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Abstract

Fuelled by the energy transition, hydrogen is gaining popularity as a clean fuel. With hydro-
gen refuelling stations (HRSs) becoming more common as a result, several potential hazards
arise due to the safety concerns related to hydrogen. It is therefore of the utmost importance
to understand the consequences of a potential hydrogen leak in a HRS. Because the com-
pressor tends to have a higher failure rate, this project focuses on hydrogen leaks originating
there. This study investigates the consequences of both ignited and unignited leaks, and
seeks to evaluate how the consequences differ depending on the type of ventilation —natural
or forced— used in the compressor enclosure, the driving pressure, the hole size, and the
direction of the leak. The effect of firewalls is also evaluated. The study uses computational
fluid dynamics (CFD) and analyses a refuelling station envisioned in Voll, Trondheim, which
features a three-stage compressor. The leak positions are tied to each of the stages —430,
630 and 900bar—. The hole sizes are defined according to the piping needed in each of the
sections, and applying the fractional area approach: 1% area, 10% area and full bore are
the considered scenarios. The directions are chosen based on a preliminary sensitivity study
of the effects of leak direction. The results show that having forced ventilation is usually
helpful when the leak is small, but counter-productive when it is large. Another finding is
that higher pressure scenarios do not necessarily imply that the consequences will be higher.
In such cases, even though the jet velocity is higher, the jet is always impinged. Moreover, a
lower pressure also implies a higher flow rate, the consequences of which are usually worse.
The full bore scenarios are found to have potential for the complete displacement of air
inside the enclosure, which could lead to an overpressure caused by the pressure peaking
phenomenon. The dynamic pressure outside of the protected area is low. The radiation
caused by the fire has enormous consequences in the full bore scenarios, but is otherwise
effectively contained by the firewalls in most cases. The height of the firewalls is found to be
vital in protecting the nearby area, especially by containing the radiation from the fire. At a
certain height its benefits in this regard plateau, and this needs to be balanced with the fact
that a higher barrier also hinders the efficient dispersion of the cloud. In all, the findings in
this study support engineers and regulators in ventilation and firewall design of future HRS.



Abstract (italiano)

Alimentato dalla transizione energetica, l'idrogeno sta acquisendo popolarita come com-
bustibile pulito. Con la conseguente crescente diffusione delle stazioni di rifornimento di
idrogeno (HRS), sorgono diversi potenziali pericoli dovuti alle problematiche di sicurezza
legate all’idrogeno. E quindi di fondamentale importanza comprendere le conseguenze di una
potenziale perdita di idrogeno in una HRS. Poiché il compressore tende a presentare un tasso
di guasto piu elevato, questo progetto si concentra sulle perdite di idrogeno originate in esso.
Questo studio analizza le conseguenze sia delle perdite innescate sia di quelle non innescate
e mira a valutare come tali conseguenze differiscano in funzione del tipo di ventilazione —
naturale o forzata— utilizzata nell’involucro del compressore, della pressione di esercizio,
della dimensione del foro e della direzione della perdita. Viene inoltre valutato l'effetto delle
pareti tagliafiamma. Lo studio utilizza la fluidodinamica computazionale (CFD) e analizza
una stazione di rifornimento prevista a Voll, Trondheim, dotata di un compressore a tre stadi.
Le posizioni delle perdite sono associate a ciascuno degli stadi —430, 630 e 900bar—. Le
dimensioni dei fori sono definite in base alle tubazioni necessarie in ciascuna delle sezioni,
applicando l'approccio dell’area frazionaria: gli scenari considerati sono 1% dell’area, 10%
dell’area e full bore. Le direzioni sono scelte sulla base di uno studio preliminare di sensibilita
sugli effetti della direzione della perdita. I risultati mostrano che la ventilazione forzata e
generalmente utile quando la perdita ¢ piccola, ma controproducente quando ¢ grande. Un
altro risultato evidenzia che scenari a pressione piu elevata non implicano necessariamente
conseguenze maggiori. In tali casi, sebbene la velocita del getto sia piu elevata, il getto im-
patta sempre su una superficie. Inoltre, una pressione inferiore implica anche una portata
maggiore, le cui conseguenze sono generalmente peggiori. Si osserva che gli scenari di full bore
hanno il potenziale di causare il completo spostamento dell’aria all’interno dell’involucro, il
che potrebbe portare a una sovrapressione dovuta al pressure peaking phenomenon. La pres-
sione dinamica all’esterno dell’area protetta e bassa. La radiazione causata dall’incendio
ha conseguenze molto rilevanti negli scenari di full bore, ma negli altri casi ¢ nella maggior
parte delle situazioni efficacemente contenuta dalle pareti tagliafiamma. Si osserva inoltre
che laltezza delle pareti tagliafiamma ¢ fondamentale per proteggere I'area circostante, in
particolare contenendo la radiazione dell’incendio. Oltre una certa altezza, tuttavia, i benefici
in questo senso raggiungono un plateau, e questo deve essere bilanciato con il fatto che una
barriera piu alta ostacola anche l'efficiente dispersione della nube. Nel complesso, i risultati
di questo studio forniscono supporto a ingegneri e decisori nella progettazione dei sistemi di
ventilazione e delle pareti tagliafiamma per le future HRS.
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Introduction

In the last few years, hydrogen has gained popularity as a potential nonpolluting and renew-
able energy vector. Depending on the technology being used to produce it, it could also aid in
increasing energy security. However, it is surrounded by a number of safety concerns, as well
as the shadow of past accidents. The compressor is typically a component with high failure
rates, and the characteristics of hydrogen may exacerbate the problem. This means that it
is reasonable to think that hydrogen leaks will be more likely in the compressor enclosure, so
its design should be informed.

This work methodologically explores the consequences of hydrogen leaks in the compressor
enclosure using CFD, considering both natural and forced ventilation designs, analysing how
the consequences vary with pressure, hole size, and direction, with the goal to answer the
following research questions:

1. What is the time-dependent area exposed to flammable gas and the combustible volume
generated by an unignited leak?

2. What is the dynamic pressure at ground level for an unignited leak?

3. What is the heat radiation the surroundings are exposed to in the case of an ignited
hydrogen leak?

4. What is the effect of the firewall, and what is its optimal height?

The answers to these questions should paint a clearer picture of what the risks are and what
design aspects should be prioritised.

The text is structured as follows: the work starts with a brief literature review, followed by a
description of the methodological aspects that have shaped the project. The results are then
presented, from the chosen hole sizes and sensitivity analyses that were used to shape the
project, to the answers to the research questions presented above. The findings are collected
in the discussion chapter, which attempts to combine them and futher analyse them. In the
appendixes, the reader will find a large number of figures which illustrate the generated data
and the scripts that were used in the postprocessing, amongst other material.



Chapter 1
State of the art

Hydrogen is the lightest gas. It has a low ignition energy and a wide flammability range
(from 4 to 75%), and is buoyant and odourless [1]. The lower flammability limit is not ex-
ceptional, but the fact that the flammability interval is so wide makes it prone to ignition in
more situations. Its flame is also almost invisible, which makes its detection more difficult
[2]. The flame is difficult to suppress and the fastest amongst common fuels at propagating:
its laminar speed can exceed 3m/s [3]. Its small molecular size and high diffusivity help
in its dispersion in the atmosphere in the event of a leak, but also aid its leakage through
micro-cracks, faulty seals or porous materials. Because of its low density, it is buoyant, and
can easily accumulate under ceilings if the leak happens in a confined space [4]. The proper-
ties of hydrogen are summarised in table 1.1, which also includes the characteristics of other
common fuels for comparison.

As hydrogen gains popularity as an automotive fuel, an increase in the number of refuelling
stations can be expected, and as a result, an increase of accidents in these sites may also
be expected [5]. In the case of transportation by piping, safety concerns include hydrogen
embrittlement, ensuring compatibility with existent infrastructure, and managing leaks in
densely populated areas [6]. Research is also underway to improve the materials for high
pressure hydrogen storage, since even small cracks due to hydrogen embrittlement can have
serious consequences [5]. This degradation process affects high-strength steels, nickel-based
alloys and titanium. In polymers, like the types used in sealing applications, it can cause
cracking, swelling, or permeability changes [2]. The concerns regarding leaks, overpressurisa-
tion and material degradation are present at every stage of the hydrogen value chain. Other
less frequent but potentially dangerous hazards are the risk of ice formation or equipment
damage from cryogenic hydrogen leaks and exposure to toxic chemical carriers like ammonia
or hydrides that could be used for storage and transport [2].

1.1 Evaluating the frequency of hydrogen incidents
Recent risk assessments have determined that the highest risk of leakage comes from the

fuel supply unit, followed by the storage, pressurisation, unloading, and transport units [7].
Hydrogen leakages have been modelled using a variety of techniques, including deep learning
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State of the art Hole sizes

Table 1.1: Properties of hydrogen gas compared to other fuels measured at standard temperature and
pressure (STP). From [2]

Property Hydrogen Gasoline vapour Methane
Density (kg/m?) 0.0899 3 0.68
Flammability o : 5-15 (moderate
range (%) 4-75 (high risk) 1.4-7.6 (low risk) risk)
Minimum ignition 0.02 (easily
energy (mJ) igmitable) 0.29 (safer) 0.28 (safer)

3 (moderately
visible)

Flame visibility

(scale 1-5) 1 (invisible flame) 5 (highly visible)

Laminar flame

speed (m/s) 2.65-3.25 (high) 0.4-0.5 (slow) 0.35-0.45 (slow)

Gas dispersion rate

in air (cm?/s) 0.61 (very fast) 0.05-0.07 (slow) 0.16 (moderate)

and Bayesian dynamic networks [8-10]. The most critical elements appear to be joints, seals,
protection of pipes against external impacts and prevention of corrosion and accumulation of
particles in pipes [8]. In addition, human error and corrosion are two very important factors
contributing to hydrogen leakage accidents [11]. A review of incidents which happened on
industrial hydrogen processing plants selected 32 incidents and focused on valves, piping,
flanges, storage tanks and process vessels. It identified five root causes: engineering (33.3%),
maintenance (23.5%), design error (15.7%), operator error (15.7%) and management (11.8%)
[12]. Another study concerning 120 incidents in the period 1999-2019 found that the main
common cause was failure of pipes, valves and filters [13]. A study on the HIAD 2.0. database
concluded that the most common causes were maintenance operations and equipment failures
[14]. Another HySET thesis which was developed in parallel to this one [15] performed a
thorough analysis on hydrogen incidents in HRS utilising the information found in other
databases, and one of the findings was that the highest fraction of reported incidents had
started in the compressor, followed by the tube trailer, the filling hose, and the shut-off valve.
Regarding the ignited incidents only, the compressor is again ranked first, followed by the
tube trailer, the electroliser, and storage.

1.2 Hole sizes

[16] proposed to study the effects of leaks in hole diameters of 0.5, 0.7 and 1mm. [17] studied
the release characteristics of highly pressurised hydrogen through the same selection of hole
sizes. These were the sizes of holes chosen because when KIST (the Korea Institute of Sci-
ence and Technology) measured the concentration of a released hydrogen jet from a highly
pressurised chamber, to mimic the environment of a high pressure vessel, they used these

11



State of the art Pressure peaking phenomenon

hole sizes. The hole diameters were chosen in such a way that the hole area increased by
approximately two for each hole size. They could not use bigger holes because the duration of
the jet would have been too short. In fact, they failed to measure the hydrogen concentration
at 400bar (the highest pressure they were studying) at lmm [18]. Another study [19] found
that for an isentropic choked leak, for hydrogen stored at 690 bar, a pinhole leak as small as
0.4um could support a stable flame.

Another approach is to define the hole sizes based on the fractional area of the section of the
pipe, as described in HyRAM [20], which is a wider methodology for assessing hydrogen safety
in a variety in applications. It’s often used in quantitative risk analysis (QRA) applications.
The release is distretised in fractional areas of system pipe flow area: 0.01%, 0.1%, 1%, 10%,
100%.

1.3 Pressure peaking phenomenon

The pressure peaking phenomenon (PPP) becomes relevant in this study because of its prox-
imity to dynamic pressure.

The PPP is a peak in the pressure transient which can be powerful enough to compromise
the enclosing structure. In some cases, this pressure peak can be of an order of magnitude
higher than the overpressure that is eventually reached when the enclosure is fully filled with
the leaked gas. It is pronounced only in gases that are lighter than air, eg. hydrogen and
helium, when they are released in enclosing structures with one or more vents, when the
release is large enough that the air is replaced by the lighter gas. Its magnitude depends on
the release flow rate, hydrogen inventory, enclosure volume and ventilation area [21].

A study [21] proposed a model to predict the development of overpressure with time within
the enclosure. This model assumes uniform concentration, so that the leaked gas mixes
perfectly with the previous atmosphere inside the enclosure. It also assumes that there is no
air ingress.

RN GRS NIY (1)

R = e et ) o 12

Penci(tosr) = W (1.3)

iz = o (M) (2<P§:§i1f0>v)% (1.9
encl

where m is the mass, M is the molecular mass, n is the number of moles, R is the universal gas
constant, T" is the temperature, ¢ is time, V' is the volume, and C' is the discharge coefficient,
for which the paper uses a value of 0.6.
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State of the art Safety measures in HRS

1.4 Safety measures in HRS

Only the effect of the firewall is included in this study, but an overall view of the safety
systems is nevertheless provided for the sake of completion.

1.4.1 Leak detection systems

The sensors used to detect hydrogen are based on principles such as thermal conductivity
and electrochemical reactions, and detection based on semiconductors. The aim is to detect
hydrogen at very low concentrations. They should be strategically positioned, close to areas
prone to leaks, such as dispensers, storage tanks and pipelines. Their effectivity depends
on their sensitivity and response time, and they need to work consistently under a range of
environmental conditions. Maintenance is also very important, and the operational time of
each type of sensor should always be taken into consideration [22].

1.4.2 Flow meters

Flow meters are relevant to safety because the correct evaluation of the rate of hydrogen
transfer is highly relevant to avoid overpressure issues. A few technologies are used to this
end, based on the Coriolis effect, ultrasounds, electromagnetic conductivity, and pressure
difference. The Corliolis flow meter is highly precise and calculates the flow by evaluating its
impact on a vibrating tube. The ultrasonic flow meter measures how much time it takes for
ultrasonic pulses to travel. It’s very resilient and doesn’t need maintenance, but it’s not as
precise as the Coriolis flow meter. Electromagnetic flow meters aren’t recommended because
of hydrogen not being conductive. Differential pressure meters measure the flow by measuring
the decrease in pressure caused by an obstruction in the flow path. They’re economical, but
their precision can be affected by variations in the environmental conditions [22].

1.4.3 Emergency shut-off

Emergency shut-off systems are designed to stop the flow of hydrogen in case of an emergency.
They can be manual or automatic —triggered by the safety systems of the station, typically
controlled by the gas management panel—. Breakaway couplings —installed on the hoses to
safely detach them in case they were pulled excessively— also fall under this category. These
systems are important because they aim to quickly stop the release of hydrogen and in so
doing minimise the chances of ignition and explosion, therefore protecting both the refuelling
station and the people and surroundings [22].

1.4.4 Fire suppression

Commonly used methods for fire suppression in hydrogen refuelling stations include water
mist systems, dry chemical suppressants, and gas-based suppression. Water mist systems
are highly effective, also at preventing reignition, and work by cooling the area and dragging
the oxygen down, so the fire is suffocated. Dry chemicals disrupt the chemical reaction of
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the fire. They are good at stopping a fire but not as effective in preventing reignition. Gas-
based suppression systems work by displacing oxygen or hindering the chemical reactions
that support the fire. Their effectivity is moderate and can only be used in enclosed areas
[22].

1.4.5 Firewalls

The outer temperature of the hydrogen flame exceeds 2100°C. Firewalls have a beneficial
effect by impeding the heat radiation caused by a hydrogen fire, but they can also make it
difficult for the smoke or gas to disperse [5].

A study [23] found that the ability of the firewall to hinder lateral flame spread is heavily
dependent on how tall the wall is relative to the leak: if their heights are the same, the
flame cannot be stopped. Another study [5] used OpenFOAM to simulate scenarios of 35,
45, 70 and 90MPa, the most dangerous scenario being the complete rupture of the pipeline,
a leakage hole of 10mm at a height of 1m. The firewalls considered in this study are the
ones required by the Chinese National Standard GB 50203-2021 and are 240mm thick anc
constructed of fireproof solid bricks. They found that the buoyancy of hydrogen causes the
flame to float upwards, and the flame above the firewall increased with firewall height whilst
restricting its lateral range. They found that the firewall height should be 2m taller than
the leakage point, and have widths of 2.5m if the storage pressure was 35-45MPa, and 3m if
70-90MPa. The safe distances ranged from 8.4 to 9.3m, and the leakage hole had to be kept
from 4 to Tm away from the firewall.

Sandia National Laboratories performed a set of experiments to evaluate the effectiveness of
barrier walls to reduce hazards [24]. They concluded that a 3-wall 135°C configuration was
the most effective at mitigating the effects of overpressure, thermal radiation, and unignited
jet release.
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Chapter 2
Methodology

2.1 KFX

KFX is a software owned by DNV which is specifically developed for safety-related applica-
tions and uses computational fluid dynamics to simulate dispersion and fire scenarios [25]. It
utilises finite volume methods to solve the Navier-Stokes equations.

By default, the solvers used in KFX are QTDMA for transport equations and STONE for
pressure correction and partial differential equations. However, if the STONE solver fails,
it automatically switches to QTDMA. For the difference scheme, it uses a mix between first
and second order scheme. Usually, a mix of 90% second order and 10% first order is used.
This is done to improve false diffusion.

A grid is created specifically for each case. An example of grid can be seen in figure 2.1. In
the simulations that use forced simulation, a custom cell was used, and the grid was refined
manually in these cases to make sure the placement of the fan was correct in the simulations.

2.1.1 Governing equations

For the gas phase, the program uses equations (2.1) to (2.8). The equations are presented in
time averaged form, unless stated otherwise.

Species mass fraction. Mass balance equation.

opY; | 0pii;Y; 0 O () L -5 L T
G e = g, (V) o (pT) PR PR (1)
J J J

where p is the gas density, Y; is the species mass fraction, and Vj; is the molecular diffusion
velocity of species [ in the direction j. R, is the chemical source term and Ry, is the source
due to liquid phase transition.

Continuity equation. Conservation of mass.

op _Opl;
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Figure 2.1: Example of grid.

where p is the density of the gas and Ry is the source due to liquid phase transition.

Momentum equations. Conservation of momentum along the coordinate directions are
given by the Navier-Stokes equations, expressed in cartesian tensor notation.

ot oz,  om om

dpu;  Opt;u; op 9 ") £ of + oF
pu pU;U i §Y (ng . pU;/UH) + pfi + pFqu,i (23)

where f; are mass forces by which the gas is influenced, and 7;; is the stress tensor:

_ low o, 2\ (00
Tij_u<axj+a%)+( - Zn) <8$>5 (2.4)

and Fjq is the source due to liquid phase interaction, p is the absolute pressure, x is the
second viscosity coefficient, and 9;; is the Kronecher delta.

Energy equation for compressible gas flows. Ideal gas behaviour is assumed.

a a e~ 8 N 8 6T // /l
O (o) + (i) = 2 ({7 = 5 + (ka ~ pile ) 4Gyt O+ 10 (25)
J J J J
where the total energy is .
er =e+ iuzuz (26)

and the internal energy is

e=> Yie(T) (2.7)
I
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General gas phase transport equation. The model form of this equation is

o(p®) O(pu;®) 0 o
_ 97, 3 2.8
(9t + 8xj a.’Ej 2, H@azj +’0\£ ( )

I 1T I v

where I is the transient term, II is the convective term, III is the diffusive term, which
includes both laminar diffusion and diffusive effects caused by turbulence, and IV is the
source term for the property ®, and includes other effects not included in the previous terms.

2.2 Description of the domain

This thesis builds on a previous HySET student’s work [26] by focusing on the compressor
and evaluating different scenarios. The geometry for the refuelling station then developed
has therefore been reused and adapted, and can be seen in figure 2.2 and in 3D here or on
https://youtu.be/BM2A4hM146A. The location was also defined in that study: Voll, Trond-
heim. The compressor is a three stage compressor, with pressure values of 430bar, 630bar
and 900bar. Since three stage compressor can be conceptualised as three smaller compressors
in series, three zones are naturally established: a low pressure side, an intermediate pressure
zone in the middle, and a high pressure side, each with their respective leak location (see
figure 3.5). Because the compressor is not placed symmetrically inside the container, the
location of the high pressure side is established to be the one furthest from the wall, the
reason being that the cloud should be able to disperse more easily this way.

Figure 2.2: Refuelling station design from [26]

One of the objectives of this project is to evaluate the extent of the effect of the ventilation
system of the compressor in the event of a hydrogen leak. To study this, two configurations
are considered: the first is the most common one, where the compressor is placed inside of a
container (figure 2.3a). The use of a container implies that noise control is easier, but it also
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has the drawback that, in the event of a leak, hydrogen is more likely to accumulate. This
is why the container has vents, and makes use of forced ventilation (see section 2.2.1). The
second configuration consists of the compressor being placed in a simple shed (figure 2.3b).
The inside dimensions and height of the shed are the same as in the case of the container:
5m in length, 2m in width, 2m in height. The roof is V-shaped to prevent the accumulation
of hydrogen at the top and aid its evacuation. Lastly, the effect of the height of the firewall
is also studied. The geometry files used in this project can be found in the appendix.

1

(a) Container. (b) Shed.

Figure 2.3: Compressor in a (a) container, (b) shed.

Each stage of the compressor uses a different size of piping. The pipe diameters to be used
in each stage are established based on a report from the Idaho National Laboratory [27].
The hole sizes are defined according to the fractional pipe area approach from [20]. In this
study, only medium leaks (1% of the pipe section), large leaks (10% of the pipe section) and
full bore (100%) scenarios are considered because of technical limitations —i.e. the program
is not able to successfully simulate leaks smaller than this because the pipes are already
quite small—. However, it is worth mentioning that different works organise the leaks in
different ways. According to the guidelines published by the government of Hong Kong [28],
the diameters chosen for this study fall under the 8-16mm bracket and are closest to what
they categorise as very small and small leaks.

2.2.1 Forced ventilation

The required forced ventilation for the container is calculated according to IEC 60079-10-
1 [29] and following the requirements in NFPA 2-2020 (6.18.1) [30]. The purpose of this
methodology is to size a ventilation system that is able to disperse a credible and sustained
leak under normal (or near normal) operation. For the case of the compressor, it is reasonable
to assume that (1) the leaks are expected to be secondary —i.e. they are not expected in
normal operation, but are nevertheless possible—, and (2) the upstream pressure is that of
the compressor. Because of these reasons, all of the leaks considered in these study are too
large for designing the mechanical ventilation, and using those would lead to an unrealistic
ventilation system. The calculations are detailed in section 3.2.
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2.3 Computational grid

The grid used for the study is about 300000 cells. KFX creates a grid which is reasonably
close to the number given by the user, and the grid is generally created for each specific case,
which in practice means that all the grids will be different to some degree. However, a grid
independence test was done for one of the scenarios (see section 3.3.1).

The quality specifications of the chosen grid can be found in table 2.1. As a general orientation
to assess grid quality, it is desirable to have an aspect ratio as close as possible to 1. Therefore,
we can conclude that the chosen grid is of decent quality. However, as discussed, not exactly
the same grid was used for each of the scenarios, so the specifications may vary between
them.

Table 2.1: Quality specifications of the grid.

Grid Quality Parameters
Largest stretch in the x-direction 1.04588 at i=18
Largest stretch in the y-direction 1.04289 at j=9
Largest stretch in the z-direction 1.04151 at k=38
Largest aspect ratio 4.93208 (39,2,11)
Average aspect ratio 1.93295
Number of nodes 313600 (80 * 80 * 49)
Domain low coordinate (-20,-20,1.83187e-15)
Domain high coordinate (20,20,20)

2.4 Boundary conditions

The boundary conditions refer to the wind conditions. Only one wind condition was taken
into consideration in this study, which corresponds to the most likely wind direction and
speed in Voll according to the wind rose for the last 30 years (see figure 2.4). Specifically,
the wind direction was calculated to be given by an angle of 202.5° relative to north, and a
wind speed of 9.7m/s.

2.5 Initial conditions

The initial conditions are given by each of the leaks considered in this study. The parameters
that are varied are the following:

« Ventilation type: Natural ventilation (shed) or forced ventilation (container).

o Pressure: The studies considers leak in each of the stages of a three stage compressor:
430, 630 and 900bar. Therefore, each of the pressures is linked to a position.
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Figure 2.4: Windrose for Voll, Trondheim, for the last 30 years, from [31].
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o Height: In the intermediate pressure section, the leak is assumed to be on top of
the compressor. However, in the low and high pressure sections, three heights were
compared and the worst one was chosen (see section 3.3.3).

o Direction: All six directions (X, +X, =Y, +Y, —Z, +7Z) were initially considered. A
sensitivity analysis was done to establish which were the most relevant directions for
each of the locations from a safety point of view, in order to optimise the number of
simulations (see section 3.3.4).

« Hole size: As described in section 3.1, the hole sizes correspond to a leak that is 1%,
10% and 100% of the area of the pipe.

The combination of this variables gives a total of 54 simulations, which are to be run twice
(ignited and unignited). The complete list of simulations can be found in the appendix.
These combinations are input to KFX, where a few additional internal variables (flowrate,
equivalent diameter, expanded velocity) are calculated before creating the necessary files to
send to the cluster and proceed with the simulation.
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Chapter 3
Results

The results in this chapter, unless stated otherwise, refer to the steady state.

3.1 Hole sizes

As described in section 2.2, the hole sizes are calculated according to the fractional area
approach, based on the size of piping for each pressure region. The medium leak corresponds
to a hole of 1% of the area, the large leak represents 10% of the area, and the full bore
represents a scenario where the pipe breaks completely. The hole diameters chosen for each
of the pressure levels are detailed in table 3.1.

Because of the technical limitations, even though the medium leak at 900bar corresponds to
a hole whose diameter is 0.8mm, it is simulated with a 1.0mm hole instead because it proved
to be too small to be simulated successfully.

Table 3.1: Hole sizes for the different scenarios. In the 900bar medium leak case, the 0.8mm hole is crossed
out to clarify that it is the correct theoretical value, but in practice the study used a 1.0mm hole because of
technical limitations.

Hole diameter [mm)]

P b
ressure [bar] Medium leak Large leak Full bore

430 1.2 3.8 12.0
630 1.0 3.2 10.0
900 08 1.0 2.5 8.0

3.2 Forced ventilation sizing
To design the ventilation, as a starting point, the requirements in NFPA 2-2020 (6.18.1) [30]

are used. In this directive, the minimum ventilation is 0.0051m?/s per m? of floor area. Since
the floor area of the container is 10m?, the minimum required ventilation is 0.051m?/s. With
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this number in mind, we look for a fan that we could realistically use for this application.
The chosen fan is a P400mm Novenco ZerAx AZN ATEX fan [32]. This range of fans are
unidirectional ducted axial flow fans, and they have versions suitable for installation in ex-
plosive environments. Using the AirBox software from the manufacturer [33], we can find the
highest efficiency point, which corresponds to a system resistance of approximately 304Pa,
and a volumetric flow of 1.45m?/s, with an efficiency of 86% (figure 3.1).

The resistance of the system is assumed to be 304Pa because that is the point that corre-
sponds to the highest efficiency point of the fan. This value would account for inlet pressure
losses, but also losses inside the container, which can be significant due to the amount of
machinery present inside the container, even though they cannot be calculated accurately
without a detailed equipment layout. The container would realistically house the three com-
pression stages, intercoolers, piping, instrumentation, and other auxiliary equipment, which
means that the actual free volume for airflow is significantly less than the total inside volume.
In any case, this is a conservative assumption, and if the system resistance is less than the
assumed one, the fan would simply operate with lower efficiency.

AZN 400/160—6 245, REM = 2309
50 — ptF [Ra]
20°C
= 1. 20k

Figure 3.1: Highest efficiency point of the fan at a given system pressure. Image generated by the AirBox
software, red lines drawn on top of it to help locate the point in the axes.

In order to be able to run the simulations, the information obtained from the manufacturer
needs to be translated into air speed and mass flow rate so these values can be used to
configure the custom cell. The inlet area of the fan is

Aipier = m % 0.2% = 0.1257m?
The air speed at the inlet is therefore

1.45

inlet — N 1S 11.
Hinlet = 1957 om/s
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We can calculate the mass flow of air using its density at 15°C and sea level [34] and the
volumetric flow

Mair = 1.45 x 1.225 = 1.776kg/s

3.3 Sensitivity studies

3.3.1 Grid

To choose a proper grid size, which ensures an accurate depiction of the results with the
minimum computational time, a grid sensitivity study was done. The same scenario was run
with 7 different grid resolutions, with the number of cells ranging from approximately 1-10°
to 7-10°. Figure 3.2 shows the calculated ignition probabilities at t=75s, whilst figure 3.3
shows the volume between the lower flammability limit (LFL) and the upper flammability
limit (UFL) over time for the different cases. In light of these results, a grid with about
310 cells is chosen, as it appears to provide the best accuracy to computational time ratio
available.

Final ignition probability as a function of grid resolution
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Figure 3.2: Ignition probability for the different grid resolutions.

3.3.2 Time step

The same thing was done in order to determine the time step and hence minimise computa-
tional time. It was found that a time step of 0.05s produced good results in general —see
figure 3.4—, but in some specific cases, a smaller time step had to be used because of stability
issues.
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Grid sensitivity: Volume between LFL and UFL over time
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Figure 3.3: Volume between LFL and UFL over time for the different grid resolutions.
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Figure 3.4: Volume between LFL and UFL over time for the different time step configurations.
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3.3.3 Height

As described previously, the use of a three-stage compressor naturally implies that different
pressure levels are going to be located in distinct areas inside the compressor enclosure (see
figure 3.5). The designated leak points are detailed in table 3.2. To choose the height for the
low and high pressure areas, a sensitivity study was done (see figure 3.6). All of the cases
were run in the —3 direction and at 900bar. In the case of the intermediate pressure, the
chosen height is at the top of the compressor. It would not be realistic to consider the leak
below this point because that space is occupied by the compressor itself, and it also does not
seem reasonable to have a leak higher up because the leak is coming from the compressor by
definition of the current problem. This is why it was not included in the sensitivity analysis.

Table 3.2: Leak locations.

Region Pressure Coordinates
Low pressure 430bar  (-2.50, -3.75, 1.20)
Intermediate pressure  630bar  (—2.50, —1.70, 1.00)
High pressure 900bar (—2.50, 0.40, 0.70)

3.3.4 Direction

In order to optimise the number of simulations to be done, a sensitivity analysis focusing on
the effect of the direction was done for each of the leak locations.

The studies for locations (2.5, 0.4, 0.7) and (-2.5, —3.75, 0.7), which refer to the high pres-
sure and low pressure leaks, respectively, were both done at 900bar. This is because they
were carried out in the beginning of the project, and at that point, the study did not take
into account particular points for each of the pressure levels. However, a reorganisation of the
simulations was done at a later date, and the different pressure zones were defined. At that
moment, therefore, the sensitivity study for the third point, (2.5, —1.7, 1.0), was defined as
the location of the intermediate pressure leak, and in this case the analysis was done using
a full bore leak at the intermediate pressure. This latter analysis does not consider the —Z
direction because the leak point is defined to be on top of the compressor, so the —7Z direction
would imply that the leak is going into the compressor: that does not make physical sense
and was therefore excluded. Whilst this reasoning can seem somewhat confusing, had other
values been used, the results should be proportional: one would expect that the most safety-
concerning directions be the same in all the cases, the geometry being the driving factor: this
is the reason why it wasn’t repeated. The results of the analysis are shown in figure 3.7.
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H2 leak: effect of leak direction over time
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Figure 3.6: Sensitivity study of the different heights for each of the locations.

28



Results Unignited leaks

Based on the sensitivity analysis, the directions chosen for the study are:

-Y +X -X
430bar { +7Z 630bar { —X 900bar{ +Y
7 -Y -Y

3.4 Unignited leaks

3.4.1 Exposure to flammable gas

The first question evaluates the size of the cloud that can ignite based, firstly, on its projec-
tion on the XY plane, and secondly, on its flammable volume.

For the calculation of the area, the script moves through the domain and for each (X,Y) pair
referring to a cell, checks if there is any cell in all Z that has a hydrogen concentration that
is in the flammability range. If it finds it, it accounts for its XY area —mnot all cells have
the same area— and continues to the next pair. This is done like this so the result is the
actual projection, and it’s not oversized. The script also checks which one of these cells is
the furthest one from the leak source to give an idea of how far the cloud extends from the
leak point. All of the projections are calculated when the steady state has been reached.
Regarding the flammable volume, the raw results are plotted.

The plots are organised by pressure and hole size. Under this filtering six cases emerge, three
from natural ventilation and three from forced ventilation. In the case of the area, these six
cases are presented as a ranking, from most to least dangerous, using floorplans. In this case,
the danger of the scenario is defined as proportional to the area of the cloud, so the larger
the area the more dangerous the scenario. The flammable volume is a plot with the same
cases.

Some of the results can be found in this section (figures 3.8, 3.9 for area, 3.10 and 3.11 for
volume) and the rest in the appendix (figures A.1 to A.25). Figure 3.12 shows the values
of the area and maximum reach, whilst figure 3.13 focuses on the volume. Both show all
the scenarios and refer to the steady state. They are organised following a hierarchy of hole
size, pressure, and direction: each subplot refers to a hole size, and the different cases are
organised side by side with small brakets that delimit the different pressure levels. Inside
each pressure, the relevant directions are shown. A similar figure to these but with a different
hierarchy, with pressure at the top followed by the hole size, can be found in the appendix,
figures A.24 and A.25.

An important observation is that whilst the volume of the cloud increases as the leak flow
increases, this is not necessarily true for the projected area, as it depends on the shape of the
cloud. It’s also worth keeping in mind that the conclusions explained below aren’t necessarily
general. This is because in the study the position of the leak is tied to its pressure and each
position is therefore surrounded by a slightly different geometry, which has a certain impact
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Hydrogen leak: effect of leak direction over time
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Figure 3.7: Sensitivity study of the different directions for each of the locations.
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on the dissipation of the cloud. In fact, the intermediate pressure cases seem to be the least
affected by the type of ventilation, but this is most likely due to geometry, as the intermediate
pressure location was set in the middle of the container.

Flammable area and maximum distance

In the 430bar case, the results show that the worst case is always in the —7Z direction, but
there is no clear advantage between natural and forced ventilation (see figure 3.8). However,
the +7 direction combined with natural ventilation is consistently the least dangerous of the
scenarios considered. In the 630bar case, there is no clear direction that stands out as the
most hazardous: in the 1% leak, the worst case is =Y with natural ventilation; in the 10%
leak, +X with forced ventilation; in full bore, —X with forced ventilation. In both the 10%
and full bore cases, the least dangerous scenario is the =Y direction with natural ventilation.
In the 900bar case, for the 1% and 10% cases, —X is the worst direction, but the type of
ventilation is not consistent. In the full bore scenario, the worst case is =Y with natural
ventilation. In general, the projected area increases over time until it reaches a steady state,
approximately after 60s (see figure 3.9 as an example). The maximum distance doesn’t ap-
pear to be a strong indicator of cloud size.

When comparing all the cases together (figure 3.12), the largest variation is observed with
the 1% area hole size, especially in high pressure, but it depends on the direction. Only
at 430bar is the maximum distance consistently higher for the forced ventilation cases. At
10% area, all the results look fairly similar between them. The most notable characteristic
is a slight reduction of the parameters when looking at the 900bar cases. In the full bore
scenarios, the area is consistently larger in the 900bar cases when using natural ventilation,
but the maximum distances are similar. There’s not much variation in the intermediate
pressure cases and there is more variation in the low pressure cases, but it doesn’t appear to
follow a pattern.

Flammable volume

The second part of the question looks at the size of the cloud in terms of volume. The volume
taken into account here only accounts for the fraction of the cloud which has a concentration
between LFL and UFL. This typically increases during the transient, and then stabilises.
The time to reach steady state is in most cases less than 60s. The results show a tendency
of the forced ventilation being beneficial if the leak is small, but disadvantageous when the
leak is larger, because at that point the forced ventilation is insufficient —it was not designed
for large leaks—, the gas rapidly accumulates inside the container, and the smaller openings
become a disadvantage. In these cases, the pressure building inside the enclosure is the main
factor that pushes the leaked gas outside. In some cases, the direction has a big impact on
the size of the cloud. In the 430bar, 1.2mm leak case (1% leak, figure 3.10) the difference
in cloud volume between the worst case and the best case is more than twofold: ~26m? (-Z
direction, natural ventilation) vs. ~10m?® (+Z direction, natural ventilation). The 430bar
scenarios appear to be the most affected by the direction. In the 630bar case, the difference
in volumes tends to be rather small. The observed general tendency is that as the leak flow
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increases, the volume is less affected by the direction. There is one particular direction in
one case (900bar, 1.0mm hole, figure 3.11) which exhibits an abnormal behaviour: the —X
direction seems to stabilise but then dips and stabilises again. This is because a significant
fraction of the cloud passes the UFL threshold. As stated, this behaviour is not observed in
any other cases in this study.

When comparing all pressures side by side (figure 3.13), in the 1% area cases, the volume
is smaller in all the cases when using forced ventilation except for the +Z direction in low
pressure. The lowest volume is found in —X in high pressure as this is the scenario where a
large portion of the gas overcomes the UFL threshold. At 10% area, there is a lot of variability
in low pressure. Intermediate pressure doesn’t exhibit a lot of variation, neither does high
pressure but its values are slightly lower. In full bore, the values in low and intermediate
pressure are approximately the same, expect in the —7Z direction, low pressure and forced
ventilation, which is the highest of all. Natural ventilation is slightly lower in almost all of
these cases. In high pressure, the values are overall lower, but they don’t vary a lot and
natural ventilation is higher in this case.
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Flammable cloud footprint | Natural ventilation vs Forced ventilation | 430bar, d=3.8 mm | global ranking by area
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Figure 3.8: Flammable area projection at steady state for 430bar, 10% area cases.
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Flammable area and max extent | hole > pressure > direction
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Figure 3.12: Summary of the cloud projection of the lammable area and maximum reach at steady state
for all the cases organised by a hierarchy of hole size, then pressure, then direction.
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Flammable cloud volume (steady state) | hole > pressure > direction
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Figure 3.13: Summary of the flammable volume of the cloud at steady state for all the cases organised by
a hierarchy of hole size, then pressure, then direction.
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3.5 Ignited leaks

3.5.1 Dynamic pressure

The dynamic pressure ¢ [35] is a quantity used in fluid dynamics which can be thought of
as the kinetic energy of the fluid per unit volume. It’s derived based on the conservation of
linear momentum for a fluid and is defined by

_ pu?

2
where p is the density of the gas, and w its velocity. The density is calculated assuming
that the gas follows the ideal gas law, and using the temperature, concentration and velocity
fields calculated by KFX. The ideal gas assumption is a bit lacking in the very near field
as the pressure there is very high, but should be quite truthful a bit further, when the gas
has expanded to approximately atmospheric pressure. Inside the container, therefore, these
results are less reliable. Because of this, the results produced by KFX were inspected and an
analytical model for the pressure peaking phenomenon was applied in some cases.

(3.1)

Because of the jet always being impinged and enclosed, the dynamic pressure outside the
container, and especially outside the firewalls, is very low, and is not expected to have
enough energy to produce any damage in those areas (see figure 3.14), nor being able to pick
up stones or similar. It is also important to take into account that the values calculated
in this question are on the conservative side because for the calculation of the velocity the
module is used, and in practice only a fraction of the directions could potentially produce
damage.

Dynamic pressure %2pU? | ideal gas density

Dynamic pressure | naturalVent/430bar-fire/fullBore/case3 10,000

Z=0.14m | max = 19412.5 Pa
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Figure 3.14: Dynamic pressure in steady state for 430bar, full bore, —Z, one of the most dangerous scenarios.
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Pressure peaking phenomenon

The results obtained in this question show that the dynamic pressure outside the area pro-
tected by the passive barriers is very low. However, another important finding is that the
pressure inside the compressor enclosure is very high, and there could be instances of an over-
pressure due to the pressure peaking phenomenon, which could pose serious consequences.

Following the criterion used in [21] where the model to be used was developed, the first step
for evaluating the potential for an overpressure caused by pressure peaking phenomenon is to
evaluate which of the cases would eventually get to complete displacement of air inside the en-
closure. All of the cases were checked, and it was found that for at least some direction of the
full bore and large leak scenarios, all the pressure levels would lead to more than 99.9% peak
concentration in volume. The results were generally worse for the forced ventilation scenarios.

In particular, of a total of 54 cases, the peak concentration is >99% in 22 cases (41%),
>99.9% in 15 cases (28%), 100% in 7 cases (13%, full bore in all pressures, in one or more
of the directions). These cases are then inspected one by one to check that the inside of the
container is homogenous. The conclusion is that the model should be applied to the full bore
cases in all pressure levels, because the PPP model doesn’t take into account the direction
of the leak. The result can be observed in figure 3.15. Taking into account the thresholds in
table 3.3, which stablishes the expected structural damage due to an explosion as a function
of the peak overpressure, the conclusion is that such a scenario, regardless of the pressure
at which it happened, would lead to the total destruction of the structure, with possible
additional damage to people, assets or the environment in the vicinity because of the pieces
that would get expelled as a result of the overpressure. The degree to which the firewalls
would be affected is difficult to determine and out of the scope of this project.

Overpressure over time (analytical model)

Pressure - diameter
114000 —@— 430 bar - 12 mm
—#— 630 bar - 10 mm

—&— 900 bar - 8.0 mm
112000

110000 A

108000 -

106000 A

Overpressure (Pa)

104000 +

102000 1

0.0 05 1.0 15 2.0 2.5 3.0 35 4.0
Time ¢ (s)

Figure 3.15: Results of the pressure peaking phenomenon model for the full bore scenarios.
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Table 3.3: Expected structural damage caused by an explosion depending on peak overpressure, from [36]

Damage Definition Threshold

ToTAL Integrity of the structural parties

. 70kPa
DESTRUCTION completely compromised.

VERY SERIOUS  Collapse of at least 50% of the structure and

DAMAGE serious damage to the rest of the building. 3okPa
SERIOUS Partial demolition of the building but with

the possibility of rebuilding the damaged 7-15kPa
DAMAGE

parts.
MODERATE Possibility of totally rebuilding the building. 3kPa
DAMAGE
NEGLIGIBLE Broken windows, partial damage to the

. 1-1.5kPa

DAMAGE roof, cracks in the walls, etc.

3.5.2 Radiation

The radiation question evaluates the results of the fire simulations based on the radiation
level, and ranks them according to a severity score.

The radiation is evaluated at a height of 1.5m, because it’s roughly the height at which a
random adult human is likely to have their torso/head. It checks all the cells in the nearest
Z plane, and classifies them in five different categories depending on their radiation level.
The area of each cell is taken into account for the calculation of the area, because the grid
is structured but not uniform. This information is used to calculate a severity score, which
uses different weights for each of the categories:

Severity score = > w; X A; (3.2)

where A; is the area in m? where radiation exceeds threshold ¢, and wj is its associated weight.
Since the weights are dimensionless, the units of the score are technically m?. However, the
score doesn’t represent a physical area, but a severity-weighted exposed area. The thresholds
and weights are summarised in table 3.4.

When choosing the weights, it was observed that purely linear weights disregarded high-
consequence areas to a certain degree, whilst geometric weights gave too much importance
to a small but highly dangerous area, and would give too little weight to a much larger area
whose severity was lower but could produce a lot of harm in practice. Therefore, the chosen
weights are a deliberate compromise between linear and geometric scaling, and are chosen so
they reflect that a higher radiation poses a higher danger level, but don’t completely over-
shadow a technically lower severity area that could, in practice, produce much more harm.
Another important detail is that the area inside the compressor enclosure is excluded from
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Table 3.4: Radiation thresholds used in the severity score, from [37, 38].

Threshold [W/m?] Weight Description

1500 1 No damage on long exposure

5000 3 Second-degree burns if exposure >30s
17000 8 FAA aircraft escape route

37500 20 Immediate fatality

the calculation because regular human presence is not expected there.

The results —figures 3.16 and 3.17, the rest (figures A.26 to A.36) can be found in the
appendix— show that the affected area is more strongly correlated with the hole size than
the pressure. That is, for the medium leak, the results are similar for all the pressure lev-
els, and the same happens for the large leak and full bore scenarios. For each of the leak
levels, the severity appears to be proportional to the flow but tends to also be inversely
proportional to the pressure. In more than half of the cases, we observe that the fire starts
outside of the container. Here or on https://youtu.be/dQgMN8o8eqo one can view one
of such cases. The same case seen from a slice of the YZ plane can be found here or on
https://youtu.be/fWUio4ihvuk.

The compressor enclosure is good at containing the fire only when the leak is small enough
(medium leaks in this study) and the fire has started inside of the enclosure. In the large
leaks, we observe that if the fire started inside the container, the area outside of the firewalls
is mostly safe at the studied height. In the case of fires that started outside of the container,
the area outside of the firewalls is more or less affected depending on the case, but evacuation
should nevertheless be possible. In the full bore scenarios, the firewalls fail to contain the
fire and its consequences would be devastating in the nearby area. It can also be concluded
that the affected area is heavily affected by the wind: this happens because the gas cloud is
pushed by it. The reader can watch a video of one of the worst scenarios, 430bar and full
bore, here or on https://youtu.be/b9JjDklfc-Y.

The forced ventilation scenarios tend to dominate on severity when looking at full bore leaks,
whilst for medium and large leaks, the natural ventilation scenarios tend to be on top. The
observed most and least severe directions for each pressure level are detailed in table 3.5.
There’s no clear trend, which gives weight to the hypothesis of the geometry being the main
driving factor.

Figure 3.17 shows the actual areas instead of a score. It is organised in a hole size, then
pressure, then direction hierarchy. In the full bore cases, the forced ventilation scenarios
clearly dominate regarding affected area, especially in the intermediate pressure, and the
areas under the higher tresholds also tend to be higher. In the 1% area case, the results
are varied. Regarding total extension none of the ventilation strategies appear to be clearly
superior, but we can appreciate a trend of the forced ventilation scenarios having lower
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radiation levels, which could make these scenarios less dangerous. In the 10% area cases,
there is a lot of variation and no clear trends are observed.

Table 3.5: Most and least severe observed directions for the different pressure levels and types of ventilation.

Pressure Ventilation Most severe Least severe

Natural +7Z -7
430b
ar Forced ~Z +7
Natural -X unclear
630b
ar Forced -X +X
Natural unclear unclear
b
J00bar Forced -Y X
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Radiation comparison | Natural ventilation vs Forced ventilation | 430bar, 3.8 mm | global ranking
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Figure 3.16: Radiation in steady state for 430bar, 10% area cases. The score has units of m?, but doesn’t
directly represent physical area, but a severity-weighted exposed area.
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Radiation exceedance areas - stacked | hole > pressure > direction
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Figure 3.17: Summary of the radiation scores at steady state for all the cases organised by a hierarchy of
hole size, then pressure, then direction.
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3.6 Safety barriers: effect of the firewall

The height of the firewall was evaluated using the metrics developed in the other questions.
Various cases were studied, from 1m-high walls to 8m-high with 1m increases. The original
design featured 4m-high walls.

The extension of the cloud in the conditions of the simulations doesn’t appear to grow linearly
as the wall height increases (figure 3.19). The radiation consequences are a lot worse when
the walls are low, since they fail to contain the fire. Their effect as barriers improve when its
height is increased, but not linearly (figure 3.20). This is confirmed in figure 3.18, which shows
that the area affected by radiation decreases quite linearly in the 2 to 5m region. Increasing
the height after this point doesn’t provide as much of a significant advantage. Regarding the
flammable volume, the results show that it increases as the wall height increases, since more
containment also makes it more difficult for the gas to disperse effectively. A relatively flat
zone is observed in the 4-6m interval, with the 5m volume actually being slightly lower than
the other two, but this might be due to numerical turbulence. In any case, in light of this
results, bm appears to be the optimal wall height, which —for visualisation purposes— is
slightly less than the average height of a two-storey building.

Radiation exceedance and flammable volume vs wall height
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Figure 3.18: Cumulative areas affected by radiation, and volume of the flammable cloud.
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Flammable cloud footprint | 430bar, d=12.0 mm
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Figure 3.19: Flammable area projection for each of the wall heights, applied to the worst case.
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Radiation comparison | 430bar, 12.0 mm | ranked by severity
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Figure 3.20: Radiation for each of the wall heights, applied to the worst case.
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Chapter 4

Discussion

The results produced in the different parts of the analysis are gathered here in order to extract
some conclusions. This analysis is made up of several parts: (1) overall severity rankings, (2)
main effects analysis, and (3) scatter plot.

4.1 Overall severity rankings

For each metric in each case, a normalised score is calculated. Then, these are averaged
in order to get an overall impression of the severity of the case, and be able to rank them.
A detailed heatmap of the results can be found in the appendix, figure A.37. Figure 4.1
shows a truncated version of figure A.38, in which the cases are ranked according to their
overall score. It is clear that there is a huge difference in the impact of the full bore cases in
comparison of the rest of the cases. This figure also corroborates that the forced ventilation
scenarios tend to be the most dangerous, as they, without a doubt, dominate the ranking
and their severity is deemed a lot higher.

4.2 Main effects analysis

The present main effects analysis follows the approach of a one-way ANOVA analysis, but
the number of cases is too low to be statistically significant. It can be thought of as a kind of
sensitivity analysis. In the plots, the dots show the values of the individual cases at steady
state, and the bar shows the average of the group. Therefore, if the dots are spread, the
variation within the group is high. If they are close together, it is low. The height of the bar
gives information on the variability between groups. Based on the visual combinations one
can get from this, four extreme cases can be defined:

1. Large bar difference, tight points: little variation within the groups but big differ-
ence when we modify this parameter. Strong evidence that this parameter affects the
outcome.

2. Large bar difference, spread out points: there is a certain variation when we
change the parameter, but since the variation within the groups is also very high, the
parameter may or may not have an important effect. Other interactions might be
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Figure 4.1: Raking on the cases based on their combined score. The ranking is truncated to 24 positions
to improve visualisation.

happening.
3. Small bar difference, tight points: most likely, the parameter doesn’t affect the

outcome much.

4. Small bar difference, spread out points: there is a lot of variability, so conclusions
can’t be drawn.

4.2.1 Flammable area

Figure 4.2. No conclusions can be drawn from changing the ventilation type. The pressure
may have a small effect, but it’s not evident enough. The hole size does appear to have a
big importance on the calculated flammable area: there is a big difference in the bar height,
especially in the full bore case. The points are close together in the 1% and 10% area cases,
but quite spread out in the full bore case.

4.2.2 Flammable volume

Figure 4.3. The conclusions are the same as in the flammable area.

4.2.3 Dynamic pressure

Figure 4.4. The cases in ventilation type and pressure are less spread out than in the
flammable area and volume cases, but the bar height is roughly the same. The difference is
more notable in the hole size case, but not clear.
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4.2.4 Radiation

Figure 4.5. More variation when changing the ventilation type than in the other cases, but the
difference is small and the variability within groups high, so it’s inconclusive. No conclusions
can be drawn for the pressure either. As for the hole size, there is a big variation between
groups, especially in the full bore case, but the variation within the group is also greater than
in the smaller leaks.

4.2.5 General conclusions

From this analysis, the only variable that appears to clearly be affecting the outcome is the
hole size. This conclusion sides with the previous section, where the full bore scenarios were
ranked the most severe. However, the forced ventilation conclusion cannot be backed by the
main effects analysis.
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Discussion

Scatter plot

4.3 Scatter plot

The values for flammable area and volume, radiation score and dynamic pressure score are
plotted against each other in figure 4.6. There’s no clear correlations between the metrics,
other than flammable area and volume, which is to be expected since the calculated area is
the projection in the XY plane of the cloud volume. There’s nevertheless some variation due
to the cloud being more or less tall.
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Conclusion and further work

This work explored the consequences of hydrogen leaks happening in the compressor enclo-
sure of a hydrogen refuelling station. It is a first step on consequence analysis using CFD
of hydrogen leaks in specifically one of the components with the highest failure rates, the
compressor, comparing types of ventilation, different pressures, and hole sizes. The findings
were many, but in many cases not conclusive because of the lack of statistical significance
due to the low number of simualtions, as well as their being highly susceptible to geometry
and wind conditions.

The flammable area shows a strong correlation to the flammable volume, but it appears to
be very much affected by the geometry and may not be a very reliable metric. The same
thing can be said about the maximum distance from the leak point. Because of the leak
being impinged in all cases and the presence of two physical barriers between it and the open
area where customers and passersby would be, the results show that the risk of stones being
picked up and creating further problems in the nearby area is very low. However, due to the
small dimensions of the compressor enclosure, it was found that in many cases a complete
displacement of air was to be expected, which could lead to significant overpressures driven
by the pressure peaking phenomenon, which may have concerning consequences. Radiation
was successfully contained by the firewalls in the vast majority of the 1% and 10% area sce-
narios, but not in many of the full bore scenarios, in which the nearby area would be heavily
affected. The wind played a strong role in these cases, the results showing that the side of
the station the wind was favouring would be safe, but the radiation on the other side would
be very high. This is an imporatant finding to include in future HRS design, and is very
much dependent on location. The forced ventilation showed a tendency to be helpful when
the leaks were small, but detrimental when they were large. In general, the only variable
that appears to strongly affect the results is the hole size. The other variables display weaker
effects, and should be investigated further. In particular, even though a higher pressure is
expected to have more devastating consequences, this is not supported by the findings here.
The firewall height was found to be key in containing the fire and protecting the surround-
ings, but at the same time a higher wall hinders the dissipation of the cloud. A 5m wall was
found to be optimal.

The present study can be thought of as a step forward in consequence analysis of hydrogen
leaks in HRSs, but further work should be done: (1) further investigation of the effects of
geometry and optimal layout; (2) analysis of the effect of the geometry based on the locations
of the leaks; (3) study of the scenarios that were found to be likely to experience structural
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Discussion Scatter plot

damage because of overpressure and analysis of their consequences to establish their severity;
(4) frequency analysis of these harshest scenarios, to therefore combine this metric with their
severity and be able to establish their risk; (5) experimental validation of the results; (6)
consequence analysis of leaks origined in the dispenser, which is the other most frequent
location and in addition directly in contact with people; (7) analysis of the other safety
barriers, to optimise their design.
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Additional figures

A.1 Exposure to lammable gas
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Additional figures

Exposure to lammable gas

Flammable cloud footprint | Natural ventilation vs Forced ventilation
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Figure A.1: Flammable area projection at steady state for 430bar, 1% area cases.
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Flammable cloud footprint | Natural ventilation vs Forced ventilation | 430bar, d=12.0 mm | global ranking by area
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Figure A.2: Flammable area projection at steady state for 430bar, full bore cases.
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Flammable cloud footprint | Natural ventilation vs Forced ventilation | 630bar, d=1.0 mm | global ranking by area
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Figure A.3: Flammable area projection at steady state for 630bar, 1% area cases.
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Exposure to lammable gas

Flammable cloud footprint | Natural ventilation vs Forced ventilation
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Figure A.4: Flammable area projection at steady state for 630bar, 10% area cases.
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Additional figures

Exposure to lammable gas

Flammable cloud footprint | Natural ventilation vs Forced ventilation | 630bar, d=10.0 mm | global ranking by area
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Figure A.5: Flammable area projection at steady state for 630bar, full bore cases.
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Exposure to lammable gas

Flammable cloud footprint | Natural ventilation vs Forced ventilation
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Figure A.6: Flammable area projection at steady state for 900bar, 1% area cases.
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Flammable cloud footprint | Natural ventilation vs Forced ventilation | 900bar, d=2.5 mm | global ranking by area
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Figure A.7: Flammable area projection at steady state for 900bar, 10% area cases.
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Flammable cloud footprint | Natural ventilation vs Forced ventilation | 900bar, d=8.0 mm | global ranking by area
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Figure A.8: Flammable area projection at steady state for 900bar, full bore cases.
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Exposure to lammable gas

Flammable cloud projected area | Natural ventilation vs Forced ventilation

430bar, d=1.2 mm

—-
o

—
3

-
'S

Leak direction

Projected flammable area (m?)

139

— +z /:::‘/
124 —_— -z =

=

Ventilation type

11 { — Natural ventilation
=== Forced ventilation
20 30 40 50 60 70
Time ¢ (s)

80

Figure A.9: Flammable area over time for 430bar, 1% area cases.

Flammable cloud projected area | Natural ventilation vs Forced ventilation
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Figure A.10: Flammable area over time for 430bar, full bore cases.

Flammable cloud projected area | Natural ventilation vs Forced ventilation
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Figure A.11: Flammable area over time for 630bar, 1% area cases.
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Flammable cloud projected area | Natural ventilation vs Forced ventilation
630bar, d=3.2 mm
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Figure A.12: Flammable area over time for 630bar, 10% area cases.
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Figure A.13: Flammable area over time for 630bar, full bore cases.
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Figure A.14: Flammable area over time for 900bar, 1% area cases.
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Flammable cloud projected area | Natural ventilation vs Forced ventilation
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Figure A.15: Flammable area over time for 900bar, 10% area cases.
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Figure A.16: Flammable area over time for 900bar, full bore cases.

Volume between LFL and UFL over time
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Figure A.17: Volume between LFL and UFL over time for 430bar, 10% area cases.
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Figure A.18: Volume between LFL and UFL over time for 430bar, full bore cases.

Figure A.19:

Volume between LFL and UFL over time
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Figure A.20: Volume between LFL and UFL over time for 630bar, 10% area cases.
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Volume between LFL and UFL over time
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Figure A.21: Volume between LFL and UFL over time for 630bar, full bore cases.
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Figure A.22: Volume between LFL and UFL over time for 900bar, 10% area cases.
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Figure A.23: Volume between LFL and UFL over time for 900bar, full bore cases.
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Flammable area and max extent | pressure > hole > direction
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Figure A.24: Summary of the cloud projection of the flammable area and maximum reach at steady state
for all the cases organised by a hierarchy of pressure, then hole size, then direction.
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Flammable cloud volume (steady state) | pressure > hole > direction
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Figure A.25: Summary of the flammable volume of the cloud at steady state for all the cases organised by
a hierarchy of pressure, then hole size, then direction.
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A.2 Radiation

Radiation comparison | Natural ventilation vs Forced ventilation | 430bar, 1.2 mm | global ranking
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Figure A.26: Radiation in steady state for 430bar, 1% area cases.

76



Additional figures Radiation

Radiation comparison | Natural ventilation vs Forced ventilation | 430bar, 12.0 mm | global ranking
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Figure A.27: Radiation in steady state for 430bar, full bore cases.
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Radiation comparison | Natural ventilation vs Forced ventilation | 630bar, 1.0 mm | global ranking
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Figure A.28: Radiation in steady state for 630bar, 1% area cases.
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Radiation comparison | Natural ventilation vs Forced ventilation | 630bar, 3.2 mm | global ranking
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Figure A.29: Radiation in steady state for 630bar, 10% area cases.
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Radiation comparison | Natural ventilation vs Forced ventilation | 630bar, 10.0 mm | global ranking
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Figure A.30: Radiation in steady state for 630bar, full bore cases.
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Radiation comparison | Natural ventilation vs Forced ventilation | 900bar, 1.0 mm | global ranking
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