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Resumo

Com o aumento da procura por combustíveis mais limpos para substituir os de origem fóssil, o interesse

pelo hidrogénio tem vindo a aumentar radicalmente no decorrer do último século em todo o tipo de

indústrias. Com isto, vários problemas e preocupações têm vindo a aparecer devido ao facto de que ainda

se sabe pouco acerca deste gás incolor, inodoro e facilmente inflamável.

Esta tese tem como principal objetivo o estudo de ignição espontânea de uma fuga de hidrogénio.

Para melhor analisar este caso particular e para melhor perceber o fenómeno da ignição espontânea de

fugas inesperadas de hidrogénio a alta pressão, um estudo numérico aliado a simulação CFD foi levada

a cabo para melhor perceber o que acontece quando o hidrogénio e o ar reagem no local de fuga. A

modelação CFD involve um tubo de choque em que o hidrogénio, a alta pressão, está separado do ar

atmosférico por um diafragma.

Analisando os resultados conclui-se que, devido às diferenças de pressões do hidrogénio e do ar, no caso

do diafragma rebentar, o fluxo de combustível pode criar uma onda de choque transiente dentro do

tubo, originando um aquecimento que permite a ignição do hidrogénio. Para além disto, foi possivel

concluir que quanto mais comprida for a geometria que leva o hidrogénio a entrar em contacto com o ar

atmosférico mais fraca se torna a mistura não permitindo a sua ignição mesmo que a temperatura seja

alta o suficiente.

Um dos casos estudados foi modelado com um tubo com o comprimento de 1 metro (com 50cm

de secção após o diafragma) e 40 bar de pressão inicial. A temperatura da mistura chegou a valores

superiores a 1200K, muito superior a 737K, temperatura esta a necessária para ocorrer ignição espontânea

do hidrogénio em condições estequiométricas. No início do tubo as condições eram propícias para ocorrer

auto-ignição do hidrogénio, contudo com o desenvolvimento do escoamento dentro do tubo, a mistura

começou a alastrar-se levando a que as condições já não se mantivessem propícias à ignição da mistura.

Contudo, outro caso foi avaliado com a mesma pressão inicial, desta vez com apenas 360mm de tubo em

que os resultados apresentados mostram uma mistura estequiométrica para temperaturas perto de 1000K

dentro do tubo. Neste caso já estão reunidas as condições para haver ignição espontânea do hidrogénio

e para que ocorra a produção de chama para a atmosfera.

Palavras-chave: Hidrogénio, Auto-ignição, Alta pressão, Onda de choque, CFD
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Abstract

With the increasing search for cleaner fuels to replace fossil, interest in hydrogen has spiked during the

last century in all sorts of industries. With that several issues and concerns started to appear given that

so little is known about the handling of this odorless, colorless and easily flammable gas.

This thesis is devoted to the study of the self-ignition of hydrogen leaks. In order to analyse this

particular case and to understand the physical phenomena behind spontaneous ignition of sudden high-

pressure hydrogen releases, analytical calculations and a CFD simulation was carried out in order to

understand what happens inside the hole where hydrogen is mixed with air. The modeling involved a

shock tube where high-pressure hydrogen was separated from the atmospheric air by a rupture disk.

It was concluded that due to the high-pressure difference of the fuel to the atmosphere, a sudden

release of the fuel could lead to a transient shock wave inside the tube that could, through mixing of

shock-heated air and cold expanding hydrogen, ignite and form a flame still on the inside of the tube as

the temperatures reached would be higher than the spontaneous ignition temperatures. It was also found

that if the downstream geometry of the hole is too long, even if the temperatures are high enough that

the spontaneous ignition temperature is reached, the mixture will become lean leading to no ignition of

the mixture.

This was the case for a 0.5 meter long tube downstream of the hole, with 40 bar of initial pressure

where temperatures reached as high as 1200K, well above the 773K necessary for the spontaneous ignition

of hydrogen. Although in the beginning of the tube conditions were gathered to allow spontaneous ignition

of the mixture, with the flow developing along the length of the tube, the mixture started to become

lean leading to the extinction of possible flame originated in the beginning of the tube. On the other

hand, a tube with 180mm downstream of the hole, was tested for the same pressure where the results

showed a stoichiometric mixture in the driven section with temperatures up to 1000K reached inside the

tube. For this case the conditions are gathered for spontaneous ignition and for flame spouting into the

atmosphere.

Keywords: Hydrogen, Auto-ignition, High-pressure, Shock wave, CFD
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Chapter 1

Introduction

1.1 Motivation

Since the beginning of time, human kind has been very curious to whatever surrounds them, making

multiple experiences and discovering all sorts of knowledge that is now used in the modern world. One of

the first things that mankind discovered was fire which would be categorised as one of the first chemistry

reactions made by humans.

Hydrogen was observed for the first time in the 16th century by Paracelsus while dissolving metals

in sulfuric acid. Over 250 years of experiments with this gas were made while calling it "inflammable

air", name given by Henry Cavendish in the 18th century who was the first to recognize it as a discrete

gas and that when burned with oxygen, produces water. Later in 1783, Antoine Lavoisier named the gas

hydrogen which means "water-former", in Greek [1].

While experimenting with hydrogen, Henry Cavendish also discovered that it was 7 to 11 times lighter

than air which enabled Jacques Charles to invent the first hydrogen-filled balloon in the same year that

hydrogen was named. These balloons were later named after the German count Ferdinand von Zeppelin

who implemented the idea of rigid airships lifted by hydrogen where the first flight took part in 1900 [2].

At first it was used for transportation of passengers. However by 1914, with the outbreak of the First

World War it started being used as observation platforms and as bombers. Later, in 1937 a very well

known accident occurred where a zeppelin called Hindenburg was destroyed in a midair fire over New

Jersey taking a total of 36 lives. The incident was broadcast live on radio and filmed, causing a lot of

damage on hydrogen’s reputation as the ignition of the leaking gas was widely believed to be the cause

of the fire. It was later refuted, as it was discovered that it was not the hydrogen that had ignited but

the aluminized fabric coating by static electricity. This lead to the cease of commercial hydrogen lifted

airship travel and to its usage in much less volatile environments.

Because of its very simple atomic structure composed only of an electron and a proton, the hydrogen

atom, has been central to the development of the theory of atomic structure and quantum theory.

Throughout the 20th century, as hydrogen was being highly studied and many properties were starting

to be discovered, it started to become recognized as a very promising gas and fuel. For this reason, hydro-
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gen started gaining a lot of interest in multiple branches of modern society such as: fertilizer production,

mainly the synthesis of ammonia; industrial applications which include the electronics industry (used as

a protective and carrier gas, in deposition processes, for cleaning, in etching, in reduction processes, etc.),

and applications in electricity generation, for example generator cooling or for corrosion prevention in

power plant pipelines; and fuel production as it is used to process crude oils into refined fuels like gasoline

and diesel but it can also be used to remove contaminants from these fuels such as sulphur [3].

With the advance in these industries, hydrogen started attracting new uses, energy based ones. In the

energy field, it is mostly used through Fuel Cells [3] where a combination of hydrogen and oxygen with

water and heat as by-products produce electricity through an electrochemical device. These currently

have two applications, transportation and electricity generation. Although it is something that is not

yet mature enough for production in series, several branches of the transportation industry are looking

into the transfer to cleaner fuels and hydrogen is a good candidate to contribute to its decarbonisation.

Buses alongside with some prototype passenger cars are already being moved by hydrogen fuel cells,

predominantly in North America, Europe and increasingly also in Asia. Although it is a clean fuel

with excellent physicochemical properties, hydrogen has not been able to gain acceptance as a fuel for

motorized transport as it requires very high safety regulations. However, it is portrayed as the fuel of the

future for scientists and engineers all over the world for not only for being a fuel with great properties,

but also for being one of the most abundant chemical substance in the universe [3].

With the increasing usage of hydrogen in several industries throughout the last 100 years, several

issues concerning safety have made it very difficult to progress and expand its usage as a clean fuel.

These safety issues include its transportation, storage and usage. As it is a very volatile gas and can be

very explosive as it combusts with just one-tenth of the energy required for gasoline, the safety concerns

turn to avoid combustion at all costs. On top of explosive issues, hydrogen burns with a pale blue flame,

that is almost invisible during daylight hours,as seen in figure 1.1, so fires are almost impossible to see

with the naked eye which can be very dangerous in case of leakage for passers-by.

Figure 1.1: Hydrogen flame (left) and propane flame (right) showing entirely invisible characteristics of
the hydrogen flame from Okino et al.[4]

When handling high-pressure hydrogen, improper use of valves, damage to the ducts/reservoirs or
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embrittlement can lead to high velocity leaks that can ignite with minimum effort, whether it is a spark,

static electricity or even just a hot surface as hydrogen ignites with very minimal energy. Many have

been the reported accidents involving high-pressure flammable gas with spontaneous ignition, however,

in total, the majority of the incidents have no known cause leading to the absence of knowledge on how

to avoid such accidents.

In order to consider hydrogen as a fuel for any sort of use, safety must be one of the main issues to

cover. For that reason, many studies have been made around the subject of hydrogen auto-ignition, how

it happens and why it happens.

This study serves the purpose of increasing the knowledge around this subject and this thesis has, as

main goal, the objective of evaluating the results presented in the literature and presenting additional

information in order to contribute, in a small scale, to the implementation of hydrogen as a fuel in today’s

society.

1.2 Literature Review

The state of art has as objective the comprehension and understanding of the concepts and phenomena

that is inherent to spontaneous ignition of hydrogen leaks, more specifically the diffusion ignition case.

The understanding of the physical and chemical process behind diffusion ignition is the first step to being

able to contribute to the already knowing facts around this topic.

The present chapter starts by approaching the physicochemical characteristics of hydrogen followed

by a revision of postulated mechanisms. After this, there is a characterization of diffusion ignition and

an evaluation of the known studies made around this subject.

1.2.1 Compressed gas properties for different fuels

Considering the volatility of hydrogen, its potential for fires and explosions has always been one of the

major safety concerns. Due to historical events and numeral experiments, hydrogen reputation among the

common society has been denigrated, perhaps unfairly, in relation to certain accidents like the Hindenburg

disaster, in 1937. Due to its ignition and combustion properties, which are very different from other

flammable hydrocarbons, hydrogen is much more prone to ignite. In 2001, Alcock et al. [5], gathered

information on compressed gas properties that can explain why hydrogen is a much more dangerous fuel

to handle and why, indirectly, it has not been adopted in the modern society. When looking at table

1.1 and 1.2 we can see some properties for hydrogen, methane, propane and gasoline that concern fire

safety. From all the points presented, those that should get most of the attention for hydrogen are: the

minimum ignition energy which is extremely low and approximately 10 times less than what it is needed

for gasoline; flammability range which is much wider than normal; and how easy it is leaked. In figure 1.2

it is possible to see the difference between the ignition energy required for hydrogen/air and methane/air

mixtures along with the flammability limits.

The hydrogen gas molecule is the smallest there is and it has a greater propensity to escape through

small openings than other gaseous or liquid fuels. Considering high-pressure systems used for storage of
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hydrogen, in case of a leak the flow is most likely supersonic due to the high-pressure release, which means

that, according to table 1.1, hydrogen would leak 2.9 times faster than methane (natural gas) and about

5 times faster than propane, volumetrically speaking. On the other hand, it is argued that in the presence

of high-pressure hydrogen leaks, being a very diffusive gas and, in most conditions, more buoyant than

other gaseous fuels, in the presence of a leak it tends to disperse and not reach its flammability range.

The spontaneous ignition of confined flammable gas leak is normally due to an explosion accompanied

by a fireball. If the burning velocity is slow, there will only be deflagration which is also called a flash fire.

However, the burning velocity can increase due to turbulence or obstacles and if it increases to a certain

point with a certain concentration it can transition from deflagration to detonation which is self-sustained

as long as the combustion mixture stays within the detonation range. Comparing hydrogen to the other

fuels in table 1.2 we can see that the ability for hydrogen to detonate or transition from deflagration to

detonation is more likely than the other gases for not only having a wider range of detonability volumetric

concentration but also for having a higher burning velocity at stoichiometric concentration.

Figure 1.2: Ignition energy of hydrogen/air and methane/air as a function of volumetric concentration
of fuel (Alcock et al. [5])

There is also a very big disparity of minimum ignition energy from hydrogen to other flammable

hydrocarbons and gaseous fuels which might lead to more accidents than with other fuels. The minimum

ignition energy for hydrogen/air mixture is very close to stoichiometric conditions, i.e. 29.5% hydrogen

in air which might not be harmful as, due to high diffusity of hydrogen it is very unlikely to reach these

values. On the other hand, the minimum ignition energy is so low that something so simple as static

electricity produced by the human body, is sufficient to ignite a hydrogen leak.
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Table 1.1: Compressed gas properties and relative leak rates for hydrogen, methane and propane at 20°C
and 1 atm (Alcock et al.[5]

)

Table 1.2: Compressed gas properties for flammability purposes for hydrogen, methane and propane at
20°C and 1 atm (Alcock et al.[5])

1.2.2 Review of postulated mechanisms

When handling a high-pressure gas, it is expected that unwanted discharges can occur specially in con-

sumer handling situations. However, accidents of more abrupt nature can also occur like sudden rupture

of pipelines/reservoirs causing unexpected high-speed expanding flow into the surrounding atmosphere.

Moreover, when this is applied to flammable gas, the danger factor increases exponentially as it can tran-

sition into jet fire or even explosion upon mixture with an oxidizing atmosphere like air. As previously

mentioned different fuels react differently to certain conditions and some are more prone to combustion

and as observed, hydrogen is more susceptible to combust than other hydrocarbons or fuels.

Over the last century, several combustion incidents have been reported due to high-pressure hydrogen

leaks without a determined cause. In 2007, Astbury and Hawksworth [6] published a paper where they

found that 86.3% of all incidents regarding hydrogen ignition, until then, had no determined cause, out of
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81 reported accidents. However, when looking into non-hydrogen releases it was found that in 65.5% of

the incidents, the ignition source was not identified suggesting that hydrogen could more easily self-ignite

than other spontaneous gas releases. Out of the incidents that had an identified cause, they enumerated

several postulated mechanisms for hydrogen spontaneous ignition.

Reverse Joule-Thompson effect

It specifies that when a gas rapidly expands, it naturally cools if it is under the Joule–Thomson inversion

temperature initially, however if it is over that temperature, which for hydrogen is 193K(-80°C), when

compressed and it leaks into the atmosphere, it heats up. However, for very high initial pressures, the

temperature rise is very small, in range of 9/10 degrees which is far from the rise needed to reach the

temperature of hydrogen auto-ignition.

Electrostatic ignition

The name speaks for itself but as previously mentioned, hydrogen has a very low minimum ignition energy

which makes it very easy to ignite where even the spark from static electricity produced by the human

body can be enough to lead to deflagration of a high-pressure leak.

Diffusion ignition

Phenomena first postulated by Wolański and Wójcicki [7], who demonstrated that it is possible to achieve

ignition when high-pressure hydrogen is admitted into a shock-tube filled with air. Spontaneous ignition

was possible due to the presence of a shock-wave which lead to a substantial increase of temperature of

the hydrogen-air mixture.

Sudden adiabatic compression

It occurs when a gas, obeying ideal gas law, is compressed adiabatically with constant entropy. For

a compression ration of 10 to 1, at atmospheric pressure and 273k, it was predicted that through the

pressure ratio and the following equations,

P2

P1
=

(
V1

V2

)γ
= (10)1.4 = 25.7 (1.1)

T2 =
P2V2T1

P1V1
=

25.7× 1× 273

10
= 701.6K (1.2)

hydrogen would have an increment of temperature of almost 500k.

Hot surface ignition

Often used to determine the auto-ignition temperatures of flammable gases and liquids, it consists of

having the surroundings at a high enough temperature that the rate of oxidation generates more heat
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than is being lost to the surroundings, so allowing the oxidation chain-reaction to progress and facilitating

spontaneous ignition.

The review of these postulated mechanics was made back in 2007 through a platform called MHIDAS,

Major Hazard Incident Database Service, which at the time reported a total of 81 hydrogen accidents.

Today, there is a new platform called HIAD[8], Hydrogen Incident and Accident Database, which is a

free access database that keeps track of all the accidents related with hydrogen worldwide. As of the

22nd of August, 2020, there is a total of 364 accidents involving hydrogen that transitioned into jet fire

or explosions. While most of them have an associated cause (about 86%), in about 14% of the accidents

the cause is still unknown.

Taking into account all the postulated mechanisms mentioned above, there is not one that is more

likely to happen than the others. However, considering that the percentage of unknown causes is still

substantial, it is something that has to be looked into.

1.2.3 Context of the problem

As hydrogen is progressing to become the fuel of the future, many have been the countries which are

drawing a plan to implement hydrogen in today’s society. Of these countries is Portugal, which by 2030

expects to have hydrogen injected into the natural gas transportation network.

This network is composed by 3 different transportation nets. The first is called the high-pressured

transportation net which complements all of the piping that leaves the main natural gas stations and

transports it all over the country and it operates at 80 bar. The primary net takes over as the natural

gas starts approaching major cities and therefore has an operating pressure of 16-20 bar. Lastly, the

secondary net is responsible for the transportation of natural gas into the houses of the people with

an low operating pressure in the range from 200mbar to 4 bar. This being said, since these operating

pressures are higher than the atmospheric pressure, if by any reason, some damage is done to the pipes,

these will originate in high-pressured leaks. Due to big pressure difference, these leaks will most likely

cause a shock wave that, if strong enough will cause such compression that the flow of gas will reach very

high-temperatures. Considering that methane has an auto-ignition temperature of 853K while hydrogen

only needs 773K to ignite, these operating pressures might be safe for the use of natural gas. However,

considering a lower auto-ignition temperature for hydrogen, tests must be made in order to ensure that

hydrogen is safe to be used in these operating pressures. This being said, the method to study in this

thesis was diffusion ignition due to the assumption of a shock wave in the hole that spouts the flammable

gas into the atmosphere.

1.2.4 Diffusion ignition Theory

As previously mentioned, diffusion ignition was first studied in 1972 by Wolański and Wójcicki [7].

What they meant by "diffusion ignition" was the ignition produced by the discharging jet, when the

fuel expanding through a shock tube came into contact with an oxidizing atmosphere heated by the

shock wave. The reason why it was named, diffusion ignition, is because they identified diffusive mixing.
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Throughout their investigation two scenarios were studied.

In the first scenario, an analytical approach was made in order to predict under what conditions the

mixture would auto-ignite. For this, ammonia synthesis gas was used, composed of a 3:1 mixture of

hydrogen and nitrogen and it was predicted that ignition would be achieved once an upstream pressure of

39 bar, which is the typical pressure used in ammonia synthesizer plants, was obtained causing a shock-

wave mach number of 2.8 or higher with a temperature of 575K. They also calculated that in the presence

of a reflected shock by an obstacle, ignition could occur for a much lower mach number of only 1.7 which

corresponded to an upstream pressure of just 13 bar. They then demonstrated diffusive ignition by using

a shock tube like structure and discharging high-pressured hydrogen through the rupture of a membrane

into a cylindrical chamber containing oxygen. A diffusion theory was then developed to correlate the

ignition delays with the formed shock wave. Although it was tested in a confined atmosphere Wolański

and Wójcicki never demonstrated what would happen in the case of a rapid discharge into an open

atmosphere.

1.2.5 Spontaneous Ignition studies

In 1990 Chaineaux et al. [9], coined the term "spontaneous ignition" which they used after achieving it

by discharging high pressurized hydrogen at approximately 100 bar through a 12mm hole extended by

a tube with 120mm of length and 15mm inside diameter producing a sort of CD nozzle. However, this

was not their only experiment as several other tube lengths, smaller ones, where also tested but with no

visible ignition. They also said that the spontaneous ignition was "nearly instantaneous" which leads to

the understanding that there is a delay between the discharge and the visible fire.

In 2007 several studies concerning spontaneous ignition were made experimentally proving it was

indeed possible to achieve spontaneous ignition for lower pressures contrary to what was thought before.

Mogi et al.[10] studied the effect of tube length, by varying it from 3 to 300mm, using 5 and 10mm

nozzle diameters on spontaneous ignition. They were able to get jet fire ignition at an approximately

60 bar with a 185mm tube and a 5 mm diameter nozzle. They also stated that "the pressure at which

these ignitions occur appear to be decreasing with the increasing length" of the tube and also confirmed

that "the blast from the fireball formed on self-ignition of the hydrogen jet caused an extremely rapid

pressure rise".

Still in the same year Golub et al.[11] made a very similar experimental study where it was accompa-

nied with CFD work. From the experimental part, ignition was achieved using a very similar configuration

as Mogi et al. [10] with the same pipe length and nozzle diameter but this time ignition was achieved with

just 40 bar of high-pressurized hydrogen. They concluded that the reason for the possible spontaneous

ignition was "the heating by the primary shock wave of the surrounding oxidizer, resulting in gas ignition

on the contact surface". However, through the numerical experiment, the conclusion was very different

where the results showed that self-ignition was only possible when the initial hydrogen pressure was in

the range of 150-400 bar, and both hydrogen and air were at 300k and the hole diameter exceeded 3mm.

Finally, still in 2007 Dryer et al.[12] released a paper where more than 200 experiments were done using

several downstream geometries (downstream of the burst disk) and several burst pressures concluding
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that for a downstream geometry of 127mm of length and 4mm diameter ignition would be certain from

hydrogen pressures of 22.4 bar up, with a possible ignition at a minimum pressure of 20.6 bar. With the

work presented it was possible to conclude that "within the storage and pipeline pressures used today

and/or contemplated in the future for hydrogen, transient shock processes associated with rapid pressure

boundary failure have the capacity to produce spontaneous ignition of the compressed flammable released

into air, providing sufficient mixing is also present".

In 2010, Bragin et al.[13] presented a paper with the objective of studying the "physical phenomena

underlying the spontaneous ignition of hydrogen following a sudden release from high-pressure storage

and transition to sustained jet fire" through the study of large-eddy simulation (LES). For this they

modeled a tube with an open end to a chamber of larger dimensions to simulate the outside atmosphere.

They compared the results with the results printed from Mogi et al. [10] validating the LES model in

order to be used for engineering design of pressure relief devices.

Xyabo et al [14] in 2012 demonstrated through 2D axisymmetric numerical model that near the

"outer-edge of the tube mouth, the vortexes are prone to take shape, which contribute to the mixing of

hydrogen and air resulting in intenser and longer time combustion" alongside with a study of density and

temperature inside the tube which they stated that following the combustion of the mixture, the local

temperatures and density, sharply increase.

Although there is more literature to be discussed, it was concluded that the investigations that were

more up to date were the ones mentioned above. Although some experiments such Mogi [10], Golub [11]

and Dryer’s [12], test the effects that a longer tube has in the spontaneous ignition the only conclusion

drawn was that the longer the tube tested, the lower the driver pressure required for the mixture to

ignite.

After reviewing the literature, it was understood that there is a big gap of information on the fact

that most of the work done is on whether the mixture ignites, or not, under certain conditions and very

little work exists on what happens inside the tube that leads the mixture to ignite.

Besides the cited literature, along the dissertation several other articles, papers, books and websites

such as [15], [16], [17], [18], [19], [20], [21], [22], [23], [24], were used to better comprehend the thematic

of the problem on a more holistic way.

1.3 Objectives

Although there are several other experiments made around spontaneous ignition of flammable gas, little

work exists on what happens inside the tube leading the discharged pressurized gas into the atmosphere

and how its dimensions influence the temperature, density and velocity profiles inside the tube. Moreover,

natural gas is widely used in modern society and considering its physicochemical properties, it can also

suffer from spontaneous ignition due to the same process of high-pressure hydrogen expansion. The aim

of this study is to complement what already exists and to study the effects of the dimensions of the shock

tube for hydrogen in order to facilitate the engineering design of future pressure relief systems or even

high-pressure storage devices. As this thesis is supposed to comprise real cases, it is assumed that the
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involving environment of the geometry studied is at 298k and 1 bar emulating the atmospheric conditions.

1.4 Thesis Outline

In the following chapters several issues will be addressed in order to fully understand and study the

phenomena of spontaneous ignition of high-pressured gaseous fuel leaks.

In chapter 2, an overview of the theory behind the phenomena is addressed as well as analytical

calculations using equations from the shock-tube theory.

In chapter 3 the implementation of the theory into the numerical work is approached. In this chapter,

we talk about how the numerical work was done, what assumptions were chosen and why.

In chapter 4 the results are presented. These complement two cases. The first case, the results from

both CFD and analytical approaches are compared in order to verify and validate the assumptions made.

In the second case, only CFD results are presented as the length of the tube is tested as well as what

exactly happens inside the tube is shown through time.

Finally in chapter 5 we have the conclusions where the final work is resumed and explained followed

by possible future work to be done around this subject.
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Chapter 2

Background

In order to better understand the physical and chemical phenomena behind spontaneous ignition through

diffusive ignition, an analytical approach is required to complement the numerical study.

This chapter focuses on the overview of the theoretical component that involves shock tube theory and

what happens inside it. For this reason 1D fluid dynamics equations of pressure, temperature, density,

velocity and time can be studied for various sections of the tube.

As the flow inside a shock tube can describe accurately what happens inside a hole that separates a

high-pressure environment from a low pressure environment, from now on, the hole will be addressed as

a shock tube like geometry.

2.1 Overview of shock tube theory

2.1.1 The Shock tube

The shock tube is composed of two parts which are denoted as the driver section and the driven section.

The driver section contains high-pressure gas at pressure P4, while the driven section contains low-pressure

gas at pressure P1. These sections are separated by a diaphragm designed to burst at a certain pressure,

which is normally fixed in place by the two sections that close on it, as it can be observed in figures 2.1

and 2.2

Figure 2.1: Diagram illustrating the driver and driven sections of a shock tube(at t=0), similar to the
model used numerically.

Like previously said and can be seen in figure 2.1, the diaphragm is emulating the wall that separates

a high-pressure storage system, the driver section, and the atmosphere which is portrayed as the driven
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section.

Figure 2.2: Example of how an aluminum diaphragm is clamped in a shock tube, photo taken by Achim
Hering.

Once the designed pressure is achieved the diaphragm bursts releasing the high-pressure gas, very

rapidly, through the driven section creating a shock wave moving in the same direction. In the driven

section, rarefaction waves, as Shapiro [25] mentions, move in the opposite direction of the shock wave due

to the expansion of the high-pressure gas. The region nominated as 1 is the region that is located in front

of the shock wave that, before it is produced, is at rest with atmospheric properties. Likewise, region 4

properties before the shock wave, are those of the high-pressure contained gas. Once the diaphragm is

ruptured, two additional regions appear as regions 2 and 3. Region 2 is located behind the shock wave

and region 3 is right behind it separated by the contact surface and portrays the effects of the expansion

on the gas properties like temperature, density and pressure. This can all be seen in figure 2.3, which is

a diagram that shows the shock tube regions once the diaphragm bursts through time.

Figure 2.3: Position of contact surface in a shock environment as a function of time. (From Shapiro,
1954.[25])

Since hydrogen and methane are going to be tested in the driver section, a lot of properties that lead

to the calculations, are different. However, in the driven section the properties are always the same as the

12



gas studied is always air at atmospheric conditions (300K and 1 atm). Table 2.1 lists these properties,

where γ is the ratio between the specific heats of each species, R is the universal gas constant and

auto-ignition temperatures are the lowest recorded ones. All of this information was taken for hydrogen,

methane, ethane, propane and butane as well as for air in order to compare values and to further help in

the calculations presented in section 2.2. These properties values were taken from the engineering toolbox

[26].

Table 2.1: Know properties for the gases to be studied from the engineering toolbox [26]

Although the initial temperatures, both in the driver and driven sections, is the same (300K), the

species in both regions are different with different gas constants which leads to different speed of sound

values in both sections of the shock tube. For that, the speed of sound can be calculated as,

a =
√
γRT (2.1)

The following equations, were extracted from Liepmann et al. [27], however it is quite simple to

deduct these equations through simple deductions from the Navier-Stokes equations.

2.1.2 Pressure

When analysing how a shock tube works, the most influential property is pressure because it only works

with a big difference of pressure between the driver and driven sections. Knowing these pressures, P4

and P1 respectively, through a simple shock tube equation (2.2), simplified by Liepmann et al.[27], it is

possible to calculate P2

P1
. From this pressure ratio, also known as the shock strength, pressure in region

2 is easily calculated.

P4

P1
=
P2

P1

[
1− (γ4 − 1)(a1/a4)(P2/P1 − 1)

(
√

2γ1)(
√

2γ1 + (γ1 + 1)(P2/P1 − 1)

]−2γ4
γ4−1

(2.2)

Considering that the pressure on either side of the contact surface is the same, we can assume that

P2 = P3. Another property known as expansion strength is the quotient between P4 and P3 as the ratio
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P4

P3
. Since the driver pressure is always known, this ratio is easily calculated as,

P3

P4
=
P2/P1

P4/P1
(2.3)

with these two equations (2.2 and 2.3), it is possible to plot the entire pressure profile inside the tube as

shown in figure

Figure 2.4: Pressure profile along the length of the tube

The curvature between sections 3 and 4 is caused by the rarefaction waves.

2.1.3 Temperature

Although the pressure across the contact surface is the same, temperature and density are different. Due

to rapid release of high-pressure flow with great velocity, a shock wave is formed, heating the flow as it

travels through the driven section. On the other way around, flow of high-pressure driver gas expands

through the driver section on the opposite direction of the shock wave thus cooling it.

By observing figure 2.3 it is clear to say that when the contact surface breaks, section 2 and 3

are formed and the former diaphragm acts as a division from the expanding cooled gas and the shock

heated flow. The following equations from Liepmann et al. [27], 2.4 and 2.5, are used to determine the

temperature ratios between these two sections and the respective temperatures of each of the sides of the

contact surface.
T3

T4
=

(
P3

P4

) (γ4−1)
γ4

=

(
P2/P1

P4/P1

) (γ4−1)
γ4

(2.4)

T2

T1
=

1 + γ1−1
γ1+1

P2

P1

1 + γ1−1
γ1+1

P1

P2

(2.5)

Through these two equations it is possible to find the ratio of temperatures across the contact surface

as,
T3

T2
=

(T3/T4)T4

(T2/T1)T1
(2.6)

Using equation 2.5 and 2.6, a temperature profile along the length of the tube is easily drawn as the one

presented in figure 2.5.
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Figure 2.5: Temperature profile along the length of the tube

2.1.4 Density

Assuming ideal gas across the shock tube, P = ρRT is used for the calculation of density across the

contact surface. Remembering that P3 = P2 it is possible to conclude that the density ratio is inversely

proportional to the temperature ratio,

ρ2

ρ3
=

(
T2

T3

)−1

(2.7)

However this would only be true if the gas was the same in the driver and in the driven section. Since the

problem considered is studying the input of two different gases in the two different sections, the correct

equation is,
ρ2

ρ3
=

(
R2T2

R3T3

)−1

(2.8)

2.1.5 Mach number

Gaydon and Hurle [28], in 1963, developed equations for the the relations between the initial ratio of

pressures with the shock Mach number and the ratio of temperatures across the shock wave and the shock

Mach number, as it is possible to see in the following equations.

P4

P1
=

2γ1Ms
2 − (γ1 − 1)

γ1 + 1

[
1− γ4 − 1

γ1 + 1

a1

a4

(
Ms −

1

Ms

)]−2γ4
γ4−1

(2.9)

T2

T1
=

[
2γ1Ms

2 − (γ1 − 1)
][

(γ1 − 1)M2
s + 2

]
(γ1 + 1)2M2

s

(2.10)

These simplified equations led to the possibility of studying the critical pressure to which the flammable

driver gas would auto-ignite. By knowing T2 it was possible to calculate at what Mach number it would

reach those temperatures and then calculate the minimum critical pressure to produce such shock wave.

2.1.6 Time

A shock wave is transient phenomena so it is time dependent as it is possible to understand through

figure 2.3. As the shock Mach number increases, so does its speed and the lesser time the shock wave

needs to travel through the length of the tube. The following equations explain just that, with Ms being
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the shock Mach number, cs the shock speed, a1 the speed of sound through air, ∆t the time the shock

takes to travel the length of the tube, and l as the length of the tube.

Ms =
cs
a1

(2.11)

∆t =
l

cs
(2.12)

Another thing to consider when addressing time is that spontaneous ignition inside the tube does not

happen solely on the event of a large increase of temperature, sufficient mixing between the fuel and the

oxidizing atmosphere is also necessary. This being said, one of the factors that influences mixing quality

is time and the more time the reaction has, better mixing might occur. In conclusion, if we have two

cases that produce the same Mach number but in one of the cases the tube is longer, the one with the

longer tube will have a bigger reaction time, increasing the odds of a better mixture in the end, resulting

in a much easier inflammation of the mixture.

2.1.7 Boundary layer influence

Although a lot of the properties’ behaviour in the shock tube are explained in the above sections, none

of the governing equations take into account the viscosity present in the gas.

Although the gas viscosity is mush less influential than the viscosity of a liquid, when considering flow

inside a closed boundary, like a tube, specially when considering high-speed flows it is certain that the

viscosity of the fluid will originate a boundary layer.

With the appearance of a boundary layer near the wall, as the flow develops through the tube, the

shock wave will reflect off of it leading to the appearance of oblique shocks, resulting in a bigger increase of

temperature of the fuel/air mixtures formed in the contact region. From figure 2.6, from Dryer et al. [12],

as the normal shock travels through the tube, the boundary layer thickens, leading to a bigger increase

of temperature and a straightening of the shock. This increase of temperature is due to the interactions

of the normal shock with the boundary layer. Due to growth of the boundary layer, the normal shock

cannot extend fully to the walls of the tube causing reflected oblique shocks of of the boundary layer

which will interact with the flow causing more compression and thus more temperature growth . With

this, the normal shock grows smaller and smaller as the boundary layer thickens slowing the flow down

to the sonic point.

From figure 2.6 it is possible to identify four different steps to the flow of a shock wave in a tube. In

the first schematic, the configuration prior to the burst of the disk which is separating the high-pressure

flammable gas from the atmosphere. In the second one, the burst of the disk which originates the

multidimensional shock and the formation of the fuel/air mixture. In the third, the interactions between

the reflected and the contact surface enhance the mixing. Finally in the last one it is possible to see the

convergence of the reflected shocks at the centerline lead an increase of temperature. The light grey near

the tube walls represent the growth of the boundary layer with the flow development.

16



Figure 2.6: Development of a normal shock in a duct after the burst of a disk that was once separating
a high-pressure flammable gas from the ambient air, from Dryer et. al[12]

2.2 Analytical calculations

When discussing any engineering topic, verification of the results studied is one of the most important

steps to be made. However, in this particular case, the analytical study on the effects of the length of the

tube on the various properties exhibited on the previous section is very difficult as there are no functions

yet to be able to comprehend the effects that it has. For this reason, this subject is going to be addressed

by the numerical experiment.

By better observing the equations mentioned in the previous section, it is possible to conclude that

the only equation that complements the length of the tube is equation 2.12, which calculates the time

it takes for the shock wave to travel through a certain length (l) at a certain shock speed (cs). This

shock speed derives from the shock Mach number in equation 2.11, which is the quotient between this

speed and the speed of sound through air (a1). This means that the only connection there is between the

length of the tube is through the shock Mach number, which is influenced by the initial pressure ratio in

equation 2.9, and influences the temperature across the shock ratio through equation 2.10. Therefore, in

this section the calculations made will mostly be around the effects of the properties on the shock Mach

number and its influence on the properties inside the tube. Also considering that the shock wave is the

indirect leading cause for spontaneous ignition, through shock heated mixture, and that the main cause

that leads to the shock wave is the initial pressure ratio, this study will focus primarily on equations 2.9

and 2.10.

2.2.1 Influence of pressure on the shock wave

When speaking about shock waves in tubes, the difference of pressure between the high-pressure and low

pressure regions is crucial to be addressed. Although this is not the only thing that can lead to a shock

wave, it most certainly is one of the main aspects that influence it.

Through Bernoulli principle (2.13), at constant elevation, we have that if P1 is greater than P2, V 2
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will be greater than V 1. This means that, when we have a high-pressure gas confined and separated,

by a wall, from a low-pressure gas, if the separating wall is removed, the flow will move in the direction

of the low-pressured gas in order to try and find an equilibrium. As Le Chatelier claims "If a dynamic

equilibrium is disturbed by changing the conditions, the position of equilibrium moves to counteract the

change".

Looking at the previous subsection for pressure (2.1.2) we can observe through the equations that,

even if P4 is increased or decreased, the ratio of P3/P4 will not change much from the ratio P2/P1 which

will increase proportionally with P4/P1. However, the only thing that changes in figure 2.4 is that when

P4 is increased, the jump from region 2 to region 1 will be bigger.

P1 +
1

2
ρv1

2 = P2 +
1

2
ρv2

2 (2.13)

As previously mentioned, when we increase the pressure difference, the flow speed increases as well

which leads to a bigger Mach number. Through equation 2.9 this is easily provable. Using the values

from table 2.1, we can calculate the values for the speed of sound in the air, in the driven section (a1)

and, using the values for all the other gases we can do the same but for the driver section using equation

2.1 and constant initial temperature of 300K.

Table 2.2: Speed of sound, a, through various gases

With these values it is possible to calculate through equation 2.9 the values of the shock Mach number,

assuming a shock wave is formed. As shown in figure 2.7 we can see that as we raise the initial pressure

ratio P4/P1, which corresponds to the increase of the pressure in the driver section as P1 is left as

atmospheric, the Mach number goes up, which means the higher the initial pressure ratio, the stronger

the shock wave.

Another observation that can be made is that apart from hydrogen, every other gas studied increases

its Mach number much slower which means that, since their auto-ignition temperatures are more or less

in the same range (between 678K for butane and 853K for methane), in order to achieve spontaneous

ignition, it is going to need a much higher input of initial pressure ratio to achieve such temperatures.
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Figure 2.7: Shock wave Mach number(Ms) as a function of the driver pressure(P4), using equations 2.9

Equation 2.10 gives the ratio of temperatures across the shock, depending on the surrounding envi-

ronment and the shock Mach number. Knowing the spontaneous ignition temperatures and using this

equation, it is possible to calculate the necessary Mach number in order to achieve these temperatures.

By calculating these shock Mach numbers it is also possible to know the required pressure in order to

produce such shock waves. This pressure is called critical pressure of ignition. As table 2.3 shows for

various common gaseous fuels studied, even though the auto-ignition temperatures are not that different,

the critical ignition pressure varies a lot, specially comparing hydrogen to the rest of the species.

Table 2.3: Theoretical critical pressure of ignition of common gaseous fuels

2.2.2 Influence of pressure on temperature

Like previously mentioned, pressure difference is one of the main properties to consider when talking

about shock waves. When discussing spontaneous ignition by diffusive mixing, this property gains even

more focus as it affects everything, directly and indirectly. One of the factors that affects directly is
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temperature as can be observed from section 2.1.3. However, it also affects it indirectly through the

shock Mach number as described in equation 2.9 in section 2.1.5.

As it is possible to calculate the critical ignition pressure through the previous knowledge of the auto-

ignition temperatures, it is also possible to do the opposite route by calculating the temperature of the

mixture behind the shock wave with the initial pressure ratio.

As it is observed in figure 2.8 temperature, much like the Mach number, increases with the initial

pressure ratio as it was expected from the fact that a stronger shock wave, delivers a bigger temperature

ratio across the shock.

Figure 2.8: Temperature behind the shock wave(T2) as a function of the driver pressure(P4), using
equations 2.9 and 2.10

When analysing the figure in more detail, hydrogen temperature increases at a much faster rate than

other common gaseous fuels which explains how carefully it needs to be handled. As previously mentioned

it is much easier to self-ignite than other fuels as the hydrogen-air mixture reaches its critical temperature

at much lower pressure difference. As Dryer et al.[12] managed to get hydrogen ignition at only 20.6 bar

whereas for methane, with an ignition at 853K, it needs a gas phase driver pressure closer to 200 bar.

Another thing that is easily noticeable is the fact that methane, ethane, propane and butane curves

evolve much slower than the hydrogen curve. While methane and hydrogen appear to be capable of

reaching compression values of P4 to cause ignition, ethane, propane and butane being liquefied gaseous

fuels, are unable to reach the necessary driver pressures to do so.

Methane can be stored in the physically adsorbed state at around 35 bar and hydrogen production

plants usually store and transport hydrogen at about 20 to 25 bar. Since the other studied gaseous

fuels behaviour, at this range of pressures, is very similar to methane, future calculations as well as the
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numerical experiment, will be on hydrogen and methane for the 5 to 40 bar range in order to preform a

study on real life examples.

In the next section, calculations on both hydrogen and methane will be made for initial pressures of

5, 10, 20, 30 and 40 bar in order to, in chapter 4, preform a numerical verification with the results from

the CFD experiment.

2.2.3 Analytical calculations for hydrogen and methane

In this subsection, two tables will be presented with all the calculations that will be used to verify the

numerical experiment done in chapter 4. For this, governing equations such as 2.2, 2.3, 2.4, 2.6, 2.8, 2.9,

2.10 and 2.11 will be used. One thing to keep in mind is that all the calculations are going to be executed

with constant initial temperature on either side of the shock-tube at rest, at 300k, and that the driven

section pressure is always constant at 1 atm.

Just like it was expected, from the previous sections, hydrogen evolves in a much more abrupt manner

than methane in any of the properties studied. This proves the fact that hydrogen can be much more

dangerous than methane or many other gaseous fuels at lower pressures, just by looking at the ratio

of Mach numbers produced for increasing initial pressures. This causes the temperature to spike much

more in the presence of hydrogen, as we can see from the tables, where it is expected for hydrogen to

spontaneously ignite at about 20 bars of pressure.

Although not present in the table, another property to be considered in the calculations is the time

the shock wave takes to travel through the tube. Even though it is something that is not considered in

the governing equations, it is quite straightforward to see that if the length of the shock tube is the same

but the pressure input changes, so will the shock wave change. If the pressure increases a stronger shock

wave will be produced, as observed in the table by the ratio of P2/P1. With this increase in strength so

will the Mach number increase which means that, for a stronger shock wave, faster outward flow will be

produced and it will take less time for the shock to travel through the tube.

In conclusion, the most probable way to achieve spontaneous ignition of rapid release of a high-pressure

combustible gaseous fuel into an oxidizing atmosphere, is to have the perfect combination between initial

pressure and time for mixing. However, even though it is affected by both of these conditions, the crucial

one is initial pressure as it is the one that allows the mixture to reach the auto-ignition temperatures,

which means that bellow a certain pressure, auto-ignition is impossible to occur through diffusive ignition.

21



Table 2.4: Hydrogen calculations for the shock tube numerical verification

Table 2.5: Methane calculations for the shock tube numerical verification
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Chapter 3

Numerical Model

In the present chapter the numerical implementation of the experiment will be approached. This chapter

serves the purpose of showing and explaining the process behind the CFD work.

3.1 Problem statement

As previously mentioned in chapter 2, the flow inside a tube is affected by viscous effects. Since the study

of this problem revolves around what happens inside the shock tube in terms of pressure, temperature,

density and velocity with the change of tube length a simple 1D fluid dynamics approach should be

sufficient. However, when considering high speed flow inside closed boundary, viscous effects must be

considered and so, even though the governing equations do not present a dependency of viscosity, it must

be taken into account that flow, specially near the walls of the tube, might be affected by the boundary

layer.

3.1.1 Implementation of the numerical model

The computational work was done through Ansys platform. The student version was downloaded in

order to pursue the CFD work, which allowed geometries with meshes up to 512k nodes which would

be enough to model the case studied. Although the Ansys workbench possesses a lot of CFD programs

that allow the user to study a big array of different aspects, considering the problem being studied, the

approach needed was one that studied fluid flow and for this a program called Fluent, which has been

used to study the flow inside pipes, was used.

Through the use of Fluent, two cases where studied. In the first case, a shock tube was designed

with a specific length in order to test the equations from the previous chapter where only the initial

pressures were changed. This allows the verification of the values calculated prior and the verification of

the boundary conditions applied. The length used in the tube was 1 meter where it was divided equally

into two sections creating a driver and a driven section with 0.5m each and a diameter of 0.02m. Although

the dimension seems very big considering the proposed problem, it was only used for comparison grounds.

The driver was then initialized with 5, 10, 20, 30, and 40 bar in order to verify the calculations made
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prior.

In the second case, the effects of the length of the tube are studied. This is done by varying the length

of the tube while the pressure applied to the driver section remains the same, allowing the comprehension

of the effect that the length of the tube might have on the properties studied, in the event of a rapid

release of high-pressure combustible gas. The pressure in the driver section always remained at 20 bar

while the length of the tube varied from 0.360m, 0.420m and 0.480m divided by the two sections, driver

and driven, equally sized. While the first case was studied for methane/air and hydrogen/air mixtures,

the second case was only studied for hydrogen.

3.2 Computational Model

Throughout this section, everything that was done in the program Ansys fluent is going to be thoroughly

addressed in order to better understand the process that lead to the CFD analysis.

3.2.1 Geometry

As mentioned in the previous section, two cases were elaborated to study two different approaches to

the problem. This lead to the projection of two different geometries. However, the way that they were

executed was the same.

In order to design the geometry to be studied through fluent, 2 different modelers can be chosen,

DesignModeler and SpaceClaim. As SpaceClaim is widely used to produce 3D geometries and is much

more recent than DesingModeler, which incurs in more program errors, DesignModeler was the chosen

editing software to create the 2D geometry.

In order to model a shock tube, first a rectangle was designed and transformed into a face with the

dimensions presented in the following table,

Table 3.1: Dimensions of the designed rectangle to model the shock tube.

After designing the rectangle and turning it into a face from the sketch to face tool, face split was

used in order to divide the face into two equally sized sections at the center of the coordinate system,

thus creating the driver and driven section. Since the division of the face is in the origin of the coordinate

system, the driver section extends its length from −length
2 to 0 on the x coordinate and the driven section

from 0 to length
2 on the x coordinate. The diameter is also divided into 2 where the half of it is in the
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positive side of the y axis and the other half of it in the negative side of the y axis making the shape

symmetric on both coordinates.

3.2.2 Meshing

When working with CFD, one of the most important and influential parts of the study is the meshing.

Meshing or grid generation is the act of subdivision a continuous geometric space into discrete geometric

and topological cells. This is done so that, when solving a problem, the solution it is as detailed as

possible. Which means that, the more divided the continuous geometry, the more detailed the solution.

However, as mentioned in section 3.1.1, the Fluent student version only allows the user a maximum of

512k nodes.

Grid refinement study

When meshing a geometry in order to get a solution, a grid refinement study is always necessary. What

this does is, as you refine the mesh and check the solution, there will be a certain threshold above which

the solution does not change anymore. When this happens the mesh presented is the one that is best to

use. Such process is shown in figure 3.1. Since there are two cases being studied with different dimensions,

Figure 3.1: How to do a grid refinement study.

there was the need to do a grid refinement study for each case. Luckily enough, while studying the mesh

for each case, the solution was converging as the mesh was refined, which means that, even though it

might not be completely refined, due to the maximum nodes allowed, it converged.

Mesh tab

After completing the design of the tube, we pass on to the mesh tab where two thing are executed. The

mesh/grid refinement study and attributing names to the various sections of the the design.

In order to mesh, there were two steps to be done, the first being face meshing. Since the rectangle

was split into two sections, there were 2 sections to face mesh where the shape of elements chosen was
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quadrilaterals, in order to not exceed the number of elements allowed and to have an uniform mesh. After

face meshing, sizing of each side of the design was applied. This step allows the user to choose the size of

the elements or simply choose the number of elements it desires. It also allows the user to choose if they

want an uniform spacing of the element or the majority of the elements to converge to a certain place. In

this case it was meshed uniformly throughout its length. Since there was a total of four designs to mesh,

one for the case where the effect of the initial pressure is tested and the other three where the effect of

the length of the tube was tested, it was required that all four undergo a mesh refinement study and the

results are presented in the table as follows.

Table 3.2: Mesh characteristics, after refinement study, for every case studied.

After completing the mesh, the various sections of the design were labeled and since the design was

always the same (only the dimensions changed), the labels were always named the same as it is possible

to see in figure 3.2. This process is called named selections and is done in order to better identify the

different regions studied in the solution.

Figure 3.2: Labels attributed to the different parts of the design

3.2.3 Setup

When solving a problem in fluent, the setup tab is one of the most important steps as it is where the user

establishes every condition for the problem such as flow type, type of base solver, steady or unsteady,

boundary conditions, etc.

In order to get the best solution, when opening the setup tab, a menu appears and for this case,

double precision was picked in order to get better results with four solver processes in parallel. This

allows the solution to be computed much faster as it divides the mesh by the number of solvers and each

solver focuses only on that section of the mesh.

Since this problem studies the formation of a shock wave inside a closed boundary, density-based solver

is chosen. This solves the continuity, energy and species equations simultaneously coupled together. This
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solver is widely recognized as the best one to solve high-speed compressible flows and shock resolution

problems. Figure 3.3 explains how the density-based solver works in steps.

Figure 3.3: Density-based solver steps for calculating a solution from fluent guide [29]

The case studied is presented with a travelling shock wave through time, so in to order study such

phenomena, transient flow was selected.

Since the flow over a shock wave is being studied, energy equation must be selected and since we are

in the presence of compressible flow, in order to calculate the density properly, ideal gas law must be used

in order to use the previously mentioned ideal gas equation P = ρRT . Another assumption to be done

is considering the tube adiabatic, so that there is no heat transfer between the tube and the surrounding

atmosphere.

As the flow is only being studied for the inside of the tube, it could be possible to assume inviscid flow.

However, Shapiro [25] demonstrated that a moving shock wave inside a tube is affected by the boundary

layer near the walls, creating oblique shocks (figure 3.4) and adding heat to the mixture through viscous

heating.

Figure 3.4: Example of the existing boundary layer in the presence of a shock inside a tube. From Shapiro
[25]

This being said and considering that the flow is only analysed inside the tube, turbulent flow has to be

used. As the flow inside the shock tube will produce velocities of up to 1200m/s with low viscosity(10e−5

range), it will produce Reynolds numbers on the range of 10e4 which is well above the values stated

for the transition from laminar to turbulent (turbulent flow from Re>4000 [26]). So in order to study

turbulent flow RANS was chosen over LES as it would take a lot more time to solve the problem. For
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this k- ω standard turbulent model [29] was chosen. This is a two equation model that allows two extra

transport equations to represent the turbulent properties of the flow which allow the account of the effects

of convection and diffusion turbulent energy. So adding to the continuity, momentum, energy and species

equations, Fluent now solves 6 transport equations. Fluent presents all of the constants and they were

remained as default with the following values in 3.5 for the turbulent model.

Figure 3.5: K-w standard turbulence model default constants taken from fluent [30]

Since there is viscosity, the one picked was Sutherland’s viscosity where each species’ viscosity is

calculated by using a common equation which computes the dynamic viscosity of the species with the

absolute temperature of an ideal gas, as said in the fluent manual [29]. Species transport was enabled

where, like previously said, the mixtures hydrogen/air and methane/air were studied as ideal gas.

Considering that ideal gas was the density method chosen, the boundary conditions operating pressure

had to be set to 0 so that the solution could be initialized with the absolute pressure.

In the methods tab, the chosen formulation was Roe-FDS scheme. The time formulation picked was

implicit as it solves the problem of stability, for this the courant number was left untouched and remained

default with the value of 5. Second order upwind for the discretization was selected as it provides optimum

accuracy.

After the selection of all the parameters described above, it was required that the solution was ini-

tialized. This gives the program the initial values and conditions that it requires to start the solution.

Therefore, since the initial conditions are known, initial temperature, initial pressure and initial mass

fractions were patched.

In the driver section the initial high-pressure gas (methane and hydrogen) was patched with the

corresponding pressure. For the first case studied, the high-pressure input was 5, 10, 20, 30 and 40 bar

while the pressure input for the second case remained at 20 bar throughout the study of the different

lengths with only hydrogen as the gas studied. In this same section, the mass fractions of hydrogen and

methane were patched with the value of 1 in order to initialize the driver with only these 2 gases. In

the driven section atmospheric pressure was patched for all cases and the mass fractions were patched as

23% O2 and 77% N2. Both sections were patched with the same initial temperature of 300K.

After initializing, the only step left to do was to run the calculations. For this a total of 100 time

steps with 20 iterations each was selected, granting a total of 2000 iterations. The time-step was chosen
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by trial-error until the scaled residuals presented the best convergence possible.

In order to gather all of the information above, the following table 3.3 presents all of the assumptions

made in an organized fashion for better understanding.

Table 3.3: Table presenting all of the assumptions made in order to setup the best solution to study the
problem.
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3.2.4 Governing transport equations

As Fluent is a CFD analysis software, not only does it allow to run several different analysis, but the

governing transport equations are also much more complex than the ones used in the analytical approach,

as all of them derive from the Navier-Stokes equations.

With the current implementation of the numerical model, Fluent solves 6 different transport equations

in time due to the fact that it is a transient analysis. The equations that Fluent solves are: continuity

for mass conservation, the momentum conservation, the energy equation, the species transport equation

and since a 2 equation turbulence model is used, an equation for turbulence kinetic energy and another

for the specific dissipation rate are used. All of the following equations and information were taken from

the Fluent manual [29].

Continuity equation

Fluent solves, for all flows, the conservation equation for mass. This equation, also called continuity

equation, can be written as follows:
∂ρ

∂t
+∇ · (ρ~v) = Sm (3.1)

This equation is the general form of mass conservation equation which is valid for incompressible and

compressible flows. Since this is a problem with compressible flow, the equation can be applied. Sm

represents the mass added to the continuous phase and any user-defined sources, which is equal to zero

since there is no added mass to the system.

Momentum equation

Besides the conservation equation for mass, Fluent solves the momentum equation for all flows as well.

This equation can be written as follows:

∂

∂t
(ρ~v) +∇ · (ρ~v~v) = −∇p+∇ · (τ) + ρ~g + ~F (3.2)

where p is the static pressure, τ is the stress tensor and ρ~g and ~F are the gravitational body force and

external body forces respectively. Considering the problem in question, ρ~g and ~F are ignored.

Energy equation

As seen from the implementation, the energy equation is enabled. Fluent solves this equation in the

following form:

∂

∂t
(ρE) +∇ · (~v(ρE + p)) = ∇ ·

keff∇T −∑
j

hj ~Jj + (τ eff · ~v)

+ Sh (3.3)

where keff is the effective conductivity that complements turbulent thermal conductivity, which is defined

by the turbulent model used. ~Jj is the diffusion flux of species j and the first 3 terms of the right side

of the equation represent energy transfer due to conduction, species diffusion, and viscous dissipation,
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respectively. Sh includes the heat of the chemical reaction, which is zero since it is an adiabatic reaction.

E is defined as:

E = h− p

ρ
+
v2

2
(3.4)

where the sensible enthalpy, considering that ideal gas is used, is defined as:

h =
∑
j

Yjhj (3.5)

where Yj is the mass fraction of the species j and hj its entalphy at the local temperature defined as:

hj =

∫ T

Tref

cp,j dT (3.6)

with Tref as 298.15K.

Species transport equation

Since the numerical work is done with the transport of mixture through a closed boundary, species

transport must be enable so that two different gas can be run for the same geometry (fuel and air). With

species transport enabled, Fluent predicts the local mass fraction of each species, Yi, through the solution

of a convection-diffusion equation. This conservation equation can be written with a general form as:

∂

∂t
(ρYi) +∇ · (ρ~vYi) = −∇ · ~Ji +Ri + Si (3.7)

Where Ri and Si represent the rate of production of species i by chemical reaction and the rate of creation

by addition of the dispersed phase, respectively.

Transport equations for standard k-w turbulence model

As mentioned before the standard k-w model used by Fluent is a two equation turbulence model. This is

based on the Wilcox k-w model, which incorporates modifications for low-Reynolds-number, compress-

ibility and shear flow spreading. It is based in an empirical model based on the transport equations of

turbulence kinetic energy and specific dissipation rate, k and w respectively. Over the years this model

as been updated, where production terms have been added to both equations, improving the model to

predict free shear flows. For all of the reasons mentioned above, it was the turbulence model used as it

complements what is needed to be studied in this problem.

The turbulence kinetic energy, k, is calculated from the following equation:

∂

∂t
(ρk) +

∂

∂xi
(ρkui) =

∂

∂xj

(
Γk

∂k

∂xj

)
+Gk − Yk + Sk (3.8)

while the specific dissipation rate, w, is calculated from the following equation:

∂

∂t
(ρw) +

∂

∂xi
(ρwui) =

∂

∂xj

(
Γw

∂w

∂xj

)
+Gw − Yw + Sw (3.9)
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In these equations Gk and Gw represent the generation k and w, respectively. Gk is due to mean

velocity gradients. Γk and Γw represent effective diffusity of k and w, respectively. Sk and Sw, as from

previous equations, are user defined source terms. Since the model used was run with default values

mentioned in figure 3.5, all of the user defined source terms are ignored.

With these equations and assumptions from table 3.3, Fluent was run and the results were displayed

in the next chapter.
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Chapter 4

Results and discussion

Two cases are going to be highlighted. The first one where only the initial pressure is changed, maintaining

the length of the tube, which will be verified with the analytical calculations, and the second one where

the length of the tube is tested to see what happens to the properties inside the tube.

4.1 Problem Description

Besides pressure relief systems, when handling high-pressure gas inside vessels, damaging, misusage of

valves, human error or even just erosion caused by time can lead to rapid-release of the flammable gas

into the atmosphere and this could lead to inflammation or even deflagration like it was addressed in

chapter 1.

This thesis serves the purpose of studying not only why this happens as well as if the length of the

hole affects in any way possible the properties inside the hole.

In the previous chapters, it was explained why can spontaneous ignition occur from rapid release of

high-pressure flammable gas. In this chapter, the results of the CFD experiment are going to be shown

in order to better understand and visualize what happens inside the tube that leads the high-pressure

gas into the atmosphere. As it is known, when the diaphragm bursts, its possible to define 4 regions

inside the shock tube. Region 4 and 1, which are the initial regions, where region 4 represents the high-

pressured reservoir and region 1 represents the atmosphere. Region 2 and 3 which are the regions across

the contact surface, where region 2 is located behind the shock wave and region 3 is located behind the

contact surface. The following figure 4.1 shows the 4 regions clearly.

In order to compare both results, from analytical work and CFD, a verification will be done for each

individual case.

Figure 4.1: Diagram illustrating the different regions across the shock tube once the diaphragm bursts
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4.2 CFD Results And Discussion

Since there are two case studies in this chapter, the first case, which is the one where the initial pressure

is changed to see its effects on the shock wave properties, is going to be called case 1 from now on in

order to facilitate the understanding of the study.

Much like case 1, the second case where the length of the tube is changed in order to study its effects

on the shock wave properties, is going to be called case 2 from now on. Although case 1 is being studied

for both hydrogen and methane, case 2 is only being studied for hydrogen due to, in section 2.2.3, it

was proven that for a pressure of 22.5 bar, hydrogen would reach high enough temperatures to cause its

ignition. For that matter 20 bar will be studied in order to see if it will be enough to cause spontaneous

ignition now that viscous flow is used.

Since the pool of results is quite big as they were printed for two different gases, there will be a clear

distinction between the cases as well as between hydrogen and methane.

Since the flow type considered in the CFD analysis is viscous, there will always be a difference in the

values as the boundary layer affects the flow properties inside the tube. Moreover fluent solves the problem

as transient with a certain set of equations, where the analytical calculations are done for a Lagrangian

approach, implying a pseudo-steady state . This leads to different results. With the equations presented

in the previous chapter it is possible to see a clear difference from the equations used in both approaches.

4.2.1 Case 1: Testing the effects of the initial pressure on the properties

development inside the tube

As previously shown in table 3.3, the time step used to obtain the solution was dependent on the case.

Using implicit formulation, the courant number was set as 5 which is the default number. After this,

the time step was calculated. However, the time step is not always correct at the first try, and by correct

it means that it does not always print the best solution, which means that, to get the best solution, the

time step must be changed by trial-and-error in order to get to the best one.

For case 1 we have always the same cell size for the entire structure, which means that the time step

depends only on the velocity of the flow. It is known that by increasing the pressure on the high-pressure

chamber, flow velocity will increase, which means that as the pressure is increased, the time step used

for each solution must decrease as well.

In order to start the solution a first time step was calculated using the shock speed calculated by

equation 2.11 with the values of the Mach number presented in table 2.4,

However, using these time step values for the calculation of the solution, led to a very fast and early

convergence in which the results presented were not good. Since the iterations were converging too fast,

the time step was increased for each case, leading sometimes to divergence until the correct one was

chosen. After several tries, the time step that printed the best results was found.

Using these time steps led to flow velocities very different from the shock speed velocities as it would be

expected. However, the results printed were a lot more refined which allowed for a better understanding

of the problem.
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Table 4.1: Time step calculated for case 1 using the shock speed calculated in table 2.4

Table 4.2: Corrected time step for each solution studied

The following analysis were made by extracting the profiles for pressure, temperature, density and

velocity. In these graphs the properties are analysed at the walls and in the interior of each section

allowing for a more holistic analysis. For this it is possible to analyse the property values at the walls of

the tube in shades of blue, while the inside of the tube is characterized in red for the driven section and

in green for the driver section.

Pressure

For case 1, the input pressures vary while the length of the tube stays the same at 1 meter. As mentioned

above, the initial pressure ratio input are 5, 10, 20, 30 and 40. In section 2.1 it is possible to see,

through the equations presented, every single aspect of the shock tube properties, whether it is pressure,

temperature, density or velocity, are all affected by the pressure difference created between the driver

and driven section. By observing section 2.2 it is possible to see how the properties change as a function

of the initial pressure ratio as it is presented in table 2.4.

With the assumptions shown in table 3.3 and the time step from the table 4.2, Fluent was run for each

initial pressure ratio for the hydrogen/air mixture. From this configuration it was possible to extract the

following figures showing the pressure profiles for each initial pressure at the last time step calculated.

Analysing figures 4.2 to 4.4 its possible to see the 4 different regions presented in 4.2. It is also possible

to see several distinct things from the figures. The first thing is that, although the initial pressure ratio

is increasing, the shock strength (P2/P1) does not follow with the same ratio, increasing less as the

pressure input goes up. Another thing that is noticeable from the curves of the pressure profiles is that as

the initial pressure increases, the pressure distribution inside the tube (in red) becomes more and more

heterogeneous because of the increasing Reynolds number. Lastly, the assumption that P2 = P3 is no

longer valid as there is some fluctuation of values. However, in order to be able to compare with the
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analytical values, we will assume them as equal, using an average of both values.

Figure 4.2: Pressure profiles computed using Fluent for initial driver pressures of 5 bar (left) and 10 bar
(right) for hydrogen/air mixture for the last time step calculated.

Figure 4.3: Pressure profiles computed using Fluent for initial driver pressures of 20 bar (left) and 30 bar
(right) for hydrogen/air mixture for the last time step calculated.

Figure 4.4: Pressure profile computed using Fluent for initial driver pressure of 40 bar for hydrogen/air
mixture for the last time step calculated.
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Considering viscous flow, pressure values can be different than the values calculated analytically.

However, comparing the analytical results with the CFD for the pressure along the length of the tube we

get very similar results. As there are four regions to consider but region 4 (Driver) and region 1 (Driven)

are known, only region 2 and 3 will be analysed. As previously said, it is assumed that P2 = P3 so it is

possible to compare the analytical calculations for this pressure with the one extracted from Fluent as it

is shown in figure 4.5.

Figure 4.5: P2 as a function of P4 calculated analytically and through Fluent for hydrogen/air mixture
for the last time step calculated.

Through observation of the graph, we can verify that the analytical model matches the CFD results.

Considering the results extracted from Fluent as true, we can calculate the error percentage between the

two sets of values through the following equation.

Percentageerror =
Vtrue − Vobserved

Vtrue
× 100 (4.1)

This equation gives max percentile error of 2% as it possible to observe in the following table 4.3, which

is a very good value as there is very little difference in both approaches.

Table 4.3: Percentage error calculation from the analytical approach vs the CFD approach for the pressure
across the contact surface for hydrogen/air mixture for the last time step calculated.
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Methane/air mixture in comparison with the hydrogen/air mixture, produce very similar pressure

profiles. The four regions are clear and P2 is very similar to P3.

From the results obtained for hydrogen/air mixture, P2, for the initial pressures studied, drops rela-

tively close to half of the initial pressure and so P4

P3
and P2

P1
value is close to 2. However, when looking at

the results from the methane/air mixture, the pressure at region 2 and 3 is much smaller, for example,

when inputting 40 bar at the driver section, the pressure drops to 6.66 times less at the contact surface

to an approximated value of 6 bar. This means that the shock strength produced my methane is much

smaller than that of hydrogen. These observations can be seen in the following figures 4.6 to 4.8 which

represent the pressure profiles for methane/air mixture for the initial pressures studied at the last time

step calculated.

Figure 4.6: Pressure profiles computed using Fluent for initial driver pressures of 5 bar (left) and 10 bar
(right) for methane/air mixture for the last time step calculated.

Figure 4.7: Pressure profiles computed using Fluent for initial driver pressures of 20 bar (left) and 30 bar
(right) for methane/air mixture for the last time step calculated.
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Figure 4.8: Pressure profile computed using Fluent for initial driver pressure of 40 bar for methane/air
mixture for the last time step calculated.

Just like for hydrogen/air mixture, comparing the results from the CFD and analytical calculations

for methane/air pressure profiles, we get very similar results. Since the only pressure calculated is P2,

which is assumed as equal to P3, the comparison between the two approaches is applied to these values

as seen in the following figure 4.9.

Figure 4.9: P2 as a function of P4 calculated analytically and through Fluent for methane/air mixture
for the last time step calculated.
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For the methane/air mixture, an error calculation is also done using equation 4.2. Producing a max-

imum error of just 6.5% it is proven, just like for hydrogen/air, the compatibility between the analytical

values and the CFD values. However, the error produced by methane/air mixture is bigger than the error

produced by the hydrogen/air mixture. This could be explained by the fact that methane produces a

weaker shock wave and therefore the results that were expected are lower than the ones from hydrogen/air

mixtures. This is possible to see in figure 2.8 as the CFD results come up short of the analytical results,

producing a negative error.

Table 4.4: Percentage error calculation from the analytical approach vs the CFD approach for the pressure
across the contact surface for methane/air mixture for the last time step calculated.

With all the results from figures 4.2 to 4.9 and the tables 4.3 and 4.4 it is possible to conclude that

the assumptions made are verified as the error produced from either of the mixtures is very small. It is

also verified that in the presence of a shock wave, this will be stronger with increase of initial pressure

ratio as expected.

Temperature

Following the pressure results we have the temperature results. From computing the initial pressures

mentioned before, instead of extracting just one result, with the temperature profile we are able to

extract two results, which the quotient represents the temperature across the contact surface(T2/T3).

With figure 4.1, before the contact surface in region 3, the temperature drops due to the expansion

of the gas. After the contact surface in region 2 there is a very large temperature spike due to shock

relation and shock reflection from the boundary layer.

In analysis of the results taken from Fluent, like predicted, as the initial pressure goes up so does the

temperature spike in region 2.

One thing that can be concluded by looking at the graphs from hydrogen/air mixture from figures

4.10 to 4.12, is that at 20 bar if sufficient mixing takes place, it is possible to achieve spontaneous ignition

as the temperature reached, 918.2K, is well above the spontaneous ignition temperature of hydrogen

registered at 773K and with the results from the experiment from Dryer [12], there is confirmation, both

experimentally and numerically.

Another thing that can be concluded by analysis of the graphs from figures 4.10 to 4.12 taken from

Fluent, as the driver section is initialized with bigger pressures, the difference between T2 and T3 increases

as the shock wave gets stronger increasing the maximum temperature reached in the region 2. Moreover,

looking at figures 4.10 to 4.12, it can be seen that the gas expands more with the initial pressure increase
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and this leads to an even smaller temperature at region 3, behind the contact surface.

On another note, with the shock wave getting stronger, the flow velocity increases. Since the time

step size decreases, the number of iterations present less flow time and so the reaction seem to be smaller

but in fact the number of iterations should have been higher in order to complement the full flow time.

Lastly, it is observable that the temperature inside the tube is not uniform, and by that it means that

the temperature across the tube diameter is not the same. This can be seen in the figures 4.10 to 4.12

by looking at the colours of the profiles as shades of blue represent the temperature at the walls, while

the inside of both driver and driven sections are represented as red and green respectively. This is due

to the presence of a boundary layer which will change the temperature depending on the distance to the

boundary layer where the highest temperature achieved is at the tube walls.

These results were taken for the last time step studied.

Figure 4.10: Temperature profiles computed using Fluent for initial driver pressures of 5 bar (left) and
10 bar (right) for hydrogen/air mixture for the last time step studied.

Figure 4.11: Temperature profiles computed using Fluent for initial driver pressures of 20 bar (left) and
30 bar (right) for hydrogen/air mixture for the last time step calculated..
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Figure 4.12: Temperature profile computed using Fluent for initial driver pressure of 40 bar for hydro-
gen/air mixture for the last time step calculated.

Comparing the analytical results with the CFD results for the hydrogen/air temperature profile along

the length of the tube we get somewhat similar results. As there are four regions to consider but region

4 (Driver) and region 1 (Driven) are known, only region 2 and 3 will be analysed. It is then possible

to compare the analytical calculations for these temperatures with the one extracted from Fluent as it

is shown in figure 4.13. Through observation of the graph presented above and extracting the highest

temperature recorded as T2 and the lowest as T3, we can verify that the analytical model matches the CFD

results as the curve presented is very similar. However, the temperatures achieved by the CFD results

are higher due to turbulent flow as, through viscous heating, increases the temperature in comparison to

the analytical results.

Figure 4.13: T2 and T3 as a function of P4 calculated analytically and through Fluent for hydrogen/air
mixture for the last time step calculated.
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Using equation 4.2 it is possible to calculate the error generated between the results from Fluent and

the results from the analytical equations. Considering the results from Fluent as true, the maximum

error achieved is 20.11% for the calculation of T2 and 1.33% for the calculation of T3. All of the error

calculations are shown in table 4.4

Table 4.5: Percentage error calculation from the analytical approach vs the CFD approach for tempera-
tures across the contact surface for hydrogen/air mixture for the last time step calculated.

From the results seen in figures 4.10 to 4.12, it is concluded that as the pressure input increases, the

maximum temperature achieved behind the shock wave increases as well. However, it is also concluded

that as the shock gets stronger, the expansion of the gas becomes greater in region 3 as T3 decreases with

the increase of pressure. Although the error is quite considerable, for the range of pressures chosen, with

good mixing, spontaneous ignition is possible as the temperatures registered are considerably higher than

the recorder 773K required for hydrogen to auto ignite as it can be seen in table 4.5.

As mentioned in the previous section about pressure, the shock strength of methane/air in comparison

to hydrogen/air mixtures, is much weaker, which affects every property, one of them being temperature.

As seen from the analytical calculations we see that the shock strength produced by methane through

the various driver pressures, is much lower than hydrogen (considering the scale) and as a result the

maximum temperature reached in region 2, will also be much lower not being able to reach its spontaneous

ignition temperature at pressure releases lower than 187.9 bar.

As shown in the following figures 4.14 to 4.16, it is possible to see the temperature profiles along

the length of the tube for the final time step calculated. Once again, due to the boundary layer, the

temperature is not uniform throughout the cross section of the tube as it increases the most at the wall

due to viscous heating.

Figure 4.14: Temperature profiles computed using Fluent for initial driver pressures of 5 bar (left) and
10 bar (right) for methane/air mixture for the last time step calculated.
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Figure 4.15: Temperature profiles computed using Fluent for initial driver pressures of 20 bar (left) and
30 bar (right) for methane/air mixture for the last time step calculated.

Figure 4.16: Temperature profile computed using Fluent for initial driver pressure of 40 bar for
methane/air mixture for the last time step calculated.

Comparing the results extracted from Fluent and from the calculations using the governing equations,

the divergence is little as both curves are very similar, however T2 is always going to be bigger in the

CFD in comparison to the analytical value due to turbulent heating. Such comparison is possible to see

in the following figure 4.17. Since the temperature before the "disk burst" is known in region 1 and 4,

the only values that need to be used in the comparison between the two approaches are T2 and T3. Just

like the mixture of hydrogen/air, methane/air temperature profile acts very similarly.

With equation 4.2, the error associated in comparing results from both approaches is stated in the

table 4.6. Here the methane/air mixture produced good results as the maximum error for T2 calculations

was 18.9% and for T3 the maximum error produced was 0.93%.

Just as for hydrogen, the results printed in the figures 4.14 to 4.17 and in the table 4.6 help the

conclusion that although methane will not be able to achieve the necessary temperature to auto ignite,

the recorded values for temperature T2 are much higher than the ones calculated analytically. This means

that the assumption made that methane would not be able to reach its spontaneous ignition temperature

until an upstream pressure of 187.9 bar was created, might be wrong as for 40 bar the temperature in

region 2 peaked at 738.5K for the last time step calculated. Since methane auto ignites at 853K [26], the
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Figure 4.17: T2 and T3 as a function of P4 calculated analytically and through Fluent for methane/air
mixture for the last time step calculated.

Table 4.6: Percentage error calculation from the analytical approach vs the CFD approach for tempera-
tures across the contact surface for methane/air mixture for the last time step calculated.

necessary pressure for methane to reach such temperatures is probably going to be lower than expected.

Density

After addressing the temperature profiles extracted from Fluent, the next step should be addressing the

density profiles.

From equation 2.7 we could predict that the density profiles would be very close to what the pressure

profiles look like (figure 4.18, since it would work solely on temperature. Moreover, the density would be

the inverse of the temperature associated and so, the density profiles should look like,

which is very close to what a pressure profile inside a shock tube looks like. However, equation 2.7

assumes that both the driver and driven section contain the same gas, and for this reason equation 2.8

should be the one used in this case.

Looking into the ideal gas law, density varies with pressure, temperature and the universal gas constant

of the select gas. So, when altering the initial pressure in the driver section and leaving the temperature

the same, the density of the gas will obviously increase and therefore, the density profile starts from a

higher density as the driver pressure increases as can be seen in the figures 4.19 to 4.21.
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Figure 4.18: Density profile in a shock tube with the same gas in both driver and driven sections

From the density profiles for hydrogen/air mixtures, the density curve in region 2 will accompany the

temperature rise and in region 3 the density will follow the cooling of the gas. However, when the driver

pressure increases, the ratio of temperature across the contact surface increases as it is possible to see

from figure 4.13, this means that the temperature in region 2 increases and the temperature in region 3

decreases. From the ideal gas law we know that when temperature rises the density decreases and vice

versa. So, with this information, the density ratio across the contact surface, ρ2ρ3 , will decrease with the

temperature rise as seen in figure 4.22. Once again, due to the boundary layer, the density of the fluid

is not uniform throughout the cross section of the tube leading to variations of density inside of it, this

is possible to see from the following figures 4.19 to 4.21 as the red represents the interior of the driven

section.

Figure 4.19: Density profiles computed using Fluent for initial driver pressures of 5 bar (left) and 10 bar
(right) for hydrogen/air mixture for the last time step calculated.

Figure 4.20: Density profiles computed using Fluent for initial driver pressures of 20 bar (left) and 30
bar (right) for hydrogen/air mixture for the last time step calculated.
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Figure 4.21: Density profile computed using Fluent for initial driver pressure of 40 bar for hydrogen/air
mixture for the last time step calculated.

With the results obtained from Fluent, it is possible to compare these to the analytical values in order

to verify both numerical and analytical assumptions. Comparing the density ratio across the contact

surface, we get very similar results from both Fluent and analytical approaches which proves the validity

of the assumptions made. Both results can be seen in figure 4.20.

Figure 4.22: ρ2
ρ3

as a function of P4 calculated analytically and through Fluent for hydrogen/air mixture
for the last time step calculated.

As previously done, using equation 4.2 it is possible to obtain the error between the two calculation

approaches. Once again the assumptions are verified to be correct with the maximum error occurring at
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a initial driver pressure of 40 bars with a perceptual error of 5.06%.

Table 4.7: Percentage error calculation from the analytical approach vs the CFD approach for density
across the surface contact for hydrogen/air mixture for the last time step calculated.

Although the density profiles for Hydrogen/air mixture present a graph very similar to that of tem-

perature profiles, in the case of methane/air mixtures, the density profiles are very different than what

would be expected.

As mentioned before, density across the contact surface can be calculated using equation 2.8. For

methane/air mixtures the density varies a lot with the temperature across the contact surface. This

means that as the pressure input is bigger, so will the temperature behind the shock wave and the

density will decrease. In relation, the density behind the contact surface will increase as the temperature

cools more. Such density profiles are illustrated in the next figures 4.23 to 4.25. Once again, the density

is not uniform across the diameter of the tube as it is possible to see in red, due to the boundary layer.

Figure 4.23: Density profiles computed using Fluent for initial driver pressures of 5 bar (left) and 10 bar
(right) for methane/air mixture for the last time step calculated.

Figure 4.24: Density profiles computed using Fluent for initial driver pressures of 20 bar (left) and 30
bar (right) for methane/air mixture for the last time step calculated.
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Figure 4.25: Density profile computed using Fluent for initial driver pressure of 40 bar for methane/air
mixture for the last time step calculated.

Using these results and the results from the analytical calculations, it is possible to compare them

and see if there is much difference in the values obtained from both approaches and from the following

figure 4.26, results from Fluent do not vary that much from the results of the equations. However, like

stated before, the density profiles from methane/air are very different from the hydrogen/air ones which

leads to much lower values of ρ2ρ3 when comparing the two mixtures.

Figure 4.26: ρ2
ρ3

as a function of P4 calculated analytically and through Fluent for methane/air mixture
for the last time step calculated.
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Once again the error associated is calculated using equation 4.2, proving once more that the re-

sults obtained from both approaches are very close. In comparison with hydrogen/air mixture results,

methane/air mixture produces a maximum error of 8.57%

Table 4.8: Percentage error calculation from the analytical approach vs the CFD approach for density
across the surface contact for methane/air mixture for the last time step calculated.

Looking at the figures for both hydrogen and methane mixtures printed from Fluent for the last

time step calculated its possible to see that the density profiles, although being affected by the local

temperature, they are also influenced by the universal gas constant. As seen from figures 4.19 to 4.21,

the density profiles for hydrogen are very different from the density profiles for methane as seen from the

figures 4.23 to 4.25. This is due to the fact that in equation 2.8, the universal gas constant is considered.

Being hydrogen’s constant a lot bigger than methane, the results printed are very different as it is seen.

However, ρ2
ρ3

behave in a very similar way for both mixtures, decreasing as the maximum temperature

achieved increases.

Velocity

Lastly, one of the most important characteristics of the flow must be addressed: velocity.

From equation 2.13, we know that if the driver pressure is higher than the driven pressure, flow will

move from the driver section to the driven section. Since the the pressure difference is high, the flow will

achieve supersonic speeds. This is caused by the sudden release of high energy which lead to a shock

wave. The bigger the energy, the stronger the shock wave and through equation 2.11, for a stronger shock

wave, the faster the velocity reached.

With the results extracted from CFD for the hydrogen/air mixture for the last time step calculated,

it is possible to see that there is a discrepancy between the numerical values and the analytical values.

This might be explained by the viscous type assumption. When assuming laminar flow, the boundary

layer is thin which might not affect the shock wave all that much, however if the viscous flow type was

turbulent, the boundary layer would be thick, which through figure 2.6, the thicker the boundary layer,

the more affected the shock wave. This will lead to flow speeds at the boundary layer which has been

proven that the turbulent boundary layer actually increases the speed of the flow due to the formation

of Eddy’s. However it will not increase to the point where it is similar to that of no viscosity.

In figure 4.27 we can see how the Mach number evolves as the pressure in the driver is increased for

the mixture of hydrogen and air. As mentioned above, a considerable gap in values is obtained between

the analytical and numerical calculations. However, we can see that the curves are very similar to one
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another which proves the validity of the calculations and the assumptions made.

Figure 4.27: Ms as a function of P4 calculated analytically and through Fluent for hydrogen/air mixture
for the last time step calculated.

Using equation 4.2 it is possible to calculate the error from the discrepancy of values, therefore giving

a more accurate result of the difference between the models studied. When looking at the figure 4.27,

we can see that the values are very different between the two approaches because of the difference that

the viscosity makes, which means that even though the error is not too big, the flow will never reach the

same velocity unless inviscid flow is assumed.

Table 4.9: Percentage error calculation from the analytical approach vs the CFD approach for the shock
Mach number for hydrogen/air mixture for the last time step calculated.

Knowing the Mach number, it is possible to know the shock speed (equation 2.11) and since we know

the length of the tube that the flow has to travel to reach the atmosphere, we can also calculate the time

that the flow takes to travel the length of the tube through equation 2.12. Considering the position of the

contact surface, the flow will only travel the length
2 of the tube. So, assuming that the length to travel is

0.5m and that the flow velocity is equal to the shock speed, the time required for the flow to travel the

length is presented in the next table 4.10.
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Table 4.10: Time necessary for the flow to cover half of the length of the tube into the atmosphere for
hydrogen/air mixtures for the last time step calculated.

On another note, the behaviour of velocity for the methane/air mixture inside the tube is similar to

the mixture of hydrogen with air, however as the shock produced is weaker, the speeds obtained are lower

than those produced from the rapid release of high-pressured hydrogen into air. Therefore, the Mach

number of the shock wave is also lower.

The following figure 4.28 shows the difference in values obtained through Fluent when compared with

the values obtained from the governing equations.

Figure 4.28: Ms as a function of P4 calculated analytically and through Fluent for methane/air mixture
for the last time step calculated.

Just as hydrogen/air mixture, there is a considerable gap in values and so the error calculated can be

quite big as it is shown in the following table. However, in comparison, methane/air mixture produces

an even bigger maximum error of 37.96%, although the error starts decreasing as the pressure increases

and as the flow reaches higher velocities due to the increase of turbulent boundary layer.

Lastly, with the values from the the Mach number and equation 2.12, with the assumption that the

flow will only travel through half of the length of the tube (size of the driven section), it is possible to

calculate the time necessary for the flow to exit into the atmosphere.

As seen from the figures 4.27 and 4.28 and from the tables 4.9 to 4.12 its possible to conclude that
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Table 4.11: Percentage error calculation from the analytical approach vs the CFD approach for the shock
Mach number for methane/air mixture for the last time step calculated.

Table 4.12: Time necessary for the flow to cover half of the length of the tube into the atmosphere for
methane/air mixtures for the last time step calculated.

although hydrogen and methane produce different results for flow speeds, as hydrogen produces flow

with much higher speeds than methane, both velocity profiles act very similarly. However, the Mach

produced by the initial pressure ratios are quite different than the analytically calculated values. This

means that the Mach number necessary to produce such temperatures for the mixtures is lower than

what was expected meaning, just like mentioned before, that auto-ignition temperature will be reachable

for lower pressure ratios and lower Mach numbers.

Considering that all of these results were taken for the last time step calculated and only for comparison

purposes, the originated error might be different if other tube dimensions or other time steps are chosen.

On another note, since the numerical model and the analytical model are based on different set of

equations, verification is not possible due to the use of viscosity. Moreover, considering that the analytical

calculations are based on a stationary approach and that Fluent calculations are resolved in a transient

manner, the comparison between the two serve to show that the spacial and temporal discretization of

the numerical model does not lead to unrealistic values.

4.2.2 Case 2: Testing the effects of the length of the tube while maintaining

the same initial pressure to study the effects on the properties devel-

opment inside the tube.

Although the initial driver pressure is not changing, the size of the cells in each mesh changes. Since

there is a maximum of nodes that is possible to use, the mesh was refined to complement the maximum

number of nodes possible. For this, and since the length of the tube is increasing, the cell size must

increase as well in order to follow the length of the tube. For this, the tube was meshed according to this

calculation,
length/2 ∗ diameter

x2
= 250000 (4.2)
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the length/2 allows the mesh of the driver and driven separated and x is the size of the cell to input in

the mesh tab so that each section has 250000 elements making a total of 500000 elements. However, even

though the mesh is made to be uniform, near the walls the cell size might be smaller which increases the

number of expected cells and nodes, which is why the aim was for 500k and not the maximum 512k so

that it could have some leverage.

Just like what was done in table 4.2, the time step used for each tube length was found by trial

and error, however for case 1 the time step used was the same for both hydrogen/air and methane/air

mixtures but in this case, only the hydrogen/air mixtures are going to be studied.

Table 4.13: Time step used for each tube length/mixture for better results

Although case 1 is tested for both hydrogen and methane, in this case considering the pressure and

the setting used, only hydrogen/air mixture is going to be tested as it was proven experimentally that

hydrogen can spontaneously ignite pressures as low as 20bar. Using the setting from the the previous table

4.13, the driver section was initialized with 20 bars of pressure and with value of 1 for the mass fraction of

hydrogen. The driven section was once again initialized with atmospheric conditions while both sections

had an initial temperature of 300K. With these settings and the with the rest of the assumptions from

table 3.3, the solution was run. Once again the properties studied were pressure, temperature, density,

velocity and time along the length of the tube. However, in order to better visualize what happens inside

the shock tube, besides the graphs used in case 1, the contours of each property are displayed.

Pressure

As mentioned above the pressure was the same for each case so that there would be just one variable,

the length of the tube. For this the initial pressure was designated to be 20 bar, as from the case 1 it

was possible to conclude that the temperature with that setting would be enough to cause spontaneous

ignition of hydrogen/air mixture.

Analysing the following figures it is also possible to conclude that with the increase of the length of the

tube, the pressure profile does not change maintaining every value for each region. However, for smaller

tube lengths, region 2 and region 3 do not form like in case 1. This is due to the fact that viscous flow

is assumed and the pressure profile fluctuates throughout the diameter of the tube due to the boundary

layer. For this reason it is possible to see in red that the pressure profile, once the diaphragm bursts,

fluctuates depending on the position on the tube cross section. Along with that it is very clear to see all

4 regions described in figure 4.2 in the pressure contours presented, the expansion waves moving in the

opposite direction of the shock wave, the regions 2 and 3 where pressures are more or less the same with

some variations due to the boundary layer, the shock wave and the region that has not been affected by

the shock yet.
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Figure 4.29: Pressure profiles computed using Fluent for the 360mm length tube with hydrogen/air
mixture for the last time step calculated, at P=20 bar.

Figure 4.30: Pressure profiles computed using Fluent for the 420mm length tube with hydrogen/air
mixture for the last time step calculated, at P=20 bar.

Figure 4.31: Pressure profiles computed using Fluent for the 480mm length tube with hydrogen/air
mixture for the last time step calculated, at P=20 bar.

Temperature

As mentioned above, from case 1 it was possible to conclude that at just 20 bar of pressure for the hy-

drogen/air mixture, the shock produced from releasing the high-pressured hydrogen into the atmosphere

through a tube of 0.5m, would have enough strength to cause a spike of temperature that would reach

the spontaneous ignition of the mixture. So, using this same pressure, the temperature profile inside the

tube was analysed throughout different lengths as shown in table 4.13.

With the following figures 4.32 to 4.34 from Fluent, for the last time step calculated, and with

the temperature profile from case 1 for 20 bar of pressure it is easily concluded that with the increase of

length, the maximum temperature that the mixture produces is also going to increase as the temperatures

increase from 836.6K, for the 360mm long tube, to 918.2, for the 1meter long tube. This, as expected, is

due to the fact that when the length of the tube is increased, the turbulent boundary layer is also able to

become thicker and as the boundary layer thickens it will affect more and more the shock wave inducing
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more heat through shock reflection. This phenomena is explained due to the fact that, when the contact

surface breaks, turbulent mixing takes place and the initial shock, once it develops and hits the walls of

the tube, is going to be reflected, creating oblique shocks. This results in reflected shock heating of the

mixture, leading to higher local temperatures. From the temperature contours presented it is possible

to once again identify all four regions of the shock wave. It is also possible to see that the increase of

temperature is not linear presenting a high-temperature shape near the centerline of the tube however

the highest temperature is achieved at the walls of the tube in the boundary layer.

Figure 4.32: Temperature profiles computed using Fluent for the 360mm length tube with hydrogen/air
mixture for the last time step calculated, at P=20 bar.

Figure 4.33: Temperature profiles computed using Fluent for the 420mm length tube with hydrogen/air
mixture for the last time step calculated, at P=20 bar.

Figure 4.34: Temperature profiles computed using Fluent for the 480mm length tube with hydrogen/air
mixture for the last time step calculated, at P=20 bar.

Through the contours presented its possible to see that the temperature achieved, at the last time

step, in any of the cases would be enough to auto ignite hydrogen mixture with air.
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Density

With the addressing of the two previous subsections, it is fairly easy to understand what is going to

happen to the density profile using the ideal gas law. Since the pressure profile does not change at all,

the only thing that affects the density of each region, is its temperature and as it was observed from case

1 for the hydrogen/air mixture, when the temperature increases in region 2, the density decreases.

Since the length of the tube is being increased and the temperature of region 2 increases because of

it, with higher temperature we get lower densities. Since temperature in region 3 increases very slightly,
ρ2
ρ3

becomes smaller as expected.

The difference in the density profiles is very small due to the fact the temperatures fluctuations are

small as the tube is not being increased that much. However, if we compare the results with case 1

where temperature in region 2 is much higher, due to the tube length being longer, the results are more

noticeable as the density in case 1 is lower because of the higher temperature.

Once again, observing the density profiles extracted in the figures 4.35 to 4.37 for the last time step

calculated, the four regions of the shock tube are easily seen and as in the temperature profiles, it is

seen in red that the behaviour of the properties inside the tube is not uniform due to the existence of a

boundary layer.

Figure 4.35: Density profiles computed using Fluent for the 360mm length tube with hydrogen/air mixture
for the last time step calculated, at P=20 bar.

Figure 4.36: Density profiles computed using Fluent for the 420mm length tube with hydrogen/air mixture
for the last time step calculated, at P=20 bar.

Just like in case 1 its possible to see that the density profile inside the tube at the last time step

calculated, presents a shape that resembles a mushroom however, this only happens do the fact that the

temperature profile presents this shape and the density profile follows the same route. However, as in

case 1 it is possible to conclude that due to ideal as law, as the local temperature increases, the density
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Figure 4.37: Density profiles computed using Fluent for the 480mm length tube with hydrogen/air mixture
for the last time step calculated, at P=20 bar.

of the region decreases.

Velocity

In case 1, the velocity profile was quite easy to predict. As the pressure was being increased, through

Bernoulli equation (2.13) it was possible to predict that the velocity of the flow would also increase.

However, in case 2, the pressure is not changed which leads to a much more difficult prediction of what

happens.

Looking at the following velocity profiles taken from Fluent (figures 4.38 to 4.40) at the last time step

calculated, we see that for the hydrogen/air mixture, as the length of the tube increases, the maximum

velocity of the flow decreases. Although the turbulent flow speeds up the flow in the boundary layer, the

maximum velocity registered with turbulent flow is not going to be faster than the one registered with

the equations. However, as said above, with the increase of tube length, the maximum velocity observed

is lower which can be explained by the fact that the longer tube suffers more from the viscous forces

caused by the viscosity of the fluid which, even though it is very small considering that it is a gas, it still

has considerable effect.

Although the velocity does not change much from one length to the other, when compared to a longer

tube like in case 1, the difference is noticeable, proving the assumptions made. It is easily seen from the

contours, how the velocity profile acts different inside the tube, which explains why the velocity graphs

are not linear.

Figure 4.38: Velocity profiles computed using Fluent for the 360mm length tube with hydrogen/air
mixture for the last time step calculated, at P=20 bar.
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Figure 4.39: Velocity profiles computed using Fluent for the 420mm length tube with hydrogen/air
mixture for the last time step calculated, at P=20 bar.

Figure 4.40: Velocity profiles computed using Fluent for the 480mm length tube with hydrogen/air
mixture for the last time step calculated, at P=20 bar.

While observing the previous analysis, it is very difficult to observe a difference in the profiles for the

various lengths. This is due to the number of iterations used being the same while the time step size, only

varies so little. So in order to better understand the effects of the length of the tube for hydrogen/air

mixture, the following table 4.14 was made with the values extracted from Fluent.

Table 4.14: Case 2 results extracted from Fluent for the various properties for both hydrogen/air and
methane/air mixtures

With the values of velocity decreasing with the tube length increase and using equation 2.12, it is

easily understandable that the time that the shock takes to travel the length of the tube will also increase.

This being said, and as previously stated, ignition only occurs in the presence of two factors: when there

is enough rise in temperature to achieve spontaneous ignition values and when there is enough mixing.

One of the things that influences mixing is time, and since the "reaction" time increases as the length of

the tube increases it is safe to say that in the presence of a longer tube, spontaneous ignition phenomena

might be easier to achieve. This is also proven since turbulent flow helps mixing meaning that with
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the boundary layer increasing, turbulent mixing occurs more and so a longer tube might have a higher

probability of causing spontaneous ignition if the right initial pressure is input in the driver section.

4.3 Shock evolution in the driven section for Hydrogen

In this section, it is shown an evaluation of what happens inside the shock-tube throughout the flow time.

Several studies were made in terms of ignition times and the delay it takes for the spontaneous ignition

to happen. One of those studies was done by Mogi et al.[10] in 2007 where jet fire ignition was achieved

with an experimental set consisting of a tube with 185mm with 5mm in diameter with a driver pressure

of 145 bar with hydrogen/air mixture. With this setting, spontaneous ignition of hydrogen was achieved.

With the careful observation of this paper, it was possible to conclude that ignition might start inside

the tube and not outside, meaning that at the burst of the contact surface, mixing might start right away

leading to the ignition. With this information, this section is dedicated to studying what happens inside

the shock-tube through time.

In previous sections the properties of the mixtures are addressed and what happens to them in case of

shock inside of a tube. However, one of the most important things to study when considering combustion

is the quality of the mixture. When quality of a mixture is addressed the main aspect to be spoken

about is the equivalence ratio (Φ). The equivalence ratio studies if a mixture is rich (>1), lean (<1) or

stoichiometric (=1) by dividing the Fuel-air ratio of the mixture by the stoichiometric Fuel-air ratio.

Φ =
FAR

FARstoich
(4.3)

With information in chapter 1 it is known that, demonstrated by Alcock et al. [5], hydrogen/air stoi-

chiometric mixture requires a minimum ignition energy of just 0.02 mJ, however the flammability limits

present a very wide range of % of hydrogen in air. With this, the easiest way for hydrogen to ignite

when mixed with air, is to have a concentration mixture at stoichiometric conditions, which is 29.5%

of hydrogen in air. Besides this, since we are addressing auto-ignition, enough temperature is required

for the mixture to combust. Since this is a numerical analysis, it is impossible to conclude if a mixture

combusts or not, however it is possible to know if the conditions necessary for such phenomena are in

place. This being said, in this section the equivalence ratio of the mixture along with the temperature

of the mixture developments through time, inside the shock tube are going to be presented in order to

conclude under which conditions is it possible to have spontaneous ignition of hydrogen/air mixture.

In order to study what happens inside the shock tube through time, four analysis are going to be

pursued. Two lengths of tube are tested, 360mm where enough temperature was achieved to have spon-

taneous ignition and 1 metre in order to have a bigger pool of results. In these two lengths the lowest

pressure input and the highest pressure input studied before are going to be used, so 5 bar and 40 bar.

In order to do this, the steps were the same as before using the assumptions mentioned in table 3.3.

Since Fluent does not produce the equivalence ratio as a result property, a user defined function was

developed where the mass fraction of H2 was divided by the stoichiometric hydrogen% in air, which is
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0.295.

Fluent, when analysing a transient state, prints results in a time called pseudo-transient which means

that the results presented in the previous section show only the last time step calculated. In this section,

the evolution of temperature along with the equivalence ratio through time inside the shock tube is going

to be shown in order to verify how the temperature profile is built and if, the mixture quality is good

enough to produce combustion. In order to do so, figures from the driven section were taken for several

time steps as the flow moves from left to right from the diaphragm.

4.3.1 360mm Long tube

Looking at the following figures 4.41 and 4.42 for 5 and 40 bar respectively, the equivalence ratio profiles

along with the temperature profiles inside the tube are shown. These are located in the above and bottom

part of the figure respectively.

While carefully examining the equivalence ratio profile for 5 bar in figure 4.41, it is possible to see

that through time, the mass fractions of hydrogen progress in the tube. This results in several different

equivalence ratios inside the tube, meaning that there is in fact mixture inside the tube and that there

is hydrogen mass moving along the boundary layer approaching the areas of higher temperatures.

Complementing the equivalence ratio we have, in the bottom the temperature profile inside the tube.

With this diagram it is possible to conclude that higher temperatures are achieved near the shock wave

boundary. However, it was thought that the shock wave would heat up the mixture of hydrogen/air but,

when looking at both graphs and comparing them it is possible to see that the substance that is heated

is the air and only part of the mixture. It is also possible to see that as the equivalence ratio increases

(to the left of the graph in red), the mixture becomes richer but the temperature decreases (darker

blue). This goes to prove the assumption above. However, considering the wide range of flammability

of hydrogen concentration in air, hydrogen could auto ignite for smaller equivalence ratios where the

temperature is higher in the bottom graph of figure 4.41. However, from Alcock et al. [5] we know

that the minimum energy to lead the mixture of hydrogen/air to combust is at stoichiometric conditions,

which is Φ = 1, so for lean mixtures (Φ < 1) the energy necessary for spontaneous ignition to occur is

bigger (figure 1.2). This means that the spontaneous ignition temperature might be higher than expected

for such mixtures as there is a deficiency of fuel in the mixture. Considering that for 5 bar the highest

temperature recorded is 471.6K, it is impossible for the mixture to spontaneously ignite, specially because

the highest temperature recorded is located near the centerline of the tube where there is practically only

air and no mixture.
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Figure 4.41: Hydrogen/air equivalence ratio profile (top), and temperature profile (bottom) for the 360mm
long tube at 5 bar of initial pressure.

For the 40 bar of initial pressure case and 360mm, two things can be seen from figure 4.42. The first

thing is that in the temperature profiles, right from 5e−5s, the temperature recorded behind the shock

wave is already enough to cause spontaneous ignition of the mixture. The second thing to notice is that,

from the equivalence ratio profiles, it is possible to conclude that the mixture at the interface separation

with air, is stoichiometric. This being said, if the two profiles are overlapped, the edge of the equivalence

ratio at stoichiometric conditions will be matched with a temperature above the spontaneous ignition

temperature for hydrogen/air mixture. So for a driven section of 180mm and an initial pressure input of

40 bar, the conditions necessary to ignite and produce flame from a hydrogen/air mixture are gathered.

Figure 4.42: Hydrogen/air equivalence ratio profile (top), and temperature profile (bottom) for the 360mm
long tube at 40 bar of initial pressure.
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4.3.2 1 meter Long tube

For the 1 meter long tube, the following figures 4.43 and 4.44 represent the profiles of equivalence ratio

and temperature for 5 and 40 bar respectively.

As seen for the case of 360mm long tube for 5 bar, the temperature reached would never be enough

to reach the spontaneous ignition temperatures. Assuming that the spontaneous ignition temperatures

recorded, taken from the engineering toolbox[26], are for stoichiometric mixture, with the observation of

the figures, the temperature would have to be equal or higher than 773K, depending on the richness of

the mixture. Considering that for 5 bar, even for the temperature raise from the increase of length from

471.6K to 535.5K, it would not be enough to cause combustion of the mixture. Looking at the profiles

at 3.41e−4s, it is possible to see that at the end of the mixture, more or less at 0.08m, the mixture

seems to be stoichiometric, however if we look at the same time steps at the same location but in the

temperature profile, the maximum temperature recorded for that Φ is approximately 433K which is not

enough, considering the 773K necessary to ignite a stoichiometric mixture of hydrogen/air.

Figure 4.43: Hydrogen/air equivalence ratio profile (top), and temperature profile (bottom) for the 1
meter long tube at 5 bar of initial pressure.

When analyzing the 40 bar profiles for 1 meter long tube with figure 4.44, the profiles observed are

very different than for 5 bar. In the temperature profile observed, the maximum temperature achieved by

the shock wave is 1233K which is well above the spontaneous ignition temperature but is located at the

boundary layer. However, most of the temperature profile exhibits temperatures in the range of 1000K

(in yellow) which is still well above the temperature required.

From the equivalence ratio profile, as the flow progresses through the length of the tube, the mixture

begins to spread more, creating areas where the Φ near the higher temperatures is < 1 which means that

the mixture starts to fade as the length of the tube increases. By fade, what this means is that as the

flow develops inside the shock tube, velocity builds up and since we are in the presence of a shock wave,

air is pushed by the shock wave faster. With the expansion of fuel on the opposite direction of the shock
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wave, hydrogen can not keep up with the air flow and the mixture concentration drops. For example at

the time steps of 7.9e−5s, the mixture creates a shape that resembles a horse shoe where near the edges

the mixture, in light blue, is stoichiometric. However, with the flow development, at 4e−4s the mixture

fades and becomes lean with Φ < 1.

With the same analysis as the previous paragraph, as the flow develops the range of temperatures

increase where the regions of less temperature also increase. Taking the same example, for the time steps

of 7.9e−5s, temperature profile is thin and the temperatures are confined to less amount of air. With the

mixture at that time step being stoichiometric near the edges, it is possible to conclude that the mixture

has the necessary conditions to combust. However, in order for the mixture to exit the tube with flame,

these conditions must be maintained throughout the rest of the tube length. Moving to the last time

steps, at 4e−4s, the conditions to sustain the flame have faded as the mixture is lean (Φ < 1) at the

location with high enough temperatures. This allows the conclusion that if a tube is long enough, there

might be combustion inside but once the mixture spouts to the atmosphere, there will be no visible flame

as the mixture faded and the combustion was extinct.

Figure 4.44: Hydrogen/air equivalence ratio profile (top), and temperature profile (bottom) for the 1
meter long tube at 40 bar of initial pressure.

With this analysis of the shock temperature profiles and equivalence ratios, the increase of length

of the tube, although it helps to build higher temperatures (over the auto-ignition temperatures for

hydrogen), it might also lead the mixture to fade and become lean. As seen from the case of 1 meter

long tube with 40 bar of pressure, the conditions for spontaneous ignition were gathered at around 80mm

from the contact surface, however as the flow developed the mixture started to fade. This means that

ignition might occur but later down the length of the tube it might extinct and not show flame at the

outside of the tube. However, for a shorter tube like the case of 360mm, the input of 40 bar of pressure

was sufficient to gather the right conditions to ignite the mixture of hydrogen/air.

With all the analysis made with fluent, it is possible to conclude at what lengths and pressure there
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might be an ignition considering that the conditions are gathered for such phenomena to take place.

With the studied analysis, it is concluded that for 5 bar of initial pressure, much like for 10 bar, the

shock wave produced is not strong enough to cause enough increase of temperature to lead the mixture

to spontaneous ignition. However, for 20 bar and up, it is possible to see that for some tube lengths the

conditions are gathered for spontaneous ignition to take place. With the results from case 1 and 2 and

with the results from 4.41 to 4.44, it is possible to conclude that the higher the pressure input, the longer

the mixture quality is sustained. This means that for 20 bar and up, of initial pressure it is possible to

say that spontaneous ignition conditions are gathered for at least up to 240mm of tube length from the

burst disk (driven section). However, from figure 4.44 it is concluded for 40 bar of pressure ignition might

occur until further down the length of the tube. With the analysis of the figure, we can see that the

conditions that allow ignition are gathered at least until 300mm of tube length, meaning that the bigger

the input pressure, the longer the conditions for spontaneous ignition are sustained, just as mentioned

before. With these conclusions it is possible to plot the following graph in figure 4.45.

Figure 4.45: Initial pressure as a function of the length of the tube where the conditions are or not
gathered for spontaneous ignition to occur.

As previously mentioned, since this is a numerical study, it is impossible to say with certainty if there

is or not spontaneous ignition. Such conclusion is only possible in an experimental study. However,

with all the analysis made it is possible to conclude whether it is possible or not to have ignition. In

the graph above we see just that, where above the black line it is concluded that the conditions to have

spontaneous ignition are gathered and such phenomena is possible to occur. For this two analysis were

used, the analysis of temperature and the analysis of mixture quality. The graph was then plotted where

the red crosses indicate where both of these conditions are gathered, high enough temperature to cause
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spontaneous ignition and stoichiometric mixture to facilitate the combustion of hydrogen/air mixture.

For the green circles it was seen that, above 20 bar, the temperature was high enough, however the

mixture was lean at the interface from hydrogen and air, disallowing the combustion of the mixture.
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Chapter 5

Conclusions

In this chapter the conclusions of the work studied are presented.

The present dissertation has two primary objectives. The first objective is the analysis of the existing

analytical equations to define the flow properties inside the shock tube with the comparison of a numerical

analysis done with the program Fluent. The second objective is to study, through the analysis of CFD,

the effects of the tube length in the event of a shock wave formation once a high-pressured gas is released

into a low-pressured atmosphere. The reason for this dissertation is the need to improve and aid, even

if in a very small scale, the implementation of hydrogen as a fuel in the modern society by studying the

physical phenomena behind the spontaneous ignition of a leak of high-pressured gas into the atmosphere.

It serves the purpose of complementing the information that already exists in order to be able to provide

further knowledge to aid the engineering construction of high-pressured hydrogen systems.

In order to study the above objectives the first step to be made was the review of literature where

the governing equations were found. With the testing of these equations for the various gaseous fuels,

it was possible to conclude that different gases have different reactions for the release of high-pressured

gas into low-pressured atmosphere. With this we were able to conclude how hydrogen behaves different

from other common gaseous fuels and how dangerous it can be even at low pressures. Another thing that

was possible to understand from the equations used is how different pressures can produce very different

shock waves considering different fuels where a shock wave can be stronger just considering a different

gas.

After concluding the analytical study, verification was necessary. For this CFD was used, creating

a shock tube like geometry in order to simulate what happens inside a hole when high-pressured gas is

released into the atmosphere with a sudden burst. In order to verify the calculations from the previous

step the same setting of boundary and initial conditions was used with some assumptions necessary.

Turbulent flow was tested with the conclusion that it was the most appropriate flow to use, as Reynolds

numbers over 4000 were produced inside the tube due to high-velocity flow with very little viscosity

due to the fluid being considered an ideal gas. With the assumption of turbulent, the verification of

the equations was possible as the curves of each property studied were very similar. However, there was

considerable error as the equations studied did not complement the viscous effects and the equations from
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both approaches were very different. The CFD study allowed the conclusion that, due to turbulent flow,

the temperatures achieved by the gases when spouting at supersonic speeds, even if there was no ignition

present, could be very dangerous in case of a leak. However verification of the assumptions made was

possible to an extent that a hydrogen leak at 20 bar can be enough to auto-ignite if the tube is long enough

for the flow to develop. Through Fluent it was possible to understand visually what happens inside a

shock tube and understand that as soon as the contact surface breaks, both the driver gas and driven

gas start mixing, through turbulent mixing, allowing the mixture to reach high enough temperatures and

ignite from the inside of the tube. This was all concluded for the last time step calculated meaning that

the solution may vary if other dimensions and other time steps are used, as well as if other assumptions

are made..

The third and final step was to study the effect that the length of the tube has on the shock properties.

The objective of this last step was to see if, by increasing the length of the tube, it would be easier or not

to ignite the mixture. As it was previously proven experimentally that the longer the tube leading the

mixture into the atmosphere, the lower the pressure needed for the mixture to spontaneously ignite. From

the study made it was conclude that, due to turbulent flow, as the length of the tube increases, so will

the boundary layer and with this the shock wave properties will be more affected. It was observed that

as the length of the tube increased, the maximum temperature reached also increases as the maximum

velocity of the flow would decrease. This leads to higher temperatures and longer flow time which can

all contribute to an easier combustion of the mixture. It was possible to conclude that a tube of 360mm

length with a driven section of 180mm, would be enough to produce high enough temperatures that might

ignite a mixture of hydrogen/air at 20 bar. Therefore, it is possible to conclude that with the increase of

the tube length, the temperature of the mixture reaches higher values, possibly leading to easier ignition.

It was proven that for longer tubes the temperature achieved is higher than for smaller tubes at

the same pressure. However, with the analysis of the equivalence ratio done in section 4.3 with the

temperature profiles in the shock tube, it was possible to conclude that longer tubes might promote

leaner mixtures leading to no ignition. Although smaller tube lengths might lead to lower maximum

temperatures, the mixtures observed have better quality. With this, a smaller tube with a pressure ratio

capable of producing a shock wave that provokes high enough temperatures to ignite a fuel/air mixture,

gathers better conditions to produce spontaneous ignition than a longer tube, as the mixture maintains

its stoichiometric conditions for longer. With the results achieved it is safe to say that the length of the

tube affects spontaneous ignition but not in a linear way, meaning that it can not be said that the longer,

or smaller, the tube the better probability of spontaneous ignition. What can be said is that, for certain

tube lengths, there is a minimum critical pressure that might lead the mixture to ignite, which will vary

for different lengths, as seen in figure 4.45.

5.1 Future Work

Although in this thesis a lot of what happens inside the shock tube was addressed, what happens when the

mixture spouts to the atmosphere and creates a flame is not addressed. Therefore, in order to complement
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the work done in this dissertation, further work on what happens when the mixture spouts into the

atmosphere is needed. Although some work has been done in this area, it could be further developed,

through numerical analysis and experimental analysis such as what conditions lead to stabilized jet fire

of hydrogen spontaneous leaks.

Considering that the study preformed used a spatial discretization method that might cause numerical

diffusion, it is proposed to do the same study but using a different method, like MUSCL third-order

method.

Another thing to be studied, would be the use of friction and curvature of the real pipelines in order

to analyse cases closer to reality.

Last but not least, to verify and validate the present study experimentally in order to prove the

validation of the conclusions made.
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Appendix A

Shock evolution in the driven section of

L=500mm for 20 bar and 30 bar
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Figure A.1: Shock evolution in the driven section of L=500mm for 20 bar

Figure A.2: Shock evolution in the driven section of L=500mm for 30 bar
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