The comparison of the contact surface pressures along the centerline between
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Fig. 5.10: The comparison of the contact surface pressures along the centerline between

expanding orifices (started at t=0.6 us & t=0) and fixed orifices, (D;=2 mm, P=10 MPa)
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5.3 The deformation of a small circular hole to an elliptical opening

In this section the effect of the deformation of a small circular opening to an elliptic exit
hole on the dispersion of hydrogen is investigated and the results obtained are compared

with those from the fixed orifice and the expanding orifice.

In this approach, a small circular opening is stretched into an elliptical hole in the
direction perpendicular to the axial axis of the reservoir, while the other axis (minor axis)
of the circular orifice preserves its initial length which equals to the diameter of the
circular aperture. The stretching rate is akin to the expanding rate of the previous

aforementioned scenarios and it is v=200 m/s.

Based on the spring analogy, detailed in chapter 2, to satisfy the static equilibrium for the
interior displacements by imposing the grid velocity on the boundary nodes along only
the y coordinate direction, the calculation of the grids displacements and updating the
positions of the interior vertices are only done in the y direction, since there is no

displacement along the x coordinate axis.

To evaluate the deformation of a circular opening to an elliptical exit, small circular holes
with the diameters of D=Imm and D=2mm under two different filling pressures of 10

MPa and 70 MPa are considered.

The two dimensional mesh slices of the round release hole with the initial diameter of
D=2 mm which deforms to an elliptical opening at different moments including the initial
time (t=0) and three different times (t=5 ps, t=10 us & t=20 ps) during the dispersion of

hydrogen into the ambient air are illustrated in Fig. 5.12 and Fig. 5.13.
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Fig. 5.12: Cross sectional areas: the deformation of a circular opening to an elliptic hole

at different moments (t=0, t=5 us, t=10 us & t=20 us), D/=2mm, v=0.2mm/us

To understand the time of release of hydrogen in this case and evaluate the influence of
this deformation on the contact surface location, the position of the interface is tracked in
time. The obtained results for the initial diameter of D=1 mm under two different

pressures of 70 MPa and 10 MPa are shown in Fig. 5.14 and Fig. 5.15, respectively.
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Fig. 5.13: Side views (y-z plane) of the deformation of a circular opening to an elliptic

hole at different moments (t=0, t=5 us, t=10 us & t=20 us), D;=2mm, v=0.2mm/us

The release time in this case same as the other cases under the pressure of 70 MPa is

t=0.6 ps and under the pressure of 10 Mpa is t=1 ps.
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Fig. 5.14: The comparison of the contact surface locations as a function of time between

the cases with the deformed, enlarging and fixed orifices (D;=1 mm), Pyrage=70 MPa
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Fig. 5.15: The comparison of the contact surface locations as a function of time between

the cases with the deformed, enlarging and fixed orifices (D=1 mm), Pgorage=10 MPa
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The location of the contact surface is not affected by deformation of the exit hole and it
stands on the same location as fixed and expanding cases from the exit of the nozzle

during the expansion.

The expansion of the contact surface pressure on the centerline in this case is compared
with the pressure drops from its equivalent fixed and expanding orifices. The result
corresponding to the initial orifice diameter of D=1 mm for two varying pressures of
reservoir are shown in Fig. 5.16 and Fig. 5.17. It can be recognized that in both moving
cases (deformation of circular to elliptic and expanding orifice) the pressure starts
decaying sharply from the beginning of the release process; the expansion from the
orifice which is stretching into an elliptic shape occurs slowly compared to the circular
enlarging orifice but it is faster than the fixed case. Generally, the temporal pressure
gradient is identical in all cases, but the initial slope of the pressure curve versus time
during the expansion related to the expanding case is steeper than the stretching case, and
the slope of the pressure decay for the stretching hole is higher than the fixed case. All
curves after the expansion process converge at the same time to the equal value of the
contact surface pressure. Hence, they depressurized into the ambient pressure with a same

rate.
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Fig. 5.16: The comparison of the contact surface pressures along the centerline between
the deformed, the expanding (started at the release time) and the fixed holes, (D;=1 mm),

P=70 MPa

The flow characteristics along the centerline at different moments of discharging of
hydrogen from 70 MPa pressurized tank and the orifice with an initial diameter of D=2
mm are illustrated in Fig. 5.18. By comparing the temperature profiles during the
expansion with their counterparts from the fixed and circular enlarging orifices (Fig. 4.8
(d) & Fig. 5.4 (a)), it is concluded that before the release of hydrogen into the air, i.e. in
the period that the interface has not left the release exit, the deforming case experience a
higher value of hot air temperature compared to the circular enlarging orifice but this
value is still lower than the fixed case. Upon the release of hydrogen, the diffusion of

hydrogen from deforming and enlarging cases are practically the same and they have the
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similar temperature profile. The Mach disk and the lead shock in this case is weaker than

the fixed case, however they propagate into the air with the same rate.
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Fig. 5.17: The comparison of the contact surface pressures along the centerline between
the deformed, the expanding (started at the release time) and the fixed holes, (D;=1 mm),

P=10 MPa
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Chapter 6

CONCLUSIONS AND RECOMMENDATIONS

6.1 Conclusions

The initial stage of the incident releases of hydrogen from high-pressure reservoirs into
the quiescent ambient air through various types of orifices have been numerically
investigated using a 3D parallel in-house code. The work done in this thesis studied the
effect of the exit hole geometry on the development and dispersion of highly
underexpanded hydrogen jet issuing from different shapes of orifices. Varying feasible
geometries and configurations of the exit hole including fixed orifices, expanding orifices
and the combination of them were evaluated to predict the behavior of the hydrogen gas
when escaping into the ambient air.

In the case of fixed opening, two types of orifices including circular and elliptical holes
were examined. Three different areas based on 1 mm, 2 mm and 5 mm diameters of
circular exits were modeled. For a given area, two varying dimensions of elliptic orifices
with aspect ratios (major axis/minor axis) of AR=4 and AR=6 were considered and
compared with their comparable circular counterparts (AR=1).

In case of moving orifices, three different approaches under varying conditions and
configurations were considered such as the expanding of a small round hole which started
moving before the release of hydrogen into air (t=0), the enlarging of a circular hole

effective after the release of hydrogen (t> release time) and the deformation of a circular
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aperture to an elliptical opening. In each case, two initial diameters of D;=1 mm and D;=2
mm were simulated and the results were compared with those from the fixed circular
openings which had the same diameters. The growth rates of the initial round holes in all
cases were similar and set to v=0.2 mm/us. This value in the last scenario (the stretching
exit hole) was restricted to the y coordinate axis. All cases were evaluated under two
different storage pressures of 10 MPa and 70 MPa.

As convection dominates viscous effects in strongly under-expanded supersonic jets near
the release exit, flow was modeled by the compressible Euler equations. Since the critical
location of the auto-ignition is in the near field flow, in this study, only the near exit jet
was simulated. The transport (advection) equation was applied to track the shape and the
location of the hydrogen-air interface. The Abel Nobel real gas law was used since high-

pressure hydrogen flow deviates from the ideal gas assumption.

The development of the hydrogen jet into the ambient air, the jet flow characteristics
along the centerline and the expansion of the contact surface pressure along the centerline

were studied and compared between all aforementioned cases.

The numerical analysis shows that the effects of the storage pressure and the size of the
orifice on the dispersion and development of the hydrogen jet are more dominant than the
effect of the orifice shape; however, the effect of the expanding orifice which is effective

from the beginning of the simulation is considerable.

By maintaining the orifice area and comparing the hydrogen jets issuing from the fixed
elliptical and fixed circular orifices, it is concluded that, as the aspect ratio of the orifice

increases, the contact surface pressure decreases and expands more rapidly. Therefore,
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the contact surface pressure of the elliptical jet decays more quickly than the comparable
circular jet. Increasing the orifice area led to intensify the effect of the orifice geometry.
Meanwhile, for a given orifice shape, the larger orifice area resulted in the more

pronounced contact surface pressure expansion.

The same comparison between the hydrogen jets from varying configurations of
expanding orifices and fixed round orifices was carried out. Results have predicted that
the hydrogen jet escaping from the enlarging orifice effective from t=0 experiences a
rapid interface pressure expansion with a steeper temporal pressure gradient compared to
its equivalent from the fixed orifice. Nevertheless, this behavior was not recognized for
the scenario that the orifice area started enlarging when the hydrogen-air interface
reached the exit hole. In this case, the contact surface pressure decayed with virtually a
similar pattern as its comparable fixed round orifice and had a slower expansion
compared to the moving orifice effective at the beginning of the simulation. For the
configuration at which a small circular hole stretched into an elliptical opening, the
interface pressure on the centerline decreased faster compared to fixed case but slower in

comparison with the uniform enlarging orifice.

Due to the change in the expansion of the contact surface pressure by using different
shapes and configurations of the orifice, the temperature profiles were affected and the
rates of hot air temperature drop were altered case to case. This behavior can affect the
auto-ignition possibility of the hydrogen jet escaping from different shapes and sizes of

exit holes.
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6.2 Recommendations

The following areas are suggested for further explorations through numerical analyses:

e The adaptive mesh refinement technique can be added to our in-house code to
change the accuracy of a solution in certain regions such as the interface of two
species and regions with high pressure gradient. This method can reduce the
amount of CPU time required for simulation.

e The spring analogy method which was implemented in our in-house code does not
contain the remeshing method. So, for a large displacement of the boundary grids,
the call quality can deteriorate which results in the negative cell volumes.
Therefore, it is required to add remeshing or mesh refinement methods to update
the highly skewed cells with the new cells.

e To evaluate the long term dispersion of hydrogen in air and also to predict its
propensity to ignition far from the exit, the viscosity and the gravity effects must
be considered. Therefore, an appropriate turbulence model needs to be applied.
Although the last version of our in-house code contains this feature, it has not
been used for modeling of two species flow.

e Large Eddy Simulation (LES) can be used as a turbulence model to study the
dispersion and ignition of hydrogen in air.

e The current advection equation in our code is required to be modified in the
conservative form of the transport equation and solved coupled with the Euler or
the Navier Stokes equations to calculate the length of flammable envelop and
safety distance which are important for the development of the safety codes and

standards.
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e The effect of the presence of obstacles close to the release exits on the
spontaneous ignition and dispersion of hydrogen can be studied. Different shapes

of orifices can be considered for this evaluation.
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