
 

 

저 시-비 리-동 조건 경허락 2.0 한민  

는 아래  조건  르는 경 에 한하여 게 

l  저 물  복제, 포, 전송, 전시, 공연  송할 수 습니다.  

l 차적 저 물  성할 수 습니다.  

다 과 같  조건  라야 합니다: 

l 하는,  저 물  나 포  경 ,  저 물에 적  허락조건
 확하게 나타내어야 합니다.  

l 저 터  허가를  러한 조건들  적 지 않습니다.  

저 에 른  리는  내 에 하여 향  지 않습니다. 

것  허락규약(Legal Code)  해하  쉽게 약한 것 니다.  

Disclaimer  

  

  

저 시. 하는 원저 를 시하여야 합니다. 

비 리. 하는  저 물  리 적  할 수 없습니다. 

동 조건 경허락. 하가  저 물  개 , 형 또는 가공했  경
에는,  저 물과 동 한 허락조건하에서만 포할 수 습니다. 

http://creativecommons.org/licenses/by-nc-sa/2.0/kr/legalcode
http://creativecommons.org/licenses/by-nc-sa/2.0/kr/


 

 

공학 사 학 논  

 

 

A Flow Visualization Study on Self-ignition 

of High Pressure Hydrogen Gas Released 

into a Tube 

 

관내 고압수소 급속 방출에 따른  

자발점화현상 유동가시화 연구  

 

 

 

 
2013년 2월 

 

 

 

 

 

서울대학교 대학원 

기계항공공학부 

김 용 련 

 

 



 

 

A Flow Visualization Study on Self-ignition 

of High Pressure Hydrogen Gas Released 

into a Tube 
 

 

A dissertation  

submitted in partial fulfillment 

of the requirements for the degree of  

 

Doctor of Philosophy 

 

by 

 

Yeong Ryeon Kim 

 

 

Dissertation Advisor: Professor In-Seuck Jeung 

 

 

School of Mechanical and Aerospace Engineering 

Seoul National University 

 

February 2013



 

 

 



ABSTRACT 

i 

Abstract 

 

A Flow Visualization Study on Self-ignition 

of High Pressure Hydrogen Gas Released 

into a Tube 
 

Yeong Ryeon  Kim 

School of Mechanical and Aerospace Engineering 

The Graduate School 

Seoul National University 

 

Hydrogen is known as one of the green energy sources for fuel cells and 

hydrogen-fueled cars in the next generation. The flammable range of hydrogen is the 

widest fuel than any other fuel source, so handling of hydrogen to preventing the 

leakage is very important for ground based systems. Even though liquid hydrogen has a 

higher energy contents per volume, there are complex gasifying devices to use as a fuel 

for hydrogen-fueled systems. If the hydrogen gas can be carried safely with high 

pressure up to 700 atm., this can be comparable usage to the liquid hydrogen. 

Therefore, the storage of high-pressure hydrogen gas conditions is preferred to its 

storage in cryogenic liquid state. However, cases of unidentified self-ignitions were 

reported, notably when the high-pressure hydrogen gas suddenly leaked out. Only a 

few of numerical simulations have shown visually the processes of the self-ignition 

inside a tube. A few experimental study using flow visualization inside a tube have 

been reported to investigate a mechanism of the self-ignition in the tube. This thesis 

presents a flow visualization study to investigate the self-ignition mechanism in a test 

tube i.e. how the ignition process is initiated and the flame propagates. In addition to 

visualization, measurement of a number of pressure and light sensors installed in the 

tube supported the analysis of the self-ignition and flame propagation. The test result 
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showed that self-ignition takes place at the boundary layer behind the front center of 

mixing zone at first, and the flame propagates to the front of mixing zone and tail of 

the mixing zone along the boundary layer. It showed that self-ignition is accompanied 

with complex mixing induced by shock interaction with the mixing front. It is also 

suggested that the self-ignition at the boundary layer has a certain critical threshold of 

static pressure at the boundary layer, based on various burst pressures of hydrogen. The 

effect of the rupture diaphragm holding diameter and inlet section shape of the rupture 

frame was also investigated. The opening time of diaphragm and energy density per 

rupture diaphragm deformed area were also major parameter for the self-ignition 

boundary based on thesis experiments.  

 

 

Keywords: High-pressure hydrogen, Shock compression, Self-ignition, Mixing 

zone, Flow visualization, Shock tube 
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Chapter 1. Introduction 

1.1 Research Background 

Hydrogen gas is the most elemental molecule in the world. Applications of 

hydrogen are fuels for liquid rocket, hypersonic scramjet engine, motor vehicle engine, 

and fuel cell car due to high energy content per mass. Liquid hydrogen is very difficult 

to use for ground vehicles. There are various systems required, such as gasifying and 

insulation devices even if the volume energy density is higher than the gaseous 

hydrogen. If the hydrogen can carry with high-pressure gas up 700atm storage tank, 

utilization of hydrogen fuel could increase in various applications. Therefore high-

pressure hydrogen gas can be the candidates of the green energy sources in the next 

generation, because the chemical reaction of hydrogen generates no emission and 

hydrogen can be made from various resources such as water, coal and fossil fuel, etc. 

However, high-pressure hydrogen gas leakage can induce a self-ignition and 

explosions without any ignition sources [1]. Among various plausible reasons for the 

self-ignition, the diffusion ignition model [2] has been considered as the most 

influential mechanisms from various experiments [3-11] and numerical simulations 

[12-18].  

  Several studies on the diffusion ignition have helped establishing an 

understanding on the mechanism of the self-ignition of pressurized hydrogen released 

into air through tubes [3-9, 12-13]. Self-ignition have been performed to demonstrate 

diffusion ignition of pressurized hydrogen released into tubes by Dryer et al. [3], Mogi 

et al.[4-5], Golub et al. [6-8], Lee et al. [9], Lee and Jeung [12], and Wen et al [13]. 

Experimental studies of Dryer et al. [3] suggested that multi-dimensional shock 

interaction induced by the disk bursting may influence mixing of hydrogen and air, 

which can generate the self-ignition. Lee and Jeung [12] showed the postulation from 

the numerical simulation applying the pressure boundary condition of a spherical shape. 

They showed that two reaction regions are generated at the core and boundary layer 
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flow inside a tube and that the merge of two reaction regions is necessary in order for 

the jet-diffusion flame to be sustained at the exit of the tube. Their result suggested that 

the sufficient tube length is needed to initiate the self-ignition. Mogi et al. [4] and Lee 

et al. [9] confirmed these results by conducting the experiments using the high-speed 

photography. They showed that the flame cannot be sustained at the tube exit when the 

tube is not long enough. In this case, the flame was observed only in the boundary 

region. Besides these studies mentioned above, many others have been conducted in an 

objective of finding out the effect of bursting conditions on the self-ignition. Besides, 

several studies have been conducted to find out the burst pressure and tube length 

effects to initiate the self-ignition. The studies showed consistent tendency that the 

possibility of the self-ignition increases as burst pressure is higher, tube length is longer 

and tube diameter is smaller [4-10]. The results of these studies showed that the burst 

pressure for self-ignition decreases as the length of tube increases, and the self-ignition 

could take place with the short length tube only when very high burst pressure is 

applied to tubes with small diameter. [4-5, 8-11] In addition to that, the research on the 

effect of tube shape was also conducted. The results showed that the possibility of the 

self-ignition increases when the rectangular cross-sectional tube was used compared to 

the experiments which used circular cross-sectional tubes [6-7]. The experimental 

study of self-ignition boundary with respect two cross-sections of circle and rectangle 

showed that rectangular corners increase mixing and decrease the burst pressure for 

self-ignition [6-7]. Recently, Kitabayashi et al. [11] showed from their experimental 

study that the self-ignition was not induced even at very high burst pressures when the 

tube length was increased up to 4.2m. That is, if the tube is too long, e.g. exceeding 4.2 

m, the flame cannot be sustained, even when the burst pressure is sufficiently high. 

 Although many studies have been conducted as mentioned above, however, an 

understanding on the self-ignition mechanism still remains to be imperfect because it 

was deduced from the measurements, such as pressure and light signals inside a tube, 

whereas the visualization images were taken only from outside a tube. The ignition 

boundary and mechanism have been studied based on extensive measurements of 
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pressure and light signals in a tube, and photography of the flame at the exit of a tube. 

Recently, a visualization study on a transparent nozzle was performed [9]. But, it was 

difficult to show the flow field of the self-ignition region in a cylindrical tube of small 

diameter. Only a few of numerical simulations have shown the processes of the self-

ignition inside a tube. However, it is likely that a clear understanding on the self-

ignition mechanism has not been explicitly shown. Therefore, a flow visualization 

study is proposed to observe internal flow field, ignition and flame propagation in 

order to confirm the previous postulations. The objective of the present study is to 

confirm the mechanism from the flow visualization images inside a tube. In order to do 

so, synchronized shadowgraph and direct photo images obtained using rectangular 

cross-sectional tube and burst pressure up to 11.3 MPa were analyzed. Additionally, the 

flow characteristics, such as shock interactions, flow mixing. Specifically, shock waves, 

development of flow mixing, and flame propagation in the test tube, were also 

investigated in detail based on the measurements of pressure and light sensors. The 

effect of holding diameter of the rupture diaphragm was investigated with short nozzle 

test tube. 
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1.2 Objectives and outline 

The phenomena of self-ignition of hydrogen when it is released into air through a 

tube have been studied based on various experimental works and numerical studies. 

Results of experiments were focus to find out the boundary whether self-ignition takes 

place or not as shown section 1.1. Some experimental works explored the flame 

structure at the exit of a test tube using the high-speed photography. Numerical studies 

only have shown the internal self-ignition mechanism base on the assumptions such as 

an initial shape of pressure boundary conditions and gradual opening of the pressure 

boundary conditions. Recently, experimental works of high-speed photography have 

shown the internal flow field at the moment of the self-ignition [10]. Their 

experimental work didn’t show the relationship of the shock wave and self-ignition, 

since they used the test as small diameter transparent tube. Location of the self-ignition 

was not clear with their test tube. 

This thesis focused on exploring the location of self-ignition and flame propagation 

inside of a tube with flow visualization methods such as high-speed photograph of 

shadowgraph and luminescence images. In other to support the image analysis, light 

sensor measurements for ignition and pressure measurements for shock compression 

were measured during the tests. At first, test tube was designed and made for above 

objective. After tests had finished with the initial designed test tube, redesign and 

rework on test tube were performed to widen the flow visualization range close to the 

diaphragm. This new design was also focused on surveying the effect of the inlet 

nozzle geometry at the plane of the diaphragm such as inducing section geometry and 

holding diameter of the diaphragm. 

Literature review is described in chapter 2 which shows the general properties of 

hydrogen gases such as physical properties and combustion related properties. 

Flammable properties are also surveyed to understand of hydrogen ignition. Because 

this thesis deals with self-ignition of hydrogen related leakage, leakage characteristics 

of hydrogen was described in this chapter. To introduce the self-ignition issue, safety 
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issues related to hydrogen gas fire is surveyed based on the previous studies and 

literatures. Previous experimental studies on self-ignition which show the shock 

induced diffusion ignition are explained in sec. 2.4. Final section of chapter 2 is the 

summary of shock tube theory required to analysis for test results of the experimental 

studies of this thesis. 

Test tubes design, test setup and test procedure are describe in chapter 3. Sensors 

which are used to measure the wall static pressures and ignition light are listed up and 

sensor install also described. Chapter 4 is composed of summary of all tests and shock 

compression trend along inside of the tube. Self-ignition boundary related with shock 

compression is analyzed with the light sensor measurements. Location of self ignition 

is also analysis based on pressure and light signal positioned at the same axial distance. 

Flow visualization results and images are described in section 4.3. Final section of this 

chapter is combined analysis of the self-ignition and flame propagations base on fixed 

positioned sensor measurements and flow visualization images which are taken by the 

time based measurements. Chapter 5 describes the conclusion of this thesis. 
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Chapter 2. Literature Review 

2.1 Properties of Hydrogen Gases 

There are various kinds of energy sources, which come from combustion. Most of 

fuels are hydro-carbon chemical composite, however hydrogen is also most prospective 

energy source in next generation energy source. Hydrogen is the lightest mass, and 

highest energy contained material per mass in the world. General comparative 

properties are shown as Table 1.     

Every fuel can generate a fixed amount of energy when it reacts completely with 

oxygen to form water. This energy content is measured experimentally and is 

quantified by a fuel’s higher heating value (HHV) and lower heating value (LHV). The 

difference between the HHV and the LHV is the heat of vaporization and represents the 

amount of energy required to vaporize a liquid fuel into a gaseous fuel, as well as the 

energy used to convert water to steam. 

Gaseous fuels are already vaporized so no energy is required to convert them to a 

gas. The water that results from both a combustive reaction and the electrochemical 

reaction within a fuel cell produces steam. Therefore the lower heating value represents 

the amount of energy available to do external work in practical applications.  

Both the higher and lower heating values denote the amount of energy in Joules for 

a given mass of fuel in kilograms. Hydrogen has the highest energy-to-mass ratio of 

any fuel since hydrogen is the lightest element and has no heavy carbon atoms. It is for 

this reason that hydrogen has been used extensively in the space rocket system where 

weight is critical.  

Specifically, the amount of energy liberated during the combustion per mass of 

hydrogen, on a mass basis, is about 2.5 times the heat of combustion of general 

hydrocarbon fuels, such as gasoline, diesel, methane, propane, etc. Therefore, for a 

given power loading, the mass of hydrogen required is only about a third of the mass of  
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hydrocarbon fuel required.  

The high energy content of hydrogen also implies that the energy of a hydrogen gas 

explosion is about 2.5 times that of common hydrocarbon fuels. Thus, on an equal 

mass basis, hydrogen gas explosions are more destructive. However, the duration of a 

conflagration tends to be inversely proportional to the combustive energy, so that 

hydrogen fires are extinguished much more quickly than hydrocarbon fires. 

 

Table 1 Comparative Properties of Hydrogen and fuels 

Properties Hydrogen 
[1] 

Methane 
[1] 

Propan
e [1] 

Methanol 
[1] 

Ethanol 
[1] 

Gasoline  
[2] 

Notes/ 
Sources 

Chemical 
Formula 

H2 CH4 C3H8 CH3OH C2H5OH CxHy (x=4 -12)  
Molecular 

Weight 
2.02 16.04 44.1 32.04 46.07 100 - 105 [a, b] 

Density (NTP) 
kg/m

3
 

0.0838 0.668 1.87 791 789 751 [3, a, c] 
Viscosity  

(NTP, g/cm-
sec) 

8.81x10
-5

 1.10x10
-4

 
8.012x10

-5
 

9.18x10
-3

 0.0119 0.0037 - 0.0044 [3, a, b] 

Normal Boiling 
Point 

o
C 

-253 -162 -42.1 64.5 78.5 27 - 225 [a, b] 

Flash Point 
o
C 

< -253 -188 -104 11 13 -43 [b, d] 
Flammability 
in Air vol% 4.0 - 75.0 5.0 - 

15.0 
2.1 - 
10.1 6.7 - 36.0 4.3 - 19 1.4 - 7.6 [a, b] 

Auto-
Ignition Temp. 

in Air 
o
C 

585 540 490 385 423 230 - 480 [b,d] 

Notes: 

[1] Properties of the pure substance 

[2] Properties of a range of commercial grades 

[3] NTP = 20 o
C and 1 atmosphere 

Sources: 

[a] : NIST Chemistry WebBook. http://webbook.nist.gov/chemistry/ 

[b] : "Alternatives to Traditional Transportation Fuels: An Overview." DOE/EIA-0585/O. Energy Information 

Administration. U.S. Department of Energy. Washington, DC. June 1994. 

[c] : Perry's Chemical Engineers' Handbook (7th Edition), 1997, McGraw-Hill. 

[d] : "Hydrogen Fuel Cell Engines and Related Technologies. Module 1: Hydrogen Properties." U.S. DOE. 

2001, http://www.eere.energy.gov/hydrogenandfuelcells/tech_validation/pdfs/fcm01r0.pdf 
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Whereas the energy content indicates the amount of energy for a given mass of 

fuel, the energy density means the amount of energy for a given volume of fuel. Thus, 

energy density is the product of the energy content (LHV) and the density of a given 

fuel.  

The energy density is a measure of how compactly hydrogen atoms are packed in 

a fuel. Therefore, hydrocarbons of increasing complexity, with more and more 

hydrogen atoms per molecule, have higher energy density. At the same time, 

hydrocarbons of increasing complexity have more and more carbon atoms in each 

molecule so that these fuels are heavier than simple composition of atoms in 

materials. 

On this basis, hydrogen’s energy density is lower because it has such low density. 

The energy density of comparative fuels, based on the LHV and HHV, is shown in 

Table 2. 

 

Table 2 Heating Values and Energy Densities of Comparative Fuel 
Fuel HHV 

(@25°C, 1atm) 
LHV 

(@25°C, 1atm) 
Energy Density (LHV) 

Hydrogen 141.9 kJ/g 119.9 kJ/g 10.1 MJ/m3, gas  (1atm & 15°C) 
8,491.0 MJ/m3, Liquid  

Methane 55.5 kJ/g  50.0 kJ/g 32.6 MJ/m3, gas  (1atm & 15°C) 

20,920.4 MJ/m3, Liquid  
Propane  50.4 kJ/g  45.6 kJ/g    86.7 MJ/m3, gas  (1atm & 15°C) 

23,488.8 MJ/m3, Liquid 
Gasoline  47.5 kJ/g  44.5 kJ/g 31,150.0 MJ/m3, Liquid 
Diesel  44.8 kJ/g  42.5 kJ/g 31,435.8 MJ/m3, Liquid 
Methanol 20.0 kJ/g  18.1 kJ/g 15,800.1 MJ/m3, Liquid 
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2.2 Flammability of Hydrogen Gases 

Three things are needed for a fire or explosion to occur: a fuel, oxygen mixed with 

the fuel in appropriate quantities and a source of ignition. Hydrogen, as a flammable 

fuel, mixes with oxygen whenever air is allowed to enter a hydrogen vessel, or when 

hydrogen leaks from any vessel into the air. Ignition sources are considered the form of 

sparks, flames, or high heat. Because this thesis deals with the self-ignition of the 

hydrogen without any other ignition sources, and in order to understand the 

flammability characteristics, flammability characteristics of hydrogen surveyed as 

following section. 

Flashpoint of hydrogen 

All fuels can be ignited only in a gaseous or vapor state. Gaseous fuel, such as 

hydrogen and methane, are already gases at atmospheric conditions, whereas other 

fuels like gasoline or diesel that are liquids must convert to a vapor before they will 

burn. The characteristic which describes how easily these fuels can be converted to a 

vapor is the flashpoint. The flashpoint is defined as the temperature at which the fuel 

produces enough vapors to form an ignitable mixture with air at its surface.  

If the temperature of the fuel is below its flashpoint, it cannot produce enough 

vapors to ignite since its evaporation rate is too slow. Whenever a fuel is at or above its 

flashpoint, vapors are present and ignition of flammable mixture is ready to fire. For 

fuels that are gases at atmospheric conditions such as hydrogen, methane and propane, 

the flashpoint is far below ambient temperature since the fuel is already fully vaporized. 

The flashpoint of hydrogen is less than -253 oC, therefore hydrogen can burn at any 

time at ambient temperature. For fuels that are liquids at atmospheric conditions such 

as gasoline or methanol, the flashpoint acts as a lower flammability temperature limit. 
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Flammability Range of Hydrogen 

The flammability range of a gas is defined in terms of its lower flammability limit 

(LFL) and its upper flammability limit (UFL). The LFL of a gas is the lowest gas 

concentration that will sustain a self-propagating flame when mixed with air and 

ignited. Below the LFL, there is not enough fuel present to sustain combustion; it is 

expressed as the fuel/air mixture is too lean.  

The UFL of a gas is the highest gas concentration that will support a self-

propagating flame when mixed with air and ignited. Above the UFL, there is not 

enough oxygen present to support combustion; the fuel/air mixture is too rich. Between 

the two limits is the flammable range in which the gas and air can be burn when  

ignited.  

A stoichiometric mixture occurs when oxygen and hydrogen molecules are present 

in the exact ratio needed to complete the combustion reaction. If more hydrogen is 

available than oxygen, the mixture is rich so that some of the fuel will remain un-

reacted although all of the oxygen will be consumed. If less hydrogen is available than 

oxygen, the mixture is lean so that all the fuel will be consumed but some oxygen will 

remain.  

One consequence of the UFL is that stored hydrogen whether gaseous or liquid is 

not flammable, while stored, due to the absence of oxygen in the cylinders. The fuel 

only becomes flammable in the peripheral areas of a leak where the fuel mixes with the 

air in sufficient proportions.  

Two related concepts are the lower explosive limit (LEL) and the upper explosive 

limit (UEL). The LEL is the lowest gas concentration that can initiate explosion when 

mixed with air, contained in confined volume and ignited. Similarly, the UEL is the 

highest gas concentration that will make an explosion when mixed with air, enclosed 

and ignited.  

An explosion is different from a fire in that for an explosion, the combustion must 

be contained, allowing the pressure and temperature to rise to levels sufficient to 
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violently destroy the containment. For this reason, it is far more dangerous to release 

hydrogen into an enclosed area, such as a building, than to release it directly outdoors.  

Hydrogen is flammable over a very wide range of concentrations in air, 4 – 75%, 

and it is explosive over a wide range of concentrations, 15 – 59%, at standard 

atmospheric temperature. The flammability limits increase with temperature as shown 

in Figure 1. As a result, even small leaks of hydrogen have the potential to burn or 

explode. Therefore, leaked hydrogen can concentrate in an enclosed environment, 

increasing the risk of combustion and explosion. The flammability limits of 

comparative fuels are illustrated in Figure 2. 

 

  



CHAPTER 2. LITERATURE REVIEW 

12 

 

 

 

Figure 1 Variation of hydrogen flammability limits and auto-ignition (self-igntion) 
limit with Temperature (M. Kuznetsov et. Al [20]) 
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Figure 2 Flammability ranges of comparative fuels at atmospheric 
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Auto-ignition Temperature of Hydrogen 

The auto-ignition temperature is the minimum temperature required to initiate self-

sustained combustion in a combustible fuel mixture in the absence of a source of 

ignition. In other words, the fuel is heated until it bursts into flame.  

Each fuel has a unique ignition temperature. For hydrogen, the auto-ignition 

temperature is relatively high at 585 ºC. This makes it difficult to ignite a hydrogen-air 

mixture on the basis of heat alone without some additional ignition source. 

  

Ignition Energy of Hydrogen 

Ignition energy is the amount of external energy that must be applied in order to 

ignite a combustible fuel mixture. Energy from an external source must be higher than 

inducing the auto-ignition temperature and be of sufficient duration to heat the fuel 

vapor for its ignition temperature. Hydrogen has a higher auto-ignition temperature 

than methane, propane or gasoline. Ignition energy of hydrogen is around 0.02 mJ 

which is about an order of magnitude lower than the other gaseous fuels, therefore it is 

more easily ignitable as shown Figure 3. Even an invisible spark or static electricity 

discharge, generated from a human body in dry conditions, may have enough energy to 

cause ignition.  

Hydrogen has the property of low electro-conductivity so that the flow or agitation 

of hydrogen gas or liquid may generate electrostatic charges that result in sparks. For 

this reason, all hydrogen conveying equipment must be thoroughly grounded.  
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Figure 3 Ignition energy of methane and hydrogen [21] 
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Burning Speed and flame speed of Hydrogen 

Burning speed is the speed at which a flame travels through a combustible gas 

mixture. Burning speed is the characteristic of flammable mixture, itself. The burning 

speed indicates the severity of an explosion since high burning velocities have a greater 

tendency to enhance the transition from deflagration to detonation in long tunnels or 

pipes. Flame speed is the sum of burning speed and displacement velocity of the 

unburned gas mixture, which is observed in real situation and is not the fuel 

characteristics.  

Burning speed varies with gas concentration and decreases at both ends of the 

flammability range. Below the LFL and above the UFL the burning speed is zero. The 

burning speed of hydrogen at 2.65–3.25 m/s is nearly an order of magnitude higher 

than that of methane or gasoline at stoichiometric conditions. Thus hydrogen fires burn 

quickly and, as a result, has relatively short burning time. 

 

Quenching Distance of hydrogen  

The quenching distance describes the flame extinguishing properties of a fuel when 

used in an internal combustion engine. Specifically, the quenching distance relates to 

the distance from the cylinder wall that the flame extinguishes due to heat losses.  

The quenching distance of hydrogen at 0.64 mm is approximately 3 times less than 

that of other fuels, such as gasoline. Thus, hydrogen flames travel closer to the cylinder 

wall before they are extinguished making them more difficult to quench than gasoline 

flames. This smaller quenching distance can also increase the tendency for backfire 

since the flame from a hydrogen-air mixture can more readily get past a nearly closed 

intake valve than the flame from a hydrocarbon-air mixture. Since test tube internal 

width is 10 mm, there would not any restriction to perform the test of this studies. 
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Flame Characteristics of Hydrogen 

Hydrogen flames are very pale blue and are almost invisible in daylight due to the 

absence of soot. Visibility is enhanced by the presence of moisture or impurities such 

as sulfur in the air. Hydrogen flames are readily visible in the dark or dim light.  

Hydrogen fires can only exist in the region of a leak where pure hydrogen mixes 

with air at sufficient concentrations. For turbulent leaks, air reaches the centerline of 

the leakage jet within about five diameters of a leakage hole, and the hydrogen is 

diluted to nearly the composition of air within roughly 500 to 1000 diameters. This 

rapid dilution implies that if the turbulent leak were into open air, the flammability 

zone would exist relatively close to the leak. Therefore, when the jet is ignited, the 

flame length is less than 500 diameters from the hole  

In many respects, hydrogen fires are safer than gasoline fires. Hydrogen gas rises 

quickly due to its high buoyancy and diffusivity. Consequently hydrogen fires are 

vertical and highly localized. On the other hand, when a car hydrogen cylinder ruptures 

and is ignited, the fire burns away from the car and the interior typically does not get 

very hot. The comparison of hydrogen and gasoline fire is shown in figure 4. 

Gasoline forms a pool, spreads laterally, and the vapors form a lingering cloud, so 

that gasoline fires are broad and encompass a wide area. When a car gasoline tank 

ruptures and is ignited, the fire covers the car within a matter of seconds and causes the 

temperature of the entire vehicle to rise dramatically.  

Hydrogen burns quicker than gasoline, but for a shorter time. Pools of liquid 

hydrogen burn very rapidly at 3 to 6 cm/min compared to 0.3 to 1.2 cm/min for liquid 

methane, and 0.2 to 0.9 cm/min for gasoline pools. Hydrogen emits non-toxic 

combustion products when burned, however gasoline fires generate toxic smoke.  
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Figure 4 Hydrogen flame from ruptured fuel cylinder and gasoline fuel flame [Dr. 
Swain, University of Miami] 

 

Leakage of Hydrogen 

Leakage of hydrogen is related with this thesis which deals with the release of 

hydrogen inside the channel and self-ignition of high-pressure hydrogen. The 

molecules of hydrogen gas are smaller than all other gases, and it can diffuse through 

many other materials considered airtight or impermeable to other gases. This property 

makes hydrogen more difficult to contain than other gases. Leaks of liquid hydrogen 

evaporate very quickly since the boiling point of liquid hydrogen is so extremely low.  

Hydrogen leaks are dangerous in that they pose a risk of fire where they mix with 

air. However, the small molecule size that increases the possibility of a leak and very 

high buoyancy and diffusivity of hydrogen rises and becomes diluted quickly, 

especially at the atmospheric conditions. This results in a localized region of 

flammability and then flame disperses quickly. As hydrogen dilutes with distance from 

the leakage site, even though the buoyancy declines due to the diffusion into air, 
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hydrogen is still continue to rise. Very cold hydrogen, resulting from a liquid hydrogen 

leak, becomes buoyant soon after is evaporates.  

In contrast, leaking gasoline or diesel spreads laterally and evaporates slowly 

resulting in a widespread, staying fire hazard. Propane gas is denser than air so it 

accumulates in low spots and disperses slowly, resulting in a protracted fire or 

explosion hazard. Methane gas is lighter than air, but not nearly as buoyant as 

hydrogen, so it disperses rapidly, but not as rapidly as hydrogen. 

For small hydrogen leaks, buoyancy and diffusion effects in air are often 

overshadowed by the presence of air flows from a slight ambient wind, very slow 

vehicle motion or the radiator fan. In general, these flows serve to disperse leaked 

hydrogen even more quickly with a further reduction of any associated fire hazard.  

 

Reactivity of Hydrogen 

In generally, high reactivity is characteristic of all chemical fuels. In each case, a 

chemical reaction occurs when the fuel molecules form bonds with oxygen, after that 

finally, reacted molecules are at a lower energy state than the initial, un-reacted 

molecules. This is the mechanism of heat generation of combustion. 

As the molecules react, the change in chemical energy state is accompanied by a 

corresponding release of energy that does the useful work. Energy usages are 

accomplished both combustion reaction and electrochemical reaction. A combustive 

reaction is released explosively as heat or an electrochemical reaction taken place in an 

internal engine combustion engine. An electrochemical reaction is released as an 

electrical potential and heat as in a battery or fuel.  

Chemical reactions of this type often require a small amount of activation energy to 

get started, but then the energy released by the reaction feeds further reaction in a 

domino effect. Thus, when a small amount of activation energy in the form of a spark 

is provided to a mixture of hydrogen and oxygen, the molecules react vigorously, 

releasing a substantial amount of heat, to water as the final product. A fire or explosion 
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is the process of ignition and combustion of fuel mixture, and the resulting water 

vaporizes and is invisible to us since it is a superheated vapor. This water vapor can 

condense and become visible as it cools; this is the cloud we see when the space shuttle 

takes off.  

The water-forming reaction of hydrogen and oxygen is reversible. Thus, it is possible 

to convert water, at a low energy state, to hydrogen and oxygen, at a higher energy 

state, by adding energy slightly greater than that which was previously. This is the 

principle for hydrogen production through electrolysis.  
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2.3 Safety issues of Hydrogen 

There have been reports of hydrogen gas ignition without any apparent reason, and 

a number of potential mechanisms to explain these accidents.  According to the Major 

Hazard Incident Database Service (MHIDAS), 81 incidents involved with releases of 

hydrogen. In 11 cases, the ignition sources were identified, and the others cases of 

ignition sources were not identified. On the other hand, un-identified ignition of non-

hydrogen incidents was 65.5% which was much less than the rates of cases of 

hydrogen releases. The frequency of occurrence of ignition sources related hydrogen 

releases is shown table 3.   

 

Table 3 Frequency of occurrence of ignition sources [1] 

Ignition Source 
Hydrogen Incidents Non-hydrogen Incidents 

Number % Number % 

Arson 0 0 37 2.6 
Collision 2 2.5 121 8.4 
Flame 3 3.7 113 7.9 
Hot Surface 2 2.5 56 3.9 
Electric 2 2.5 114 7.9 
Friction Spark 2 2.5 33 2.3 
Not Identified 70 86.3 942 65.5 
Non-Ignition 0 0 21 1.5 

Total 81 100.0 1437 100.0 

 

There were various postulated mechanisms of un-identified ignition of hydrogen 

releases. The first one is reverse Joule-Thomson effect which means the criteria for the 

expansion gas cooling down or heating up. In case of hydrogen gas, a Joule-Thomson 

inversion temperature is about 193K[22], so compressed hydrogen at ambient 

temperature will heat up on expansion to atmospheric pressure. However heating up to 

hydrogen auto-ignition temperature, 585°C, by Joule-Thomson effect is hardly difficult 

to drive the heating up from the compressed hydrogen pressure level. Electrostatic 

Ignition is also the second postulated mechanism of the self-ignition of hydrogen gas. 
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These mechanisms are composed with spark discharged from conductors, brush 

discharges, and corona discharges. The third one is the diffusion ignition which has 

been postulated by Wolanski and Wojcicki [2]. They demonstrated that ignition 

occurred when high pressure hydrogen was expanded to a shock tube enclosed with air 

or oxygen. Even though their shock tube experiment produced self-ignition in the 

enclosed system, the shock induced diffusion ignition is currently considered the most 

probable postulation.  Sudden adiabatic compression and hot surface ignition are also 

candidates of the ignition sources of hydrogen releases. Adiabatic compression of 

hydrogen and air will make the hydrogen-air mixture temperature rise up to the auto-

ignition temperature of the mixture gas. However isentropic compression cannot make 

the mixing process of hydrogen and air, and is unlikely to occur in practical system 

applications. 

The experimental works of this thesis is dedicated to find out the diffusion ignition 

mechanism and visualization of self-ignition and flame propagation, so literature 

review on diffusion ignition are performed in next section. 
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2.4 Self-ignition of high-pressure hydrogen 

Several studies on the diffusion ignition have helped establishing an understanding 

on the mechanism of the self-ignition of pressurized hydrogen released into air through 

tubes [3-9, 12-13]. Self-ignition have been performed to demonstrate diffusion ignition 

of pressurized hydrogen released into tubes by Dryer et al. [3], Mogi et al.[4-5], Golub 

et al. [6-8], Lee et al. [9], Lee and Jeung [12], and Wen et al [13]. Experimental studies 

of Dryer et al. [3] suggested that multi-dimensional shock interaction induced by the 

disk bursting may influence mixing of hydrogen and air, which can generate the self-

ignition.  

 

 

 

Figure 5 Self-ignition test and diffusion ignition mode by Dry et al. 
 

Dryer et al.[3] experiment of hydrogen self-ignition is shown in Figure 5. They 

performed tests with various metal rupture disks, real application fitting and various 

length extension tubes. They found out the self-ignition boundary as the burst pressures 
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and tube lengths. They explained the main mechanism of self-ignition with the initial 

deformation shape of rupture disk, shock interaction at the downstream of the tube and 

the mixing of hydrogen-air.  

Mogi et al. found out the effects of extension tube length effect with the different 

tube internal diameter and tube length as shown in Figure 6. They showed that the burst 

pressure of the diaphragm and the tube length had relationship with the boundary of 

self-ignition of high-pressure hydrogen release though the test tube. The self-ignition 

took placed as increasing of tube length with a same burst pressure from 4 to 20 MPa. 

They also showed the burst pressure for self-ignition decreases based on the 

comparative analysis of bare test tube and sensor installed tube. Further discussion 

about the effect of the surface irregularity will be described in chapter 4 based on the 

flow visualization studies of this thesis.  

 

 

Figure 6 Experimental test tubes and rupture disk installation for self-ignition boundary 
survey, Mogi et al. (2008~2009)  
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On the other hand, Golub et al. performed the comparative test with circular and 

rectangular cross section shape. They also measured the light signals at the wall of the 

test tube like as shown in Figure 7. Burst pressure for self-ignition was lower with a 

rectangular cross section tube than the circular section one. They explained that the 

mixing process is intensified due to three dimensional effects rectangular cross section. 

They also found out that the self-ignition took place inside of the tube based on the 

light sensor signals.  

 

 

Figure 7 Experimental test tubes and rupture disk installation for self-ignition boundary 
survey[6] 
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Effect of cross section shape of tube with cylindrical and rectangular section, and 

tube length, self-ignition burst pressure limits were decrease with the rectangular shape 

which the mixing of expanding hydrogen and shock compressed air is enhanced, 

therefore the mixing if the level of mixing hydrogen and air is also major parameter of 

the diffusion ignition. In addition to that, the research on the effect of tube shape was 

also conducted. The results showed that the possibility of the self-ignition increases 

when the rectangular cross-sectional tube was used compared to the experiments which 

used circular cross-sectional tubes [6-7].The experimental study of self-ignition 

boundary with respect two cross-sections of circle and rectangle showed that 

rectangular corners increase mixing and decrease the burst pressure for self-ignition [6-

7]. 
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Lee and Jeung [12] showed the postulation from the numerical simulation applying 

the pressure boundary condition of a spherical shape. They suggested that two reaction 

regions are generated at the core and boundary layer flow inside a tube and that merge 

of two reaction regions is necessary in order for the jet-diffusion flame to be sustained 

at the exit of the tube. The ignition model suggested is shown in Figure 8. Initial 

pressure boundary shape which is deformed under high-pressure hydrogen makes the 

concave shaped shock wave at the moment of the burst. As the multi-dimensional 

concaved shock propagates to the side walls, shock wave reflected from the wall and 

heating of boundary layer increases the temperature at the boundary layer flow. This 

temperature initiates the chemical reaction of the hydrogen-air mixture at the boundary 

layer. Vortex ring is developed in the core flow region and it intensifies the mixing of 

hydrogen and air. After the induction time elapses at a mixing temperature, self-

ignition also takes place in the core flow. After that, boundary layer and core flow 

flame are combined together. This combination of flame generates the jet diffusion 

flame at outside of the tube. 

Mogi et al. [4] and Lee et al. [9] confirmed these results by conducting the 

experiments using the high-speed photography. They showed that the flame cannot be 

sustained at the tube exit when the tube is not long enough. In this case, the flame was 

observed only in the boundary region shown in Figure 9. In this case, flame was 

extinguished at the exit of the tube. They named this phenomenon as a failed-ignition. 

Their results also confirmed that the sufficient tube length is needed to initiate the self-

ignition which is shown in Figure 10. Full flame at the exit of the tube made the 

successful jet-diffusion flame outside of the tube. Besides these studies mentioned 

above, many others have been conducted in an objective of finding out the effect of 

bursting conditions on the self-ignition. Additionally, several studies have been 

conducted to find out the burst pressure and tube length effects to initiate the self-

ignition. The studies showed consistent tendency that the possibility of the self-ignition 

increases as burst pressure is higher, tube length is longer and tube diameter is smaller. 

The results of these studies showed that the burst pressure for self-ignition decreases as 
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the length of tube increases, and the self-ignition could take place with the short length 

tube only when very high burst pressure is applied to tubes with small diameter. [4-5,8-

11]  

 

 

Figure 8 Self-ignition model inside of the test tube by Lee and Jeung et al. a) 
configuration before rupture, b) initial shock formation and multi-
dimensional shock interactions, c) generation of vortex ring and reaction in 
the core and boundary layer region due to shock-shock/shock-boundary layer 
interaction, d) reaction in the core region e) merge of two reaction regions. 
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Figure 9 Failed-ignition; self-ignition takes place at the boundary layer of test tube but 
flame is not developed to the jet diffusion flame at the exit of the test tube, 
because the self-ignition in the core region doesn’t take place, the ignition 
energy is not enough to ignite the expanding hydrogen jet. [Lee et al, tube 
length 100mm, burst pressure 10.8 MPa] 

 

 

Figure 10 Self-ignition; self-ignition takes place boundary layer and core flow region 
and hydrogen jet diffusion flame is developed at the exit of the test tube [Lee 
et al, tube length 300 mm, Burst pressure 10.8 MPa] 

 

Recently, Kitabayashi et al.[11] showed from their experimental study that the self-

ignition was not induced even at very high burst pressures when the tube length was 

increased up to 4.2m. They also had a question about the scattering of burst pressure 

for self-ignition boundary. Previous experiments of burst pressure were results from the 

diaphragm strength to the supplying pressure during the pressure increment. Therefore 

the burst pressure was not the steady state value and the boundary was not shown the 

consistent results. They designed the special device to remove the dynamic state of the 

moment of the opening time as shown in figure 11.  

The plunger activated by the control signal could simulate the exact burst pressure 

and found out the pressure limit boundary for self-ignition as shown in figure 12. Their 
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results showed more consistent burst pressure boundary for self-ignition. The plunger 

mechanism could control the exact opening time to the objective burst pressure. 

Therefore, the shock strength may has a repeatable value which makes the the shock 

compression. Based on this rupturing device, they shown that the self-ignition 

boundary pressure increases with the tube length increments as shown in figure 13. The 

minimum burst pressure for self-ignition was observed as about 4 MPa at a distance 

from the plane of diaphragm. They didn’t discover the reason of this minimum pressure 

boundary. There may be a extinguishment of flame due to weaken of shock strength far 

downstream flow since the pressure losses at the boundary layer with narrow internal 

tube diameter.   

 

 

Figure 11 Shock tube with a plunger for bursting of diaphragm [Kitabayashi et al.] 
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Figure 12 Experimental summary of previous studies; self-ignition limit curve less than 
in 1.0 m expansion tube [11] 
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Figure 13 Increment of limit burst pressure for self-ignition as increasing the tube 
length[11] 

 

 

 

  

0

2

4

6

8

10

12

14

0 1000 2000 3000 4000

B
u

rs
t 

p
re

s
s
u

re
, 

M
P

a

Tube length, mm

Mogi et al.

Kitabyshi. N

Pinto et al.

○ Successful ignition

△ Failed-ignition

× Non-ignition

`



CHAPTER 2. LITERATURE REVIEW 

33 

2.5 Shock tube theory for diffusion ignition 

One of the postulations for self-ignition of high-pressure hydrogen gas release is 

diffusion ignition behind of the shock wave in shock tube. Shock tube is composed of 

high pressure driver gas and low pressure driven gas region. Two gases are separated 

with diaphragm which makes strong shock wave when it bursts. The shock wave 

compresses the driven gas which compression makes the shock heating of driven gas. 

Behind the zone of compression, expansion driver gas follows which is cooled down. 

The ideal pressure and temperature of each zone are determined by the shock tube 

theory and explained figure 14. 

 

 

 

Figure 14 Shock wave structure and flow regions 
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Zone 1 is the un-compressed low pressure driven gas region, and zone 2 is shock 

compressed driven gas region, zone 3 is the expansion driver gas region. The boundary 

between zone 2 and 3 is called as contact surface which is renamed as mixing zone in 

this thesis. Because this contact surface is ideally plat plane, however in real shock 

tube of three dimensional shape of the tube, contact surface could not be plat. The 

boundary layer effect, and shock-boundary interaction, and shock-shock interaction 

distorts the contact surface at the beginning of the shock formation. There are some 

mixing with the driving gas and driven gas. The mixing zone shape has highly complex 

flow pattern which is shown in chapter 4 of flow visualization results. 

Each region’s thermodynamic properties are determined from the initial pressure of 

region 1 and 4. These properties are derived from the shock tube theory as follows. 
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Figure 15 Mechanism of shock induced diffusion ignition 
 

Figure 15 describes pressures and temperature states inside of the shock tube with 

the shock wave propagation. Pressures   ,   	 and temperatures   ,	   are given as 

initial conditions. When the diaphragm bursts, the strong shock wave propagates the 

downstream and compressed driven gas and expansion zone pressure   ,   	and 

temperatures    ,	   are expressed follow equations from shock tube theory. The 

pressure of the driven gas,   , behind the shock wave can be driven from the pressure 

ratio   /   as below equation.  
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The shock wave Mach number can be calculated by shock tube theory as following 

equation. 
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The compressed driven gas velocity and Mach number are related with the Mach 

number of shock wave or pressure ration of driving pressure and compressed driven 

gas pressure as following. 
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Where  a : sound of speed of each gases which is function of temperature.  

   g : heat capacity ratio of the driven and driver gases.  

 

From these pressure values, temperature and pressure in each region 2 and 3 can be 

calculated as following equations.  
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Pressure of the mixing gases is equal to   	   		  	; 	  	 =	        =	  . The 

induce velocities of each zone are also driven from the shock tube theory as following 

equations. The shock Mach number    can be expressed the next equation. The 

pressure across the shock wave is the shock strength and this relation can be used to 

compare the test results and theoretical shock speed of chapter 4 of this thesis. 

  

  

  
=

2   	 
 − (  − 1)

  + 1
 

 

The velocity of the compressed gas and expansion gases are same as mixture gas 

from the shock tube theory.  

 

  =   =          

 

The compressed gas and expansion gas are mixed between the contact surface 

which is named as mixing zone in this thesis. The experiment of self-ignition in the 

shock tube is performed using high pressure hydrogen as a driver gas, and air is driven 

gas in this thesis. The temperature of the mixing and ignition gas can be calculated 

based on the equivalence ratio,  , of hydrogen and oxygen.  
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where	  	 ∶ 		the	number	of	moles	of	a	gas	x. 

 

If	we	assume	O = 1	(   ), then	   

= 2 	(   )		because	    
/   

 
    .

= 2. 

∴
   

    
=

2 

5
		because	air = 5	(   )	when	O = 1	(   ) 

 

Temperature of the hydrogen and air mixing gases is calculated as following 

equations which are derived from the energy valance of compressed air heating to the 

mixing gases and heat loss due to cold expansion hydrogen gas.  
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where	  	means	constant	volume	heat	capacity	( /   ∙  ). 

 

Finally, mixing gas temperature can be calculated as following equation. 

∴   ,   (    −         ) =
2 

5
∙   ,  

         −    
  

 



CHAPTER 3. EXPERIMENTAL SETUP 

39 

Chapter 3. Experimental Setup 

3.1 Test setup 

Figure 16 and 17 show the experimental apparatus including the test tube 

assembly. A high-pressure hydrogen Bombe is used to fill up the intermediate cylinder, 

storage tank, which is enclosed by the diaphragm, Mylar polyester film. The 

intermediate cylinder consists of two regions; the reservoir of f40 x L307 mm and the 

throat of f16 x L38 mm. The burst pressure is measured by the pressure transducer 

(Kulite, ETM HT 375-5000G). The calibration sheet for the sensor is described in 

Table 4. The diaphragm thickness was varied in order to control the hydrogen burst 

pressure, PB. A test tube or extension tube with rectangular cross-section was designed, 

in order to take the shadowgraph and direct photograph images. For taking the 

shadowgraph and direct photograph images simultaneously, which were taken through 

the rectangular cross-section windows of the test tube. Two side walls were enclosed 

with windows, and a series of pressure and light sensors were installed on the top and 

bottom walls.  

Two high-speed cameras (Phantom v710) were used to obtain shadowgraph and 

direct photograph simultaneously. The high-speed camera for direct images was 

positioned beside the shadowgraph mirror as close as possible to compare the 

shadowgraph images simultaneously. Shadowgraph was captured at the frame rate of 

100,000 fps and the exposure time of 1 msec. In the case of direct photograph images, 

the frame rate was set at the same level as that of the shadowgraph while the exposure 

time was extended to 5 msec to get images more clearly. Eight dynamic pressure 

sensors (PCB 111A26, rising time: 1.5msec) were flush-mounted on the top wall. The 

calibration data of each PCB sensors is shown in table 5. 
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Figure 16 Test Apparatus 
 

 

 

Figure 17 Configuration of the sensors installation and locations 
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Each PCB sensor’s sensitivities and uncertainty are shown in Table 5. Eight light 

sensors (Hammamatsu photodiodes, S1226-18BQ, rising time: 0.15msec, wave length 

band: 190 ~ 1000nm) were mounted in line with the pressure sensors on the bottom 

wall. The assembly of photodiode to be installed at the wall of the tube is shown in 

figure 18. This installation design is to position the sensor at the sensor hole tightly and 

prevent the leakage of expanding high pressure air and hydrogen. 

 

Table 4 Camber pressure measurement sensor : Kulite sensor calibration sheet 

Volts mVolt kPsig ETM-HT-375-5000G 

0.0  0.0  0.00  

 

0.5  500.0  0.51  

1.0  1000.0  1.02  

1.5  1500.0  1.53  

2.0  2000.0  2.04  

2.5  2500.0  2.55  

3.0  3000.0  3.05  

3.5  3500.0  3.56  

4.0  4000.0  4.07  

4.5  4500.0  4.58  

5.0  5000.0  5.09  
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Table 5 Wall static dynamic pressure measurement sensor: PCB sensor calibration 
sheet 

Loc. 
Sensor 

S/N 

Gain 

(mV/Mpa) 

Linearity 

(%FS) 

Uncertainty 

(%) 
PCB 111A26 

1 15759 1457 0.5 +/-1.3 

 

2 15760 1451 0.4 +/-1.3 

3 15761 1467 0.5 +/-1.3 

4 15783 1468 0.2 +/-1.3 

5 15784 1458 0.5 +/-1.3 

6 15785 1449 0.3 +/-1.3 

7 15786 1452 0.3 +/-1.3 

8 15787 1455 0.3 +/-1.3 

 

 

 
Figure 18 Light sensor; Photodiode installation assembly 
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3.2 Design of test tubes 

Test tube of this experiment is to visualize the flow field of high-pressure 

hydrogen gas which is jetting out with a strong pressure and explosion. Therefore, test 

tube should withstand the strong shock with two visualization windows. Main body of 

tube was designed one piece part to hold the visualization windows and covers for 

windows. The other two sides are mounted with the pressure sensors and light sensors. 

The main body is shown in Figure 19. 

 

 

Figure 19 Main body of the test tube 
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The visualization region which has the square cross section of 10x10mm is 

located between 37.3 and 278.8 mm from the diaphragm, and the total tube length is 

300 mm. 

The visualization window is the pressure resistance windows with 10mm 

thickness as shown in figure 20. The cover for windows, which are shown in figure 21  

have two row of O-ring groove which prevent the high pressure hydrogen leakage 

during the hydrogen expand to air through the tube  

 

 

 

Figure 20 visualization window 
 

 

 
Figure 21 covers for visualization windows 
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The first pressure and light sensors are located at 57mm from the diaphragm and 

the other sensors are spaced out 28mm apart. All the measurement events were 

synchronized by the trigger signal obtained from the wall static pressure sensor P1. 

The diaphragm holding assembly design is shown in Figure 22 and 23. The 

diameter of the hydrogen inlet is designed as large as 2.5 times of the nozzle section 

area of the test tube. The shock wave speeds were slightly slower than the theoretical 

values with test results of this configuration. The initial shock shape could not be 

observed with this length of nozzle section. 

In order to maximize the visualization window close to the initial shock wave 

generation, inlet and nozzle section was redesigned as shown in figure 23. Therefore 

holding diameter for diaphragm is decreased to 0.5 times of long nozzle inlet duct. This 

design change effects is described in chapter 4 of test results. 

 

 

Figure 22 Long nozzle test tube: Design of inlet and transition nozzle section  
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Figure 23 Small diaphragm: Test tube inlet section to enlarge the visualization window 
and reduce the diameter of the diaphragm 

 

3.3 Test procedure and data acquisition 

Test procedure for self-ignition study to take the shadowgraph, direction luminance 

images, light signals and static wall pressures is shown in figure 24. First step of test 

was the feeding of hydrogen in the intermediate cylinder slowly. As the pressure 

increased, the rupturing diaphragm was deformed as shown in figure 27. It was very 

important to slow down the feeding rate as the burst pressure in order to minimize the 

dynamic effect of hydrogen feeding flow velocity. The burst pressure was recorded at 

the pressure transducer as a peak pressure installed at the intermediate cylinder. Right 

after the rupture of diaphragm, a shock wave was generated and propagated to the 

downstream. When the shock wave passed by the first dynamic pressure sensor, this 
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signal triggers the recording of two high-speed cameras and data acquisition system for 

pressures and photodiodes.    

High-speed camera took the shadowgraph images at flame rate of 100,000 frames 

per second with expose time of 1μsec. The interval of each image is 10 μsec which is 

long time compare to speed of the shock wave. Imaged recording was started at the P1 

trigger signal. There were time uncertainty captured image based on pressure signal. 

Time of images were adjusted from the shock wave position measure from the pressure 

sensor which position was known one since sampling rate of the pressure and light 

signal is 10 times faster than image capture.  
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Figure 24 Experimental procedure for taking shadowgraph and direct images, pressure 
and light sensor signals 
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Chapter 4. Results and Discussion 

4.1 Summary of Test Results  

High-pressure hydrogen was released by the bursting of the diaphragm and the 

pressure was controlled by the thickness of diaphragm. After the diaphragm burst with 

the critical pressure for making self-ignition, if the self-ignition takes place successful, 

jet diffusion flame can be observed shown in Figure 25. The burst pressure was 

controlled to vary from 5.7 to 11.3 MPa and the results of the self-ignition are 

summarized in Table 6. Ignition phenomenon was classified by three representative 

cases with the burst pressure and ignition position; non-ignition (below 7.5 MPa), 

ignition at the mid of tube (between 7.5 and 9.0 MPa) and ignition upstream position of 

the light senor L2 (above 10 MPa).There were no ignitions at the burst pressures below 

7.5 MPa. However, the ignitions were observed at the burst pressure between 7.5 and 

9.0 MPa. Especially, the ignition took place at the upstream position of the light sensor 

L2 when the burst pressure was over 10 MPa. The deformation shapes of the 

diaphragm before and after bursting are shown in Figure 27, which are almost identical 

to those of initial boundary conditions in the numerical simulations by Lee and Jeung 

[12]. They suggested that the initially deformed shape, like the one in figure 27, 

induces the multi-dimensional shock-shock interaction and the shock-boundary layer 

interaction with the mixing front. These interactions might promote the mixing of 

hydrogen and air, and the ignition took place after a certain induction time elapsed 

from the development of mixing by the shock compression.  

Pressure and light sensor measurement results are discussed in section 4.2 in 

Figures 29 ~ 46. The three representative cases of the experiments are shown in 

Figures. 51, 52 and 53. The first case, as shows in Figure 51, is a non-ignition 

phenomenon with the mixing spot in the tube at the burst pressure of 6.5 MPa. The 

second case demonstrates the ignition at the boundary layer, of which position is 

between L6 and L7, at the burst pressure of 8.0 MPa as shown in Figure 52. The final 
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case is the self-ignition and subsequent propagation of the full flame; the ignition 

initiated between the position of L1 and L2 at 9.0 MPa is shown in Figure 53.  

 

 

Figure 25 Self-ignition developed to the jet diffusion flame outside of tube 
 

Table 6 Summary of the experiments; Ignition Position with Burst Pressure 

Test 
Tube 

Burst Pressure 
(MPa) 

Ignition 
Film Thickness 

(μm) 
Position of 
ignition 

Large 
Diaphragm 

 6.45 None 140 N/A 

 7.46 Yes 150 L8 ~Tube Exit 

 7.98 Yes 175 L6 ~ L7 

 9.00 Yes 200 L1 ~ L2 

10.04 Yes 250 

Upstream of L2 10.99 Yes 250 

11.33 Yes 250 

Small 
Diaphragm 

 5.70 None 150 N/A 

 7.54 Yes 150 L2 ~ L3 

 

Figure 26 Location of self-ignition in the test tube 
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4.2 Boundary of the self-ignition and flame propagation 

The measurements of dynamic pressures at the tube wall indicate the leading 

shock wave and shock compression of the air behind the shock and the pressure of 

expanding hydrogen gas. The experiments were performed at the burst pressure from 

5.70 MPa to 11.33 MPa with 276.8 mm and 300 mm test tubes. Self-ignitions in the 

tube were taken places at above the bursting pressure 7.53 Mpa. Below this pressure, 

there were no self-ignitions. Theoretical shock wave properties of test conditions are 

shown in Table 7. The wall static pressure profile of the each wall positions are 

shown in Figures 29 ~ 46. 

The theoretical shock tube properties inside of the tube are calculated based on 

shock tube theory as show in table 7 with respect to the each test points of this 

experimental work. The Mach number of shock wave are from 3.8 to 4.6 which are 

high supersonic velocity. The following compressed air Mach number also are also 

supersonic flows; M2 = 1.5 ~ 1.6. Shock compression heating temperatures are all 

above the 1100K which is higher than the auto-ignition temperature of hydrogen. 

The shock strength can be measured from the amount of the pressure jump of 

each sensor positions. There are outstanding differences between short length circular 

throat tube and long length one. The nozzle length of small diaphragm is 8.1 mm 

compare to 35.0 mm of the tube with large diaphragm. The shock compression 

pressures almost reach the theoretical value at the third sensor position in Fig. 29. On 

the other hand, the shock strengths never reach the theoretical pressure with the long 

circular nozzle in Fig 30. The differences of two test tube configure are circular tube 

nozzle length, which is the transition section from the bursting diaphragm to 

rectangular visualization tube, and holing diameter of diaphragm, and high-pressure 

hydrogen inducing inlet geometry. 

The shock strength of the large diaphragm tube increases almost the same level 

of the ideal value at the higher bursting pressure at above the 9.0 MPa in Figures 39~ 

46. Therefore the nozzle length is not the main factor for decreasing of the shock 
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strength. Hydrogen inlet duct shapes, conical converging shape and sudden area 

change, also are not affect the shock strength from the above reasons.  

 

Table 7 Summary of tests; theoretical properties of shock wave and compression, Tamb 

= 15℃ 

  (   )   /     /        (m/s)            /     (K) 

11.33a,o 111.8 24.8 4.63 1575.2 1.63 1251.5 2.52 5.11 1470.9 

10.99 a,o 108.5 24.5 4.59 1563.0 1.62 1240.8 2.48 5.04 1452.3 

10.04 a,o 99.1 23.3 4.49 1526.2 1.61 1208.7 2.36 4.85 1397.3 

 9.00 a,o 88.8 22.0 4.36 1482.6 1.60 1170.5 2.23 4.63 1333.7 

 7.98 a,o 78.8 20.6 4.22 1435.2 1.58 1128.8 2.09 4.40 1266.6 

 7.54 b,o 74.4 20.0 4.15 1413.1 1.57 1109.3 2.02 4.29 1236.0 

 7.46 a,o  73.6 19.8 4.14 1408.7 1.57 1105.5 2.01 4.27 1230.0 

6.45 a,x  63.7 18.3 3.98 1353.2 1.55 1056.4 1.85 4.01 1155.6 

5.70 b,x  56.3 17.0 3.84 1306.8 1.53 1015.2 1.73 3.80 1095.7 

a : Large diaphragm, b : Small Diaphragm, o : self-ignition, x : no self-ignition 
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The holding diameter of the diaphragm, small diaphragm tube case is 30 mm and 

large diaphragm case is 60 mm, is considered the determining factor of the shock 

strength. High pressure applying on the diaphragm with larger area makes the more 

elongation of rupture area than smaller one. Initial shock energy spread out the larger 

area of rupture film, and shock energy per unit area is decreased. However, the 

enlarged area of the rupture diaphragm is smaller than the larger one in case of small 

holding diameter. 

The shock wave is generated from the bursting of the diaphragm at the critical 

pressure which is produced by supplying hydrogen into the intermediate storage tank. 

As shown in Figure 27 and 28, the diaphragm was deformed before the diaphragm 

broken took place. During the diaphragm rupturing, strong shock wave is generated at 

this plane and propagates to the downstream. This pressure wave was measured at the 

wall mounted dynamic sensors which flush mounting installation, as shown in figure 

18, is design to minimize the time delay of pressure measurement. Photodiode 

installation also was designed to maximize the acquiring the emission of flame light 

and see the vertical plane. 
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Figure 27 Diaphragm shape: deformed shape under pressure and burst shapes under 
pressures with different thickness of film; a) = 300 μm, b) = 250 μm, c) = 
170 μm 

 

 

 
Figure 28 Deformation of Diaphragm: F ; strength of diaphragm, K ; elastic coefficient,  

ΔA ; elongated area 
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The opening time model which is suggested by Spence & Woods[23] is related 

with the diameter of diaphragm and thickness as following equation.  

 

    =   
   

 
 

 
  

 

Where ρ the density of the diaphragm material 

 	   	  are the thickness and the diameter of the diaphragm 

k rupture time constant; 0.92 

p driving gas pressure  

 

The shock wave velocity approached to the theoretical values as the burst 

pressure increased, which could be deduced from the tests with higher burst pressures. 

Even though the lower burst pressure, measured shock wave speed was closed to the 

theoretical one with the small diaphragm. It is confirmed that smaller holding 

diameter reduces the opening time, and shock strength can be approached to the ideal 

condition.  

The shock compression of the air behind the leading shock always increases 

along the upstream. This additional shock compression makes more shock heat on air, 

and increase the hydrogen-air mixing temperature at the mixing spots. The other 

heating source is the boundary layer heat recovery. The compressed air velocity 

increases due to leading shock propagation at the supersonic speed. However the 

boundary layer velocity cannot be accelerated to the center flow speed. This dynamic 

energy become to the heat energy also. But it is uncertain that the pressure increment 

behind the leading shock has relation with the boundary layer heating.  

Shock strength and shock propagation speed of the two test tubes with the low 

burst pressure which cannot make the self-ignition are shown in Figures 30 ~ 31. The 

shock propagation average velocity 1272 m/sec, which measured value is from 1244 

~ 1333 m/sec, almost similar to the theoretical velocity 1307 m/sec with the short 
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nozzle test tube in Fig 29. However the shock average velocity of large diaphragm 

tube is 1245 m/sec which velocity, 1217~1273 m/sec, is slower than the lower burst 

pressure with short nozzle tube in Figure 29. This shock velocity difference is also 

come from the shock strength difference due to the energy density per the rupture 

diaphragm area of deformation. 

In order to investigate the effect of holding diameter regarding to shock strength, 

comparison of opening time of diaphragm were performed based on the model of 

Spence & Wood’s as shown in Figure 28. Opening time of diaphragm with smaller 

diameter are half of the larger one. Therefore holding diameter is major parameter for 

determining the opening time rather than the thickness of the diaphragm in these 

experimental works. 

 

 

Figure 29 Rupture opening time respect to burst pressure and holding diameter 
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Figure 30 Wall Static pressure of test tube; test tube length of 276.8mm, theoretical 
Shock Velocity; 1307 m/sec, theoretical Compression Pressure = 1.73 MPa 

        

 

Figure 31 Wall Static pressure of test tube; test tube length of 300.0 mm, theoretical 
Shock Velocity = 1353 m/sec, theoretical Compression Pressure = 1.85 MPa 
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As shown in shadowgraph of section 4.3, expansion wave at the close to the 

nozzle throat plan developed more quickly at the small diaphragm case which can be 

shown in Figure 32 and Figure 33. The first sensor location is the expansion wave 

region and the static pressure decreases when the expanding hydrogen flow is 

developed to the expansion wave flow. There are expansion wave zone along the 

downstream far from the first sensor. In this region where expansion jet is developed 

behind the shock wave, pressures are equalized the shock compression pressure, p , 

at higher pressure. Specially, wall static pressure behind of shock wave slight 

increased up to the maximum saturated level. This gradual increment of pressures 

was not observed at the far downstream of the tube. Therefore, these phenomena 

show that the 3-dimensional shock interactions are well developed to 1-dimensional 

wave characteristic.  It can be also explained that static pressure of the boundary 

layer is higher than the core flow region. These pressure gradients push the retarded 

wave at the boundary layer side. Finally, shock wave becomes a flat shape at the far 

downstream. 
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Figure 32 Waterfall plot of wall static pressure; test tube length of 276.8 mm 

 

Figure 33 Waterfall plot of wall static pressure; test tube length of 300.0 mm 
 

P
re

s
su

re
 (

M
P

a
)

P
re

s
su

re
 (

M
P

a
)



CHAPTER 4. RESULTS AND DISCUSSION 

60 

 

Figure 34 Wall Static pressure of test tube; test tube length of 276.8mm, theoretical 
Shock Velocity = 1411 m/sec, theoretical Compression Pressure = 2.02 MPa, 
Measured shock velocity; 1400~1436 m/sec (average speed = 1412), Ignition 
at 61.8 ~ 89.8 mm  

 

Figure 35 Waterfall plot of wall static pressure; test tube length of 276.8 mm Pb: 
7.53MPa 
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Figure 36 Wall Static pressure of test tube; test tube length of 300.0 mm, theoretical 
Shock Velocity = 1409 m/sec, theoretical Compression Pressure = 2.01 MPa, 
Measured shock velocity; 1272~1333 m/sec (average speed = 1297), Ignition 
at 253 ~ 300 mm  

 

Figure 37 Waterfall plot of wall static pressure; test tube length of 300.0 mm Pb: 7.46 
MPa 
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The self-ignitions were always observed above 7.5 MPa burst pressure. However, 

it is interesting comparison 7.53 MPa with the short nozzle and 7.46 MPa with the 

large diaphragm tube. Even though two case tests were performed at almost the same 

burst pressure, the locations of self-ignition taken place were totally different. The 

major differences of two were the shock compression level and the increments slops 

of pressure just behind shock wave. In case of the small diaphragm tube, pressure 

jumps almost approach the theoretical value and increments of pressure were 

beginning right after shock wave pass by. On the other hand, shock strength and the 

additional shock compression right behind the shock were not enough to make the 

self-ignition of the hydrogen mixture. 

Figures 38 ~ 47 are the wall static pressure trends of the higher burst pressure 

case test results. The shock strength of the tests above 9.0 MPa showed the almost 

same level of the theoretical values. These test cases also showed the measured shock 

wave speed also approaches the theoretical speed of shock wave. The pressures just 

on the shock wave were almost same as shock tube theory, but still additional shock 

compression were shown at the right behind the shock wave. There were more 

increments of pressure slope which might be derived from the existence of the flame. 

Temperature of ignition of mixing zone would distort the pressure equilibrium state 

of the compressed air and expansion hydrogen. The pressure increment at the mixing 

zone cannot be explained by the shock tube theory because this theory doesn’t deal 

with the chemical reaction at the contact surface.    
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Figure 38 Wall Static pressure of test tube; test tube length of 300.0 mm, theoretical 
Shock Velocity = 1435 m/sec, theoretical Compression Pressure = 2.09 MPa, 
Measured shock velocity; 1273~1333 m/sec (average speed = 1308), Ignition 
at 197 ~ 225 mm 

 

 

 

Figure 39 Waterfall plot of wall static pressure; test tube length of 300.0 mm Pb: 7.98 
MPa 
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Figure 40 Wall Static pressure of test tube; test tube length of 300.0 mm, theoretical 

Shock Velocity = 1483 m/sec, theoretical Compression Pressure = 2.23 MPa, 
Measured shock velocity; 1400~1473 m/sec (average speed = 1449), Ignition 
at 57 ~ 85 mm 

 

 

 

Figure 41 Waterfall plot of wall static pressure; test tube length of 300.0 mm Pb: 9.00 
MPa 
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Figure 42 Wall Static pressure of test tube; test tube length of 300.0 mm, theoretical 
Shock Velocity = 1526 m/sec, theoretical Compression Pressure = 2.36 MPa, 
Measured shock velocity; 1447~1547 m/sec (average speed = 1485), Ignition 
at less than 85 mm 

 

 

Figure 43 Waterfall plot of wall static pressure; test tube length of 300.0 mm Pb: 10.04 
MPa 
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Figure 44 Wall Static pressure of test tube; test tube length of 300.0 mm, theoretical 
Shock Velocity = 1563 m/sec, theoretical Compression Pressure = 2.48 MPa, 
Measured shock velocity; 1474~1556 m/sec (average speed = 1514), Ignition 
at less than 85 mm 

 

 

 

Figure 45 Waterfall plot of wall static pressure; test tube length of 300.0 mm Pb: 10.99 
MPa 
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Figure 46 Wall Static pressure of test tube; test tube length of 300.0 mm, theoretical 
Shock Velocity = 1575 m/sec, theoretical Compression Pressure = 2.52 MPa, 
Measured shock velocity; 1474~1556 m/sec (average speed = 1519), Ignition 
at less than 85 mm 

 

 

 

Figure 47 Waterfall plot of wall static pressure; test tube length of 300.0 mm Pb: 11.33 
MPa 
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Shock wave propagation and shock compression of experiments are described 

above section. Analysis of the pressures trend and light signals are performed based on 

the shadowgraph images analysis. These works are synchronizing the position of shock 

wave, mixing zone, and location of sensor. The exact time on mixing zone was not 

identified since taking shadowgraph with short nozzle was not successfully. Therefore, 

the front of mixing zone is not described in Figure 48.  

The measurements of dynamic pressures and light sensors at the tube wall indicate 

ignition of hydrogen behind the leading shock wave in Figures 48 ~ 51. The wall static 

pressure leaps immediately after the leading shock passes and the measured pressure 

are almost consistent with the shock tube theory. The pressures in Figures 50 and 51 

are plotted by the time when the mixing front, which is analyzed from the shadowgraph, 

arrives to each of the pressure sensors. The wall static pressure increases after when the 

leading shock wave passes through the sensors, whether an ignition takes place or not. 

The increase of the pressure can be attributed to the compression of the complex shock 

waves behind the leading shock. Therefore, the temperature of compressed air behind 

the leading shock would increase as the shock wave propagates. Especially, the 

pressures are plotted until the mixing center arrives at each pressure port in Figure 47 

in order for showing the trends of pressure between the leading shock and the mixing 

center. The pressures keep increasing and are converged to certain values respectively 

in downstream region, which are shown in Figures 28~ 47. 

In the case of the ignition taken place (Figures 49, 50, and 51), there are the delay 

times, equivalent to the induction distances of Section 4.3 between passing of the 

mixing front and the self-ignition. These delay times disappear after the flame 

propagates. Such result again confirms that the ignition takes place after a certain 

induction time elapses from the mixing front, and that the flame catches up with the 

mixing front as shown already in the visualization results. The intensity and duration 

of the light signals in Figures 50 and 51 increases as the shock wave passes 

downstream. This implies that the mixing length along the tube increases as the flow 
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goes downstream, which is observed in the shadowgraph in the tube. The light signals 

are sequentially diminished after a certain time passes as the mixing zone moves 

downstream, which means that the flame cannot be sustained anymore at downstream 

because the pure expansion hydrogen gas is filled up behind the mixing zone. 

 

 

 

 

 

Figure 48 Static wall pressure profile from leading shock to mixing center; PB 6.45 
MPa 
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Figure 49 Static wall pressure profile from leading shock to mixing center; PB 7.46 
MPa 
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Figure 50 Static wall pressure profile from leading shock to mixing center; PB 7.98 
MPa 
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Figure 51 Static wall pressure profile from leading shock to mixing center; PB 9.00 
MPa 
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Figure 52 shows relationships between the self-ignitions and the burst pressures, 

and the tendency is similar to the previous experimental studies [3-11]. The ignition 

boundary is investigated based on the measured peak wall static pressure before 

ignition because it is presumed that gradual increment of the pressure (Figures 47 ~ 50), 

before the mixing front, affects the self-ignition. Every peak pressures, before the 

mixing front pass by the sensors, were picked up from time averaged pressure data 

upon each test shot. The relationship between the self-ignition and the static pressure of 

the boundary layer is shown in Figure 53: There is the minimum wall static pressure 

which makes the ignition of the hydrogen and air mixture possible. The ignition takes 

place at the wall static pressure above 2.3 MPa. The pressure ratio across the shock 

wave drives the adiabatic shock compression temperature above 1360K based on the 

shock tube theory, and If the equivalence ratio of the mixing spot is about 0.27, the 

mixture temperature is close to the critical temperature for the ignition of 1250 K 

suggested by Lee and Jeung’s numerical simulation [12]. Analysis results of mixing 

zone are shown Table 8.  

 

Table 8 Temperature of mixing zone; Tamb = 15℃,    = 7.5 MPa 

   (kPa)   (K)   (K)             Induction  
Time(μsec) 

Induction Length 
(mm) 

2299.4 1367.5 205.4 0.50 1,178.4 239.1 263.0 

2299.4 1367.5 205.4 0.40 1,211.1 152.2 167.4 

2299.4 1367.5 205.4 0.30 1,246.2 65.2 71.7 

2299.4 1367.5 205.4 0.20 1,283.7 25.1 27.6 

2299.4 1367.5 205.4 0.15 1,303.5 17.3 19.0 

2299.4 1367.5 205.4 0.10 1,324.0 9.5 10.5 

  

There can be self-ignition with equivalence ratio less than 0.3 and mixing 

temperature higher than 1250 K, since the induction length or induction distance is the 

products of mixing zone velocity and induction time which is required time to generate 
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the ignition of mixture. The higher equivalence ratio and the lower mixing temperature 

cannot initiate the self-ignition inside of the tube with these experiments because the 

length is short than the induction distance. 

The measured position of the shock wave, the mixing zone, the flame, and the 

theoretical contact surface are combined in Figure 58 of the section 4.4. It shows the 

structure of the flow field and flame which describes the positions of the shock wave, 

the mixing front, the mixing center, the ignition inferred from the light sensor, and the 

flame extinction which is the same position of the mixing tail. This figure shows that 

the ignition takes place behind the mixing front in an induction time, and the flame 

catches up with the mixing front. The position of the peak flame is aligned with the 

position of the mixing center where the mixing of hydrogen and air is sufficiently 

strong. 
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Figure 52 Self-ignition boundary with respect to the burst pressure 
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Figure 53 Self-ignition boundary with respect to the wall static peak pressure ahead of 
the mixing front. 
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4.3 Flow visualization of the self-ignition processes 

Experiment of self-ignition is similar to the shock tube test. However, there is   

some difference in that main concern of the self-ignition test is the initial phase of the 

shock generation. Therefore, initial shock shape is not flat one, generally concaved 

shape. Contact surface is not clear because of highly turbulent mixing at this surface 

which has a volume of mixing zone instead of surface. Self-ignition and flame at this 

zone also makes more complex flow field phenomena.  

Therefore, to describe the flow field of the mixing zone, some terminology 

definition is required as shown in Figure 51. Mixing zone is the all the area where 

hydrogen and compressed air mixing takes place. Mixing front is the boundary surface 

between the compressed air and mixing zone front, especially the front center of the 

mixing zone. Mixing center is the middle of the mixing zone where the core center 

boundary surface between the rear mixing zone and expanding hydrogen. Mixing tail is 

the location of the most rear section of the mixing zone where mixing is developed at 

the boundary layer of the mixing zone. Mixing front is protruded to the forward 

downstream. On the other hand, mixing zone boundary at the boundary layer is 

retarded compare to the mixing front due to slow down effect of wall boundary layer. 

Figure 54 shows typical transient shock wave patterns. The leading shock is 

moving downstream, and there are several complex shock waves behind the leading 

shock. The supersonic flow between the leading shock wave and the mixing front can 

be verified by the oblique shock wave which is originated from the wall sensing port 

discontinuities of sensor holes and mounting gaps. Therefore, it can be inferred that the 

complex shock waves increase the boundary layer static pressure, which is consistent 

with the wall static pressure measurements. The interactions with oblique shock and 

the mixing front were observed in Fig 51. It seems that the interaction enhances the 

mixing of the expanded hydrogen and compressed air and also influences the self-

ignition characteristics. There is a similar tendency in the previous results [4-5], which 

explains the experimental results of Mogi et al. [4-5] Their results showed that bursting 
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pressure for self-ignition decreases when the sensors were installed in one side of tube 

wall. The multi-dimensional shock interaction is observed in the mixing zone including 

the mixing spot in Fig. 51. These are generated due to the mixing processes between 

spouting hydrogen and air inside the test tube, and the mixing front is considered to be 

concave at the beginning of the busting. The mixing front is more distorted, and the 

mixing spots, which are shown as the dark area in the shadowgraph, are observed 

behind the leading shock wave. Even though the complex mixing takes place behind 

the leading shock wave, no ignition is observed in the tube at this low shock 

compression condition.  

 

 
Figure 54 Leading shock wave and mixing zone model schematic 
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Figure 55 Non-ignition at the burst pressure of 6.5MPa, measured shock wave speed is 
1150 ~ 1350 (average 1250) m/sec, theoretical shock wave speed is 1353 
m/sec. 

 

However, the mixing front becomes flat as the flow moves downstream in Fig. 55. 

The thin and strong mixing spot is developing at the wall behind the mixing front. The 

ignition takes place in a certain induction time, which is indicated as induction time in 

Fig. 48, at the mixing tail region. The light sensor signal captures the ignition at the 

location of L7 earlier than the high-speed camera, less sensitive device than the light 

sensor. Afterwards, the direct image photograph also shows the flame at the lower wall 

boundary of downstream location of the light sensor L8. It is presumed that the 

luminous intensity is very low at the moment of the ignition in this test case, and that 

the flame is developed with enough rapidity to be captured by the high-speed direct 

photograph. The direct image photograph implies that the thin dark area, named as the 

mixing spot, in the shadowgraph is the flame region which is located at the lower side 

of the tube.  
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Figure 56 Self-ignition at the mixing spot in the boundary layer; pressure of 8.0MPa, 
measured shock wave speed is 1250 ~ 1400 (average 1311) m/sec, theoretical 
shock wave speed is 1435 m/sec. 

 

 

On the other hand, the mixing spots are more developed as the burst pressure 

increases due to the strong multi-dimensional shock-shock interaction and the shock-

boundary layer interaction [12-15]. These effects are shown in Figure 56, which 

confirms that the ignition and flame propagation takes place earlier at the increased 

burst pressure of 9.0 MPa. In this case, the large mixing spot, where the highly 

complex mixing of hydrogen and air takes place, is observed as a black and dark region 

behind the leading shock wave in the shadowgraph. In addition, since a dark region is 

spotted in the shadowgraph, it seems possible that the mixing area is developing along 

the boundary layer. The initiation of the ignition takes place at the boundary layer after 

the induction distance behind the mixing front in Figure 55. The ignited flame catches 
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up with the mixing front as the shock wave propagates downstream, and the flame 

spreads to the mixing tail along the boundary layer. Finally, the complete turbulent 

flame is spread throughout all areas around the mixing zone. 

 

 

 

Figure 57 Self-ignition and flame propagation at the burst pressure of 9.0 MPa, 
measured shock wave speed is 1400 ~ 1500 (average 1460) m/sec, theoretical 
shock wave speed is 1483 m/sec, (1) induction distance between the mixing 
front and flame front; (2) turbulent flamelets occasionally shown at the 
boundary layer. 

 



CHAPTER 4. RESULTS AND DISCUSSION 

82 

Several glinting flamelets along the boundary layer are observed, which are 

shown inside the dotted circles in Fig. 57. It is inferred that rotation or dispersion of the 

turbulent induced flame is developed much better than that of the flame in Fig. 3, under 

the highly complex mixing of hydrogen and air along the boundary layer at the high 

burst pressure. In sum, the self-ignition is not observed even though the mixing spots 

develop in the mixing zone at the low burst pressure, while it takes place at the mixing 

spot in the boundary layer of downstream as the burst pressure increases. The ignition 

is also initiated at the complex mixing spots of the boundary layer in the mixing zone 

close to the diaphragm at the high burst pressure. 
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4.4 Self-ignition and flame propagations 

Phenomena of self-ignition are discussed and analyzed based on the pressures of 

shock compression, luminescence signals of ignition, and images of the shadowgraph 

and directed images of flame. The position of the self-ignition, shock wave, 

development of mixing zone shape, and flame propagation are combined all together in 

Figure 58. Self-ignition takes place at the boundary layer mixing zone at first. Flame 

propagates forward center of the mixing front and mixing tail along the boundary layer 

gradually. The flow field of mixing zone is highly turbulent. Therefore flame is not 

stable and glints and rotates. Vigorous flame is developed at the mixing center which is 

conformed from light sensor signal and direct images of high speed photography. 

Highest light signal went along the mixing center of the shadowgraph images.  

Mixing front went further than location of the ideal shock tube contact surface. It 

is also coincident to the explanation of the mechanism for flattening the shock wave at 

the downstream far from the diaphragm. Mixing center can go further to the shockwave 

since static pressure of the center flow is lower than the boundary layer. As shock wave 

propagates further downstream, static pressure difference between center and boundary 

layer flow field makes concaved shock wave flatten. Compressed air between leading 

shock wave and the boundary layer of the front of the mixing zone is squeezed and can 

heat up more than the mixing front flow field. Turbulent and vortex flow field also can 

be developed well due to the speed gradient at the boundary layer. These flow 

characteristics enhance the mixing of the hydrogen and heated up air well. The 

possibility of self-ignition at the boundary layer in the mixing zone is increased when 

the shock compression is not enough to make ignition. 
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Figure 58 The initiation position of the self-ignition, the propagations of the shock 
wave, mixing zone and flame at the burst pressure of 9.0 MPa: (1) shock 
wave, (2) mixing front, (3) flame front, (4) theoretical contact surface, (5) 
mixing center, (6) flame center (peak signal position of the light sensors), (7) 
mixing tail (extinction position of the light sensors); A: un-compressed air; 

B: compressed air; C: mixing and flame zone at the core; D: mixing and 

flame zone at the boundary layer; E: hydrogen expanding zone. 
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Chapter 5. Conclusion 

 

In this study, the self-ignition in a test tube was investigated when the high 

pressure hydrogen gas was suddenly released into the tube by flow visualization 

utilizing the shadowgraph and the high-speed direct photography, and the 

measurements of pressure and light sensors. The ignition position and flame 

propagation was observed by using the combination of the images and the sensor 

signals. The effects of inlet shape and different holding diameter of the diaphragm were 

also investigated using the short nozzle tube.  

The initial ignitions were always observed at the mixing spot in the boundary 

layer of the mixing zone. The flame ignited at the boundary layer follows up the 

mixing front and spreads to the mixing tail of the mixing zone as the shock wave 

moves downstream. It is presumed that the flame along the boundary layer is turbulent 

induced flame, based on the glinting of the flame along the boundary layer. 

The possibilities of ignitions increased with the higher burst pressure and the 

longer tube length because of the increments in shock compression temperature and the 

enhancement of complex multi-dimensional shock interactions along the tube. Shock 

compression at the boundary layer behind of the shock wave can be higher than the 

core compression region since initial concaved shock wave becomes flat shape. Higher 

pressure than center core flow pressure could push forward the retarded shock wave to 

the downstream. Typically, in the case of releasing the hydrogen gas in low burst 

pressures, the ignition took place only when the static wall pressure was above 2.3 MPa. 

The self-ignition inside of the tube was taken place closed to the rupturing plane at this 

pressure level which was strengthened with the short nozzle tube. This result showed 

that boundary of the burst pressure for the self-ignition is more related with the strength 

of the shock compression. Therefore, it is presumed to be the critical pressure for the 

self-ignition inside the tube. 
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Another founding of this study is the relationship of shock strength and opening 

time of the diaphragm. Smaller diameter of diaphragm made the more strong shock 

wave compare to large diameter one. Therefore, soft material, as a high pressure 

releasing device, which has slow bursting time is more safe regarding to prevent self-

ignition when high pressure hydrogen releases into air.  
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소는 차  청 에 지원  소자동차  연료 지  연료라고 

여겨지고 있다. 소  가연범 는 여타 연료들보다  에 소 출

이 생 지 않도  하  한 취 안 마 이 지상 송용 차량 용에 

요하게 다. 액체 소가 단 체 당 에 지를 많 는 하지만 에 지  

하  한 장  단열장  등이 필요하다. 소가스를 700 압 지 

안 하게 장하여 송할  있다면, 액체 소  필 하는 효용  가질 

 있게 다. 라  소가스를 고압상태  장할  있는 용 사용이 

극  액 소 보다 그 효용 이 높다고 할  있다. 그러나 고압 소가 

간  출  , 원인이 불명 한 소  자 가 보고 어 다. 

튜 를 통한 고압 소 출에  자 를 규명하  한 해 인 연

구들에 만 자 과  가시  보여주고 있었다. 상  규명

하  한 실험  생 지역에 한 동가시  연구는 거  행

어 있지 않았다. 본 논  튜 내  동장에 한 가시  연구를 통하여 

자  를 조사하고자 하는 것이다. 즉  과 이 어떻게 생

며 염 는 어떻게 진행 는지를 보여주  한 것이다. 동가시 에 

추가하여 튜 내부  압 과 , 연소  하여 동가시  

결과를 보 하도  하 다. 실험결과를 통하여 에 합 역  경계

에  가 생  보 며, 염  합 역  심  며 

동시에 합 역  경계  라 합 역이 끝나는 역 지 는 것

이 찰 었다. 이러한 실험결과 부  자 는 충격  합 역과 상

 작용에 한 복잡한 합 동에 해 생 다는 것  보여주고 있다. 

한 여러 가지  단압  가한 실험 결과분  통해  경계  동장에

 자 에 필요한 임계 압 이 존재함  알  있었다. 단막  
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구속하는 직경과 소를 도하  한 노즐 상에 한 향평가를 한 

연구가 행 었다. 단막  손 어 열리는 시간과 고압 경에  변  

상태  단막 단면 에 인가 는 고압 소 압 에 지 한 자 에 주

요인자라고 단 었다.   

 

 

주요어: 고압 소, 충격  압축, 자 , 합 역, 충격   

 

학  번: 2008-30854 

 

 

  



 

92 

감사   

 

사 졸업후 20  게 연구개  업 에 게 지내고 나름 연구결과에 

만족하면  지냈 나. 개인 인 공부  시간  갖고 싶  마 과 외 인 

동   등  사공부를 다시 시작하게 었다. 늦  나이에 학  

공부를 통해 각각  학 분야에 한 이해뿐만 아니라 그 분야  본지식, 

원리들  어느 도 암 하고 있어야 한다는 것  알게 었다. 에는 

이해를 했  에 암 할 필요가 없다고 착각했었  것 같다. 

사학  논  한 실험  , 자료조사, 시험장  계 등 자 

진행하면  학  실험실에  사회 생  느낌  실험  하 고 

특히 이 진 사  여러 가지 도움  실험  마 고 결과를 리할  

있게 었다고 생각 며, 본 논  마 면  감사  마  하고자 한다. 

논 주  분야를 시해주시고, 실험결과에 한 검토  지도  

연소학회에 논 이 채택   있도  도 주신 인 님께도 지면  

한한 감사  말씀  드립니다. 늦  나이에 학과공부에 이복직 사, 

돈 사를 롯한 , 지 군 등 후 님들  도움  사히 

마   있었습니다.   

40  이 어느 날 갑자  공부하겠다 하여, 애들 에 큰 학생 지 

뒷 라지 하면 , 등 이다 생  추가 지출에도 크게 개  않고 

히 지원해  집사람에게 고맙고 아이들 공부에 신경 써주진 못한 것에 
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