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ABSTRACT

The use of green hydrogen gas as a clean energy carrier solution is gaining global
momentum and Namibia is on track to being one of the major producers of green
hydrogen. The growing emphasis on green hydrogen has elevated the importance of safety
in its value chain. This thesis investigates the influence of enclosure geometries and
internal installations on the explosion pressure of hydrogen-air mixtures within
flameproof enclosures. The aim of this work is to investigate two critical aspects: the
impact that different flameproof enclosure geometries have on the explosion pressure, and
the role that internal installations play in exacerbating or mitigating the phenomenon of

pressure piling.

Experimental tests were conducted in the metrological laboratories of Physikalisch-
Technische Bundesanstalt, an Institute in the Federal Republic of Germany in compliance
with the international standards, such as IEC 60079-1, in order to adhere to the safety
guidelines which are vital for preserving structural integrity during hydrogen explosions.
These experiments were conducted using specific enclosure geometries — spherical,
cylindrical and multi-chambered enclosures. Different orifice sizes and welded internal

installations were used to replicate the real-world industrial conditions of pressure piling.

The results demonstrated that enclosures with complex geometric design and internal
installations were more susceptible to pressure piling effects due to localised pressure
compression and uneven pressure distribution. Additionally, this work highlighted the
importance of the proper design of the enclosure, emphasizing the need for optimized

internal configurations to minimize risks.

The findings from these experiments contribute to enhancing and improving the design of
flameproof enclosures, potentially informing future regulatory updates, promoting safer
practices in hydrogen production plants, and ultimately, bridging the existing knowledge

gaps in hydrogen explosion protection.

Keywords: Flameproof enclosure, explosion pressure, pressure piling, hydrogen-air

mixture, internal installations.
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CHAPTER 1. INTRODUCTION

1.1. Background of the Study

The production of green hydrogen will be an essential tool for the global shift towards
sustainable, zero-carbon emission technologies, driven by the increasing worldwide
demand for clean energy. Hydrogen, an abundant natural gas, stands at the forefront of
this clean energy paradigm, serving both as a fuel and an energy carrier [1]. However, the
inherent explosive nature of hydrogen, particularly in the presence of an oxidizer such as
air, and an ignition source can lead to an exothermic reaction (Figure 1) which is not

particularly predictable.

Combustible Air
substance {oxygen)

|gnition source

Figure 1: Three factors of explosion [2]

This behavior necessitates a thorough understanding of technical and organizational
measures for hydrogen explosion protection prompting numerous experimental studies
[3-6] in order to suggest appropriate safety precautions, and various protection principles.
One of the safety protection precautions used, in this regard, is the type of protection called

“flameproof enclosures” also referred to as “Ex d” [7]. These devices are characterized by



the fact that, when there is an ignition within, they can withstand the explosion pressure
safely such that the explosion cannot penetrate to the outside and ignite an explosive

atmosphere outside of the enclosure.

Explosion pressure refers to the high pressure generated when a combustible gas, such as
hydrogen, ignites and burns rapidly inside an enclosure or confined space [8]. This
pressure is a critical factor in the design of safety measures, as it determines the ability of
the enclosure to contain the explosion without rapturing. The determination of explosion
pressure is essential for qualifying flameproof enclosures, ensuring they can safely

withstand the forces generated during an explosion.

A related phenomenon, known as pressure piling, can further complicate explosion
dynamics within enclosures. Pressure piling occurs when an initial explosion or ignition
in one part of a confined space increases the pressure in another part of the enclosure,
leading to a more severe secondary explosion [9]. This effect is often exacerbated by
complex enclosure geometries and the presence of internal installations, such as baffles or
partitions, which can cause uneven pressure distribution and localized pressure

compression points.

Understanding both explosion pressure and pressure pile effects is crucial to developing
effective explosion protection strategies. This understanding underpins the international
standards for flameproof enclosures, which have evolved since the early studies by
Beyling in 1906 [10]. The International Electrotechnical Commission (IEC) [9] created
the first international standard for flameproof enclosures in 1957, and this standard has
undergone numerous revisions to improve safety measures in response to ongoing
research and technological advancements. One of the central tests in these standards is the

2



determination of explosion pressure, which remains a cornerstone of enclosure

qualification.

1.2. Statement of the Problem

The potential danger of hydrogen-air mixtures in enclosed spaces poses safety concerns
that are not fully understood [11], particularly regarding how the shape of the enclosure
and internal components impact explosion dynamics [12]. While current safety standards
for flameproof enclosures offer a level of protection, they lack guidance on how these
variables affect explosion pressures and pressure piling when dealing with hydrogen-air
mixtures. This knowledge gap creates risks in the expanding hydrogen industry where

secure storage and handling are paramount.

1.3. Aim and Objectives of the Study

This study aims to contribute to the improvement of the design and safety measures of
flameproof enclosures by experimentally investigating how different enclosure
geometries and internal installations influence the explosion pressure of hydrogen-air

mixtures.

The objectives of this research are.

1. To quantify the explosion pressure in spherical, cylindrical, and multi-compartment
enclosures filled with hydrogen-air mixtures.

2. To investigate the role of internal installations in influencing pressure piling and
overall pressure distribution within these enclosures.

3. To analyze the pressure dynamics of hydrogen-air explosions, including pressure

build-up and distribution, in relation to enclosure geometry.



Based on these objectives, this study addresses the following research questions:

1. How do different enclosure geometries (spherical, cylindrical and multi-compartment)
influence the explosion pressure and rate of pressure rise for hydrogen-air mixtures?

2. What effect do internal installations have on pressure piling and pressure distribution
in hydrogen-air explosion tests?

3. How do pressure dynamics, specifically pressure build-up of hydrogen-air mixture

vary with enclosure geometry?

1.4. Significance of the Study

The importance of this research is that it tackles safety issues, particularly in the field of
explosion protection, related to the use of hydrogen gas, especially given the increasing
global focus on green hydrogen as a clean energy option. By delving into how the shape
of enclosures and internal setups impact explosion pressure and pressure piling, this study
will contribute to the understanding and better application of enclosures in the realm of
explosion protection. These findings will improve safety protocols for storing and
handling hydrogen, thus decreasing the likelihood of industrial mishaps. Moreover, the
results of this research will influence updates to safety guidelines, promoting safer and

more widespread integration of hydrogen technologies across various industries.

1.5. Limitations and Delimitations

To offer significant understanding regarding the impact of enclosure geometries and
internal installations on explosion pressures, it would be crucial to recognize specific
constraints that would affect the depth and breadth of the results obtained and to ensure a

manageable scope.



1.5.1. Limitations

1. Thestudy is limited by the scale and scope of the experiment and the simplification
of setups, which might not fully capture the intricacies of real-world complex
structures across all industries.

2. This research focuses primarily on hydrogen-air mixtures and may not account for
the behavior of other gases or gas mixtures, which could exhibit different

explosion characteristics.

1.5.2. Delimitations

1. This study is deliberately confined to the examination of hydrogen-air mixtures
within flameproof enclosures and has excluded other types of explosion protection
methods or gases.

2. This research specifically investigates the impact of enclosure geometry and
internal installations without delving into other factors such as temperature
variations and or external environmental conditions.

3. This work aligns its experimental approach with existing international standards
for flameproof enclosures, ensuring relevance but also limiting exploration outside
these established frameworks.

4. The explosions considered in this work are exclusively deflagrative in nature.

Detonations are not relevant due to the test setups and parameters used.



CHAPTER 2. LITERATURE REVIEW

2.1. Introduction

This literature review discusses the dynamics of hydrogen-air explosions and how they
are influenced by enclosure geometries and internal installations. Risks coupled with the
properties of enclosure geometrics and internal installations that influence explosion
pressures in hydrogen production plants are assessed. These risks substantiate the ongoing
academic discourse about the persistent risks of explosions that have plugged industries
that have in recent years embarked on energy production, and in this case, hydrogen gas
is studied. It has been widely reported in the literature that significant risks are associated
with the production of hydrogen gas [13-17]. While a plethora of literature has focused
on the risks by listing and describing them, this study seeks to focus on the experimental
properties of hydrogen gas explosion pressure has on flameproof enclosures, including
spherical, cylindrical, and multi-chambered designs. It also focuses on the pressure piling
effects and how this phenomenon influences the behavior of gas explosions within multi

chamber enclosures.

2.2. The Genealogy and Politics of Hydrogen Gas Production

The discovery that was made in 1923 that hydrogen could be produced by a mixture of
natural gas with steam, in the presence of a catalyst [18], laid a foundation for large-scale
production of hydrogen gas. The shift of interest in producing hydrogen gas using
unsustainable raw materials, such as natural gas and crude oil, was motivated by the large-
scale industrial use of hydrogen in the petroleum industry [19, 20]. Today, various

methodologies, such as Water-Gas Shift Reaction (WGSR), pyrolysis, electrolysis, and



others — either alone or in conjunction with water splitting — are extensively used in the

industry for hydrogen production [21].

Driven by the growing demand for a clean energy ecosystem, hydrogen as an energy
carrier now forms a dynamic part of the energy transition process. However, as the 21st
century unfolds, energy transitions get influenced by global power geopolitics [22]. The
Namibian Green hydrogen strategy [23], a key part of the Harambee Prosperity Plan Il
(HPP 11), aims to position Namibia as a leader in green hydrogen production by harnessing
its vast renewable energy resources. On the other side of the globe, the Federal Republic
of Germany has decided since 2020 to invest over 9 billion Euros in the import of green
hydrogen gas and fund green hydrogen production projects across the globe, with Namibia

being one of the key recipients of these investments [24].

2.3. Theoretical Background of Hydrogen Explosion Dynamics

Explosions in gas plants, particularly those involving hydrogen, present significant safety
concerns due to the violent nature of these reactions. As noted in prior studies by Yu et al.
[25] and Yang et al. [26], hydrogen is one of the most reactive and combustible gases,
necessitating a detailed understanding of explosion dynamics to mitigate risks in industrial
settings. The root cause of such an explosion lies in the rapid combustion or

decomposition of a combustible gas and its mixing with an oxidant.

2.3.1. Hydrogen Combustion Reaction

The combustion reaction of hydrogen fuel used in this experiment is indicated by Equation

(1), where two hydrogen molecules react with one oxygen molecule to form water vapor.

2H,(g) + 0,(g) - 2H,0(g) Equation 1



The chemical reaction mechanism is significantly complex than what equation 1 captures.
Hydrogen combustion is a branched-chain reaction involving a series of intermediate steps
with hydrogen (H), oxygen (O), and hydroxyl (OH) radicals acting as chain carriers[27,
28]. These radicals determine the overall rate of combustion by playing a critical role in

propagating the reaction.

Reactions in the combustion system are therefore categorized into chain initiation
reactions, chain branching reactions, chain propagating reactions, and chain termination

reactions.

1. Initiation reactions — in order to start the chain reaction, chain initiation is required.
This step is usually triggered by external energy such as heat or an electrical spark,
providing the activation energy. This process involves the dissociation of a

hydrogen molecule to reactive hydrogen radicals:

Hy(g)+M - H(g) +H(g) + M Equation 1.1

Where M represents a third body collider that provides (or removes) the energy necessary

for breaking the chemical bond [28].

2. Chain branching — after initiation, the reaction proceeds through branching where
a net radical production is achieved such that two radicals are formed from one
atom or radical.

H(g) + 0,(g) » OH(g) + 0(9) Equation 1.2

0(g) + H,(g) - OH(g) + H(g) Equation 1.3



3. Chain propagating — the radicals formed sustain the chain reaction by reacting with

hydrogen molecules to form water vapor and regenerate radicals:

OH(g) + H,(g) -» H,0(g) + H(g) Equation 1.4

4. Chain termination reactions — this is stage represents the net destruction of
radicals. It occurs when reactive radicals combine to form stable products, thereby

reducing the radical concentration and ultimately slowing down the reaction.

H(g) + OH(g) = H,0(g) Equation 1.5
H(g) +0(g) —» OH(g) Equation 1.6
OH(g) + OH(g) » H,0(g) + 0(9) Equation 1.7

Understanding the significance of the reaction mechanism helps develop safety measures

in mitigating explosion risks.

2.3.2. Explosive Limits and Most Ignitable Mixtures
The dynamics of hydrogen explosion pressure are rooted in several interrelated factors.
For instance, the adiabatic combustion temperature plays a critical role in determining the

explosion pressure, as governed by the ideal gas law [29]:

pV = nRT Equation 2

Where p is pressure, V is volume, n is the number of moles of gas, R is the universal gas
constant, and T is temperature in Kelvin. Equation (2) suggests that for a fixed volume
enclosure (as is the case in flameproof enclosures), an increase in temperature from the
combustion of hydrogen will directly result in a corresponding increase in pressure. In
most cases, the explosion pressure (denoted as p,,) represents the peak value attained

9



during the explosion, and its magnitude depends on the enclosure’s ability to withstand
this pressure without failure. According to DIN EN 15967 [30], this is the highest
pressure, determined under specific test conditions, that occurs in a closed container
during an explosion of a specific mixture of explosive substances with air, or air and inert

gases.

In practical industrial settings, the explosion pressure for a hydrogen-air mixture can reach
up to 8.3 bar in enclosures such as spherical vessels due to symmetrical flame propagation
[31]. For hydrogen gas to cause a combustible ignition (explosion), certain preconditions
must be met with regards to the concentration, pressure and temperature. If the pressure
and temperature of the hydrogen-air mixture are constant, the concentration that ignites
with a minimum amount of energy is called the most ignitable mixture [2] (see Figure 2).
This concentration varies for every gas and is limited by an explosion range of lower

explosive limit (LEL) and upper explosive limit (UEL).

mixtura explasion rangs mixture
tao lean toa rich
no partial
combustian combustion,
i explosion
Explosive limit
-— W
lowwer LppaEr
o Concentration of the
0 vol% combustitle substance

Figure 2: Explosive limits for any gas — air mixture [2]
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Table 1 compares some of the common hydrocarbon gas properties with hydrogen gas.
Explosion limits refer to the pressure-temperature boundaries for a specific fuel/oxidizer
mixture that separates the region of slow and fast reactions [32] .The explosion range for
hydrogen-air mixture is 4-75/vol-% with the most ignitable mixture ranging from 14-

34/vol-% and its Stoichiometric Fuel-air mixture is 31/Vol-% [7].

Table 1: Comparison of explosion properties of hydrocarbons with hydrogen gas.

Stoichiometric Fuel- Explosion Pressure
Air Mixture/Vol.-% Dex in bar Explosion Range /
Gas [7] According to [31] and Eq.3 | Vol.-% [31, 33]

Hydrogen - H, 31 8,3 4-75
Methane - CH, 9,8 9,03 5-15
Acetylene - C,H, |14 11,23 2,5-100
Ethylene - C,H, 8 10,01 2,7-36
Propane - C3Hg 4,6 9,72 2,1-9,5

In the field of explosion protection, the explosion pressure, denoted as p.,., is defined as
the highest value of the pressure as shown in Table 1. The comparison of the explosion
pressures can be calculated using Equation (3) [12] which was also verified by
ChemSAFE [31]. On the other hand, the explosive limits and the most ignitable limits
were verified with sources such as CHRYSALIS gas reference information [33] as well

as ChemSAFE [31].

11



2.3.3. Pressure Development in Explosions
In a closed vessel, combustion results in an instantaneous release of energy, which
increases the temperature of the gas mixture [34] and maximum explosion pressure, pe,,

attained during this process [12] is given by Equation (3) as:

Pex = Po miad Equation 3

noTo

Here, p, describes the initial pressure of the fuel-air mixture before ignition, n, the
number of moles, and T, the temperature before combustion, n, the number of moles after

combustion, T, the adiabatic combustion temperature. Assuming that the conditions are

adiabatic, the molar ratio % is approximately 1 due to the minimal change in the number
0

of moles. In ideal adiabatic conditions, the explosion pressure reaches its peak when the
proportion of combustible material is optimal. However, real world conditions often
deviate from these ideal assumptions due to factors such as heat loss to the enclosure walls

or turbulences in the flame front [35].

2.3.4. Flame Propagation and Burning Velocity

Flame propagation plays a critical role in determining the severity of an explosion. In fuel-
air mixtures, the flame front advances rapidly depending on the weight of the fuel, of
which the case of a hydrogen-air mixture allows a quick diffusion of hydrogen molecules.
The burning velocity is a crucial factor in determining the rate of pressure rise during an

explosion. This signifies the rate at which the flame consumes unburnt gas.

Pressure and temperature are important factors affecting flame speed. Lewis and von Elbe
have developed a pressure-temperature-burn velocity chart, illustrated in Figure 3, for an

ozone-air mixture (40.06 %vol. ozone) in a spherical enclosure of radius = 15 cm [12].
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This chart shows the relationship between pressure (p), the temperature of unburnt gas

(T,)), temperature of burnt gas (T,), the end temperature (T,), and the radius of the

enclosure.
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Figure 3: Pressure-temperature-burn velocity chart developed by Lewis and von Elbe for

ozone-air mixture in a closed

As illustrated in Figure 3, the pressure,

spherical enclosure [12]

temperature and burning velocity are

interconnected and influenced by the vessel’s radius [12]. The study done by Razus et al

[36], also showed that the burning velocity

varies significantly based on the initial



conditions and the geometry of the vessel. In smaller geometries, such as those with a
smaller radius, the flame propagates much faster and the pressure rises more quickly,
leading to a rapid explosion as compared to those with a larger radius and greater volume
allowing for more heat dissipation before reaching enclosure walls. This relationship
highlights why enclosure geometry is an important factor in determining the explosion

severity.

2.3.5. Vessel Geometry and Explosion Dynamics

Due to the uniform nature of a sphere, the pressure buildup is faster and more intense and
is governed by Equation (4) [37] where the flame radius 1, is given as a function of the
pressure p inside the vessel.

_ (p/po)x—1> .
T, =T <(p/po)x—a Equation 4

Where 1y, is the flame radius, r is the radius of the vessel, p is the final pressure inside the
vessel, p, is the initial pressure, «a is the ratio of the burnt to unburnt gas density and y =

1/y, where y is the ratio of specific heat of the unburnt gas.

The flame radius r;, expands as the pressure rises and the distance from the flame transfer

point (ignition source) is calculated as
Z=r—-m1, (p;) Equation 5

Where p, is the pressure in the enclosure just before ignition, or in the primary chamber,

or just before ignition in the secondary chamber, in the case of multi-chamber vessels.

Based on other studies by Singh (1984, 1993) as referenced in Rogstadkjernet [38], an

empirical relation of the flame transfer distance in cylindrical vessels is given by Equation
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(6) and shows that the flame transfer distance Z is greatly influenced by the gas flow rate

dc
Z = dcl‘8 Equation 6

Although this equation is assumed to be geometry dependent and a poor representation of
the actual flow characteristics, for the multi chamber enclosure with orifice division, it
shows that time of flame transfer into the secondary chamber is dependent on the orifice

opening.

2.3.6. Turbulence and Pressure Oscillations

During an explosion, the flame front is not always perfectly symmetrical [36, 39],
particularly in industrial settings with compartmented design features and irregular
geometries. As the flame propagates, it encounters obstacles and changes within the
vessel’s cross-sectional area, creating turbulence. Turbulence enhances the mixing of fuel
and oxidizer, affecting the flame speed and ultimately influencing local pressure spikes,

as the pressure reflects off the walls and internal installations of the enclosure.

In confined spaces the reflected pressure waves interact with each other, leading to
pressure oscillations which further amplifies the overall pressure of the explosion [34].
The presence of multiple compartments or obstacles exacerbates these oscillations and
ultimately creates localized areas of high pressure which can exceed the average explosion

pressure [40].

2.3.7. The Role of Temperature in Hydrogen Explosions
Temperature plays a significant role in hydrogen-air mixture explosion dynamics [34,

41][41]. Hydrogen gas has a low ignition energy and a wide flammability rate [3], as
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shown in Table 1, meaning it can ignite at relatively low temperatures as compared to
other fuels. The adiabatic temperature of hydrogen in air mixture is around 2500 K, which

contributes to its high detonation potential [42].

In the context of explosion processes, a fundamental distinction is made between thermal
ignition, thermal explosions and chain branching explosions, with the rate of reaction
coefficient, k, being a key characteristic of the chemical reaction. This rate of reaction has
a non-linear temperature dependence and is described by the Arrhenius equation

(Equation (7)) [43].

Eq
k~Aye RrT Equation 7

Where A, is a pre-exponential factor that has a temperature dependence that is often
neglected. E, is the activation energy, R the universal gas constant, and T the temperature
of the system. Higher temperatures reduce the activation energy barrier, allowing the

reaction to proceed more quickly, which increases the explosion severity.

While hydrogen holds immense potential to reduce carbon emissions across various
industries, its highly explosive nature calls for strict safety precautions. When hydrogen
is released and ignited, the resulting flame quickly propagates through a mixture of
combustible gas and oxidant posing challenges [44] . Unlike traditional fuels, hydrogen’s
behavior in accident scenarios — characterized by rapid flame acceleration and a high
detonation potential — requires specialized safety analysis and mitigation strategies [45] .
One crucial safety measure involves using flameproof enclosures designed to contain

explosions and vent them safely without letting the ignition spread externally. These
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enclosures play a role in preventing accidents in areas where hydrogen is used or stored.

For that reason, flameproof enclosures are the main focus of this study.

2.4. Factors Influencing Explosion Pressure and its Measurements

It is important to understand the factors that impact explosion pressure when designing
flameproof enclosures for industries where combustible gases like hydrogen are prevalent.
Explosion pressure is influenced by various factors, ranging from fuel characteristics [40]
to enclosure design [34, 40]. This section discusses some of the main factors and their

influence on explosion pressure and measurement accuracy.

2.4.1. Fuel and Oxidizer Characteristics

The type and concentration of fuel plays a critical role in determining the explosion
pressure. For hydrogen-air mixture scenarios, the ratio of hydrogen and air proportions
influences explosion dynamics [31]. Due to the low ignition energy of hydrogen gas and
its wide flammability range, this gas is volatile and as a result, it has a broad spectrum of
potential explosion pressure as compared to other gases. It is therefore imperative to
maintain the right and safe fuel-to-oxidizer ratio to optimize safety and control explosion

pressure in practical industrial settings.

2.4.2. Initial Conditions: Temperature and Pressure

Initial conditions such as temperature and pressure have an impact on the explosion
reaction and although it is not possible to have control over them in practical industrial
settings, it is important to understand the severity of their influence [46]. Higher ambient
temperatures can accelerate the chemical reaction thus increasing the rate of combustion

and the corresponding explosion pressure [41]. Similarly, a high initial pressure within an
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enclosure amplifies the overall explosion severity by compressing the fuel-oxidizer

mixture before ignition, concurrently exacerbating the explosion [47].

During experimental tests, it is imperative to have control over these parameters to ensure

reliable results.

2.4.3. Enclosure Geometry

The physical characteristics of the enclosure, such as its shape and volumetric feature,
significantly influence how pressure builds up and propagates during an explosion [34].
Enclosures, such as those of spherical geometry, have been used for experimentally
studying the explosion pressure in fuel-air mixtures and have been set as the basis for
comparison with other enclosure designs, to build on the understanding of pressure

distribution during an explosion.

Further studies have been carried out with compartmentalized vessels [48] as well as,
different types of volumetric geometries, such as interconnected tubes [37] or cylindrical
and spherical, [47, 49, 50] that allow more heat dissipation and result in different
explosion pressures. This paper delves deeply into investigating the influence that various
geometries of enclosure have on the explosion pressure, particularly in hydrogen-air
mixtures. A comprehensive discussion therefore accompanies the experimental results

obtained.

2.4.4. Internal Installations and Obstructions
Internal installations such as orifices, partitions and baffles influence the explosion
pressure by altering the flow of pressure waves and flame fronts [50]. These installations

can either exacerbate or reduce explosion severity. In compartmentalized designs,
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exacerbation of explosion is experienced due to localized pre-compression of explosion
pressure, this is also due to the partitions that reflect pressure waves leading to localized

pressure spikes[48].

Experiments conducted by Krause et al [51] demonstrated that internal installations
significantly impact the static and dynamic stress within flameproof enclosures. They
further went on to demonstrate that the positioning of obstructions, combined with the
location of the ignition source, plays a key role in the overall pressure buildup and must

be carefully considered at design.

2.4.5. Pressure Piling

Pressure piling is a phenomenon observed in enclosures with multiple compartmented
designs or setups with internal installations that lead to localized pre-compression during
an explosion [37]. According to the IEC standard [9], pressure piling is a result of ignition,
in a compartment or subdivision of an enclosure, of a pre-compressed gas mixture, for
example, due to a primary ignition in another compartment or subdivision. It is not just
the confined space or rapid energy release that causes pressure piling but rather the way

the pressure waves interact within the enclosure.

The IEC6079-1 standards have stated the conditions that under which pressure piling can

occur [7]:

1. During a series of explosion tests with the same configuration, the pressure values
deviate by more than 1.5 times

2. or the pressure rise time is less than 5 ms.
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In a scenario involving pressure piling as illustrated in Figure 4, when the explosion in the
primary chamber compresses unburnt gas in a connected chamber, the pressure in the
secondary chamber before ignition (p,) becomes higher than the atmospheric pressure,

leading to an even greater final pressure (py).
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Figure 4: Pressure history in primary chamber (—) and secondary chamber (---) [52].

Studies have been done on cylindrical vessels interconnected by a duct filled by a
propane—air or a methane—air stoichiometric mixture at initial atmospheric temperature
and pressure [40]. This duct is separated by orifices of different sizes in order to show the
effect of pressure piling due to duct opening. The results highlight the importance of
managing internal installations to prevent extreme pressure piling that could exceed the

enclosure’s design limit.
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2.4.6. Measurement Accuracy and Challenges

Accurate measurements in explosion pressure experiments are important such that they
help in evaluating risks and ensuring that the experimental samples meet the set safety
standards. Factors such as geometric complexity, heat dissipation and turbulent flow can
have a profound effect on the measurement accuracy, as they can introduce discrepancies

between predicted calculated results and experimental results.

Heat dissipation along with turbulences within the enclosure can lead to deviations
between the result measurements [36]. Experimental equipment such as measuring
devices that are typically used to capture data in real time must be routinely calibrated in
order to minimize errors due to factors such as thermal shock, internal wear, temperature
fluctuations etc. [12]. Regular calibration of measuring devices ensures accuracy and
reliability of test results by aligning the device’s output with known reference standards

[53].

2.5. Theory of Pressure Piling and its Effects

Pressure piling is a vital phenomenon in the field of explosion protection, especially in
flameproof enclosures designed for housing devices that result in complex geometries and
partitions. This phenomenon occurs when the pressure from the initial explosion in the
primary compartment compresses the unburnt gas in an adjacent secondary compartment,
which consequently leads to a severe explosion in the secondary compartment [12]. This
phenomenon poses severe risks in industrial settings where combustible gases such as

hydrogen gases are present as it significantly amplifies the overall explosion pressure.
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2.5.1. Mechanisms of Pressure Piling

The propagation of pressure waves within the interconnected compartments of an
enclosure is the driving force behind the mechanism that is responsible for pressure piling
on an enclosure. When an explosion is executed in the primary compartment, the
explosion flame front rapidly consumes the fuel-air mixture and consequently generate
high-pressure waves [52]. These waves travel through the openings between these
compartments ultimately compressing the unburnt fuel mixture in adjacent compartments.
When the compressed gas ignites, a secondary explosion is experienced which produces
a violent explosion that is significantly higher than that observed in the primary

compartment [52].

Section 2.3. above stated that the ideal gas law governs the relationship between pressure,
volume, and temperature [29]. Thus, in the context of pressure piling, a significant
increase in temperature due to the combustion process causes a corresponding increase in
pressure. However, in complex enclosure designs, such as those with multiple chambers,
the compressed fuel mixture in the secondary compartments leads to an even greater final
pressure [48], deviating from the ideal assumptions in single-chamber explosions with

evenly distributed flame propagation.

2.5.2. Mathematical Representation of Pressure Piling
Expanding further on Equation (3), and applying the assumption of an adiabatic process,
the relationship between the initial and final pressures and temperatures can be described

as.

T .
h_2 Equation 8
po To
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Where p, and p, are the final and initial pressures, respectively, and T; and T, are the

final and initial temperatures, respectively.

Due to the amplification of the explosion pressure because of the pre-compression of the
unburnt fuel-mixture in the secondary compartment, this relationship does not hold true

because of the effect of pressure piling.

A deflagrative index K is introduced, which quantifies the rate of pressure rise in a gas

explosion and can be used to assess the severity of pressure piling effects [54].

—y1/3 (9P -
K=V (dt)max Equation 9

. d . . .
Where V is the volume of the enclosure and (d—’t’) is the maximum rate of pressure rise.
max

The maximum rate of pressure rise is given by

1
(d_p> _ 3(Pex — Po) (@Y S
dt max Rvessel PO .

Where §;, is the laminar flame velocity and R,,...; IS the radius of the enclosure.

The relationship between the deflagrative index in the secondary chamber and that of the
primary chamber is then given by n which is the amplification factor due to the pre-

compression of the fuel mixture in the secondary chamber.

K¢, = nKg, Equation 10

This amplification is what then causes the localized pressure spikes that exceed the
designed pressure limits of enclosures and ultimately lead to catastrophic failure when
inappropriately managed.
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2.5.3. Experimental Observations of Pressure Piling

Experimental studies, including those performed by Krause et al. [12], and Li et al [40],
have demonstrated the impact internal installations and complex designed enclosures
significantly have on pressure piling using flammable fuel mixtures such as methane-air

and/or acetylene-air mixtures.

The experimental work conducted for this research paper initially conducted a
comprehensive theoretical analysis of pressure piling by employing fundamental
equations and studying previous experimental studies. Subsequently, two experimental
settings were prepared — an enclosure installed with a metallic plate with different orifice
size openings as well as an enclosure with internal installation made from welded steel

plates and blocks replicating electrical devices.

The purpose of these configurations is to replicate the circumstances observed in real-
world industrial applications. The experimental research confirmed the validity of the
theoretical analysis and demonstrated that the relevant requirements in the standard were

met.

2.6. Safety Regulations and Standards in Hydrogen Production Plants

Hydrogen, which is known for its vigorously violent explosive nature, demands thorough
safety measures when it comes to the handling of it in large quantities in large scale
industrial settings. To mitigate the risks associated with hydrogen explosions, various
international bodies, such as the IEC [9], have come up with safety standards and
regulations that establish guidelines to help ensure that facilities comply with the best

practices for explosion protection, environmental safeguarding and safety processes.
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2.6.1. Overview of Key International Standards

Hydrogen production and handling is governed by safety regulations that have been

developed by international standard bodies such as the International Electrochemical

Commission (IEC) [9], the National Fire Protection Association (NFPA) [55], and the

International Organization for Standardization (ISO) [56]. These organizations provide

comprehensive frameworks that industries must adhere to for the safe operation of

hydrogen systems.

IEC 60079-1 [9], is one of the most relevant standards that focuses on explosion
protection by flameproof enclosures (Ex’d). This standard outline the equipment
for flameproof enclosures that can contain explosive gases and mitigate the
ignition of explosive atmosphere outside the enclosure. This standard furthermore
details the design specifics, testing procedures and certification process of
enclosures used in flammable gas production facilities like those of hydrogen gas.
Specific tests, particularly related to the tests performed for this thesis’ experiment,
include assessing the enclosure’s ability to withstand internal explosions and
evaluating whether explosion pressure can penetrate enclosure walls to ignite the
explosive atmosphere outside.

NFPA 2 (Hydrogen Technologies Code) [55], sets forth guidelines for the
production, storage, and use of hydrogen across various industries. The NFPA
standards also include provisions for hazard analysis, equipment selection, and
installation practices for safe handling of hydrogen gas. On the other hand, NFPA
55 [57], compliments these efforts by addressing safety protocols of hydrogen

systems as compressed gases and cryogenic fluids.
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2.6.2.

ISO/TR 15916 [56], provides basic considerations for hydrogen safety systems.
These standards cover risk assessment, hazard identification and mitigation
strategies for the handling and storage, and use of hydrogen gas. It emphasizes the
importance of safety considerations in designs in order to reduce the risks of
explosions and the critical role that engineering control plays in minimizing human

exposure to hazardous conditions.

Importance of Hazard Assessment

Identifying potential explosion risks, understanding the conditions under which hydrogen

becomes explosive, and implementing the necessary safety precautions are the

fundamentals of hydrogen safety management. Hazard assessment is essential to ensuring

that hydrogen facilities operate safely and key elements in this process include:

Explosion Prevention — measures such as controlling ignition sources,
maintaining a safe fuel-air mixture concentration are just some of the measures
employed to prevent explosions. NFPA 2 [55], specifies that hydrogen plants must
be designed with adequate ventilation systems to prevent the accumulation of
hydrogen gas which could potentially lead to an explosion.

Explosive containment — As mentioned in IEC 60079-1 [9], flameproof
enclosures play a pivotal role in containing explosions and preventing their
propagation to the surrounding atmosphere outside the enclosure. The enclosures
are designed to withstand the pressure generated during an internal explosion and
dissipate energy safely within the container ensuring no damage to the exterior

surroundings.
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Emergency venting systems — during an explosion, emergency venting systems
is required in order to safely relieve the pressure and consequently reducing the
damage. The use of emergency venting systems are requirements from various
standards, including ISO/TR 15961 [56] and NFPA 55 [57]. These standards
ensure the design of these systems to direct explosive gases away from critical

equipment and personnel areas, thus ensuring minimal potential damage.

2.6.3. Role of Inherent Safety Design

One of the most fundamental ways of ensuring the safety in the green hydrogen value

chain is through inherent safety designs [58], a philosophy aimed at eliminating or

significantly reducing hazards rather than relying on protective measures. This approach

relies on the following strategies:

Minimizing hydrogen storage volumes — facilities can reduce the risks of large-
scale explosions by reducing the amount of stored hydrogen on site [17]. This
strategy is important especially in cases where it is possible to allow more real
time use of the hydrogen gas instead of storing it.

Limiting explosive atmospheres — maintaining the hydrogen-air mixture in the
lean and rich mixture regions, such that the mixture concentration is below the
Lower Explosive Limit (LEL) (4%-volume in air) and above the Upper Explosive
Limit (UEL) (75%-volume in air), is a key part in reducing explosion risks [59,
60][61]. This will inherently reduce the potential for an explosion as there will be
insufficient oxygen to support combustion.

Passive safety design considerations — incorporating passive safety features into

hydrogen systems is one of the inherently safety design aspects that is employed
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to mitigate the risk of explosions. For example, using materials that are designed
to have high thermal stability or low flammability in order to prevent the escalation

of an explosion in the event of hydrogen leakage [11].

2.6.4. Regulatory Compliance and Audits

To maintain safety in hydrogen production plans and the overall value chain, it is
imperative to comply with regulatory measures and safety audits. International authorities
such as the Occupational Safety and Health Administration (OSHA) [61], and local
authorities such as the Namibia Standards Institute (NSI) [62], often require production
facilities to conduct regular safety audits and inspections that typically involve risk

assessments, compliance checks, and documenting and reporting incidents on site.

2.6.5. Safety Innovations and Technological Advancements
Recent technological advancements have been developed to contribute to safety
enhancement in gas production plants with the aim of monitoring, detecting and mitigating

risks associated with explosions. Some of the notable advancements include:

- Gas leakage detection systems — modern gas production facilities employ the use
of gas leakage detection technologies that continuously monitor the gas levels in
real-time, concurrently triggering alarms, and initiating shutdown procedures
before concentration reaches dangerous levels.

- Explosion suppression systems — in small, enclosed spaces where gas leaks could
potentially lead to a confined explosion, explosion suppression systems can be
installed in order to detect explosions at inception stages and release suppressant

agents in order to quench the flames and prevent further propagation.
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Condition monitoring and preventive maintenance — this is a proactive
approach that can be employed in facilities to prevent incidents caused by
equipment malfunctioning or degradation [11]. This approach monitors equipment

health, and schedule maintenance before incidents occur.

2.6.6. Lessons Learnt from Past Explosion Events

Ever since the global shift towards clean energy transition, hydrogen use has gained

attention. Hydrogen incidents all over the world have been reported and they provide

valuable lessons that shape current safety standards and regulations [63]. Some of the

notable incidents include, but are not limited to:

The 2019 Hydrogen Tank explosion in South Korea [64] — in May 2019, a
devastating incident happened in Gangneung South Korea, where a hydrogen tank
exploded due to a hydrogen gas leak, however the source of ignition inside the
hydrogen tank has not been proven. This incident highlights the importance of
real-time leak monitoring and rigorous safety inspections.

Hydrogen explosion incident in BASF Germany [65] — in July 2024, an
explosion occurred at the BASF chemical plant in Ludwigshafen, Germany. This
incident was caused by a brief ignition of hydrogen gas that leaked and ultimately
injured 15 people on site. This incident emphasizes the importance of stringent
safety measures and the importance of employing monitoring systems, particularly
for leakage detection in large scale industrial settings.

Hydrogen fuelling station explosion in Germany [66] — in June 2024, a fire
broke out following an explosion at a hydrogen fuelling station that was newly

opened in Augsburg, Germany. According to the investigations done, the
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explosion was attributed to a failure in the safety valve mechanism which resulted
in the hydrogen leaking and igniting. This incident highlights the importance of

regular maintenance to prevent such occurrences in fuelling infrastructures.
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CHAPTER 3. RESEARCH METHODS

3.1. Research Instruments

The basic equipment used for this experiment can be categorized into four types: test
sample enclosures, ignition system, gas mixing and filling system, and measuring and

logging system.

3.1.1. Test Sample Enclosures
A total of five enclosures were used for this research (see Figures 5 to 7), which for better

clarity will be referred to as follows:

e Sphere - consisting of a 10L volume stainless steel flameproof spherical enclosure

e Short Tube — consisting of a 250mm length cylindrical stainless-steel tube, with
a diameter of 161.5mm

e Long Tube — consisting of a 500mm length cylindrical stainless-steel tube, with a
diameter of 161.5mm

e Twin Tube — consist of the combination of 250mm and 500mm cylindrical
stainless-steel tubes of same diameter.

e Complex housing — This is a replicated design of a flameproof enclosure that is

currently of industrial-use as an electrical system housing enclosure.

1. Sphere

Figure 5 shows the spherical test sample that was equipped with four pressure sensors,
namely p1, p2, p3 and pas, installed on the cover flush against the wall at 45° angle. The

ignition for this test was a centrally located tip-ignition electrode within the enclosure.
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h=225 mm

Figure 5: The sphere test sample.

2. Short and Long Tube

Both cylindrical enclosures (Figure 6) were configured in a similar manner, such that the
gas inlet pipe was located at one end of the tube and the gas outlet was positioned at the
other end. The ignition for this setup is provided by a spark plug installed near the gas
inlet side of the tube. The setup included two pressure sensors of the same model, Kistler
601CAA: Sensor 1, measuring pressure 1 (p1), was positioned on the gas inlet side of the

tube, while Sensor 2, measuring pressure 2 (p2), was located on the gas outlet side.

3. Combined tube

The same procedure was applied to the combined tube setup. However, because the setup
is such that there had to be an orifice placed between the tubes to separate it into two
chambers, the gas inlet side is considered the primary chamber, while the gas outlet side
is considered the secondary chamber. This setup is sometimes referred to as the twin-tube
setup as the two cylindrical enclosures replicate a twin setup and therefore the term is used

interchangeably with the combined tube setup.
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@ =161,5mm

Figure 6: Cylindrical test samples and the orifice plates used to separate the
chambers.

4. Complex housing

Besides the basic symmetrical geometry test samples, this experiment also utilized a
replica of a real industrial flameproof enclosure. This enclosure is designed with multiple
chambers with the primary intention of housing electrical devices, as shown in Figure 7.
For the test, the sample was equipped with six sensors strategically installed on various

faces of the enclosure.

Ignition in these tests was initiated using a spark plug system, which was affixed to the
wall on the gas inlet side of the enclosure. To establish a baseline for explosion pressure,
the initial test was conducted in an empty multi-chamber enclosure. Subsequent tests were
then performed with internal installations, where electrical components were replicated
using steel plates and welded steel blocks, allowing for the evaluation of how these

installations affect explosion pressure within the enclosure.
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Figure 7: Multi-chamber enclosure.

3.1.2. Ignition System
Depending on the specific experimental configuration, either spark plugs affixed to the
wall of the test sample or tip electrodes for central ignition were employed to ignite the

corresponding fuel-air mixture. Figure 8 illustrates the two ignition systems used.

Figure 8: Explosion ignition systems; (a) spark plug, (b) tip electrodes.
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3.1.3. Gas Mixing and Filling System

1. Oxyagen analyzer

The oxygen analyzer used for the tests is the SEEVOMEX model 2210 as shown in Figure
9. This device allows the user to determine the percentage of gaseous fuel in the enclosure
to achieve the right stoichiometric ratio for optimal explosion pressure. Calibration of the
oxygen analyzer is necessary at the beginning of every test, as detailed in the SEEVOMEX

manual [67].

Figure 9: Oxygen analyzer.

2. Control program

The desired gas composition, the ignition, and the valves were controlled via the test bench
control program in a control room computer on site as shown in Figure 10. Data such as

temperature, humidity and oxygen level/content are also shown.
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Figure 10: Gas mixing and filling system.

3.1.4. Measuring And Logging Systems

1. Pressure sensors

The experiments used Kistler’s piezoelectric sensors for taking pressure measurements.

The key parameters of these sensors are provided in Table 2.

Kistler 601CAA model sensors were purposely chosen for this experiment due to their
advantage in low overload limit of 300 bar and a high sensitivity in the natural frequency

as compared to other Kistler sensor models.

Table 2: Technical specifications for the Kistler piezoelectric sensors.

601CAA + 1mm RTV -36.84 pC/bar

601CAA + 1mm RTV -36.90 pC/bar
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601CAA + 1mm RTV -37.57 pC/bar
601CAA + 1mm RTV -36.71 pC/bar
601CAA + 1mm RTV -36.70 pC/bar
601CAA + 1mm RTV -36.71 pC/bar
601CAA + 1mm RTV -36.86 pC/bar

A series of tests performed by Krause [68] have shown that thermal shock is a significant
factor influencing measurement results when determining explosion pressure. To prevent
thermal shock generated by the explosion and to avoid it from affecting the results
obtained, a 1mm thick layer of room-temperature-vulcanizing (RTV) silicon was

recommended to be applied to the sensor tip as shown in Figure 11.
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Figure 11: Kistler 601CAA pressure sensors with Imm RTV silicone.

2. Sensor Data Capturing

Kistler LabAmp web interface (Figure 12) in conjunction with the control program is used

for capturing sensor data and recording their measurements during the test. Data such as
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the sensor serial number, sensitivity settings and low-pass filter frequency are preset and
captured for the control program to be able to communicate with each sensor and record

live signals. This web interface gets the signals from the amplifier.
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Figure 12: Kistler LabAmp web interface.

3. Charge Amplifier

The Kistler LabAmp 5167 charge amplifier (Figure 13) was used for receiving and
amplifying the explosion pressure signal from the sensors. The charge amplifier operates
by receiving signals from the piezoelectric pressure sensors and transforming the charge
present at the sensor output into a measurable voltage. The amplifier is controlled via the
LabAmp web interface by providing means to configure the sensitivity, measuring range,

and frequency for filtering the measured values obtained from the pressure sensors.
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Adjustments to the frequencies of the high and low pass filters can be made manually. To

conduct these tests, a constant frequency of 5kHz was employed for filtering.

KISTLER

measure. analyze. innovate.

Figure 13: Kistler LabAmp 5167 charge amplifier.

4. Oscilloscope

The voltage signal produced by the amplifier is transmitted to an oscilloscope, specifically
the Yokogawa model DL850, as shown in Figure 14. From there, the measurements are
examined in real time and stored as comma-separated values (CSV) files for subsequent
analysis. The use of low-pass filters with a cutoff frequency of 5 kHz is necessary for

recording pressure signals [53].
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Figure 14: Yokogawa DL850 Oscilloscope.

To ensure adequate resolution of the measurement results, it is recommended to use a
sampling rate that is at least ten times the highest signal frequency. This means that a

sampling rate of at least 50 ksps should be selected for signals up to 5 kHz.
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3.2. Experimental Setup

Figure 15 depicts the overarching model corresponding to the fundamental framework

employed in the experiment.

outlet

Test Bench Control

Program

Hydrogen-air
mixture

analyzer

Gas inlet T Gas outlet

sample

Oscilloscope Charge amplifier

Figure 15: Schematic layout of the experiment setup.
The geometric characteristics of the test sample, together with the quantity and placement

of the pressure sensors, gas pipes, and the ignition, are merely illustrative.

The electronic components of the experimental configuration, outlined in section 3.1, were
calibrated using several methods and according to their individual user manual
recommendations to showcase their metrological characteristics. All the tests performed

in this experiment were conducted at room temperature and ambient air pressure.
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The experimental configuration utilized hydrogen gas supplied from compressed gas
cylinders that were commercially produced and supplied. Prior to every test, the
enclosures were initially purged with nitrogen gas — during the air cleaning process. The
hydrogen-air mixture is then injected into the test sample using a mass flow controller
through the test bench control system. The mass flows are controlled based on
predetermined setpoint values, with flow rates ranging from 50L/min to 80L/min,

depending on the volume of the test sample.

Each piezoelectric pressure sensor used for the test is affixed to the walls of the test
samples and effectively secured with a torque of 4 Nm. An electrical link is established

between the sensors and the charge amplifier using highly insulated connecting cables.

Subsequently, the sensor output signals are captured and saved using an oscilloscope
equipped with a recording feature through the analog outputs of the charge amplifier. The
triggering device in an ignition system is attached to the wall of the test sample. In order
to enable simultaneous initiation of the logging system, the ignition system was linked to

the test bench control system (Figure 16).

Both signal acquisition and signal processing are integral components of the measurement
chain. Signal acquisition is conducted using an oscilloscope equipped with a recording
element positioned behind the charge amplifier. The sampling frequency typically
operates at 5 kHz. A direct current (DC) coupling is chosen for the input modules to
capture the complete signal without any suppressed DC components. The subsequent
signal processing for filtering and display is performed using the Python programming

language.
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Figure 16: A screenshot overview of the computer screen for test bench control program.

This experiment examined the phenomena of pressure piling using two different
methodologies: Firstly, three distinct plates with different orifice openings are positioned

between the two cylindrical chambers to form primary and secondary explosion chambers.

The second part employs an intricately crafted enclosure with several chambers and

internal installations that replicate electrical devices.

3.3. Experimental Procedures

The procedures for the experiment followed the steps as shown in Figure 17 as a flowchart.
Before conducting each experiment, the oxygen analyzer had to undergo calibration as
specified in the supplied manual, in order to ensure accurate measurements of oxygen

levels during the tests.
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Figure 17: Flowchart for the experimental procedures.
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The calibration was performed using two separate procedures.

1. Low calibration procedure - the low calibration was conducted by injecting
100% pure Nitrogen gas (N2) into the test samples to purge any residual oxygen
or air from the housing. This step is essential to eliminate any contamination and
create a baseline with a zero concentration of oxygen gas. Following this, the
calibration is carried out by adjusting the oxygen concentration to 0% to establish
the baseline reading.

2. High calibration procedure - The second phase is the high calibration which
involves flushing the housing with ambient air. This procedure adjusted the
oxygen content to a standard atmospheric level of 20.95%, which was then
maintained consistently throughout the testing phase. During the process, the test
bench valve control program provided real-time oxygen content readings obtained

from the oxygen analyzer to ensure that the calibration was accurate.

Once the oxygen analyzer calibration was completed, the experiments proceeded with the

following steps:

1. Gas mixing preparation - both manual (hand valves) and automated valves were
opened to enable the hydrogen-air mixture to freely enter the enclosure. The
concentration of hydrogen-air mixture for each test series is initially established in
the test bench’s control system. In accordance with the IEC 60079-1 standard [9],
the designated hydrogen fuel ratio for each test was set at 31 + 1%. This ratio was
particularly chosen to replicate real-world conditions where the hydrogen-air

mixtures are within the explosive limits. To achieve a quiescence and uniformity,
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the hydrogen-air mixture was filled into the test sample for approximately three
minutes.

. As soon as the required hydrogen-air ratio is established, the oxygen analyzer
located at the outflow continuously measures the oxygen concentration in the
housing. Real-time monitoring was crucial to verify that the mixture was properly
prepared. The filling process was then halted once the oxygen analyzer reached a
consistent reading of 14.54%. Both the hand valves and automated valves coupled
to the oxygen analyzer were then closed in order to isolate the test enclosure and
prevent any backflow or leakage of the fuel-air mixture.

The test control program governs the operation of the ignition process and the data
logging system. Once the test sample was securely isolated, the ignition system
was then triggered. Following the initiation of the trigger, an explosion is executed
within the enclosure. During this moment, the control system monitors the ignition
and the resulting combustion parameters in real time.

The measured variables were passed through the charge amplifier that employed
a low-pass filter with a designated cutoff frequency of 5 kHz, as outlined in the
IEC60079-1 standard requirements [9], to capture the explosion dynamics
accurately. Thereafter, the filtered data was transmitted to the oscilloscope, where
the pressure-time histories were recorded and stored as a CSV file for future
analysis.

For each configuration, 5-10 repetitions of explosion tests were conducted, in
order to ensure results’ repeatability and reliability. The data for maximum
attained pressure, from each sensor, from each test was recorded on an Excel sheet,

which facilitated subsequent analysis. Descriptive statistics, such as mean values,
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and standard deviations were calculated and used to observe result uncertainties to
validate the experimental findings. Further detailed information of the excel
recorded data is provided in Appendix 2 of this thesis report.

6. In preparation for the next test, the test sample was air-cleaned, by filling it with
normal air to remove any residual gas mixture, until the oxygen level reached
20.95%. This process was important to prevent contamination or carryover effects
between successive tests. The test sample was therefore replenished with a fresh
mixture to guarantee complete purging of the test sample before proceeding to the

next test.

This rigorous approach contributed to the validity and reliability of the result findings

obtained from the experiments.
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CHAPTER 4. RESULTS AND DISCUSSION

4.1. Explosion Pressure Test Results and Discussions

A series of tests were performed on basic geometric enclosures: Spherical, short and long
cylindrical tubes. The aim for these tests was to establish a basis for understanding how
the geometry of an enclosure influences the pressure dynamics of a hydrogen-air mixture

during a deflagration explosion.

4.1.1. Spherical Enclosure
Figure 18 gives a graphical representation of the pressure history curve for the spherical
enclosure. The curves indicated on this graph are for all the four sensors used to measure

the explosion pressure within the spherical enclosure.
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Figure 18: Pressure history curves for the spherical enclosures.

The curves indicate a rapid and steep rise in pressure following the ignition, reaching a

peak value of 7.31 bar, which was recorded by pressure sensor Ps. This sharp increase
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aligns with theoretical expectations for spherical enclosures, as this type of enclosure
tends to distribute pressure evenly and symmetrically, resulting in minimum heat
dissipation during combustion. The symmetrical design of a spherical enclosure ensures

nearly uniform flame propagation.

The literature reviewed in Chapter 2 has shown that spherical enclosures typically
demonstrated higher peak pressure due to reduced surface area for heat dissipation, which
was confirmed in the experiments by Krause and Markus [51]. Moreover, small to no
disturbances were observed in the spherically propagating flame front and there was a low
presence of turbulence due to geometric uniformity and this contributed to retaining the

high-pressure readings.

Uncertainty plots have been generated for the pressure measurements of each sensor to
provide insight into the variability of the measurements obtained. Figure 19 shows the
results of uncertainty for the spherical enclosure. The graph utilizes the standard deviation
data for the four sensors, and they range between 0.04 to 0.06 bar. This degree of variation
reflects the relatively stable conditions within the enclosure, where the geometry reduces
inconsistencies within the flame propagation and pressure developed. However, due to
unavoidable minor human errors such as sensor misalignments, calibration limitations and
sometimes minor inhomogeneities in the gas-air mixtures, minor deviations are prone to

be picked up and contribute to the uncertainty level.
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Figure 19: Spherical enclosure pressure sensor results uncertainties.

4.1.2. Cylindrical Enclosures — Short and Long Tube

The explosion pressure in the short tube reaches a maximum of 6.75 bar, while the long
tube is 6.65 bar, as shown in Figure 20 and Figure 21, respectively. The cylindrical tubes
have shown slightly lower maximum explosion pressure compared to the spherical
enclosure (Figure 18), and this can be attributed to the longer shape of the cylinder, which
allows for more surface area for heat dissipation. These results support the findings of Li

and Hao (2020), which suggested that elongated geometries promote greater heat

dissipation due to their geometric advantage of increased surface area[49].
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Figure 20: Pressure history curves for the short cylindrical enclosure.
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Figure 21: Pressure history curves for the long cylindrical enclosure.




Furthermore, the short and long tubes differ slightly in the maximum pressure recorded.
The long tube demonstrated a rise in pressure that was slower and more gradual as
compared to that of the short tube which is much steeper and faster. The long tube
geometrically has a larger surface area as compared to the short tube. Therefore, during
the explosion, the increased surface area facilitates the heat dissipation, reducing the
energy available for sustaining high pressures. In contrast, the short tube, with its small
surface area experiences less heat dissipation and thus records higher peak pressures.
These findings reinforce existing studies which highlighted the effect of internal surface

area and flame propagation distance on explosion pressures [51].

The uncertainties in the results reading from the sensors in both the short and long

cylindrical enclosures are represented in Figure 22 and Figure 23, respectively.
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Figure 22: Small cylindrical enclosure pressure sensor results uncertainties.
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Large tube test uncertainties
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Figure 23: Large cylindrical enclosure pressure sensor results uncertainties.

The standard deviation between the readings is also in the range of 0.03 to 0.04 bar,
similarly to that of a spherical enclosure. The slightly lower deviation values of the results

can be attributed to the reliability of the sensors used and trusted calibration.

Figure 24 of the close comparison plot highlights the differences observed in pressure
history profiles between the three basic geometries. The plot shows that the spherical
geometry displayed the highest and most sustained maximum pressure, while the two
cylindrical geometries declined faster after reaching their peak pressure values. The
relatively low peak pressure results from the cylindrical enclosures are attributed to the
high heat dissipation due to the design structure of the enclosure. In contrast, the spherical
enclosure benefits from a central ignition point which allows for a more even distribution

of pressure within the enclosure and consequently reduces localized heat dissipation.
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Comparison of Pressure Curves for Different Enclosures
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Figure 24: Comparison of the highest pressure recorded for the basic geometries.

In addition, the large cylindrical enclosure experienced a slow rise in pressure after the
trigger. This could be attributed to the elongated length of the enclosure and the large
cross-sectional area for the flame to propagate as compared to the spherical and short
cylindrical enclosures. The comparative analysis displayed in Figure 24 confirms that the
spherical enclosure provides a more confined environment with less thermal losses and

consequently leads to higher peak pressures compared to cylindrical configurations.

The results discussed above for the basic geometric enclosures demonstrate the significant
influence of enclosure geometry on the explosion pressure dynamics for hydrogen air
mixtures. The discrepancies observed between the experimentally obtained values and
those from ChemSAFE in Table 1 can be attributed to the practical absence of adiabatic
conditions as an assumption. In the actual experiment, the thermal energy is released
through the wall of the enclosure. Moreover, following a brief travel distance,

disturbances arise in the initially spherically symmetrical flame front, leading to an
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increase in turbulence and the corresponding cooling of the heated combustion gases. In
essence, every experimental measurement is inherently affected by measurement
uncertainties stemming from a range of systematic and statistical factors throughout the

entire measurement process, resulting in additional deviations.

4.2. Pressure Piling Observation Results and Discussions

4.2.1. Combined Tube Setup

The second part of the experimental work utilized cylindrical enclosures that were
connected to replicate a tube with two compartments. This was done by separating the two
enclosures with a steel plate with an orifice opening of 15mm, 58mm and 90mm
diameters. Note that the words chamber and compartment are used interchangeably, both
essentially referring to a section of the enclosure often separated by a partition or barrier
to influence the flow of explosion pressure and dynamics within the system. The purpose
of incorporating an orifice opening is to demonstrate the pressure piling effect for each
size and here are the key observations displayed in graphical plots in Figure 25, Figure

26, and Figure 27, for 15, 58 and 90 mm orifice, respectively.
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Figure 25: Explosion pressure profile for combined tubes with 15 mm orifice.
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Figure 26: Explosion pressure profile for combined tubes with 58 mm orifice.
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Explosion pressure piling with 90mm orifice
Legends
144 P1 — 5ensorlmay: 10.09 bar
—— P2 — 5ensor2max: 10.77 bar

124
E 104
Q0
c
£ gl
()
—
3
A 6]
Q
_
[a

4

2_

0 ; v - .

0 10 20 30 40 50
Time in ms

Figure 27:Explosion pressure profile for combined tubes with 90 mm orifice.

e 15mm orifice (Figure 25)

The results in Figure 25 reveal a stark difference between the peak pressure observed in
the primary chamber and that observed in the secondary chamber. The maximum pressure
in the primary chamber observed was 6.12 bar while in the secondary chamber it was
significantly higher, peaking at 14.02 bar. The results show a rise in pressure of = 130%.
This strong disparity between the results in the two chambers indicates a strong pressure

piling effect.

The pressure rise in the primary chamber was observed to be slow and controlled as
compared to that in the secondary chamber. The slow and controlled pressure rise in the
primary chamber is an indication that the orifice restricts the flow of the explosion flame

between the compartments. The delay in pressure build-up by P2, in the secondary
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chamber, indicates the presence of pressure piling, where the pre-compression led to a

more intense secondary explosion.

e 58 mm orifice (Figure 26)

The primary chamber of this configuration observed a peak pressure of 10.53 bar, while
the pressure in the secondary chamber reaches 19.47 bar, basically an increase in pressure
of = 85%. The pressure rise in the primary chamber is notably steeper and reaches a
higher peak as compared to that of the 15 mm orifice, reflecting a more rapid combustion

due to the larger orifice allowing for faster gas flow between the compartments.

Despite the large orifice size, there was still substantial pressure piling, though the effect
is less pronounced compared to the 15 mm orifice, indicated by the peak pressure in the
secondary chamber. The restricted gas flow between the chambers led to a high initial
pressure build-up in the primary chamber, causing great energy transfer to the secondary
chamber ultimately causing pressure piling peaks. However, for this orifice opening, the
pressure piling effect was observed to be less severe as the larger opening facilitated a

better gas flow and pressure distribution between the compartments.

e 90 mm orifice (Figure 27)

In the case of the 90 mm orifice, the primary chamber observed a peak pressure of 10.09
bar, not far off from the peak pressure in the secondary chamber that was 10.77 bar,
essentially a small increase of = 6%. This change in the pressure reading is basically
negligible as there is not much restriction observed in the flow of the combustible gas
between the chambers and therefore indicates a minimal pressure piling effect. Like the

58 mm orifice, the pressure in the primary chamber is observed to rise quickly and reaches
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a similar peak. However, the rate of pressure rise appears to be more controlled. The
pressure piling effect in this configuration is significantly reduced, as the pressure in the
secondary chamber does not vastly exceed that of the primary chamber. The larger orifice
in this configuration allows for better gas and pressure equalization between the chambers,

leading to more balanced and safer pressure distribution.

The reduced severity of pressure piling in this configuration as observed aligns with
observations from the literature [49], which emphasizes that large openings between
compartments minimize the risk of pressure amplification by facilitating more uniform

gas and pressure flow.

Figure 28 graph closely compares the explosion pressure-time histories for the different

orifices, and how the pressure piling effect is observed due to the differences in the orifice

sizes.
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Figure 28: Pressure piling effect due to various orifice sizes.
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The results clearly demonstrate that the size of the orifice plays a critical role in controlling
the severity of pressure piling, hence translating in to how the separation of compartments,
whether it being a building or piping, affects the flow of explosion pressure and results in
pressure piling effects. The orifice between the compartments restricted the free flow of
the combustion gas, hence resulting in a delay in pressure transfer. This delay therefore
causes a pre-compression of the unburnt gas in the secondary chamber ultimately resulting
in an intense explosion upon ignition. This is depicted on the graph in Figure 28, where a
close comparison is made for all the results from the three orifices. The secondary chamber
results are a steep increase in pressure highlighting the accumulation of energy due to

pressure piling.

The steel plate with variable orifice sizes creates an obstruction that delays the flow of
pressure between the two compartments. This setup replicates real-world scenarios where
internal installations, such as partitions, piping, or valves, may influence the dynamics of

pressure buildup in explosion-prone environments.

Various research works also showed that the shape of the secondary compartment and the
way the jet was directed into it greatly influenced the explosion violence or rate of pressure
rise [44]. The interaction between the flame front and the compartmentalized structure is
key to understanding how pressure piling can amplify explosion pressures beyond what

would be expected in a single, open enclosure.

This finding is critical for designing safer industrial installations where explosive gases
might accumulate, as it suggests that minimizing internal obstructions can reduce the risk

of severe pressure piling up.
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The results of this experiment support the objective of investigating the role of internal
installations in pressure piling. It further suggests that careful consideration must be given
to the design of interconnected enclosures or compartments to prevent extreme pressure
piling, which could lead to catastrophic failure in industrial settings. By controlling the
size of openings and minimizing obstructions, it is possible to manage and mitigate the

risks associated with pressure piling in explosions.

The findings from these tests underscore the importance of careful consideration of
partitioning designs between various structures in industrial settings. Structures or systems
designed with internal partitions or valves that create restrictive orifices between
compartments can lead to pressure piling effects and ultimately increase the risk of
catastrophic explosions. Therefore, by optimizing the size and configuration of these
partitions or valves, it is possible to alter the pressure differentials and improve safety in

interconnected compartments.

4.2.2. Multi Chambers System

The explosion pressure recorded in the empty enclosure, shown in Figure 29, is
comparable to that recorded in the cylindrical enclosure from earlier experiments. The
maximum explosion pressure recorded was 6.7 bar, with the remaining sensors detecting
pressures in a range of 6.34 bar to 6.63 bar. Figure 30 displays the uncertainties observed
between sensor readings. This consistency across the sensor readings indicates a relatively
uniform pressure distribution in an empty enclosure with minimal to no obstructions. The

readings deviated in a small range between 0.05 bar to 0.07 bar.
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Figure 29: Empty multi chamber enclosure test results.
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Figure 30: Pressure sensor results reading uncertainties for empty multi-chamber

enclosure.
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The flame propagation in this configuration involved the flame front passing through
multiple compartments; However, due to lack of significant internal installations, the
flame transmission and pressure buildup was relatively controlled. Following igniting in
the first compartment, the flame was transmitted through a narrow conduit to the second
compartment, where exceptionally high rates of pressure increase were recorded. The
second compartment had a minor connection to a third compartment, which was then
linked to an additional compartment, and so forth. This configuration is not precisely
analogous to the twin-tube enclosure design, as the pressure buildup in compartment two

was released into a third compartment.
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Figure 31: Pressure piling results of multi-chamber enclosure.

The results in Figure 31 show the observations from the explosion test with the
configuration containing internal installations and how they can have a profound effect on

the explosion pressure dynamics of the hydrogen-air mixture, especially in terms of
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pressure piling. When compared with the baseline test of the empty enclosure in Figure
30, the introduction of internal obstructions caused a significant pressure increase,
validating the findings from previous experimental studies in the literature review. These
findings confirm that pressure piling is not merely a function of the amount of energy
released in an explosion but is also heavily influenced by how the internal structure of the

enclosure shapes the pressure waves and flame propagation.

Even though not all peak pressures in the experiment can be classified as pressure piling,
the results from sensors P, and Ps, 13.71 bar and 12.57 bar respectively, clearly meet the
conditions for typical pressure-piling behavior (Figure 31). This is due to the localized
pre-compression of gases in the most confined spaces of the enclosure compartments,

which aligns with the pressure dynamics characteristic of pressure piling.

In these regions, the internal installations acted as barriers, delaying the transfer of
pressure waves between chambers. As a result, flame propagation was confined and
accelerated in these areas, leading to a rapid pressure buildup that fulfills the criteria for

pressure piling, such as the sharp rise in pressure and significant amplification.

The peak pressure readings from sensors P, and Ps clearly indicate that pressure piling
occurred according to standard criteria of IEC60079-1, where the pre-compression of
gases and delayed ignition caused a substantial increase in local pressures. The
configuration of internal components and the complex geometry of the enclosure created
conditions that facilitated pressure amplification, thus mimicking and fulfilling the true
conditions of pressure piling. This suggests that, under certain configurations, internal

installations within enclosures can create high-pressure peaks, amplifying local
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overpressures and posing risks consistent with those seen in fully developed pressure-

piling scenarios.

In addition, the uncertainty plot analysis in Figure 32, for the multi chamber enclosure
with internal installations reveals greater variability in pressure readings. For example, the
reading of pressure sensor P2 shows a standard deviation of 0.92 bar, indicating more
pronounced fluctuations in pressure readings. This could be attributed to the complex
pressure dynamics introduced by internal obstructions which result in disruption of the

uniform propagation of pressure waves and ultimately leading to localized pressure spikes.
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Figure 32: Pressure sensor results reading uncertainties for multi-chamber enclosure

with internal installations.
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The findings from these experiments have revealed that designs such as those of the multi-
chamber enclosure with internal obstructions can have a profound effect on the pressure
dynamics of hydrogen-air mixture explosions. These obstructions amplify local pressures
and pose significant safety risks especially in industrial settings where multi-compartment
enclosures and interconnected piping systems are common. Therefore, the application of
flameproof enclosure housings for such installations can help mitigate the risks associated

with pressure piling.
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CHAPTER 5. CONCLUSION

The presented work explores the effect of enclosure geometries and internal installations
on the dynamics of explosion pressure, specifically for hydrogen-air mixtures. This work
quantified the impact of factors such as geometric features, compartmentalization and
enclosure design obstacles, through a series of controlled experiments conducted in
flameproof enclosures with compliance to the testing procedures provided by the
International Electro-commission standards, IEC60079-1. The findings from these
experiments provide valuable insights into the safety considerations necessary for the
design of flameproof enclosures that are to be used in hydrogen production and handling

facilities.

The experiments yielded significant observations:

1. Geometric influence — two basic enclosure designs were used to investigate the
explosion pressure dynamics of hydrogen-air mixture, which were spherical, and
cylindrical. The spherical enclosure recorded the highest peak pressure of 7.16 bar,
whilst the cylindrical enclosures, both short and long designs, yielded lower
pressures of 6.75 bar and 6.65 bar, respectively. The spherical enclosure pressure
results were observed to be a smooth pressure curve and a sharp increase in peak
pressure that aligned well with theoretical expectations.

2. Orifice and pressure piling — the combined tube enclosure configuration, two
cylindrical enclosures were connected, with a steel plate with an orifice to separate
them, to make a two-compartment cylindrical setup. This configuration reveals the
relationship between pressure piling and how it is affected by structural

compartment designs. The orifice with a small diameter (15 mm) led the most
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significant pressure piling results, with difference of 7.9 bar between the primary
and the secondary chamber. This pressure piling behavior was less pronounced in
the orifice with a larger diameter (90 mm), underscoring the role of restricted
openings in amplifying the effect of pressure piling.

Multi chamber effect with internal installations — the test with a multi chamber
enclosure revealed that internal installations contribute significantly to the effect
of pressure piling due to the localized pressure compression within the enclosure
that ultimately influences the flame propagation and pressure buildup. A peak
pressure of 13.71 bar and 12.57 bar in specific compartments was evidence that
confirmed that the structure had localized pre-compressions, and as a result
increased the risk of pressure piling.

Sensor consistency and uncertainties — explosion tests repeatability was
significant in highlighting the importance of precise measurement calibrations and
ensuring reliability in controlled experimental conditions. Analysis of repeatability
has shown that pressure readings recorded across multiple tests were generally
consistent, although high uncertainties were observed in multi-chamber
configurations with internal installations.

What is desirable in real installations is an enclosure without obstructions and
inner fittings, so that consistent pressure build up is allowed before explosion can
rupture the vessel. In the case of the analyzed geometries, the cylindrical geometry

results in a safer storage container.
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CHAPTER 6. RECOMMENDATIONS FOR FUTURE WORK

Working on a flameproof enclosure to study the explosion pressure dynamics of
hydrogen-air mixtures has many challenges, some of which have been discovered in the
study done for this thesis. Building on the findings of this study, the following

recommendations are proposed for future research:

1. Numerical simulations of pressure dynamics — complementary to the physical
experiments, computational fluid dynamics (CFD) simulations would be good to
allow for a more in-depth analysis of flame and pressure propagation, especially
in complex geometries (which were not analyzed in the case of this thesis).

2. Consideration of enclosure material — investigating different enclosure materials
and coatings could provide valuable data on how material properties influence heat
dissipation, pressure piling, and resistance to explosion pressure.

3. Broader range of enclosure configurations and orifice sizes — expanding the study
to include additional orifice sizes and shapes would offer more comprehensive
insights into how various compartmental connections impact pressure piling.

4. Incorporation of real-world conditions — introducing factors such as varying
hydrogen-air ratios, environmental conditions, and partial enclosure leaks could
provide a more realistic basis for predicting explosion behavior in industrial

applications.
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APPENDIX 4 - EXPERIMENTAL RESULTS
The following pages consist of the captured data from the repeated tests that were further used for data analysis in order to

compare the results consistencies of the pressure sensors.

1. Spherical Enclosure Test —10.06.2024

[ort: [
[Datum: | 10.06.2024-13:20-16:00 |
[priifer: [ Mona Uunona

, _ 02 content in Gas-Air ) Humidity of H2-Air
Measurement OMinal Pressure  H2-Air mixture Temperature  Room Temperature mixture 2 o cent ation mixture Explosion Pressure (in bar) Explosion Pressure (in bar) [Explosion Pressiae (inbar) [Explosion Pressine (inbar)
(mbar) (in°C) (in°C) ! (inVol-%) "
(in Vol-%) (in %4rH)
1 998.00 21.40 22.00 1454 31.10 0.04 7.15 7.22 721 7.42
2 998.00 23.40 22.00 14.54 3110 0.04 7.09 7.21 7.22 7.36
3 998.00 2350 22.00 1454 3110 0.04 7.05 7.19 7.5 7.26
4 997.90 23.00 22.00 1454 3110 0.04 7.10 7.21 7.24 7.35
5 997.80 23.00 22.00 14.54 3110 0.04 7.12 7.21 7.18 7.37
6 997.90 23.00 22.00 1454 3110 0.04 7.07 7.16 7.16 731
7 997.90 23.00 22.00 14.54 3110 0.04 7.02 7.16 7.19 7.29
8 997.90 23.00 22.00 1454 3110 0.04 6.99 7.13 7.5 7.25
9 997.80 23.00 22.00 1454 3110 0.04 701 7.15 7.12 7.26
10 997.90 23.00 22.10 14.54 31.10 0.04 6.99 7.10 7.13 7.27
Average 997.91 22.93 22.01 14.54 3110 0.04
Average 7.06 717 7.18 731
All measurements were performed with 5 kHz TP-Filter Std. Deviation 0.06 0.04 0.04 0.06
(Butterworth, 2nd order) Minimums 6.99 7.10 712 7.25
Maximum: 7.15 7.22 7.24 7.42
All measurements were performed with 1 mm RTV Range 0.16 0.12 012 0.17
membrane on pressure sensor
4 3 2
Devices used: 370 mm

- Oxygen Analyzer (SERVOMEX 2210)
- Oscilloscope (Yokogawa DL850) P1_Sensor 1
- 8-Channel Charge Amplifier (Kistler LabAmp Type 5167A) Type: 601CAA + 1 mm RTV
-P istive Amplifier (Kistler Type 4603) SN: 5675657

jezoresis! P AL ity 0...50 bar: -36,84 pC/bar
- Humidity and Temperature sensor (Kistler ExTL-1 61032 Amplifier 4624A)

Pa_sensor 3
601CAA +1 mm RTV
123567
ivityt 0...50 bar: -37,57 pC/bar

Sen

Oscilloscope settings:

1.0 V/div

2 bar/V P3_Sensor 4

AcgMode: Normal Type: 601CAA + 1 mm RTV

10 MS/s P2_Sensor 2 SN: 5712433

1 ms/div Type: 601CAA + 1 mm RTV Sensitivity 0..50 bar: -36,71 pC/bar
SN: 5712432

Sens 0..50 bar: -36,90 pC/bar
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2.

Large tube enclosure —09.07.2024

Ort: PTB
Datum: 25.06.2024 -10:30 - 11:20
Priifer: Mona Uunona

02 content in Gas-Air . Humidity of H2-Air
H2 volume concentration

Nominal Pressure  H2-Air mixture Temperature Room Temperature

Measurement (mbar) (in°C) (in°C) _mixture (in Vol-%) rT|ixture Explosion Pressure (in bar) Explosion Pressure (in bar)
(in Vol-%) (in %rH)

1 1009.80 24.00 23.40 14.54 31.10 0.10

2 1009.80 24.00 23.40 14.54 31.10 0.10 6.49 6.68

3 1009.80 25.00 23.50 14.54 31.10 0.40 6.47 6.65

4 1009.70 25.00 23.50 14.54 31.10 0.60 6.40 6.61

5 1009.60 25.00 23.50 14.54 31.10 0.10 6.46 6.65
Average: 1009.74 24.60 23.46 14.54 31.10 0.26

Mittelwert: 6.46 6.65

All measurements were performed with 5 kHz TP-Filter Standardabw: 0.04 0.03

(Butterworth, 2nd order) Minimum: 6.40 6.61

Maximum: 6.49 6.68

All measurements were performed with 1 mm RTV silicone Spannweite: 0.09 0.07

membrane on pressure sensor

Devices used:

- Oxygen Analyzer (SERVOMEX 2210)

- Oscilloscope (Yokogawa DL850)

- 8-Channel Charge Amplifier (Kistler LabAmp Type 5167A)
- Piezoresistive Amplifier (Kistler Type 4603)

- Humidity and Temperature sensor (Kistler EXTL-1 61032 Amplifier 4624A)

Oscilloscope settings:

P1_Sensor 1 (Eingang)

Type: 601CAA + 1 mm RTV

SN: 5675657

Sensitivity 0...50 bar: -36,84 pC/bar

1.0 V/div
2 bar/V P2_Sensor 2 (Ausgang)

. Type: 601CAA + 1 mm RTV
AcgMode: Normal SN: 2712432
10 Ms/s Sensitivity 0...50 bar: -36,90 pC/bar
1 ms/div

3. Large tube enclosure — 25.06.2024
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Ort: PTB
Datum: 09/07/2024 14:00 - 16:00
Priifer: Mona Uunona

Nominal Pressure  H2-Air mixture Temperature

Room Temperature

02 content in Gas-Air

H2 volume concentration

Humidity of H2-Air
mixture
(in %rH)

Explosion Pressure (in bar)

Explosion Pressure (in bar)

Measurement - (in°C) (in°C)
1 1007.50 26.00 24.70

2 1007.40 26.00 24.70

3 1007.40 27.00 24.70

4 1007.40 27.00 24.80

5 1007.40 27.00 24.80

6 1007.30 27.00 24.80

7 1007.10 27.00 24.80

8 1007.00 28.00 24.80

9 1007.00 28.00 24.90

10 1006.80 28.00 24.90
Mittelwert: 1007.23 27.10 24.79

(.r:l\)/(::rj) nioree)
14.54 31.10
14.55 31.00
14.54 31.10
14.55 31.00
14.54 31.00
14.54 31.00
14.54 31.00
14.54 31.00
14.54 31.00
14.54 31.00
14.54 31.02

All measurements were performed with 5 kHz TP-Filter
(Butterworth, 2nd order)

All measurements were performed with 1 mm RTV silicone
membrane on pressure sensor

Devices used:

- Oxygen Analyzer (SERVOMEX 2210)

- Oscilloscope (Yokogawa DL850)

- 8-Channel Charge Amplifier (Kistler LabAmp Type 5167A)
- Piezoresistive Amplifier (Kistler Type 4603)

- Humidity and Temperature sensor (Kistler ExTL-1 61032 Amplifier 4624A)

P1_Sensor 1 (Eingang)
Type: 601CAA + 1 mm RTV

0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00

0.00

Mittelwert:
Standardabw:
Minimum:
Maximum:
Spannweite:

6.67 6.78
6.65 6.77
6.61 6.71
6.69 6.83
6.59 6.71
6.58 6.73
6.58 6.72
6.57 6.71
6.56 6.72
6.62 6.75
6.61 6.74
0.04 0.04
6.56 6.71
6.69 6.83
0.13 0.12

e

Oscilloscope settings:

1.0 V/div
2 bar/V

AcgMode: Normal

10 MS/s
1 ms/div

SN: 5675657
Sensitivity 0...50 bar: -36,84 pC/bar

P2_Sensor 2 (Ausgang)

Type: 601CAA + 1 mm RTV

SN: 5712432

Sensitivity 0...50 bar: -36,90 pC/bar

4. Combined tube enclosure (with 15 mm orifice) — 26.06.2024
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Location: PTB, Div 3.54
Date: 26.06.2024 - 14:20 - 16:30
Tester: Mona Uunona

Nominal Pressure H2-Air mixture Temperature

Room Temperature

02 content in Gas-Air

H2 volume concentration

Humidity of H2-Air

Measurement ([ (in°C) (in°C) _mixture (in Vol-%) rrixture Explosion Pressure (in bar) Explosion Pressure (in bar)
(in Vol-%) (in %rH)
1 1003.40 25.00 24.50 14.54 31.10 0.00 6.15 14.38
2 1003.20 25.00 24.70 14.54 31.00 0.00 6.10 14.81
3 1003.20 26.00 24.80 14.54 31.10 0.00 6.07 14.41
4 1002.90 26.00 24.80 14.54 31.00 0.01 6.06 14.59
5 1002.70 26.00 24.80 14.54 31.00 0.00 5.96 12.64
6 1002.50 27.00 24.90 14.54 31.00 0.00 6.02 13.87
7 1002.30 27.00 24.90 14.54 31.00 0.00 6.12 14.02
8 1002.20 27.00 24.90 14.54 31.00 0.00 5.87 14.86
9 1001.90 27.00 24.80 14.54 31.00 0.00 5.85 14.49
10 1001.70 27.00 24.80 14.54 31.00 0.00 6.05 13.81
Mittelwert: 1002.60 26.30 24.79 14.54 31.02 0.00
Average 6.03 14.19
All measurements were performed with 5 kHz TP-Filter (Butterworth, Std deviation 0.10 0.65
2nd order) Minimum: 5.85 12.64
Maximum: 6.15 14.86
All measurements were performed with 1 mm RTV silicone Range 0.30 2.22
membrane on pressure sensor
, . s 3 2
Devices used: 301200
- Oxygen Analyzer (SERVOMEX 2210) P1_Sensor 1
- Oscilloscope (Yokogawa DL850) Type: 601CAA + 1 mm RTV
SN: 5675657

- 8-Channel Charge Amplifier (Kistler LabAmp Type 5167A)
- Piezoresistive Amplifier (Kistler Type 4603)
- Humidity and Temperature sensor (Kistler EXTL-1 61032 Amplifier 4624A)

Oscilloscope settings:
1.0 V/div

2 bar/V

AcgMode: Normal

10 MS/s

1 ms/div

Sensitivity 0...50 bar: -36,84 pC/bar

P2_Sensor 2
Type: 601CAA + 1 mm RTV

SN: 5712432

Sensitivity 0...50 bar: -36,90 pC/bar

5. Combined tube enclosure (with 58 mm orifice) — 26.06.2024
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Location: PTB, Div 3.54
Date: 26.06.2024 - 14:20 - 16:30
Tester: Mona Uunona

Nominal Pressure H2-Air mixture Temperature

Room Temperature

02 content in Gas-Air

H2 volume concentration

Humidity of H2-Air

Measurement ([ (in°C) (in°C) _mixture (in Vol-%) rrixture Explosion Pressure (in bar) Explosion Pressure (in bar)
(in Vol-%) (in %rH)
1 1003.40 25.00 24.50 14.54 31.10 0.00 6.15 14.38
2 1003.20 25.00 24.70 14.54 31.00 0.00 6.10 14.81
3 1003.20 26.00 24.80 14.54 31.10 0.00 6.07 14.41
4 1002.90 26.00 24.80 14.54 31.00 0.01 6.06 14.59
5 1002.70 26.00 24.80 14.54 31.00 0.00 5.96 12.64
6 1002.50 27.00 24.90 14.54 31.00 0.00 6.02 13.87
7 1002.30 27.00 24.90 14.54 31.00 0.00 6.12 14.02
8 1002.20 27.00 24.90 14.54 31.00 0.00 5.87 14.86
9 1001.90 27.00 24.80 14.54 31.00 0.00 5.85 14.49
10 1001.70 27.00 24.80 14.54 31.00 0.00 6.05 13.81
Mittelwert: 1002.60 26.30 24.79 14.54 31.02 0.00
Average 6.03 14.19
All measurements were performed with 5 kHz TP-Filter (Butterworth, Std deviation 0.10 0.65
2nd order) Minimum: 5.85 12.64
Maximum: 6.15 14.86
All measurements were performed with 1 mm RTV silicone Range 0.30 2.22
membrane on pressure sensor
, . s 3 2
Devices used: 301200
- Oxygen Analyzer (SERVOMEX 2210) P1_Sensor 1
- Oscilloscope (Yokogawa DL850) Type: 601CAA + 1 mm RTV
SN: 5675657

- 8-Channel Charge Amplifier (Kistler LabAmp Type 5167A)
- Piezoresistive Amplifier (Kistler Type 4603)
- Humidity and Temperature sensor (Kistler EXTL-1 61032 Amplifier 4624A)

Oscilloscope settings:
1.0 V/div

2 bar/V

AcgMode: Normal

10 MS/s

1 ms/div

Sensitivity 0...50 bar: -36,84 pC/bar

P2_Sensor 2
Type: 601CAA + 1 mm RTV

SN: 5712432

Sensitivity 0...50 bar: -36,90 pC/bar

6. Combined tube enclosure (with 90 mm orifice) — 28.06.2024
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Location: PTB, Div 3.54

Date: 28.06.2024 - 09:30 - 12:00
Tester: Mona Uunona
Nominal Pressure S 02 content in Gas-Air . Humidity of H2-Air
H2-Air mixture Temperature Room Temperature . H2 volume concentration . . . . .
Measurement (mbar) . . mixture . mixture Explosion Pressure (in bar) Explosion Pressure (in bar)
(in°C) (in°C) . (in Vol-%) n
(in Vol-%) (in %rH)
1 1003.70 26.00 24.80 14.54 31.10 0.40 10.31 11.21
2 1003.90 26.00 24.90 14.54 31.10 1.40 9.83 9.75
3 1004.20 27.00 25.00 14.54 31.10 1.40 10.35 1037
4 1004.40 27.00 25.00 14.54 31.10 0.60 10.09 10.77
5 1004.60 27.00 25.00 14.54 31.10 0.80 10.40 10.99
6 1004.70 27.00 25.00 14.54 31.10 0.00 10.49 11.79
7 1004.80 28.00 25.10 14.54 31.10 0.40 9.83 10.29
8 1004.90 28.00 25.10 14.54 31.10 0.40 9.45 9.57
9 1005.10 28.00 25.10 14.54 31.10 0.10 9.23 9.93
10 1005.30 28.00 25.10 14.54 31.10 0.00 10.16 10.91
Mittelwert: 1004.56 27.20 25.01 14.54 31.10 0.55
Average 10.01 10.56
All measurements were performed with 5 kHz TP-Filter (Butterworth, Std deviation 0.42 0.70
2nd order) Minimum: 9.23 9.57
Maximum: 10.49 11.79
All measurements were performed with 1 mm RTV silicone Range 1.26 2.22
membrane on pressure sensor
s 7 ‘ s . s 2 '
Devices used: r 530004200
- Oxygen Analyzer (SERVOMEX 2210) P1_Sensor 1 L 1
- Oscilloscope (Yokogawa DL850) Type: 601CAA + 1 mm RTV
- 8-Channel Charge Amplifier (Kistler LabAmp Type 5167A) SN: 5_6_7?657 \
- Piezoresistive Amplifier (Kistler Type 4603) Sensitivity 0...50 bar: -36,84 pC/bar
- Humidity and Temperature sensor (Kistler EXTL-1 61032 Amplifier 4624A)
o
Oscilloscope settings: P2_Sensor 2
i Type: 601CAA + 1 mm RTV
;.ga\:ﬁv Jivg 5712432 — g
Sensitivity 0...50 bar: -36,90 pC/bar £
AcgMode: Normal ;
10 MS/s
1 ms/div
® |
, 3 I‘H

7. Multi-chamber enclosure (empty) — 26.08.2024
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[ort: [ P18 |

[Datum: | 26.08.2024 10:00:00-12:00 |

[peier: T Vo Umon |

P1_Sensor1 (601CAA, SN 5675657) P2_Sensor2 (601CAA, SN 5712432) P3_Sensor3 (601CAA, SN 5712433) P4_sensord (601CAA, SN 6123567)
. o 02 content in Gas-Air Humidity of H2-Air
Measurement NOTiral Pressure H2-Alr mixture Temperature - Room Temperature mixture 2 ‘“""I';:::I"ﬁf)""a"“" mixture Explosion Pressure (in bar) Explosion Pressure (in bar) Explosion Pressure (in bar) Explosion Pressure (in bar) Explosion Pressure (in bar) Explosion Pressure (in bar)
1 1014.70 25.00 2350 1454 3110 110 634 673 6.80 651 679 664
2 1014.70 2600 2370 1854 3110 140 641 675 6.82 6.56 683 6.69
3 1014.70 2600 23.90 1854 3110 120 6.40 6.66 6.81 6.56 677 660
4 1014.80 26.00 24.00 1450 3110 1.00 6.45 673 679 6.56 677 665
5 1014.70 26.00 24.10 1450 3110 1.00 625 6.69 667 6.42 6.69 650
6 1014.70 26,00 24.20 1450 3110 1.00 637 675 676 657 6.81 661
7 1014.60 27.00 24.20 14554 3110 090 627 6.65 6.69 6.45 6.67 655
8 1014.70 27.00 24.30 1454 3110 080 6.24 6.63 669 647 670 651
9 1014.60 27.00 24.40 1454 3110 070 634 6.63 670 649 671 654
10 1014.60 27.00 24.40 1450 3110 080 627 6.65 672 642 674 656
Average 1014.68 26.30 24.07 1458 3110 099
Average 633 6.69 675 6.50 675 659
All measurements were performed with 5 kHz TP-Filter Std. Deviation 0.07 0.05 0.06 0.06 0.05 006
(Butterworth, 2nd order) Minimum: 6.24 6.63 6.67 6.42 6.67 651
Maximum: 6.5 675 6.82 657 6.83 6.69
All measurements were performed with 1 mm RTV silicone Range 021 012 015 015 0.16 018
membrane on pressure sensor tip
f
Devices used: |
- Oxygen Analyzer (SERVOMEX 2210) P1_Sensor 5
- Oscilloscope (Yokogawa DL8S0) Type: 601CAA + 1 mm RTV

5712433
Sensitivity 0..50 bar: -36,71 pC/bar

-8-Channel Charge Amplifier (Kistler LabAmp Type 5167A)
- Piezoresistive Amplifier (Kistler Type 4603)
- Humidity and Temperature sensor (Kistler EXTL-1 61032 Amplifier 4624A)
P1_Sensor 1
Type: 601CAA + 1 mm RTV
Oscilloscope settings: SN: 6123567

Sensitivity 0..50 bar: -37.57 pC/bar

2bar/V.

AcaMode: Normal

10Ms/s P2_sensor 2

5 ms/div Type: 601CA + 1 mm RTV
— SN: 5675656

vity 0..50 bar: -36,70 pC/bar

Pa_sensor 3 P3_Sensor 4
Type: 601CAA + 1 mm RTV Type: 601CAA + 1 mm RTV
st 434

Sensitivityt 0..50 bar: -36.71 pC/bar Sensitivity 0..50 bar: -36.90 pC/bar
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8. Multi-chamber enclosure (with internal installations) — 27.08.2024

o T e ]
[pawm: | 27/08/2024
[rafer. [ Monaunona ]

01 Sersor Go1cAA, s 5675657) b3 Sencors Go1can SN S712632) b3 Sercor Gotcan s 571233) 54 Sensont oican s 123567)
H2-Air mixture 02 content i Gas-Air .
Measurement Nominal Pressure (mbar) Temperature R mixture H2 volume concentr o i) Explosion Pressure (in bar) Explosion Pressure (in bar) Explosion Pressure (in bar) Explosion Pressure (in bar) Explosion Pressure (in bar) Explosion Pressure (in bar)
(in"T) ,, (inVol-) (inr)
(in"0) (inVol.%)
1 1016.00 26.00 23.60 14.54 31.00 1.40 6.93 14.12 7.60 741 731 11.81
2 1015.90 26.00 23.70 14.54 31.00 110 6.96 13.71 7.48 7.16 6.87 1257
3 1015.90 26.00 2380 1454 31.00 110 7.08 12.03 7.13 721 7.16 1169
4 1015.80 26.00 23.90 1454 31.00 080 699 1315 757 783 733 1123
5 1015.70 26.00 24.00 1454 31.00 090 6.84 14.32 7.69 7.29 7.01 171
Average 1015.86 26.00 23.80 14.54 31.00 1.06

6.96 13.47 7.49 738 714 11.80
All measurements were performed with 5 kHz TP-Filter 0.09 0.92 022 027 020 0.48
(Butterworth, 2nd order) 6.84 12.03 713 716 6.87 11.23
: 7.08 14.32 7.69 783 7.33 12.57
All measurements were performed with 1 mm RTV silicone Range 024 229 0.56 067 0.46 134
membrane on pressure sensor tip
Devices used: s
- Oxygen Analyzer (SERVOMEX 2210) Type: 601CAA + 1 ATV

Oscilloscope (Yokogawa DLES0) [ Semousosn s67ipcmr
- 8-Channel Charge Amplifier (Kistler LabAmp Type 5167A) g
oresistive Amplifier (Kistler Type 4603)
- Humidity and Temperature sensor (Kistler ExTL-1 61032 Amplifier 4624A) P1_Sensor 1
g —
gttt
e — -

Oscilloscope setti

1.0 V/div

2 seror 2
fe L —
AcgMode: Normal - SN: 5675656
10MS/s ‘Sensitivity 0..50 bar: 36,70 pC/bar
5 ms/div

Pa_sensor 3 Pa_sensor 4 P1_sensor &

Type: G0ICAA + 1 mm ATV Type: 601CAA + 1 mm IV Type: G01CAA + 1 mm ATV
;567 N 5712634 sN: 5712432
Sensitvtyt0..50 bar: 36.71 C/bar Sensitvity 0..50 ba: -36.86 pC/bar- Sensitty 0..50 bar: 36.90pC/bar
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APPENDIX 5 -PYTHON PROGRAMMING SCRIPT
The following python script was used for data analysis and visualization purposes across
all tests and enclosure configurations. The graphical plots of the results in this thesis were

generated with the help of this python script.

While the script presented here demonstrates its application for one specific enclosure,

similar scripts were employed for data analysis for all other enclosures.

import datetime
# Read file
file_name ='Complex vessel 2.CSV' # Filename
file_handler = open(file_name, 'r") # r for read-only
content = file_handler.read()
table =[] # Read table data
rows = content.split(\n")
for i in range(len(rows)):
columns = rows[i].split(',") # Delimiter

table.append(columns)

# Create data lists

time =]
P1=1]
P2=1]
P3=1]
P4 =1]
P5=1]
P6=1]
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table_data = table[16:] # Remove header

z = table[8][1] # Increment for time axis

print(z)

for i in range(0, len(table_data) - 1): # Convert data to numbers

time.append(table_data[i][0])
time[i] =i * float(z) * 1000
P1l.append(table_data[i][1])
P1[i] = float(P1[i])
P2.append(table_data[i][2])
P2[i] = float(P2[i])
P3.append(table_data[i][3])
P3[i] = float(P3[i])
P4.append(table_data[i][4])
P4[i] = float(P4[i])
P5.append(table_data[i][5])
P5[i] = float(P5[i])
P6.append(table_data[i][6])
P6[i] = float(P6[i])

# Calculate maximum values
max1 = max(P1)
max2 = max(P2)
max3 = max(P3)
max4 = max(P4)
max5 = max(P5)

max6 = max(P6)
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# Calculate minimum values

# Plot
import matplotlib.pyplot as plt

ax1 = plt.figure(num=None, figsize=(16,9), dpi=100, facecolor='w/,
edgecolor="k").add_subplot(111)

linel = ax1.plot(time, P1, color="cyan’, label="$P1-Sensorl_{max}$: " +
str(round(max1, 2)) + " bar", linewidth=1.0)

line2 = ax1.plot(time, P2, color="green’, label="$P2-Sensor2_{max}$: " +
str(round(max2, 2)) + " bar", linewidth=1.0)

line3 = ax1.plot(time, P3, color="salmon’, label="$P3-Sensor3_{max}$: " +
str(round(max3, 2)) + " bar", linewidth=1.0)

line4 = ax1.plot(time, P4, color="blue’, label="$P4-Sensor4_{max}$: " +
str(round(max4, 2)) + " bar", linewidth=1.0)

line5 = ax1.plot(time, P5, color='gray', label="$P5-Sensor5_{max}$: " +
str(round(max4, 2)) + " bar", linewidth=1.0)

line6 = ax1.plot(time, P6, color="maroon’, label="$P6-Sensor6_{max}$: " +
str(round(max6, 2)) + " bar", linewidth=1.0)

axl.axis([0, 20, 0, 15])

axl1.set_xlabel('Time in ms', fontsize=25)
ax1.set_ylabel('Pressure in bar', fontsize=25)

ax1.tick_params(labelsize=18)

# Plot with updated legend

ax1.legend(loc="upper right', bbox_to_anchor=(0.98, 0.98), borderaxespad=0,
title="Legends", fontsize=14, ncol=1)

plt.grid(True, which="both’)

plt.minorticks_on()
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plt.title("Multi-chamber enclosure pressure piling effect’, fontsize=25)
plt.savefig(‘Multi-chamber pressure piling.png’, format="png’) # Save file
plt.show() # Show plot

plt.close()
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