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ABSTRACT

Paik, Kyong-Yup. M.S.M.E., Purdue University, December 2016. Experimental In-
vestigation of Hot-Jet Ignition of Methane-Hydrogen Mixtures in A Constant-Volume
Combustor. Major Professor: M. Razi Nalim.

Investigations of a constant-volume combustor ignited by a penetrating transient

jet (a puff) of hot reactive gas have been conducted in order to provide vital data

for designing wave rotor combustors. In a wave rotor combustor, a cylindrical drum

with an array of channels arranged around the axis spins at a high rpm to generate

high-temperature and high-pressure product gas. The hot-gas jet ignition method

has been employed to initiate combustion in the channels.

This study aims at experimentally investigating the ignition delay time of a pre-

mixed combustible mixture in a rectangular, constant-volume chamber, representing

one channel of the wave rotor drum. The ignition process may be influenced by the

multiple factors: the equivalence ratio, temperature, and the composition of the fuel

mixture, the temperature and composition of the jet gas, and the peak mass flow

rate of the jet (which depends on diaphragm rupture pressure). In this study, the

main mixture is at room temperature. The jet composition and temperature are de-

termined by its source in a pre-chamber with a hydrogen-methane mixture with an

equivalent ratio of 1.1, and a fuel mixture ratio of 50:50 (CH4:H2 by volume). The

rupture pressure of a diaphragm in the pre-chamber, which is related to the mass

flow rate and temperature of the hot jet, can be controlled by varying the number

of indentations in the diaphragm. The main chamber composition is varied, with

the use of four equivalence ratios (1.0, 0.8, 0.6, and 0.4) and two fuel mixture ratios

(50:50, and 30:70 of CH4:H2 by volume).



xix

The sudden start of the jet upon rupture of the diaphragm causes a shock wave

that precedes the jet and travels along the channel and back after reflection. The

shock strength has an important role in fast ignition since the pressure and the tem-

perature are increased after the shock. The reflected shock pressure was examined

in order to check the variation of the shock strength. However, it is revealed that

the shock strength becomes attenuated compared with the theoretical pressure of the

reflected shock. The gap between theoretical and measured pressures increases with

the increase of the Mach number of the initial shock.

Ignition delay times are obtained using pressure records from two dynamic pressure

transducers installed on the main chamber, as well as high-speed videography using

flame incandescence and Schileren imaging. The ignition delay time is defined in this

research as the time interval from the diaphragm rupture moment to the ignition

moment of the air/fuel mixture in the main chamber. Previous researchers used

the averaged ignition delay time because the diaphragm rupture moment is elusive

considering the structure of the chamber. In this research, the diaphragm rupture

moment is estimated based on the initial shock speed and the longitudinal length

of the main chamber, and validated with the high-speed video images such that the

error between the estimation time and the measured time is within 0.5%. Ignition

delay times decrease with an increase in the amount of hydrogen in the fuel mixture,

the amount of mass of the hot-jet gases from the pre-chamber, and with a decrease

in the equivalence ratio.

A Schlieren system has been established to visualize the characteristics of the

shock wave, and the flame front. Schlieren photography shows the density gradient of

a subject with sharp contrast, including steep density gradients, such as the flame edge

and the shock wave. The flame propagation, gas oscillation, and the shock wave speed

are measured using the Schlieren system. An image processing code using MATLAB

has been developed for measuring the flame front movement from Schlieren images.

The trend of the maximum pressure in the main chamber with respect to the

equivalence ratio and the fuel mixture ratio describes that the equivalence ratio 0.8
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shows the highest maximum pressure, and the fuel ratio 50:50 condition reveals lower

maximum pressure in the main chamber than the 30:70 condition.

After the combustion occurs, the frequency of the pressure oscillation by the

traversing pressure wave increases compared to the frequency before ignition, show-

ing a similar trend with the maximum pressure in the chamber. The frequency is

the fastest at the equivalence ratio of 0.8, and the slowest at a ratio of 0.4. The

fuel ratio 30:70 cases show slightly faster frequencies than 50:50 cases. Two different

combustion behaviors, fast and slow combustion, are observed, and respective char-

acteristics are discussed. The frequency of the flame front oscillation well matches

with that of the pressure oscillation, and it seems that the pressure waves drive the

flame fronts considering the pressure oscillation frequency is somewhat faster. Lastly,

a feedback mechanism between the shock and the flame is suggested to explain the

fast combustion in a constant volume chamber with the shock-flame interactions.
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1. INTRODUCTION

1.1 History of Wave Rotor Developments

Endeavors to develop wave rotor technology have been made since the beginning

of the 20th century [1, 2]. The earliest concept proposed by Knauff in 1906 was the

pressure exchanger, which exchanges pressures between the inlet and outlet ports

using a rotating cellular drum [3]. Burghard in 1913 [4], and Lebre in 1928 [5] also

suggested pressure exchanger concepts, but like Knauff those did not utilize pres-

sure waves in channels. Burghard in 1928 proposed the first wave rotor concept

using pressure waves in both the compression and expansion process [6]. The first

industrial application of the pressure-exchange wave rotor was designed by Claude

Seippel (1940) of Brown Boveri Company, which was used as a high-pressure stage

for a British Railways locomotive gas turbine [7]. A more developed model, a pres-

sure wave super-charger for diesel engines, was first manufactured by the ITE Circuit

Breaker Company in the U.S. [8]. This successful application led to the development

of passenger car diesel engine superchargers by Comprex, being used in several car

manufacturers such as Opel, Mazda, Mercedes-Benz, Peugeot, and Ferrari until the

late 1980s [9]. Developments of wave rotor technology as gas turbine applications have

progressed in parallel with car engines. Jendrassik in 1956 [10] proposed the wave

rotor as a high-pressure stage of early aircraft engines, and a unique wave rotor was

designed by Pearson in 1983, which has helical channels to produce shaft work [11].

Another new concept of the wave rotor was studied by General Electric Company in

1956 [12] that combustion occurs inside the rotor channels, enabling a reduction in

the size and weight of the engines. Rolls-Royce began the research on the wave rotor

in the mid-1960s to design a small helicopter engine [13]. From the late 1980s to

present, working with Cornell University and NASA Glenn Research Center, Rolls-
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Royce in Indianapolis, USA, has worked on wave rotor technology for future aircraft

propulsion systems [14]. The present effort at Indiana University Purdue University

Indianapolis has benefited from long-standing collaborations with Rolls-Royce and

NASA Glenn.

1.2 Operating Principle of Wave Rotor Combustors

Skimming through the history of the wave rotor development shows that the wave

rotor can be classified in two forms: the pressure exchange wave rotor, and the wave

rotor combustor. The main purpose of the former is to exchange different pressure

levels between fluids. Due to the sudden opening and closing ports, compression and

expansion waves are generated, acting like a piston. Further information regarding

the pressure exchange wave rotor is described in [15]. The later one, the wave rotor

combustor, is the model for the current study that has a similar condition with the

pressure exchanger that gas dynamic waves play a vital role in the channels. However,

the key feature is that it includes a constant-volume combustion process, which is the

purpose of the wave rotor combustor.

When constant-volume combustion is substituted for the constant-pressure com-

bustion process of a Brayton cycle engine, it becomes the Humphrey thermodynamic

cycle [16]. Figure 1.1 illustrates temperature-entropy (T-s) diagrams of the Humphrey

cycle (1-2-3-4) and the Brayton cycle (1-2-3b-4b) for fixed inlet temperatures and out-

let pressures. Considering heat addition processes for both cycles, the Humphrey cycle

follows a constant-volume heat addition line (2-3) while the Brayton cycle follows a

constant-pressure heat addition line (2-3b). This difference causes the Humphrey

cycle to gain pressure, and reduce the entropy production compared to the Brayton

cycle, yielding greater system power output and cycle efficiency for fixed energy input.

According to Akbari [15], the ideal Humphrey cycle represents about 25% reduction

in entropy production with respect to the same temperature condition of the Brayton

cycle, presenting considerable thermodynamic efficiency potential.
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Fig. 1.1. Comparison of Humphrey cycle (1-2-3-4) with Brayton cycle
(1-2-3b-4b) [17]
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The wave rotor combustor consists of a cylindrical drum with an array of channels

arranged around the axis, two stationary endplates with the partial-annular inlet and

outlet ports, and an ignitor on the exit endplate as shown in Figure 1.2. Figure 1.3

illustrates the operating cycle of a simple wave rotor combustor, showing a succes-

sive process taking place inside a single channel. A rotating motion of a channel is

expressed as a vertical motion in the upwards direction. This explanation for the

process begins at the state that both inlet and outlet ports open. The channel is

filled with an air/fuel mixture through the inlet port, and releases the product gas

of high pressure and temperature through the exit port. As the channel moves up-

ward, the outlet port is suddenly closed, creating a compressive wave, often referred

to as a hammer shock, which propagates from the outlet port to the inlet port, but

the inlet port is closed just as the hammer shock arrives, trapping the compressed

mixture in the channel [18]. Figure 1.3 shows a hypothetical ignition event occur-

ring in the center of the channel, but a more practical ignition method is the use

of a transient jet or puff of hot gas injected from a torch igniter at one end wall or

both end walls. When the channel reaches the torch ignitor, the mixture is ignited

by mixing of mixture with hot gas, and completely combusted under the constant-

volume condition at state B, obtaining higher temperature and pressure compared to

the constant-pressure condition as discussed above. When the channel arrives at the

outlet port, the sudden pressure drop generates expansion waves propagating toward

the inlet port, accelerating the purging process of the product gas through the outlet

port. The inlet port is precisely located to use the pressure rarefaction by expansion

waves, helping the fresh air/fuel mixture sweep into the channel after the state C, and

then the state of the channel returns to the beginning. Considering the time scales of

the inherent gas dynamic process, rapid ignition and combustion are required. This

also helps reduce nitrogen oxide (NOx) emissions of the product gas [19].
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Fig. 1.2. Schematic configuration of a wave rotor combustion from
inlet (top) and exit (bottom) views [15]
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Fig. 1.3. Schematic developed view of a wave-rotor combustor [17]
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1.3 Previous Research

1.3.1 Hot-Jet Ignition

For rapid ignition, or short ignition delay time, the hot-jet ignition method has

been shown to be effective for premixed combustible mixtures in basic experiments

where a pre-chamber is used to supply the jet. Fast turbulent mixing in the jets

create a substantial mass of ignitable mixture that can ignite quickly with the help of

chemically active radicals from the torch igniter. Thus it is more energetic than the

conventional spark ignition method [20]. Higelin [21] and Ma [22] also reported that

radical injection with high energy from the pre-chamber can overcome the relatively

slow combustion velocity in lean mixtures. Elhsnawi [23] who experimentally investi-

gated the hot inert gas (argon or nitrogen) injection into a hydrogen-oxygen mixture

reported that ignition occurs in the turbulent mixing zone at the edge of the jet. How-

ever, in experiments of hot jet ignition using hydrogen/air (27% / 72% by volume)

mixtures for both chambers, Sadanandan [24] observed that ignition occurs near the

jet tip, and not at the lateral sides of the jet. Iglesias [25] indicated that ignition is

more dependent on variations in the diffusivity of the reactant than the jet Reynolds

number. In other words, ignition tends to occur in the lateral sides of the jet when

the Lewis number of the reactant, which represents the ratio of thermal diffusivity to

mass diffusivity of the reactant mixture, is of the order of, or larger than unity, while

ignition occurs in the jet tip for very diffusive fuels, like hydrogen, with the Lewis

number smaller than unity. Bilgin [26] developed a test rig for the constant-volume

combustion experiment, which consists of a rotary pre-chamber and a stationary main

chamber. The author proposed a correlation between the Damkohler number, which

characterizes the ratio of the flow time scale to the chemical time scale, and ignition of

an air/fuel mixture. According to the author, the far-field and long-pulse Damkohler

numbers were more suitable to predict ignition success for the stationary experiments,

and temperature of the jet had more influence on the ignition than the effect of noz-

zle geometry. From the previous literature research on the hot-jet ignition, the Lewis
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number, the Damkohler number, amounts of radicals in the jet, and temperature of

the jet simultaneously determine ignitability in a constant-volume channel.

1.3.2 Ignition Delay Time

The ignition delay time is a fundamental characteristic parameter for understand-

ing combustion initiation. The ignition mechanism can include physical and chemical

reaction processes, and requires knowledge of physical transport models and chemical

kinetic models. The definition of ignition delay time varies with physical conditions

of the experiment in that the direct cause of ignition is diverse for each condition.

The ignition delay time in a diesel engine is defined as the time interval between the

start of injection and the ignition, which includes two simultaneous delays, a physi-

cal delay of atomization, vaporization, and mixing of air/fuel, and a chemical delay

attributed to pre-combustion reactions [27]. For the shock tube ignition experiments

using premixed reactants, the ignition delay time is pure chemical. It is defined as

the time interval between the arrival of the primary shock wave at the end wall and

the measured pressure spike due to ignition, as illustrated in Figure 1.4 [28], since the

ignition is induced by temperature and density rise from the reflected shock wave.

In hot-jet studies, considering that the ignition occurs by the hot-reactive jet, the

ignition delay time is defined as the time from jet initiation to the ignition moment

in the constant-volume chamber [17].

The ignition delay time is a fundamental characteristic parameter for understand-

ing the ignition mechanism, analyzing the chemical reaction process, and validating

chemical kinetic models. The definition of ignition delay time varies with physical

conditions of the experiment in that the direct cause of ignition is diverse for each

condition. The ignition delay time in a diesel engine is defined as the time inter-

val between the start of injection and the ignition, which includes two simultaneous

delays, a physical delay of atomization, vaporization, and mixing of air-fuel, and a

chemical delay attributed to pre-combustion reactions [27]. For the shock tube igni-
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tion experiments, the ignition delay time is defined as the time interval between the

arrival of the primary shock wave at the end wall and the arrival of the Von Neumann

spike due to ignition, as illustrated in Figure 1.4 [28], since the ignition is induced

by pressure and temperature rises from the reflected shock wave. In hot-jet studies,

considering that the ignition occurs by the hot-reactive jet, the ignition delay time is

defined as the time from jet initiation to the ignition moment in the constant-volume

chamber [17].

The ignition event can be identified from a pressure trace with high time-resolution

using a dynamic pressure transducer, or measuring the emission of specific species such

as OH, CH, and C2 radicals using a photomultiplier, or a CCD camera with spectral

filters. Davidson [29] reported that a sudden pressure rise is a good indicator of the

ignition event in general, and CH and OH mole fraction histories can be a clear sign

of ignition. In this study, the definition of the ignition delay time used by Perera [17]

has been applied. It is measured using pressure traces, and validated by high speed

video images.
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Fig. 1.4. An example of end wall pressure trace from a shock tube experiment [28]
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1.3.3 Lean Premixed Methane-Hydrogen-Air Flames

The combustion of natural gas produces fewer emissions of carbon related species

compared to that of gasoline and the other gas oil fuels [30]. Thus, natural gas is

admitted as one of the beneficial fuels for engines and industrial boilers. Methane, the

main component of natural gas, had been considered as a main fuel for this research in

that it is more abundant than other hydrocarbon fuels, such as ethylene and propane.

However, methane has some drawbacks, such as slow burning velocity, low thermal

efficiency, and poor lean-burn capability, which reduce the engine power output and

the fuel efficiency [31,32].

The operating temperature of the actual wave rotor is much higher than room

temperature because the channel walls are heated up by the combustion processes

and there is hot residual gas after the outlet ports are closed. Therefore, temperature

of the fresh mixture increases by heat transfer from the walls and mixing with hot

residual gas. This higher initial temperature condition allows a methane-air mixture

to create a faster kinetic regime in which we are interested. In order to simulate

the fast ignition chemical kinetics using methane in a laboratory condition without

increasing the initial temperature, mixing methane with a fuel having a characteristic

of high burning velocity can be one of solutions. Hydrogen has been considered as

a feasible additive to enhance the combustion of methane due to its high burning

speed, which can speed up the combustion process of methane [33, 34]. Thus, the

hydrogen-methane-air mixture is selected as a reactant blend for the current study.

Zhang [35] performed experimental and modeling investigations on chemical auto-

ignition characteristics of methane/hydrogen mixtures. Hydrogen mole fraction was

varied from 0 to 100% in shock tube experiments, pressure was kept 1.8 MPa, and

temperature behind reflected shock waves were in the range of 900-1750 K. Equiv-

alence ratios, 0.5, 1.0, and 2.0 were investigated. USC Mech 2.0 was selected to

conduct sensitivity analysis. At T=1400 K, and 80% CH4/20% H2 conditions, R1,

R93, R96 are the main ignition promotion reactions. The sensitivity coefficients of
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ignition promotion reactions R1 decreases with an increase in equivalence ratio, thus

the chain branching efficiency is inhibited through reaction R1, decreasing the acceler-

ated rate of total reaction. The reactions R93 and R96, which produce CH3O radical,

promote the ignition since free radicals, O and OH, are produces by consuming the

CH3 radical respectively. The sensitivity coefficient of these reactions, R93 and R96,

also decrease with an increase in the equivalence ratio, leading to the weakening on

accelerated ignition tendency. Overall, the ignition of the mixtures is inhibited with

an increase in the equivalence ratio, which is consistent to the experimental results

in Figure 1.5. At lower temperatures, T=930K, R96 plays a vital role as the ignition

promotion reaction, and the sensitivity coefficient of R96 decreases with an increase

in the equivalence ratio, weakening the ignition promotion effect at higher equivalence

ratios. Other ignition promotion reactions, R86 and R94, also show the similar ten-

dency with R96. The chain termination reaction R104 plays as the ignition inhibition

reaction, and its sensitivity coefficient increases with an increase in the equivalence

ratio, restricting ignition. Therefore, the ignition delay time is increased with an

increase in the equivalence ratio for low temperatures.

H +O2 ⇐⇒ O +OH (R1)

OH +OH +M ⇐⇒ H2O2 +M (R14)

HO2 +HO2 ⇐⇒ O2 +H2O2 (R19)

H2O2 +H ⇐⇒ HO2 +H2 (R25)

CH2O +HO2 ⇐⇒ HCO +H2O2 (R86)

CH3 +O2 ⇐⇒ O + CH3O (R93)

CH3 +O2 ⇐⇒ OH + CH2O (R94)

CH3 +HO2 ⇐⇒ CH3O +OH (R96)

CH3 +H2O2 ⇐⇒ CH4 +HO2 (R97)

CH3 + CH3 +M ⇐⇒ C2H6 +M (R104)
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Fig. 1.5. Effects of equivalence ratio on ignition for methane domi-
nating ignition, 80% CH4/20% H2 [35]
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At T=1400 K, and 40% CH4/60% H2 conditions, most of key elementary reactions

are from methane chemistry; therefore, the tendency of the ignition delay time on the

equivalence ratio is similar to the reaction system in methane chemistry dominating

ignition. At T=930 K, and 40% CH4/60% H2 conditions, however, the hydrogen

chemistry becomes more important. The termolecular reaction R14, producing the

H2O2 radical, provides the contributions toward two different aspects. R25 and R97,

which enhance the ignition, are promoted, and the sensitivity coefficient of those

increases with an increase in the equivalence ratio, enhancing the ignition promotion

effect. At the same time, the ignition inhibition reaction R19 is also promoted by R25

generating HO2, and the sensitivity coefficient of R19 increases with an increase in the

equivalence ratio, weakening the ignition promotion effect. As a result, the ignition

delay time is insensitive to the equivalence ratio at low temperatures for the 40%

CH4/60% H2 mixture, this is validated by the experimental results in Figure 1.6. To

summarize, the ignition delay time increases with the increase of the equivalence ratio

under conditions where the methane chemistry dominates the ignition regime. The

ignition delay time is relatively insensitive to the equivalence ratio under conditions

where the combined chemistry of methane and hydrogen dominates ignition regimes.
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Fig. 1.6. Effects of equivalence ratio on ignition for hydrogen and
methane dominating ignition, 40% CH4/60% H2 [35]
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1.3.4 Schlieren Photography Technique

Schlieren imaging systems have been primarily applied to conduct qualitative vi-

sual studies as a straightforward tool, providing an informative, non-intrusive method

for studying phenomena in transparent optically accessible media [36]. Since this tech-

nique is sensitive to density changes, and does not interfere with flow, it has been

widely used in fluid dynamics studies [37, 38]. In order to measure the flame propa-

gation speed, and the interaction between shock waves and the flame front, Schlieren

photography technique is selected for the current research. Schlieren photography

enables images to be obtained of light intensity variation due to the deflection of light

rays by density gradients of the object as illustrated in Figure 1.7.

When light passes a medium with density, the speed of light can be expressed

as [39]:

C = C0/n (1.1)

where C is a speed of light in a medium, C0 is a speed of light in a vacuum (C0=3∗108

m/s), and n is a local index of refraction. The refraction index is a function of

density [39],

n = 1 + (n0 − 1)(ρ/ρ0) (1.2)

where n0 is index of refraction of the medium at 1 atm and 0 ◦C, and ρ0 is density of

the medium at 1 atm and 0 ◦C. The refraction index is always higher than unity, so

the speed of light in a medium is slower than the speed of light in a vacuum. If two

light rays pass a medium with a density gradient like Figure 1.8, speeds of two light

rays are different due to the density difference.



17

Fig. 1.7. Light ray deflection by density gradients

Fig. 1.8. The variation of the speeds of two light rays by the density difference
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This speed variation yields an angle change between point 1 and 2 like Figure 1.9,

which can be expressed as:

dφ = φ2 − φ1 =
τlight(CA − CB)

dy
= τlight(−

dC

dy
) (1.3)

and the light travelling time τlight is:

dx = τlight
CA + CB

2
= τlight ∗ C (1.4)

τlight =
dx

C
(1.5)

Applying Eq. (1.5) to Eq. (1.3) gives,

dφ =
dx

C
(−C

y
) (1.6)

or,

dφ

dx
= − 1

C

dC

dy
(1.7)

From Figure 1.9,

tanφ ≈ φ =
dy

dx
(1.8)

dφ

dx
=
d2y

dx2
(1.9)

Applying Eq. (1.9) to (1.7) gives,

d2y

dx2
= − 1

C

dC

dy
(1.10)

and,

dC

dy
=
dC

dρ

dρ

dy
=

−C(n0−1
ρ0

)

1 + (n0 − 1) ρ
ρ0

dρ

dy
(1.11)

Applying Eq. (1.11) to Eq. (1.10) gives,
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d2y

dx2
=

1

1 + (n0 − 1) ρ
ρ0

n0 − 1

ρ0

dρ

dy
(1.12)

and,

d2y

dx2
=
n0 − 1

ρ0

dρ

dy
(1.13)

Eq. (1.13) is the light ray equation [40].

If ρ is constant, dρ
dy

= 0 from Eq. (1.13); therefore, d
2y
dx2

= 0, which gives y = Ax+B,

that light path is linear in constant density, and this can be used to derive Snell′s

law,

n1sinθ1 = n2sinθ2 (1.14)



20

Fig. 1.9. Angle change between point 1 and 2 by the light ray deflection

Fig. 1.10. Snell′s law
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If parallel light rays pass a medium with a density gradient, as illustrated in Figure

1.11, light rays are overlapped at the higher density region, making a bright line, and

there is no light at the lower density region, making a dark line. For the shadowgraph

technique, white lines indicate higher density regions, and black lines indicate lower

density regions like in Figure 1.12

A typical Schlieren setup, illustrated in Figure 1.13, consists of a light source, two

lenses making collimated light, and a knife edge. The knife edge cuts off light rays that

are deflected toward it, and illuminace levels of the Schlieren and the shadowgraph

methods correspond to the first-order density-gradient and the second-order density-

gradient, respectively [41], so the Schlieren technique makes more striking images than

the shadowgraph like Figure 1.15. Contrast of a Schlieren image can be expressed

as [42]:

Contrast =
2f2 + l

h1
· L(n0 − 1)

ρ0
· dρ
dy

(1.15)

where f2 is a focal length of the second lens, l is a distance between the two lenses,

L is a test region length, and h1 is an original size of the light source. In order to

increase contrast, the focal length of the lens, the distance between two lenses, and

the density gradient of the object should be larger, and the size of the original light

source should be smaller. Considering the effect of h1, laser light is an ideal point

source, and Z-type Schlieren system using two mirrors, as shown in Figure 1.14, is

mainly applied to increase f2 , and l, as much as possible for a limited laboratory

space.
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Fig. 1.11. Contrast caused by light deflection

Fig. 1.12. Example of the shadowgraph
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Fig. 1.13. Schlieren setup

Fig. 1.14. Z-type Schlieren setup
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Fig. 1.15. Comparison of Schlieren and shadowgraph images (a)
Schlieren image of turbulent helium jet (b) shadowgraph image of
the same jet [43]



25

1.4 Scope of the Present Research

The objective of the current research is to comprehend the effect of the di-

aphragm rupture pressure, the equivalence ratio, and the amount of hydrogen in

the methane/air mixture on the characteristics of ignition and combustion of the

methane-hydrogen-air mixture. This research is continued from experimental pro-

cedures, and results established by Pereras [17] work on stationary hot-jet ignition

experiments, and Chinnathambis [44] work on traversing hot-jet ignition experiments.

In order to control the diaphragm rupture pressure, the number of indentations on

the diaphragm varies from two to six times. Both chambers are stationary, and the

main chamber fuel/air mixture is maintained at atmospheric pressure and room tem-

perature throughout the study. The hydrogen volume fraction in the fuel mixture is

decided as 50%, and 70% to compare with Nazmuzzamans [45] numerical results. A

new methodology of measuring the ignition delay time using two pressure transducers

is established, and validated by comparing with the high-speed video images. With

this method measuring ignition delay time, effects of the equivalence ratio, the hy-

drogen content in a gas mixture, and the rupture pressure on the ignition delay time

are examined. Reflected shock pressure is investigated based on the data of mea-

sured primary shock speeds, and the reasons of pressure attenuation of the reflected

shock are discussed. An image processing code is developed to extract the flame front

images from high-speed Schlieren images, and those images are used to obtain the

data of flame propagation speed, and flame oscillation frequency. Lastly, a feedback

mechanism between the shock and the flame is discussed to figure out what makes

the fast combustion condition. These results may be useful to design hot-reactive jet

ignition type constant-volume combustors.
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2. EXPERIMENTAL SETUP AND PROCEDURE

The previous version of a wave-rotor constant volume ignition and combustion rig was

designed by Bilgin [26] at the University of Washington, and the rig was improved by

Perera [17], Chinnathambi [44], and Murphy [46] at the Combustion and Propulsion

Research Laboratory (CPRL) at Purdue University Indianapolis. The single-channel

rig consists of the pre-chamber, and the main chamber as illustrated in Figure 2.1.

The pre-chamber is mounted on a shaft to be rotated by an electrical motor via a belt-

drive for simulating a relative motion between a traversing hot-jet injection source

and a channel in the wave-rotor drum. In the current work, the pre-chamber and

thus the injected jet is stationary for all cases conducted in the current study, as the

focus is on the fuel mixtures and optical techniques. In future studies, traversing jet

ignition studies using a rotating pre-chamber may be accomplished. This may require

better control of leakage between two chambers when rotating the pre-chamber.
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Fig. 2.1. Combustion chambers in the wave-rotor constant volume
ignition and combustion rig
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2.1 Pre-Chamber

The cylindrical pre-chamber produces hot combustion products by igniting a pri-

mary air-fuel mixture using a spark plug. Then the hot combustion products con-

taining radicals are injected into the main chamber through a converging nozzle. The

pre-chamber consists of three parts, a front plate, a middle ring, and a rear plate,

made of stainless steel; the internal diameter, width, and volume are 6.519 inches,

1.536 inches, and 51.27 cubic inches, respectively. This nominal volume does not

account for the space occupied by the heads of bolts that secure the pre-chamber to

the rear plate backing. Further details, including drawings, on the dimension of the

pre-chamber are discussed in [17], and [44]. Two fueling ports are located on the rear

plate, and two identical cylindrical stepped cut-outs on the front plate shown in Fig-

ure 2.2, ensuring static and dynamic balance of the pre-chamber for stationary and

rotary test conditions. One hole is used for the nozzle insert assembly, and another

hole is used to mount a sealing cover without any hole, or a pressure transducer insert

only for the stationary test.
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Fig. 2.2. Front plate of the pre-chamber with nozzle insert on the
right, and pressure transducer insert on the left
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2.1.1 Spark Plug

A spark plug, Champion model RC11ZYC4, with a single side electrode and 1

mm spark gap is installed at the center of the rear plate inside the pre-chamber. The

electric current to the spark plug is synchronized with the high speed camera and

the pressure transducer data acquisition system. Thus, when the current of electrons

surges across the gap, it triggers recordings of the high speed camera, and the pressure

signals simultaneously.

2.1.2 Nozzle

Different nozzle inserts with varying cross-sectional areas and geometries had been

tested by Perera [17], and Bilgin [26]. A nozzle insert with exit diameter of 0.2362

inches (6 mm), as shown in Figure 2.3, has been selected for the current research

because it showed the minimum ignition delay time among tested nozzle inserts [17].
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Fig. 2.3. Selected nozzle insert dimensions [17]
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2.1.3 Diaphragm

A breakable diaphragm is used to isolate the pre-chamber from the main chamber

by blocking the nozzle until it bursts due to combustion-developed pressure. This

achieves an independent air-fuel condition when filling the pre-chamber. As Figure

2.4 shows, the nozzle insert assembly consists of three parts, a nozzle insert, a di-

aphragm, and a nozzle plate. The diaphragm is installed between the nozzle insert

and the plate. After assembling the nozzle insert, it is fixed into the pre-chamber

nozzle cavity. Perera [17] tested several diaphragms with different thicknesses and

materials, and concluded that Aluminum alloy 1100 as the diaphragm material with

a thickness of 0.003±0.0003 inches is suitable for the current setup whereas thicker

diaphragms, 0.004 inches and 0.005 inches, were not ruptured under the desired pre-

chamber combustion condition. In addition, Mylar R© polyester (PET) film tried as

a diaphragm was melted by the combustion heat release, and was not ruptured by

the pressure rise, causing an extended diaphragm rupture time. Moreover, the melt-

ing of the polyester film produces chemical species, which may cause experimental

uncertainties that cannot be clarified with the current experimental setup.

The diaphragm is scored using the ScoreOne 50050 glass cutter to promote rup-

turing of diaphragm into four symmetric petals as illustrated in Figure 2.5. If the

rupture pattern is like 2 petals, or 3 petals after the test, the result from the test

is abandoned since these asymmetrical rupture patterns cause variations in the flow

field and properties of the hot-reactive jet affecting the ignition in the main chamber.

However, even with apparently symmetric rupture observed post-test, it is difficult to

quantify the diaphragm rupture process. Figure 2.6 is obtained by setting the high

speed camera in front of the nozzle to take images of the diaphragm rupture moment,

showing that most of diaphragms rupture in a cross form like Figure 2.6 (a), but

5% of cases rupture in sequence like Figure 2.6 (b). It seems that the diaphragm

ruptures into 2 or 3 petals first, and then the flow passing the nozzle tears the untorn

part. Although both cases show the four-petal shapes after tests, the untorn part of
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the delayed rupture case may cause pressure drop, decreasing the flow rate through

the nozzle, and hence the ignition delay time increases. Shallower indentation of the

diaphragm tends to cause delayed rupture case. Therefore, a diaphragm should be

scored with the enough indentation depth for better repeatability.

Perera [17] also discussed an issue of the diaphragm debris because of which some

visible particles were detected by the high speed camera, and those particles were

prompting the ignition in the main chamber. The author considered these particles

the diaphragm debris, so he excluded the test cases with the visible particles in

the high speed images. However, it is found that particles are present with and

without the diaphragm as shown in Figure 2.7. Since the pre-chamber experiences

fuel-rich premixed combustion, the critical C/O ratio for soot formation is satisfied,

and therefore, soot nuclei formed by chemical reactions may become large enough to

survive the re-burning process. The particles continue to grow, and begin to coagulate

to form chain agglomerates [47]. When particles pass through the cold nozzle surface,

they may agglomerate due to sudden heat loss to the nozzle surface, creating visible

illuminating particles. To conclude, this phenomenon may be a natural consequence

of the fuel-rich premixed combustion, and the case including this phenomenon should

not be excluded.
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Fig. 2.4. Nozzle insert, scored diaphragm, nozzle plate, and nozzle
insert assembly (from left)

Fig. 2.5. Diaphragm rupture patterns [17]

Fig. 2.6. Diaphragm rupture process, Φ=1.1, and Ψ=1
(CH4:H2=50:50) (a) rupture with a cross form (b) delayed rupture
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Fig. 2.7. Path lines of the visible particles from the nozzle on the pre-
chamber, Φ=1.1, and Ψ=1 (CH4:H2=50:50) (a) with a diaphragm (b)
without a diaphragm
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2.2 Pre-Chamber Ignition System

The pre-chamber ignition system is employed to generate spark ignition in the

pre-chamber. Figure 2.8 illustrates the ignition system including connections and

components. The main components of the ignition system are the power source, the

trigger button, the capacitive discharge ignition (CDI) controller, the ignition coil,

and the spark plug. Perera [17] and Chinnathambi [44] used a 12 V battery as a

power source, but it was inconvenient to use since the voltage of the battery drops

after using it for hours, and cannot produce a spark when the voltage is less than 10

V. Whenever it happens, the battery needs to be recharged. Therefore, the battery

was replaced with an AC/DC transformer from 120 VAC to 12 VDC. The trigger

button is placed on a remote control box, which is located in an adjacent room to the

laboratory room for safety. The remote control box contains several other features to

bring all controls required for the experiment, such as control of pre-chamber rotation

speed, and a pre-chamber brake. The current study deals only with the stationary

pre-chamber condition, so those features are not discussed here. Detailed features of

the remote control box are described in Chinnathambi [44]. An MSD 6AL unit is used

as the CDI controller, which can make extremely quick compensations to the output

voltage, multiple spark series, timing and rpm limits while maintaining precise timing

and accurate rotation speed. A capacitor inside the CDI controller is quickly charged

with 520 - 535 V and stores the voltage until the ignition is triggered. The voltage

sent to the ignition coil positive terminal is always at full power even at high rpm, so

the MSD controller produces full power multiple sparks for each firing of a plug. The

ignition coil, MSD Blaster 2, increases the voltage from the ignition controller up to

45,000 V to create an electric spark in the spark plug. The high-tension cable from

the ignition coil is connected to a copper rod that is installed in an axial hole along

the pre-chamber shaft. An acrylic tube provided by Plexiglass is used to insulate the

copper rod, avoiding sparking between the copper rod and the steel drive shaft. The

spark plug, RC11ZYC4, is installed at the end of the copper rod.
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Fig. 2.8. Schematic diagram of the pre-chamber ignition system
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2.3 Main Chamber

The main chamber, in Figure 2.1, is a cuboid assembly made of aluminum alloy

6061. The chamber has a long channel with a square cross-section of 1.57 x 1.57

inches, and the length is 16 inches. Two sides of the channel are composed of optical

access windows allowing light pass through the channel for the Schlieren photography.

The two windows are made of quartz, provided by Quality Quartz Engineering, with a

thickness of 1 inch for enduring the combustion pressure in the main chamber. There

are two dynamic pressure transducers, PCB 113B32, installed on the main chamber

surface. In previous work, all pressure sensors were flush mounted on the top wall,

but this setup caused premature failure of all sensors due to heat damage. In the

current setup, one transducer is mounted on a pressure probe assembly (described

in section 2.6.4), which is located on the top of the chamber, to avoid heat damage

from the combustion. The other is flush mounted on the end wall of the chamber

since the flame front does not reach to the end wall. A fueling port is located on the

top wall at a distance of 14 inches from the main chamber entrance. The locations

of pressure transducers and the fueling port are illustrated in Figure 2.9. The main

chamber assembly is mounted on a sliding bed, which enables a horizontal movement

of the main chamber, providing a sufficient clearance to access the front surface of

the pre-chamber. When conducting a test, both chambers are attached tightly using

two bolts below the main chamber and a clamping tool behind the main chamber. A

sealing ring assembly is located between two chambers, preventing leakage from the

main chamber, so that very nearly constant-volume combustion takes place in the

main chamber, except for mass exchange with the pre-chamber.
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Fig. 2.9. Locations of pressure transducers and a fueling port on the main chamber
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2.4 Ignition Process

As shown in Figure 2.10 (a), the hydrogen-methane-air mixture in the pre-chamber

is ignited by the spark plug. A pre-mixed flame then propagates spherically with the

spark plug at the center, consuming the unburned mixture. Due to a temperature

increase by combustion, pressure builds up inside the pre-chamber, and at a certain

level of the pressure, a diaphragm is ruptured, so the hot product gas containing

radicals is injected into the main chamber through a nozzle as Figure 2.10 (c).

When the diaphragm ruptures, a sudden pressure change across the nozzle gen-

erates an initial shock wave. This shock wave is travelling inside the main chamber

back and forth, increasing temperature and pressure gradually. In a shock tube ex-

periment, a reflected shock wave ignites a combustible mixture. While shock waves

are traversing the chamber, ignition of the hydrogen-methane-air mixture in the main

chamber takes place by the hot-jet from the nozzle as illustrated in Figure 2.11 (b).

A flame propagates from the ignition point, and later is subject to shock-flame in-

teractions when the initial shock reflects at the end walls and refracts at density

interfaces. The resulting multiple waves cause the gas in the chamber to move lon-

gitudinally back and forth, causing an apparent flame motion upon which the actual

flame propagation is superimposed.
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Fig. 2.10. Pre-chamber ignition process

Fig. 2.11. Main chamber ignition process
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2.5 Fueling System

Perera [17], and Chinnathambi [44] used the partial pressure method to fuel both

chambers. In order to use the partial pressure method, which applied to the previous

studies, leakage from the system should not exist during filling, since any leak in the

system causes a serious increase of uncertainty on the desired air/fuel ratio. The

leakage rate of the pre-chamber is about 0.001 psi/min when a vacuum of about -19

psig is created, and the fueling process of the pre-chamber finishes within 2 min.

Thus the partial pressure method described in Perera [17], and Chinnathambi [44]

still can apply to the pre-chamber fueling for the current study. However, after the

main chamber was dismantled to install a heater inside, the leakage rate of the main

chamber was about 0.02 psi/min. Therefore, another method should be adopted to

make a desired air/fuel ratio in the main chamber while air leaks in. Therefore,

each chamber is fueled by different means in the current study. The details of the

current fueling strategy will be discussed in the next sections. Both fuels, methane

and hydrogen, are supplied by Praxair, and the specifications are described in Table

2.1.
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Table 2.1
Fuel specifications
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2.5.1 Pre-Chamber Fueling

Figure 2.12 shows the fueling system of the pre-chamber. First, most of air in

the pre-chamber is removed using a vacuum pump until the pressure gauge indicates

around -10 psi. Second, hydrogen is supplied slowly and precisely using a choke valve

until the pressure inside the chamber reaches the desired value on the pressure table.

Third, methane is supplied in the same way. After supplying both fuels, the pressure

gauge still shows a negative value. Lastly, opening the ambient air valve, deficient

pressure is filled by ambient air until the gauge pressure reaches 0 psi, achieving the

desired equivalence ratio, and ambient pressure condition in the pre-chamber .

Daltons partial pressure law states that the total pressure of a mixture of gases is

equal to the sum of the partial pressure of the individual gases if gases are occupying

the same volume.

P = ΣPi = ΣχiP (2.1)

Assuming that all components of the gas mixture occupy the same volume, P is

total pressure of the gas mixture, Pi is the partial pressure of the ith component

in the mixture, and χi is the mixture concentration in mole fractions. The desired

equivalence ratio is determined as follows,

Φ =
(A/F )stoic
(A/F )actual

(2.2)

where (A/F) is the actual air/fuel mass ratio, and (A/F)stoic is the stoichiometric

air/fuel mass ratio. Air is assumed to be a mixture of one mole of O2 and 3.76 moles

of N2. For the fuel mixture of hydrocarbon and hydrogen, the stoichiometric chemical

reaction equation of the combustion between the fuel and air would be,

NH2H2 +NCH4 + a(O2 + 3.76N2)→ xCO2 + yH2O + a3.76N2 (2.3)

where Ni is the number of moles of a component i, x is ΨNH2 , and y is NH2 + 2ΨNH2 .
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Fig. 2.12. Schematic diagram of the pre-chamber fueling system
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Introducing a fuel ratio,

Ψ =
NCH4

NH2

(2.4)

Therefore, the stoichiometric air/fuel ratio is,

(A/F )stoic =
4.76 ∗ a ∗MWair

NH2MWH2 +NCH4MWCH4

(2.5)

From the law of conservation of moles,

a = 2NCH4 =
NH2

2
(2.6)

The desired air/fuel ratio can be represented as,

(A/F )actual =
4.76 ∗ b ∗MWair

NH2MWH2 +NCH4MWCH4

(2.7)

Using Eq. (2.2), the unknown b can be obtained as,

Φ =
(A/F )stoic
(A/F )actual

=
2NCH4 + 0.5NH2

b
(2.8)

b =
2NCH4 + 0.5NH2

Φ
(2.9)

Thus, the moles of air in the chamber is,

Nair = 4.76 ∗ b = 4.76 ∗ 2NCH4 + 0.5NH2

Φ
(2.10)

The total moles of the air/fuel mixture can be expressed as,

Ntotal = NH2 +NCH4 +Nair = NH2(1 + Ψ + 4.76 ∗ 0.5 + 2Ψ

Φ
) (2.11)

From Eq. (2.1), the partial pressure of each fuel gas is,

PH2 =
NH2

Ntotal

P =
Φ

Φ(1 + Ψ) + 4.76(0.5 + 2Ψ)
P (2.12)
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PCH4 =
ΨNH2

Ntotal

P =
ΨΦ

Φ(1 + Ψ) + 4.76(0.5 + 2Ψ)
P (2.13)

Therefore, if the pre-chamber pressure is Presidual after vacuuming the pre-chamber

and the final pressure of the pre-chamber is P, a pressure table for achieving the

desired equivalence ratio can be prepared using the following equation.

P = Presidual +
Φ

Φ(1 + Ψ) + 4.76(0.5 + 2Ψ)
P +

ΨΦ

Φ(1 + Ψ) + 4.76(0.5 + 2Ψ)
P +Pmakeup

(2.14)

where Pmakeup is the pressure rise when the pre-chamber is brought up to ambient

pressure by makeup ambient air after fueling both gases. Since the desired pre-

chamber initial condition is fixed as below,

P=ambient pressure

Φ = 1.1

Ψ = 1

Eq. (2.14) can be expressed as,

Pambient = Presidual +
1.1

2 ∗ 1.1 + 4.76 ∗ 2.5
Pambient +

1.1

2 ∗ 1.1 + 4.76 ∗ 2.5
Pambient +Pmakeup

(2.15)

2.5.2 Main Chamber Fueling

Due to the leakage into the main chamber, the partial pressure cannot be applied.

Therefore, the desired mass amount of each gas should be precisely calculated and

supplied into the main chamber. Before discussing calculations of gas masses required

for fueling of the main chamber, the fueling process should be introduced first to help

understand the calculations.

Figure 2.13 is the schematic diagram of the main chamber fueling system, and

Figure 2.14 demonstrates the fueling procedure for the main chamber. At stage 1,

an external chamber and the main chamber hold only air at ambient pressure. At
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stage 2, hydrogen is supplied into the external chamber, increasing pressure of the

external chamber to Pex1. At stage 3, methane is supplied into the external chamber,

increasing pressure of the external chamber to Pex2. At stage 4, the external chamber

holds a mixture of air, hydrogen, and methane at pressure Pex2, and most of air in the

main chamber is vacuumed using the vacuum pump until the pressure gauge indicates

around -10 psi. At stage 5, the gas mixture in the external chamber is precisely

supplied into the main chamber using pressure information and a choke valve. During

this filling, room air leaks into the main chamber; hence, the gauge pressure in the

main chamber cannot measure the amount of gas mixture transferred. Instead, gauge

pressure in the external chamber is used to meter the transferred mass. Note that

this fueling process is isothermal in that the gas mixture in the external chamber

is slowly discharged to the main chamber so that heat can be transferred through

the external chamber wall, maintaining the temperature of the external chamber as

ambient temperature. After supplying the mixture, pressure of the external chamber

drops to Pex3, and the main chamber is holding the desired amount of hydrogen and

methane with some air at negative pressure -P2. At stage 6, the deficient pressure of

the main chamber is filled with room air, achieving the desired equivalence ratio and

fuel ratio of the air-fuel mixture in the main chamber at ambient pressure.
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Fig. 2.13. Schematic diagram of the main chamber fueling system

Fig. 2.14. Main chamber fueling procedure
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The total mole number of the gas mixture in the main chamber is defined as Eq.

(2.11), and it can be modified as an explicit form of NH2 .

Ntotal = NH2 +NCH4 +Nair = NH2(1 + Ψ + 4.76 ∗ 0.5 + 2Ψ

Φ
) =

PVm
R̄T

(2.11)

NH2 =
PambientVm
R̄Tambient

∗ (1 + Ψ + 4.76 ∗ 0.5 + 2Ψ

Φ
)−1 (2.16)

Vm is the volume of the main chamber, Pambient and Tambient are ambient pressure

and temperature, respectively, and R̄ is the universal gas constant. Therefore, if the

fuel ratio Ψ and the equivalence ratio Φ are decided, the required moles of hydrogen

and methane can be calculated from Eq. (2.4), and Eq. (2.16).

The moles of air in Eq. (2.11) can be split into three parts as Eq. (2.17).

Nair = Nair,residual +Nair,in +Nair,makeup (2.17)

Nair,residual is the moles of residual air after vacuuming the main chamber, Nair,in is

the moles of air supplied into the main chamber from the external chamber, and

Nair,makeup is the moles of air filling the negative pressure after fueling hydrogen and

methane into the main chamber.

As described above, two fuels, hydrogen and methane, pressurizes the external

chamber, and are mixed with air in it, which can be expressed as below.

Nex = Nair,ex +NH2,ex +NCH4,ex (2.18)

Nex, Nair,ex,NH2,ex ,and NCH4,ex represent the moles of the mixture, air, hydrogen, and

methane in the external chamber, respectively. Some of this mixture is then supplied

into the main chamber. The moles of the mixture supplied from the external chamber,

Nin, can be expressed as three parts, the moles of air, hydrogen, and methane, which

are delivered into the main chamber.

Nin = Nair,in +NH2 +NCH4 (2.19)
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These gas components are well illustrated in Figure 2.15. Note that there is a limit

of the amount of air supplied into the main chamber, Nair,in. If Nair,makeup, the moles

of replenishing air, is less than zero, the main chamber is pressurized in that the total

amount of air in the chamber, Nair, is set to ambient pressure. In other words, some

of air in the main chamber should be vented in order to make ambient pressure in

the main chamber if air is supplied from the external chamber too much. Therefore,

Nair,makeup must be higher than zero that can be expressed as Eq. (2.20) by modifying

Eq. (2.17).

Nair,makeup = Nair −Nair,residual −Nair,in > 0 (2.20)

Then, the limit of Nair,in can be defined as,

Nair −Nair,residual > Nair,in (2.21)

Eq. (2.21) can be expressed as Eq. (2.22) using Eq. (2.9) and the ideal gas law.

(4.76 · NH2(2Ψ + 0.5)

Φ
)− PresidualVm

R̄Tambient

> Nair,in (2.22)

where Presidual is the pressure after vacuuming the main chamber.

Since the mole fractions of the mixtures supplied into the main chamber and

contained in the external chamber are identical, the following relationship comes into

existence:

Nair,in

NH2

=
Nair,ex

NH2,ex

(2.23)

Note that left term is the mole fraction of air and hydrogen supplied into the main

chamber, and right term is the mole fraction of those in the external chamber. Com-

bining Eq. (2.21), and (2.23) yields:

Nair −Nair,residual >
NH2Nair,ex

NH2,ex

(2.24)
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Fig. 2.15. Schematic diagram of gas components in the fueling process
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The external chamber goes through three different steps of the pressure change.

First, the chamber only holds air at ambient pressure. After fueling hydrogen, the

pressure of the external chamber will be Pex1, and then it will be Pex2 after fueling

methane. Lastly, the external chamber releases some of the mixture into the main

chamber, the pressure will drop to Pex3. When the chamber is pressurized, the tem-

perature of the chamber slightly increases. The increased temperature will rapidly

drop to ambient temperature by heat transfer, decreasing the pressure of the cham-

ber as well. In order to prevent the additional pressure decrease, the procedure of

supplying fuels into the external chamber is carried out slowly enough to maintain

temperature, and set the desired pressure precisely.

The mole numbers of hydrogen, methane, and air contained in the external cham-

ber can be decided using the ideal gas assumption.

NH2,ex =
(Pex1 − Pambient)Vex

R̄Tambient

(2.25)

NCH4,ex = ΨNH2,ex =
(Pex2 − Pex1)Vex

R̄Tambient
= Ψ

(Pex1 − Pambient)Vex
R̄Tambient

(2.26)

Nair,ex =
PambientVex
R̄Tambient

(2.27)

where Vex is the external chamber volume. Pex2 can be expressed as a function of

Pex1 from Eq. (2.26).

Pex2 = Pex1 + Ψ(Pex1 − Pambient) (2.28)

And the minimum of Pex1 is determined by Eq. (2.24) and (2.25)

Pex1 > Pambient +
NH2Nair,exR̄Tambient

(Nair −Nair,residual)Vex
(2.29)

If Pex1 does not satisfy the minimum value of Eq. (2.29), the mole fractions of

hydrogen and methane are too small so that air in the external chamber will be too

much, and Eq. (2.21) will not be satisfied.
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Using Eq. (2.10), (2.19), (2.23), and the ideal gas law, Nin can be expressed as:

Nin = Nair,in +NH2 +NCH4 =
NH2Nair,ex

NH2,ex

+NH2(1 + Ψ) =
(Pex2 − Pex1)Vex

R̄Tambient
(2.30)

Pex3 is obtained from Eq. (2.30)

Pex3 = Pex2 −
R̄Tambient

Vex
(NH2(1 + Ψ) +

NH2Nair,ex

NH2,ex

) (2.31)

To summarize, Pambient, Tambient, R̄ and Vex are decided, and Nair,residual is ob-

tained from measured pressure after vacuuming the main chamber, so Pex1 can be

calculated from Eq. (2.9), (2.16), (2.27), and (2.29). Pex2 can be calculated using

Pex1, and Eq. (2.28). Pex3 is obtained from Eq. (2.16), (2.25), (2.27), and (2.31).

Using these pressure values, a pressure table can be prepared for supplying the exact

amount of methane, and hydrogen into the external chamber, and the main chamber

to achieve the desired fuel ratio, and the equivalence ratio. Since all calculations are

very sensitive to two volumes, Vex and Vm, All volumes of not only two chambers,

but also tubing parts related to each volume are precisely measured, and applied in

the calculations. Ambient temperature in all calculations is fixed as 298.15 K since

the temperature in the laboratory is regulated by a central control system in the

building. Ambient pressure varies hour by hour, so the actual atmospheric pressure

at the time of the experiment is used as the ambient pressure for all calculations. The

local atmospheric pressures of the test days are organized in Table 2.2. The average

value of the local pressure is applied as the ambient pressure in calculations, and

abbreviations FL and Sch in the column of corresponding test cases represent tests

of flame luminosity image and schlieren image, respectively.
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Table 2.2
The local atmospheric pressures of the test days [48]
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2.6 Data Acquisition

In order to access combustion events of millisecond-timescales, the fast-response

pressure data acquisition system, and the high-speed image acquisition system are

employed. Figure 2.16 illustrates the data acquisition system for both pressure and

image recording. In order to synchronize the data acquisition with the spark ignition

in the pre-chamber, the voltage from the ignition coil is used as the trigger signal.

2.6.1 Synchronizing Circuit

The synchronizing circuit, an electric circuit triggering both pressure and image

data acquisitions simultaneously, is prepared. When the ignition coil voltage with

+24 V, pulsed square waves is applied on the synchronizing circuit, the voltage drops

to +10 V through resistors at a Zener diode, NTE5156A, and is applied to a n-channel

silicon junction Field Effect Transistor (JFET), NTE 312, as shown in Figure 2.17.

The JFET, which is composed of three terminals, a gate, a drain, and a source, acts

as a switch. When the +10 V voltage is not applied to the gate, the source (camera

+5 V trigger, and DAQ trigger) and the drain (grounds) are not connected. When the

voltage is applied, the source and the drain are connected, allowing the connection

between the camera trigger signal and the camera ground, and voltage at the pressure

DAQ to rise towards +5 V. The Zener diode is employed to protect the JFET from

the voltage overshooting. The high-speed camera starts to record images when the

+5 V trigger pin is connected to the camera ground pin, and the pressure DAQ starts

to record pressure data when more than 4 V is applied to the DAQ trigger box, SCXI

1302. When the pulsed signal from the ignition coil arrives at the NTE 312, the

source and the drain terminals are connected, so the +5 V trigger signal from the

high-speed camera goes into the pressure DAQ trigger box and the camera ground,

triggering both systems at the same time. Both systems are set to be triggered by

the rising edge signal of +5 V.
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Fig. 2.16. Schematic diagram of data acquisition system
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Fig. 2.17. Synchronizing circuit diagram
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2.6.2 Pressure Data Acquisition System

The DAQ trigger box, SCXI 1302, and the signal conditioner, SCXI 1530, are

put together in the chassis, SCXI 1000. SCXI 1302 receives the trigger signal from

the synchronizing circuit, and SCXI 1530 supplies the excitation voltage of 24 V to

pressure sensors, amplifies the signal, and reduces noise of the signal. The M-series

data acquisition device, PCI 6251, which is assembled in a computer, connects the

SCXI 1000 with the computer. National Instruments LabVIEW 2013 was used to

develop a virtual instrument (VI) that controls the hardware in the pressure data

acquisition system. The main functions of the VI are to identify the trigger event and

start recording the pressure data as a tab delimited test file. The number of input

channels, sampling rate, and the number of samples can be controlled using the front

panel of the VI.

2.6.3 Dynamic Pressure Transducer

As illustrated in Figure 2.1, three dynamic pressure transducers manufactured by

PCB Piezotronics are utilized in the current study, PCB 111A26 is installed on the

pre-chamber, and one of two PCB 113B32 mounted on the pressure probe with a

quasi-infinite tube installed on the front part of the main chamber, and the other

is flush mounted on the back wall on the main chamber. All three sensors record

pressure as a 500 kHz sampling rate. Some features to be considered in specifications

of dynamic pressure transducers are shown in Table 2.3. All sensors are calibrated

by PCB Piezotronics to obtain the sensitivity information before conducting the ex-

periment, so that the voltage data released from the sensors can be converted to the

precise pressure data. The resonant frequency of the transducer determines the up-

per frequency limit that approximately 20% of the sensor resonant frequency is the

usable frequency response with the measurement error of 5% [49]. If the frequency

of interest is close to the resonant frequency of the sensor or higher, the magnitude

of measured pressure will be highly distorted. Rise time is the length of time for the
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output of a transducer to rise from 10% of its final value to 90% of its final value

when excited by a step change in pressure [50]. The shorter rise time a transducer

has, the faster response it shows to the pressure change.

The discharge time constant (DTC) controls the low frequency response of the

transducer. It is the time required for the output voltage from a transducer to decline

to 37% of its peak value in response to a step increase in input pressure [51]. The

lower frequency limit is equal to 0.16/DTC. The piezoelectric pressure transducer is

not suitable for static pressure measurements in that the charge output generated

from the piezoelectric crystal decreases when there is no input change. Considering

the characteristic of the DTC, however, it is able to measure quasi-static pressures.

The general rule of thumb for such measurements is that the output signal loss and

time elapsed over the first 10% of a DTC have a one-to-one relationship [52]. For

example, if a sensor has a DTC of 50 seconds, 10% of the original input signal decays

over the first 5 seconds, which is 10% of the DTC. For the pressure transducers

employed in the current study, 111A26 has the DTC of 50 seconds, and 113B32 has

that of 1 seconds. If the 5% error is allowed, therefore, each sensor is able to measure

the static pressure for the event during 2.5 seconds and 50 ms, respectively.

Although the maximum operating temperature of the sensors, 275 ◦F, is much

lower than the flame temperature of the mixtures of hydrogen and methane, the com-

bustion event of the current study is transient, and has the time scale of milliseconds,

so the effect of thermal shock and associated signal error should be considered rather

than the maximum operating temperature. Heating of the diaphragm and case of

a piezoelectric pressure sensor can expand the case, loosening the preload force on

the internal crystals, causing a negative signal output [52]. All piezoelectric pressure

sensors are practically sensitive to thermal shock, so various methods to minimize

the effect of the thermal shock are available. In the current study, the sensor, PT1,

measuring pressure of the transient flame in the main chamber is mounted on the

pressure probe assembly, so as not to be directly exposed to the thermal shock. Note

that the temperature sensitivity coefficient of the sensor is known for steady temper-

ature applied to the sensor, so the coefficient cannot be applied to the thermal shock

effect [52].
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Table 2.3
Specifications of PCB pressure transducers
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2.6.4 Pressure Sensor Probe

Pressure sensor PT2 is flush mounted on the far end wall to measure exact timing

and the pressure magnitude of shock wave reflection and other waves. Because the

flame front does not reach the end wall during the period of interest, it does not

suffer significant temperature effects. In contrast, as mentioned in Section 2.3, PT1

is mounted on the side of the pressure probe assembly, using a stand-off tube in order

to avoid heat damage from the flame inside the chamber. This means that pressure

magnitude and timing of main-chamber events measured by PT1 are modulated by

the tube [53–55]. A transfer function between the actual pressure and the measured

pressure is required to use the pressure from PT1. The long coiled tube is connected

to the probe to eliminate the effect of the reflected pressure wave in the tube, during

the time period of interest. If long enough, the tube may be considered quasi-infinite

for the purpose of the experiment. When such reflections of the pressure wave at the

end of the tube travel back to the sensor, they would change the pressure signal. Also,

the quasi-infinite tube reduces the resonance of the pressure probe [53]. Without the

tube, the probe would act like a helmholtz resonator, generating an amplification of

the pressure magnitude at a certain frequency.

Englund [56] well described the design parameter effects of the quasi-infinite line

pressure probe on measured pressure. Figure 2.18 shows design parameters of the

pressure probe. D is the inner diameter of the line, L is the total length of the line,

l is the tap length from the measurement end of the line to the transducer, and VT

is the tap volume at the interface of the transducer and the line. Englund reported

that attenuation of pressure amplitude decreases and the amplitude of oscillation

due to the reflection from the end of the line increases with the increase of the line

diameter, the oscillation due to reflection is reduced with the increase of the total

length of the line, the reflection effect is somewhat reduced with the decrease of the

tab length, and changes in tap volume alter the magnitude of the oscillation from

the tap volume at high frequency. From these results, the inner diameter D should
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be smaller, the total length L should be longer, the tap length l should be shorter,

and the tap volume VT should be smaller to reduce the reflection effect from the

end of the line. Oh [57] suggested that the ratio of the total length to the inner

diameter, L/D, should be greater than 200 to provide the advantage of reduction

of wave reflection and interruption. The pressure probe with a quasi-infinite tube

utilized in the current study is designed as Figure 2.19. The total length is 93 in, and

the inner diameter of 1/8 inches tube is 0.069 inches, so the ratio of the total length

to the inner diameter, L/D, is 1347.83, which is greater than 200 suggested by Oh.

The tab volume is designed as zero, and the tab length is set to 3.75 inches.
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Fig. 2.18. Schematic diagram of the quasi-infinite line pressure probe [56]

Fig. 2.19. Quasi-infinite line pressure probe with design parameters
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2.6.5 High-Speed Image Acquisition System

A Phantom v9.0 monochrome high-speed camera manufactured by Vision Re-

search is used in the current study to record the transient combustion process. A

Nikon F-AF Nikkor 50 mm f/1.8 D lens is mounted on the high-speed camera. The

minimum focus distance of the lens is 1.5 ft that must be considered when deciding

the distance between the camera and the object. Due to the limit of memory capac-

ity inside the camera, the maximum video frame rate in frames per second (fps) is

inversely proportional to the image resolution, or the image size. In other words, the

image resolution should be smaller to increase the frame rate. By carefully choosing

the image size, flame luminosity images and Schlieren images are measured at 20,000

fps and 30075 fps, respectively, which are higher than the experiments of Perera [17]

and Chinnathambi [44] which were conducted at 10,000 fps. Further details of the

camera conditions are described in Table 2.4.

For these frame rates and correspondingly smaller image resolution, the frame

cannot encompass the entire image of the optical window in the main chamber. The

main purpose of the measurement of the flame luminosity images is to capture the

ignition moment, so the measurement range of the luminosity images is set as 7.5

inches of 14.4 inches from the beginning of the optical window. The Schlieren images

are acquired to investigate the interaction of the flame front and the shock waves,

which occurs at the end of the main chamber, so the measurement range of the

Schlieren images is set as 4.73 inches of 14.4 inches from the end of the optical

window. These are illustrated in Figure 2.20.
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Table 2.4
High-speed camera setting conditions

Fig. 2.20. Measurement ranges of the high-speed camera
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Gallimore [58] conducted the spectrographic studies for four hydrocarbon fuels,

methane, ethylene, propylene, and propane. The author found that the emission

wavelengths of radicals and products from the hydrocarbon fuels, such as C2, H, H2,

CH, and CH2, are within the range between 400 nm and 700 nm. Boettcher [59]

carried out experiments to investigate ignition and flame propagation of a mixture

of hexane and air based on the fact that CH* emits light between 420 and 440 nm.

Phantom v9.0 has a spectral response in the range of 400-1000 nm, which covers the

wavelength ranges of such radical species, so that the high-speed camera is able to

identify ignition in the main chamber.

Phantom camera control software (PCC) is used to control and adjust the camera

settings. Like the VI of the LabVIEW software, the PCC also recognizes the trigger

event and begins to record images as a Cine file automatically. The exposure time,

and the extreme dynamic range time (EDR) can be adjusted using the PCC. The

exposure time, or the length of time when a cameras shutter is open, varies with the

fps, and is set as the maximum allowable exposure times for both flame luminosity

and Schlieren measurements in order to capture the slightest illumination in the

main chamber to determine ignition accurately. The EDR time, which can be used

to adjust exposure on pixel level to reduce over-exposure at certain regions due to

bright spots, is maintained at 0 µs for all cases to make the exposure time unchanged

for all captured images.

2.7 Schlieren Photography Setup

The Schlieren photography technique is used to investigate the interaction of a

flame front and shock waves. The Z-type Schlieren system is employed in the current

study in order to maximize the contrast of images in a long, narrow laboratory space

as demonstrated in Eq. 1.16. The system is composed of a light source, two concave

mirrors, a knife edge, and the high-speed camera as shown in Figure 2.21.
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Fig. 2.21. Schematic diagram of the Schlieren setup and the view of
the knife edge covering the light beam cross-section
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A laser is usually best as the light source of the Schlieren system. A laser system

generates a Gaussian beam with high-intensity, from which a tiny circular light source

can be derived using an optical lens, to allow an image bright enough in spite of the

loss of light intensity by the knife edge. However, due to resource constraints, a high-

intensity LED light, LED200WA manufactured by Fotodiox, has been selected instead

of a laser system. The LED light is technically used for a studio lamp, but it is able

to create a point light source by covering the front of its reflector with a circular plate

that has a hole at the center. Two concave mirrors, which have 12.5 inches diameter,

and 75 inches focal length, provided by Edmund optics, are located at both right and

left sides of the main chamber. In order to make a parallel light beam between the

two mirrors, the light source must be placed at the focal point at a distance of 75

inches away from the first mirror. It should be noted that the angle between the light

path from the light source to the first mirror and the parallel light path is adjusted

no more than 10 degrees to avoid image distortion. The knife edge must be placed

at a distance of 75 inches away from the second mirror, at its focal point. The angle

of the light path between the knife edge and the second mirror should be no more

than 10 degrees with respect to the parallel light path. The distance between two

mirrors should be far enough to allow the focal length and the angle issues described

above. The camera lens should be placed as close as possible to the knife edge for

best image quality, and the aperture in the camera lens should be open at maximum

to obtain the shortest depth of focus, otherwise the camera may capture not only

images in the test region, but also the images reflected on the second mirror due to

the longer depth of focus. Setting the appropriate position of the knife edge can be

achieved by checking the Schlieren image acquired by the camera. First, the surface

of the knife should be perpendicular to the incident light. If the knife edge is placed

at the focal point of the second mirror, the image shows uniform grey color; otherwise

either left or right part of the image is dark. The knife edge is moved slightly back

and forth near the focal point until the image becomes uniform grey color. The image

brightness depends on h1 in Eq. 1.16, which is the height of the beam cross-section
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uncovered by the knife edge, and the intensity of the light source as illustrated in

Figure 2.21. The shorter h1, the higher contrast of the image would be; however, the

image will be too dark to recognize if the beam is covered too much. A proper h1

should be obtained by checking the Schlieren image under the given light intensity.

2.8 Schlieren Image Processing

Due to the interaction with traversing shock waves, the premixed flame in the

main chamber has a highly corrugated front. Also, the Schlieren images represent the

overlapped effect of all of density gradients in the frame along the line of sight through

the cross-section. Thus the observed boundary of the flame front is a two-dimensional

projection of the actual three-dimensional front. Nevertheless, the propagation speed

of the corrugated flame front, can be estimated by extracting the front line of the

flame using image processing.

An image processing code written in MATLAB has been applied to extract the

flame front line from Schlieren images. Figure 2.22 shows the procedure of the im-

age processing. It is acknowledged that the overlapped density gradients make the

boundary of the flame front ambiguous. However, the flame front edge has very high

density gradients such that even a line-of-sight projection should be easily distin-

guished. First, a Gaussian filter is used to remove relatively lower density gradients

by smoothing the image. Imgaussfilt, a MATLAB function of the Gaussian filter,

has been applied with a standard deviation value, which is found by trial and error

method for each case. Second, a flame front edge is roughly found using the Canny

edge-detecting function. The Canny algorithm basically detects edges where the gra-

dient of the greyscale intensity of the image is the highest. Gradients at each pixel in

the Gaussian filtered image are determined by applying what is known as the Sobel-

operator [60]. After applying the Canny edge-detection function, the point which has

the highest density gradient is expressed as a pixel value of 255, otherwise the pixel

values are 0. The image shows that the flame edge is connected to two lines at the
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top and bottom sides, which are the optical window cover, and may have unnecessary

lines as shown in (3) of Figure 2.22. If the unnecessary lines are removed, the position

of the flame edge can be detected regardless of the top and bottom lines because only

the first point which has a pixel value of 255 in a row is counted as a position of

the flame edge. Several MATLAB functions are utilized to remove these lines. The

imdilate function enlarges the size of each point to a designated size, connecting ad-

jacent points to create a closed part including the flame edge, and then, the closed

part is filled using the imfill function, creating a lump of 255 pixel points. After

applying the imerode function, which puts back the size of each point, redundant

points or lines are clearly separated from the big white part like the picture (6) of

Figure 2.22. The bwareaopen function deletes areas of 255 pixel value smaller than a

designated pixel size, removing the redundant points or lines. Lastly, the lump of 255

pixel points gets empty using the bwperim function, remaining only the flame edge

with two top and bottom lines. The image processing code reads the value of pixels

one by one from the top-left corner of the processed image, and if a pixel has a 255

value, record the x and y position of the pixel, reading the next below row. When

all positions of pixels consisting of the flame edge are recorded, an average value of x

positions is calculated, which represents the flame edge position.
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Fig. 2.22. Image processing procedure for extracting a flame front line
from the original Schlieren image
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2.9 Experimental Procedure

The preparation for the experiment begins with assembling the nozzle insert. An

aluminum diaphragm is properly scored, and installed in the nozzle insert. The nozzle

insert is then fixed in the cavity on the pre-chamber. Using a vacuum pump shown

in Figure 2.12, the inside of the pre-chamber is vacuumed until the gauge pressure

of the pre-chamber approximately reaches to -10 psig. Desired amounts of hydrogen

and methane can then be precisely supplied into the pre-chamber by adjusting a

choke valve according to the pressure table developed from Eq. 2.14 for achieving the

desired air/fuel ratio in the pre-chamber.

Fueling the external chamber is performed by following the procedure suggested in

Section 2.5.2. Once the external chamber is ready to fuel, the main chamber is tightly

fixed, and attached on the pre-chamber with no gap between the two chambers. The

main chamber is then vacuumed, and the fuel mixture in the external chamber is

supplied into the main chamber according to the pressure table prepared in Section

2.5.2.

After the chambers are fueled, the data-acquisition LabVIEW VI front panel and

the camera control software are primed to be ready to accept the trigger signal from

the synchronizing circuit, by pressing the stand-by buttons for each recording system.

Then, a trigger button on the remote control box in Figure 2.8 is pressed, causing

the spark plug in the pre-chamber to fire. This ignites the air/fuel mixture, and the

camera and the pressure DAQ start to record data simultaneously.

After the spark ignition, the air/fuel mixture in the pre-chamber is combusted,

building up pressure inside the pre-chamber. The diaphragm is ruptured at certain

pressure, called the rupture pressure. Once the diaphragm is ruptured, hot reactive

jet is injected into the main chamber, igniting the air/fuel mixture after a few or

several milliseconds, called the ignition delay time.
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When combustion is finished in both chambers, the main chamber is disengaged,

and the nozzle insert is detached from the pre-chamber. Each run of the experiment

is terminated by purging the product gases in each chamber using high-pressure air.

2.10 Experimental Conditions

The experimental conditions are described in Table 2.5. Mixtures of hydrogen

and methane are selected as fuel, and the oxidizer is assumed to be room air with

humidity of 50%. For the pre chamber, the CH4:H2 fuel ratio by volume is fixed at

50:50, and the equivalent ratio is fixed at 1.1. For the main chamber, two fuel ratios

are adopted, with CH4:H2 by volume set at 50:50 and 30:70, to investigate the effect

of the change of the hydrogen enrichment to methane on ignition and combustion

processes. The equivalent ratio of the main chamber varies from 0.4 to 1.0. In order

to observe the effect of the amount variation of the hot reactive jet injection on the

main chamber ignition process, diaphragm rupture pressure is varied from 30 psig to

55 psig by varying the number of indentation on the diaphragm.

Table 2.5
Experimental conditions
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3. IGNITION DELAY TIME INVESTIGATION

3.1 Repeatability Test of Pre-chamber Combustion

Combustion repeatability is tested with a hydrogen-methane-air mixture in the

pre-chamber to evaluate the reliability and consistency of the torch jet production

under fixed initial conditions. The tests are performed with a fixed fuel ratio, 50:50

(CH4:H2 by volume), and three different equivalence ratios, 0.9, 1.0, and 1.1 to de-

termine the best condition reducing the diaphragm rupture time, and each condition

repeats three times. Figure 3.1 illustrates pre-chamber pressure records with three

different equivalence ratios. Three pressure records of each equivalence ratio condi-

tion show similar results, and it is presumed that slight differences of each condition

are resulted from variations of the spark energy, and minor changes of the depth of

the diaphragm indentation, in addition to any measurement errors in preparing the

mixtures.

The pressure increase rate is the fastest at equivalence ratio 1.1, and the slow-

est at 0.9. This is highly related to the laminar burning velocity of the pre-mixed

air/fuel mixture. The pre-mixed mixture is consumed at the laminar burning veloc-

ity, increasing pressure in a constant volume by releasing heat; therefore, the faster

the burning velocity, the faster the pressure increase rate. Hermanns [61] experimen-

tally investigated the laminar burning velocities of hydrogen-methane-air mixtures

with varying hydrogen contents using a heat flux method, and the maximum laminar

burning velocity is close to the equivalence ratio 1.1 as the hydrogen content increases

from 0 to 40%. Hu [62] also experimentally measured the laminar burning velocity

of hydrogen-methane-air mixtures with different amounts of hydrogen in a constant

volume chamber, and found that the laminar burning velocity is maximum at the

equivalence ratio 1.1 when the hydrogen content is less than 50%. Hu reported that
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there is a clear relationship between the laminar burning velocity and the radical

concentrations of H and OH in the reaction zone of premixed flames, so it is expected

that the concentration of H and OH radicals is maximum at the equivalence ratio 1.1,

leading to the fastest burning velocity and pressure increase rate in a constant-volume

chamber.

The highest pressure in the pre-chamber is observed at 1.1 among three equivalence

ratios. The maximum pressure in the pre-chamber is determined by a combination

of four effects; the adiabatic flame temperature of the mixture, the laminar burning

velocity, heat loss through the wall, and the product gas release through the nozzle

after the diaphragm rupture. According to Boushaki [63], the highest adiabatic flame

temperature of the hydrogen-methane mixture, 50:50 by volume is at equivalence

ratio 1.0, calculated by GRI-Mech 3.0 as shown in Figure 3.2. However, assuming

that the diaphragm ruptures at the same pressure for all cases, the 1.1 condition

can develop a higher maximum pressure in the constant volume chamber due to the

faster laminar burning velocity. It is expected that the time scale of heat loss through

the chamber wall is significant compared to the flame propagation time according

to laminar burning velocity. Thus, the faster burning condition will tend to lose

relatively less heat. In order to clarify the trend of the maximum pressure in the

pre-chamber, more investigations including the flame temperature and the heat loss

rate through the wall are necessary.

The equivalence ratio 1.1 has been selected as a condition of the pre-chamber

combustion considering that it has a faster pressure increase rate and higher maximum

pressure compared to other conditions of the equivalence ratio, increasing the amount

of hot-jet mass injected into the main chamber. Furthermore, a fuel-rich mixture

contains more active radicals when burning, with the radicals expected to be active

through the nozzle discharge process. Both reasons contribute to the decrease of the

ignition delay time of the air/fuel mixture in the main chamber in that the former

increases the ignition energy, and the later rises the reactivity.
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Fig. 3.1. Pre-chamber pressure records with three different equivalence ratios
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Fig. 3.2. Calculated adiabatic flame temperature of hydrogen and
methane mixture with respect to equivalence ratio at 1 bar and 300
K [63]



79

3.2 Initial Shock Speed Measurement

When the diaphragm ruptures, an initial shock is generated by the sudden pressure

difference between two chambers, propagating inside the main chamber prior to the

ignition of the air/fuel mixture in the main chamber. In the current study, tracking

of the initial shock is utilized to obtain precisely the diaphragm rupture time, and

thus the ignition delay time. In previous studies, the delay was calculated based on

the average diaphragm rupture time, causing uncertainty in that the rupture time

slightly varies with cases. We also evaluate the effect of the rarefaction waves, which

influences the ignition delay time by weakening the effect of the compression waves.

In an actual wave rotor, a hammer shock is generated by a sudden closure of the

outlet port in a wave rotor drum, increases pressure and temperature of the mixture

in the chamber, contributing to reducing the ignition delay time. Ideally, the hammer

shock is mostly cancelled by proper timing of the inlet port closing, but some strong

residual shock waves remain. These waves are not present in the present experiment.

The propagation speed of the initial shock is assumed as constant along the main

chamber until the shock wave is reflected at the end wall given that the cross section

area of the chamber is constant, the gas mixture is well mixed, and the travelling time

of the shock along the length of the main chamber, 16 inches, is at most 1.13 ms with

the sound speed of the air/fuel mixture, 360 m/s, so that the decrease of the shock

propagation speed by friction and heat transfer can be ignored. When the shock

wave passes by the diaphragm of a piezoelectric pressure transducer, which has a

diameter of 0.218 inches providing a good spatial resolution, the transducer measures

the pressure difference between the front and the rear of the shock, expressing a

sudden pressure rise. The initial shock speed is measured using the time information of

the sudden pressure rise from two pressure transducers, PT1 and PT2, and validated

using high-speed Schlieren images. As shown in Figure 3.3, the red line and the blue

line indicate pressure records of PT1 and PT2, respectively. Both lines show sudden

pressure rises by the shock wave, and the moment of the shock wave passing is defined
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as the peak of 1st order differential of the pressure record. Note that PT1 is mounted

on a pressure probe, 3.75 inches away from the chamber inner surface, so the shock

travelling time in the pressure probe should be considered. The propagation speed of

the shock in the pressure probe varies with that in the main chamber due to a sudden

geometry change; however, it is anticipated that the speed change is not substantial

considering the length between PT1 and the chamber, therefore, it is assumed that

the propagation speeds of the shock in the main chamber and the pressure probe are

identical. In Figure 2.9, the distance between the pressure probe and PT2 is 12.7

inches, but the actual distance between PT1 and PT2 is 8.95 inches in light of the

shock propagation in the pressure probe. The propagation speed of the initial shock

wave is calculated as the distance between PT1 and PT2 over the time gap between

two peaks of 1st order differential of pressure records. For example, the time gap

between two peaks of 1st order differential of the case in Figure 3.3 is 0.56 ms , and

the distance between two PTs is 8.95 inches, so the shock propagation speed of the

case is 15980 in/s, or 406 m/s.
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Fig. 3.3. Measurement of the propagation speed of the Initial shock
wave using pressure records of PT1 and PT2 (Main chamber condi-
tion: Φ=0.8, H2=50%, indentation #=2, case #=2)
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The high-speed Schlieren photography technique visualizing the image of shock

waves by optically capturing the sharp density gradient across a shock wave as de-

scribed in Chapter 1.3.4 is utilized to validate the propagation speed of the initial

shock wave using a known time interval of Schlieren images and shock wave positions.

Figure 3.4 shows a series of time-resolved, post-processed Schlieren images represent-

ing the initial shock propagation, and a graph of the shock wave x-position with

respect to time for a case of the equivalence ratio Φ=1.0 and the hydrogen content

70%. The time interval between images is 33.25 µs, and pixel per inch is 71 pix/in

as described in Table 2.3. In the Schlieren images, the shock wave is the right edge

of the thick white line. Although the light path passing through the main chamber

is perpendicular to the side of the chamber when setting up the Schlieren system, a

thick white line following the shock observed. It is assumed that poor quality of re-

cently replaced quartz windows causes light spreading. Window replacement is highly

recommended for further experiments. At 6th and 7th images, a second discontinuity

is observed following the initial shock wave with a certain distance is observed. This

discontinuity is known as a contact surface, that will be discussed later, separating

the mixture gas in the main chamber from the hot-jet of the pre-chamber. The graph

shows a clear linear trend between the shock x-position and the time, indicating that

the initial shock propagation speed is constant. This trend is observed for all Schlieren

test cases, so the assumption that the initial shock speed is constant is reasonable.

The propagation speed of the initial shock wave can be measured using the high-

speed Schlieren technique in this manner, and the result of all cases are represented

in Figure 3.5 and Table 3.1 with the propagation speed measured using the pressure

data.
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Fig. 3.4. Time-resolved, post-processed Schlieren images of the initial
shock wave propagation, and a graph of the shock wave x-position
with respect to time (Main chamber condition: Φ=1.0, H2=70%)
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Fig. 3.5. Validation of the initial shock speed estimation
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In order to examine the effect of the diaphragm rupture pressure, two different

indentation depths on the diaphragm are applied. The higher rupture pressure and

the lower rupture pressure correspond to scoring the diaphragm one time and three

times, respectively. Each case number corresponds to different test conditions of

the equivalence ratio, the hydrogen content in the fuel mixture, and the diaphragm

rupture pressure as represented in Table 3.1. In Figure 3.5, the initial shock speed

highly depends on the diaphragm rupture pressure as the trend of the initial shock

wave speed with respect to the diaphragm pressure ratio, or the driver-to-driven

pressure ratio. Liepmann [64] explains that a higher driver-to-driven pressure ratio

causes a faster initial shock wave speed when the diaphragm ruptures. Eq. 3.1 [65]

is the shock tube relation which is suitable to explain the result of Figure 3.5.

P4

P1

=
2γ1M

2
S − (γ1 − 1)

γ1 + 1
· [1− {a1(γ4 − 1)

a4(γ1 − 1)
}{MS −

1

MS

}]−
2γ4
γ4−1 (3.1)

In Eq. 3.1, P is pressure, γ is the specific heat ratio, a is the speed of sound, and

Ms is the Mach number of the initial shock wave. The subscripts 1 and 4 refer to the

conditions of the shock front and inside the pre-chamber, respectively. The diaphragm

pressure ratio is mainly affected by Ms, which is hundreds meter per seconds, due to

the square term, but the specific heat ratio does not affect the pressure ratio change

since the range of its variation within the test condition is small, from 1.3999 to

1.4009, therefore, the shock wave speed with respect to the case number does not

show a notable increasing or decreasing trend.

Considering errors which are less than 2% in Table 3.1 between the calculated

shock speed based on the pressure data and the measured shock speed obtained by the

Schlieren test, the initial shock speed can be estimated in this manner for convenience

and consistency of the calculation in the current study. It appears that the systematic

error arises from the way to define the shock travelling time between PT1 and PT2

described in Figure 3.3. The shock arrival time on each pressure transducer is decided

as the peak of 1st order differential of the pressure record, and the time slightly varies
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with a low-pass filter which is applied to the pressure signal to reduce the background

noise. The 2000 Hz low-pass filter is applied to all pressure data.

Table 3.1
Validation results of the initial shock speed estimation
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3.3 Diaphragm Rupture Timing and Pressure

In order to determine the diaphragm rupture pressure, a way to measure the

diaphragm rupture moment, which also can be used to estimate the ignition delay

time, is suggested in this section. The rupture pressure is defined as a pressure cor-

responding to the moment when the diaphragm ruptures. The rupture moment can

be estimated using the information of the initial shock wave speed. On an assump-

tion that the initial shock is generated right after a rupture of the diaphragm, and

propagates with a constant speed until reaching the end of the main chamber, the di-

aphragm rupture moment can be obtained following Eq. 3.2. The diaphragm rupture

moment is equal to the shock arrival time at the end wall minus the shock travelling

time from the nozzle to the end wall.

τrupture = τPT2 peak −
Lmain chamber
Uinitial shock

(3.2)

A test has been conducted to validate Eq. 3.2. The high-speed camera is set as

shown in Figure 3.6 to observe the nozzle outlet so that the diaphragm rupture time

can be directly measured by the camera with a high sampling rate, 40000 fps, and

simultaneously, the pressure data is recorded to obtain the rupture time calculated

by Eq. 3.2, which is compared with the measured one. All conditions of the hydrogen

content and the equivalence ratio employed in the current study are examined. As

the result of the test showing in Figure 3.7 and Table 3.2, the error between the times

from the calculation and from the measurement of the high-speed camera is 0.5% at

most, so it is verified that the diaphragm rupture moment can be estimated in this

manner.
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Fig. 3.6. Top-view of the setup for the validation test of the diaphragm
rupture moment (left), and an image of the diaphragm rupture mo-
ment taken by the high-speed camera (right)

Fig. 3.7. Validation of the diaphragm rupture moment estimation
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The amount of hot-jet mass injection through the nozzle and the propagation

speed of the initial shock speed are strongly related to the diaphragm rupture pressure,

and both the mass injection amount and the initial shock speed affect the ignition

delay time of the air/fuel mixture in the main chamber. Therefore, the diaphragm

rupture pressure is controlled by varying the number of indentation on the diaphragm

in order to investigate the effect of the diaphragm rupture pressure on the ignition

delay time. The diaphragm, as described in Section 2.1.3, is scored as a cross form, and

it can be ruptured at lower pressures of the pre-chamber as the number of indentation

increases. Diaphragm rupture tests with the different indentation number has been

performed, and the result is presented in Figure 3.8.

Indentation #1 indicates that a diaphragm is scored back and forth one time, and

the indentation number varies from one to three. A total of five cases are conducted

for each indentation number. The indentation number one, two and three show

average rupture pressures of 50.19, 40.59, and 33.88 in psig, respectively, revealing

that the diaphragm rupture pressure can be controlled by varying the indentation

number on a diaphragm. However, it is difficult to obtain the same rupture pressure

although diaphragms are scored with the same number of indentation since the depth

of indentation on diaphragms cannot be perfectly the same. So the rupture pressure

of each test case should be considered for analysis of the ignition delay time.
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Fig. 3.8. Diaphragm rupture pressure is controlled by the number of
indentation on a diaphragm
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Table 3.2
Validation of the diaphragm rupture moment estimation
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3.4 Reflected Shock Pressure Measurement

The shock tube experiment is used to investigate compressible flow phenomena,

gas phase combustion reactions, or aerodynamic phenomena with a broad range of

temperatures and pressures which are difficult to be conducted in other types of

test facilities. Among several types of the shock tube setup designed to suit its

own purpose, especially a type of combustion heating of the driver section has a few

similarities with the current study setup. The shock tube setup using combustion

generates an initial shock wave by bursting a diaphragm with combustion in the driver

section so that a greater shock strength can be achieved due to high temperature of

the driver gas which increases a sound speed [66, 67]. In the shock tube studies of

chemical kinetics, a reactant mixture in the driven section is ignited by compression

through a reflected wave, which increases temperature and pressure of the mixture

higher than the auto ignition point. In contrast, the current study the mixture in

the main chamber equivalent to the driven section is ignited by hot-reactive gas from

the pre-chamber equivalent to the driver section. The reason that the shock tube

experiment is mentioned at the beginning of this section is that both systems, the

shock tube and the current study, have some resemblance in several steps before

ignition, so these will be briefly introduced to help understanding attenuation of the

reflected shock strength. However, it is noted that in a classical shock-tube there is no

flow restriction or nozzle between the two sections, and the two sections are usually

tubes with equal cross-section. This is a major difference with respect to the present

experiment.

3.4.1 Simple Shock Tube Model

The shock tube is initially separated into two parts, zone 1 and zone 4, which

correspond to subscripts 1 and 4 of the top image in Figure 3.9. The two parts are

posited to have the same cross-section area. A diaphragm located between two zones

maintains the initial state that gas in zone 1 has a pressure P1, a sound speed a1,
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and a specific heat ratio γ1, and gas in zone 4 has a pressure P4 which is higher

than P1, and a sound speed a4, and a specific heat ratio γ4. At a particular instant,

the diaphragm ruptures and disappears to have the two sections connected with no

obstruction. Thereupon, as shown in the second image of Figure 3.9, an initial shock

wave, or incident shock wave propagates into zone 1 at Mach number Ms, changing

the gas state from zone 1 to zone 2 behind the shock, so the gas in zone 2 has

higher pressure and temperature than those of the gas in zone 1. On the other side,

expansion or rarefaction waves move into zone 4, changing the gas state from zone

4 to zone 3, so the gas in zone 3 has lower pressure, temperature, and density than

those of the gas in zone 4. Between zone 2 and zone 3, a contact surface follows the

incident shock wave, and pressure P and gas velocity u are same across the contact

surface, but temperature T and density are not. The bottom image of Figure 3.9

illustrates movements of all waves as a distance-time diagram.
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Fig. 3.9. Sequence of shock wave propagations in the shock tube
experiment, and wave diagram [65]
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3.4.2 Pressure Ratio Across Initial Shock Wave

P2/P1, the pressure ratio between zone 1 and zone 2 can be expressed as a function

of the initial shock wave Mach number Ms, and the specific heat ratio of zone 1. If

the two zones across the initial shock wave is illustrated as Figure 3.10, the gas

velocity behind the initial shock wave, u2, which is in a stationary coordinate, can be

expressed as u′2 in a coordinate moving with the shock. In this moving coordinate,

the gas velocity ahead of the shock is us, and the shock wave is stationary. Therefore,

the three conservation laws, mass, momentum, and energy across the initial shock

wave are as follows:

ρ1us = ρ2u
′
2 (3.3)

P1 + ρ1u
2
s = P2 + ρ2u

′2
2 (3.4)

h1 +
u2s
2

= h2 +
u′22
2

(3.5)

Note that subscripts 1 and 2 in equations represent the states of zone 1 and zone 2,

respectively. If the gas is regarded as ideal gas, and Mach numbers of the gas in front

of and behind the shock are defined as M2 =
u′2
a2

and Ms = us
a1

, respectively, Eq. 3.3

will be:

T2
T1

= (
P2

P1

)2(
M2

Ms

)2 (3.6)

where, M = u/a. If the process is isentropic, a2 = γRT can be applied, so,

ρu2 =
P

RT
(Ma)2 =

P

RT
M2γRT = γPM2 (3.7)

Eq. 3.4 can be changed to:

P2

P1

=
1 + γM2

s

1 + γM2
2

(3.8)
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Fig. 3.10. Properties of two zones across the initial shock wave
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Since it is ideal gas, h = P
ρ

+ e = CpT = γ
γ−1RT is also available, and then Eq. 3.5

will be:

T2
T1

=
1 + γ−1

2
M2

s

1 + γ−1
2
M2

2

(3.9)

Combining Eq. (3.6), (3.8) and (3.9) yields,

M2
2 = (1 +

γ − 1

2
M2

s )/(γM2
s

γ − 1

2
) (3.10)

Substituting Eq. (3.10) into Eq. (3.8), we obtain,

P2

P1

= 1 +
2γ

γ + 1
(M2

s − 1) (3.11)

The pressure ratio across the shock wave in Eq. (3.11) is called the shock strength,

and it shows that the faster a shock wave propagates, the more pressure increases

behind the shock wave.

3.4.3 Pressure Ratio of P5 to P1

The pressure transducer installed on the end wall of the main chamber, PT2,

is able to measure pressure P1 before the initial shock wave reaches the end wall

and pressure P5 after the shock is reflected by the end wall. In order to evaluate

the measured pressure ratio of P5 to P1, a theoretical model regarding the pressure

ratio is required. When the initial shock wave reaches a flat end wall of the main

chamber, the shock wave is reflected, and the gas behind the shock remains rest, but

all properties of the gas are changed to the state of zone 5 in Figure 3.9. Now, the

reflected shock wave propagates at the speed of u′R in the stationary coordinate, but

in the coordinate moving with the shock, the gas velocities in front of and behind the

shock are uR, and u2, respectively as shown in Figure 3.11.
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Fig. 3.11. Properties of two zones across the reflected shock wave
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Mach number of the gas in front of the reflected shock wave can be defined as

MR=uR/a2. Finding the pressure ratio across the reflected shock wave begins with

the velocity condition that the gas velocity behind the reflected shock wave, u5 is

identical to u2 in the moving coordinate.

u2 = u5 (3.12)

This can be expressed as,

u2
a1

=
u5
a2
· a2
a1

(3.13)

The left term u2/a1 is a function of γ in zone 1 and P2/P1 [68].

u2
a1

= {P2

P1

− 1}/{γ

√
γ − 1

2γ
· (γ + 1

γ − 1
· P2

P1

+ 1)} (3.14)

u5/a2 in the right term also can be expressed in a same manner.

u5
a2

= {P5

P2

− 1}/{γ

√
γ − 1

2γ
· (γ + 1

γ − 1
· P5

P2

+ 1)} (3.15)

The sound speed ratio a2/a1 is also a function of γ in zone 1 and P2/P1 [68].

a2
a1

=

√
{P2

P1

(
γ + 1

γ − 1
+
P2

P1

)}/{1 +
γ + 1

γ − 1
+
P2

P1

} (3.16)

Substituting Eq. (3.14), (3.15), and (3.16) into (3.13),

P2

P1
− 1

γ
√

γ−1
2γ
· (γ+1

γ−1 ·
P2

P1
+ 1)

=
P5

P2
− 1

γ
√

γ−1
2γ
· (γ+1

γ−1 ·
P5

P2
+ 1)

·

√√√√ P2

P1
(γ+1
γ−1 + P2

P1
)

1 + γ+1
γ−1 + P2

P1

(3.17)

Simplifying Eq. (3.17), we obtain Eq. (3.18) [68].

P5

P1

= 1 +
4γ

γ + 1
(M2

s − 1) ·
1 + (1

2
+ γ−1

γ+1
) · (M2

s − 1)

1 + (γ−1
γ+1

) · (M2
s − 1)

(3.18)

Another way to find P5/P1 is using Eq. (3.11), which is available to figure out

any pressure ratio across a normal shock wave. P2 and P5 are the pressures in front
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of and behind the reflected shock wave, and the gas velocity in front of the reflected

shock wave is MR, which can be expressed as a function of Ms and γ of zone 1 [69].

P5

P2

= 1 +
2γ

γ + 1
(M2

R − 1) (3.19)

MR =

√
2γM2

2 − (γ − 1)

(γ − 1)M2
s + 2

(3.20)

Therefore, P5/P1 can be obtained in a simpler way,

P5

P1

=
P5

P2

· P2

P1

= {1 +
2γ

γ + 1
(M2

R − 1)} · {1 +
2γ

γ + 1
(M2

s − 1)} (3.21)

Eq. (3.18) and (3.21) show identical results for same input variables.

3.4.4 Attenuation of Pressure Ratio of Reflected Shock Wave

The reflected pressure P5 data is collected from the pressure record of PT2. Figure

3.12 shows an example of PT2 record. When the initial shock wave is reflected on the

end wall, the pressure record displays a sudden pressure rise, and increases as a step

shape due to shock waves travelling back and forth in the main chamber until the

ignition, where the second big rise in the left graph occurs. The right graph in Figure

3.12 shows a zoomed version of the beginning of the PT2 record. The amplitude of

P5 which represents a gauge value of the reflected pressure, from the PT2 record is

defined as a mean value of the first pressure step. The measured pressure ratio of

P5/P1 will be the absolute pressure P5 over room pressure of the day when the test

is conducted.

In order to obtain the pressure ratio from Eq. (3.18), the specific heat ratio of zone

1 and Mach number of the initial shock should be obtained first. Ambient temperature

and pressure are applied in the calculation. The specific heat ratio and gas constant

of the mixture are calculated using mole numbers of hydrogen, methane, and air in

the main chamber at ambient temperature, which are obtained by Eq. (2.16), (2.4),

and (2.10), respectively. The Mach number of the initial shock is calculated using
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the speed of sound, a =
√
γmixRmixT , with the measured initial shock speed. Lastly,

the pressure ratio P5/P1, a function of the specific heat ratio and the Mach number

of the initial shock wave, can be determined by this calculation order. Figure 3.13

contains the comparison results of the measured and the calculated pressure ratios of

P5/P1.

The black square dots represent the measured pressure ratios with respect to the

Mach number of the initial shock wave, and the red line is the result of Eq. (3.18)

for the given Mach number range. Both pressure ratios increase with the increase

of the Mach number, but the measured pressure ratio is lower than the ratio from

calculation. Further, the discrepancy between two ratios increases with the increase

of the Mach number.
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Fig. 3.12. Definition of the amplitude of the reflected shock wave
obtained from PT2 pressure record, Original PT2 record (Left) and a
zoomed version in the blue square (Right)
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Fig. 3.13. Comparing the measured pressure ratio (black dots) and
the calculated pressure ratio (red line)
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There are two probable explanations that can be made on this result. The first

one is the effect of rarefaction waves catching up the initial shock wave. In the ideal

shock tube, the initial shock wave is sustained at a constant strength by a constant

mass flow rate behind it, until the reflected waves occur. However, with the present

experiment, the driver section is not a long tube, and the pressure it in immediately

begins falling, thus reducing the mass flow rate into the driven section. This causes

rarefaction waves to be propagated toward the initial shock. Expansion waves cannot

be overlapped since pressure and temperature are decreased behind an expansion

wave so the speed of the later expansion wave is slower than that of the former one.

Nevertheless, the first expansion wave is able to catch up the initial shock wave due

to the increased pressure and density behind the initial shock. In this case, the shock

wave, an accumulation of compression waves, meets the expansion wave and they

cancel each other out, decreasing the pressure gap across the initial shock wave and

the shock strength. Sundaramurthy [70] varied the length of the driver section, which

corresponds to the pre-chamber in the current study, to control the strength of the

shock front. As shown in Figure 3.14, the first expansion fan can catch up the shock

front quickly with the shorter driver section, C1, than C2 due to the shorter travel

distance. The number of expansion waves catching up the shock front increases with

the decrease of the length of the driver section, so the shock strength is the lowest at

the shortest driver section. The author experimentally verified this fact that among

four different length ratios of the driven section to the driver section, 5.65, 8.51, 17.21,

and 101.97, the longest length ratio, 101.97, showed the lowest shock strength, and the

shortest length ratio, 5.65, showed the highest shock strength. In the current study,

the length ratio of the main chamber to the pre-chamber is 6.46, so it is assumed that

some of expansion waves may catch up the initial shock wave before reflected on the

end wall of the main chamber, and as a result, the strength of the initial shock wave

becomes lower compared to the given shock Mach number and specific heat ratio, and

the pressure ratio between P5 and P1 is also measured lower than the ideal pressure

ratio.
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Fig. 3.14. x-t Diagram for the expansion fan and the initial shock wave
behaviors after the diaphragm rupture, and a comparison between two
driver length C1, and C2 [70]
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The second reason of the attenuation of the measured pressure ratio is the effect

of the wall boundary layer. According to Mirels [71], a flow with velocities u2 in the

region 2 of Figure 3.9 generates a thin boundary layer on the wall surface behind the

initial shock wave. This boundary layer induces expansion waves in the region 2 due

to a vertical velocity component in the layer, and the expansion waves overtake the

shock front, attenuating its strength. Also, Mirels considered dissipation and heat

transfer as other reasons of the shock attenuation. Dissipation and heat transfer from

the wall to the boundary layer tend to increase the vertical velocity, contributing to

the generation of expansion waves. Mirels compared the results of the theoretical

model based on the above assumptions with the shock tube experiment results [72],

and especially it showed good agreement at low Mach number of the shock wave. The

experiment results show that the pressure ratio across the shock wave decreases with

the increase of the distance from the diaphragm due to the attenuation of the shock

strength, and with the increase of the shock Mach number at the same distance from

the diaphragm. This trend also agrees with the result in Figure 3.13.

As the increase of the shock strength results in the increase of pressure and tem-

perature of a gas mixture behind the shock wave, mitigation of the attenuation effects

on the shock strength may contribute to the reduction of the ignition delay time. Con-

sidering that the advantages of the shock wave are utilized in channels of the actual

wave rotor drum, further investigations on the attenuation of the shock strength in a

constant-volume chamber are required.

3.5 Ignition Delay Time Measurement

Finding factors leading to rapid ignition is crucial for the wave rotor combustor

due to its intrinsic operational requirements. Some of variables which may affect the

ignition delay time of the current combustion setup will be discussed. In the current

study, the definition of the ignition delay time is from when the diaphragm ruptures,

emerging of hot-radical jet, to when the ignition of the air/fuel mixture in the main
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chamber occurs as illustrated in Figure 3.15. A black line and a red line in the figure

indicate pressure records of the pre-chamber and PT2, respectively. While pressure

in the pre-chamber is increasing, the diaphragm ruptures at a certain pressure, and

this rupture moment can be estimated via the method mentioned in Section 3.3. The

pressure record of PT2 has two sudden pressure rise, the first one is due to the arrival

of the initial shock wave at the end wall and the later one is due to ignition in the

main chamber.

Perera [17] and Chinnathambi [44] had the same definition of the ignition de-

lay time, but the measurement method was different to the current way. Unlike the

ignition moment that can be detected using both the high speed camera and the pres-

sure record, the rupture moment cannot be directly measured unless the high speed

camera stays focus on the diaphragm. So, they individually obtained the diaphragm

rupture time and the ignition moment. They first repeated several diaphragm rup-

ture tests at each pre-chamber combustion condition while the high speed camera was

recording images of the diaphragm alone, and then, average diaphragm rupture times

of each condition were calculated from the obtained high speed camera data. The

ignition moment of the main chamber was measured separately in another run using

a different high speed camera setup, and then applied the average rupture times to

the calculation of the ignition delay time. In the old method, because of the uncer-

tainties of the equivalence ratio of the pre-chamber and the depth of the diaphragm

indentation, errors of the averaged rupture time is too high especially for the short

ignition delay time cases. In the Perera′s result, the standard deviation of the aver-

aged rupture time is 0.2 ms, which is 50% of the shortest ignition delay time, 0.4 ms,

of the ethylene combustion in the main chamber. In the Chinnatahmbi′s result, the

standard deviation of the averaged rupture time is 0.3 ms, which is also 50% of the

shortest ignition delay time, 0.6 ms, of the ethylene combustion in the main chamber.

Therefore, the old method, which measures the diaphragm rupture moment and the

ignition moment separately and applies the average rupture time to the calculation

of the ignition delay time may include considerable measurement errors especially for
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the short ignition delay time cases. In the current study, it has been confirmed that

the diaphragm rupture moment can be estimated using the data of the initial shock

speed within error of 0.5% to the measured rupture moment using the high-speed

camera, and therefore more precise data of the ignition delay time can be suggested.

Above all, both the diaphragm rupture moment and the ignition moment are acquired

in the same combustion test, eliminating undesirable errors of the previous researches.

Ignition delay time can be expressed as follows.

τig = τPT1 peak − τrupture (3.22)

τig is the ignition delay time, τPT1 peak is the ignition moment in the main chamber,

and τrupture is the diaphragm rupture moment. The time origin of both the ignition

moment and the rupture time is when the spark plug is first triggered by the ignition

switch. When the ignition takes place in the main chamber, rapid chemical reactions

increase temperature and pressure locally, and the pressure change is delivered to

the pressure transducer as a form of pressure waves after some time delay. The

ignition moment is defined as the peak time of the first differential of the second

pressure rise of PT1 pressure profile as shown in Figure 3.16. Since the ignition point

varies with each combustion test case, the travelling time of the pressure waves from

the ignition point to the pressure transducer PT2 also changes, so this remains as

the measurement error. To assess the measurement error of the ignition moment,

the ignition moment is measured by the high-speed camera as time-resolved flame

luminosity images as Figure 3.17. Due to a fast shutter speed, the gamma value should

be maximized to recognize the ignition moment. These ignition moments obtained

by the flame luminosity images and the pressure record are compared. Figure 3.18

shows the comparison result of the ignition moments from the high-speed camera and

the pressure records. Generally, the ignition moments measured by PT1 are a bit

slower than those measured by the camera due to the delay time of the pressure wave

movement, and the mean error is 0.018%, so this method to measure the ignition

moment using the pressure profile from PT1 is credible.
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Fig. 3.15. Definition of the ignition delay time



110

Fig. 3.16. Definition of the ignition moment obtained from PT1 pres-
sure record. Original PT1 pressure record (Left) and a zoomed version
in the red square (Right). The blue vertical line indicates the ignition
moment in the left figure (Main chamber condition: Φ=0.8, H2=50%,
indentation #=2, case #=2)
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Fig. 3.17. Time-resolved flame luminosity images obtained by the
high-speed camera for the validation of the ignition moment (Main
chamber condition: Φ=0.8, H2=50%, indentation #=2, case #=2)
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Fig. 3.18. Comparing the ignition moments obtained by PT1 pressure
records and the high-speed camera
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3.5.1 Effect of Diaphragm Rupture Pressure on Ignition Delay Time

The results of the ignition delay time with respect to the experimental variables,

equivalence ratios from 0.4 to 1.0, hydrogen contents in the fuel mixture 50% and 70%,

and various rupture pressures are shown in Figure 3.19. For the investigations of the

ignition delay time through the shock tube experiments, the ignition temperature and

pressure in the driver section can be readily tracked. However, for the current setup,

it is challenging because the ignition is occurred by hot jet from the pre-chamber, and

pressure and temperature of the air/fuel mixture are changed by several traversing

shock waves before ignited. Therefore, the diaphragm rupture pressure has been

selected as a variable which has a strong influence on the ignition delay time. The

rupture pressure is normalized by the initial pressure in the main chamber, which is

ambient pressure.

Ignition delay time decreases with the increase of the rupture pressure, and there

are two reasons for this trend. First, the higher rupture pressure, the more the mass

flow rate of the hot radical jet injected through the nozzle. Ignition gets promoted

when the air/fuel mixture is exposed to more hot reactive radicals. Nazmuzzaman [45]

conducted the 3-D numerical simulation research to investigate the ignition delay time

with respect to two hydrogen contents of the methane and hydrogen mixture, 50%

and 70%, and 3 different pre-chamber rupture pressures. Figure 3.20 shows the 3-

D numerical simulation result using a detailed mechanism with 21 species and 84

elementary reactions (DRM19) at the same boundary condition and pre-chamber

combustion condition [45]. At 0.8 ms, the length of the penetration jet increases with

the increase of the pre-chamber pressure, and it seems that ignitions are occurred

at 1 ms, 1.4 ms, and 2.2 ms for the pre-chamber pressure 6 bar, 4 bar, and 2 bar

cases, respectively. For the hydrogen content 70%, the ignition delay time decreases

with the increase of the pre-chamber pressure, which is similar to the current result,

but for the hydrogen content 50%, ignition was observed at the case of pre-chamber

pressure 2 bar alone, and the other cases did not show ignition within 3 ms after the
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diaphragm rupture due to the simulation time limit. Obtaining the fastest ignition

at the lowest rupture pressure is opposite to the current result that the ignition delay

time decreases with the increase of the rupture pressure for the hydrogen content

50% as well. The author explained this phenomenon with turbulent mixing effects.

The higher the rupture pressure, the more the mixing occurs by the jet turbulence,

so the physical ignition delay time reduces. For the high reactive fuel mixture, which

is the hydrogen content 70% case, the ignition delay time obviously decreases with

the increase of the mixing effect. On the contrary, for the less reactive fuel mixture

(hydrogen content 50% case), hot mass from the jet is rapidly mixed with cold mass

of fuel mixture in the main chamber if the mixing effect is too strong. Therefore,

the flame kernel dissipates, and the ignition becomes difficult to achieve. Unlike

the simulation result, the turbulent effect of the jet is not considerably dominant

in the main chamber considering that the ignition delay time still decreases with

the increase of the rupture pressure, so the mixing effect helps reduce the ignition

delay time. In addition, as the pre-chamber combustion condition is the constant-

volume combustion, higher pressure leads to the product gas of higher temperature,

so it is assumed that temperature of hot jet increases with the increase of the rupture

pressure. If a system for measuring temperature of hot-jet is prepared, better analysis

on the effect of the rupture pressure can be available.
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Fig. 3.19. Ignition delay time variation with respect to the rupture
pressure change (Black: Φ=1.0, Red: Φ=0.8, Blue: Φ=0.6, Yellow:
Φ=0.4, Solid line: H2=50%, Dotted line: H2=70%)
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Fig. 3.20. Time-resolved temperature distribution in CVC chamber
for hydrogen-methane-air mixture Φ=1.0, and H2=70% with respect
to the pre-chamber rupture pressure variation (a)2 bar, (b)4 bar and
(c)6 bar [45]



117

It can also be inferred from Fig 3.19 that the strength of the traversing shock

wave increases with the increase of the rupture pressure, increasing temperature and

pressure of the air/fuel mixture in the main chamber. Figure 3.21 shows that the

initial shock Mach number increases with the increase of the rupture pressure for the

experiment cases of the current study, and it can be also confirmed from Figure 3.5

and Eq. (3.1). Eq. (3.11) describes that the shock strength increases with the shock

Mach number, and therefore the higher the rupture pressure, the higher the shock

strength. As the shock strength indicates the pressure ratio across the shock, higher

shock strength implies higher pressure behind the shock, and temperature behind

the shock T2 also increases with the increase of Ms with respect to the shock front

properties P1, T1, and specific heat ratio γ as shown in Eq. (3.23) [73].

T2
T1

=
{2γM2

s − (γ − 1)} · {(γ − 1)M2
s + 2}

(γ + 1)2M2
s

(3.23)

Shock waves travelling in the main chamber are reflected on the end wall, or trans-

mitted by other waves, increasing temperature and pressure of the air/fuel mixture. It

can be expected that temperature and pressure of the mixture exposed to the shock

waves will increases more when the rupture pressure increases. NASA report [73]

expressed the ignition delay time as follows.

τig ∝
1

A
exp(

E

RT
[O]−a[Fuel]−bP−cT−d) (3.24)

A is the Arrhenius constant, E is the global activation energy, R is the universal gas

constant, [O] is the oxygen concentration, and a, b, c and d are real positive numbers.

Since the correlation indicates that the inverse of pressure and temperature is pro-

portional to the ignition delay time, the increase of pressure and temperature reduces

the ignition delay time. This fact is verified by many other researches performed the

shock tube experiments using hydrogen-methane mixtures, but it is reported that the

increase or decrease range of the ignition delay time varies with the hydrogen content

in the mixture [35,74–77].
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Fig. 3.21. Mach number variation of the initial shock wave with re-
spect to the rupture pressure change for all test cases
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3.5.2 Effect of Hydrogen Content in Fuel Mixture on Ignition Delay Time

Two different hydrogen contents for the hydrogen-methane mixture has been

tested, 50% and 70%. In Figure 3.19, the hydrogen content 70% shows noticeably

faster ignition delay times compared to the hydrogen content 50%. This observation

is also verified in [45]. In general, hydrogen is much more reactive than methane,

so the increase of the hydrogen content in the mixture decreases the ignition delay

time with respect to the same equivalence ratio and ignition energy. Cheng and

Oppenhiem [78] investigated ignition characteristics of hydrogen-methane mixtures

and proposed an empirical correlation with the ignition delay time of hydrogen and

methane, τig = τ
(1−χH2

)

CH4
τ
(χH2

)

H2
, indicating that the ignition delay time is a function of

the hydrogen content in the mixture. Zhang [35] and Petersen [79] conducted shock

tube experiments to investigate the ignition delay time of the hydrogen-methane

mixture with various hydrogen volumetric contents. Zhang classified the ignition

characteristics of the hydrogen-methane mixture into three ignition regimes based on

hydrogen contents. For the hydrogen volume content in the fuel mixture less than

40%, it is methane chemistry dominating ignition (MCDI), and the addition of hy-

drogen does not change dominant kinetic of the methane oxidation. In this regime,

ignition kinetic depends on oxygen concentration in fuel mixtures, so the ignition

delay time increases with the increase in equivalence ratio. For the hydrogen volume

content higher than 80%, it is hydrogen chemistry dominating ignition (HCDI), and

the ignition characteristics of the mixture behave analogously to 100% pure hydrogen

ignition. The existence of methane acts like an ignition inhibitor in this regime [75].

The hydrogen volume content around 60% is called combined chemistry methane

and hydrogen dominating ignition (CCMHDI), and the addition of hydrogen highly

decreases the ignition delay time in this regime. According to Tang [75], the typi-

cal reaction occurring ignition is the chain-branching reaction, H + O2 ↔ OH + O,

and the most effective reaction inhibiting ignition is H radical consumption reaction

CH4 + H ↔ CH3 + H2O. As the hydrogen content increases, the amount of the H



120

radical increases, and on the other hand, the consumption of the H radical is reduced

due to the decrease of the methane content, and therefore, the ignition delay time

decreases. Gersen [74] reported that the ignition delay time significantly decreases

with the increase of the hydrogen content from the hydrogen volume content more

than 50%. Two hydrogen contents in the current study correspond to the CCMHDI

regime, so it is assumed that the ignition delay times of two hydrogen content cases

show obvious differences with respect to the equivalence ratios tested.

3.5.3 Effect of Equivalence Ratio on Ignition Delay Time

Four equivalence ratios, 0.4, 0.6, 0.8, and 1.0, are tested in the current study.

Figure 3.22 is a rearranged version of Figure 3.19 to elucidate the effect of the equiv-

alence ratio on the ignition delay time variation. For both hydrogen content cases,

the ignition delay time decreases with the decrease of the equivalence ratio. It seems

that oxygen concentration plays an important role in the chemical kinetics on ignition

of hydrogen contents from 50% to 70%. Another noticeable trend in Figure 3.22 is

that the ignition delay time at equivalence ratio 0.8 is more sensitive to the rupture

pressure change for both hydrogen contents compared to the other equivalence ratios.

Interestingly, Zhang [35] conducted the ignition delay time investigation for equiv-

alence ratios, 0.5, 1, and 2 at the fixed ignition pressure 1.8 MPa and hydrogen content

60%, and the result shows that ignition delay times have no difference between two

equivalence ratios 0.5 and 1, as shown in Figure 3.23 (a), which is opposite to the

current result. Gersen [74] also reported a similar result that two ignition delay times

of equivalence ratios of 1 and 0.5 at the fixed ignition temperature 995±4 K and

hydrogen content 50% shows no difference as well as shown in Figure 3.23 (b). As

briefly introduced in Section 1.3.3, Zhang explained this phenomenon using sensi-

tivity analysis that both ignition promotion and inhibition reactions are promoted

together with the increase of equivalence ratio, making the ignition delay time in-

sensitive to the equivalence ratio variation. However, the author did not suggest a
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clear explanation on R1, H + O2 ↔ O + OH, which still has the biggest promotion

effect on ignition. Nazmuzzaman [45] investigated the chemical ignition delay time

of the hydrogen-methane mixture for equivalence ratios from 0.6 to 1.0, and reported

that equivalence ratio has minimal effect on the ignition delay time. In the current

study, the ignition temperature and pressure are ambiguous, so it is impossible to

make a direct comparison with previous researches. If it is assumed that the same

rupture pressure causes the same thermochemistry profile of hot-radical jet and the

same ignition temperature and pressure of the air/fuel mixture in the main chamber

each time, it can be concluded that the radicals in hot-jet play a vital role in the

ignition mechanism because the hot-jet ignition is a big difference with the previous

researches regarding the ignition delay time. In order to deeply understand the effect

of radicals in hot-jet, the quantitative analysis on the variation of radicals with re-

spect to the rupture pressure change as well as the tracking of the temperature and

pressure changes of combustion in the main chamber.
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Fig. 3.22. Re-arranged version of the ignition delay time variation
with respect to the rupture pressure change (Black : Φ=1.0, Red:
Φ=0.8, Blue: Φ=0.6, Yellow: Φ=0.4, Solid line: H2=50%, Dotted
line: H2=70%)

Fig. 3.23. Effects of equivalence ratio on ignition delay of hydrogen
and methane dominating mixture for hydrogen content 60% (a) [35],
and 50% (b) [74]
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4. COMBUSTION CHARACTERISTICS AND

SHOCK-WAVE INTERACTION

4.1 Maximum Pressure in Main Chamber after Ignition

For the same amount of fuel, combustion at higher temperature and pressure is

more efficient in terms of useful energy production. Constant-volume combustion

which can achieve both high temperature and pressure results in a thermodynamic

cycle with higher efficiency than constant-pressure combustion. This is the ultimate

goal of wave-rotor combustors. In an adiabatic constant-volume combustor, the final

pressure with complete combustion does not depend on the details of the ignition

or combustion process. The goal of the present work is to ensure rapid ignition

and complete combustion. The pressure history in the combustor gives an indica-

tion of the ignition process and the initial rate of combustion. An investigation has

been performed to find the maximum pressure produced in the main chamber by

constant-volume combustion of hydrogen-methane-air mixtures with the equivalence

ratio variation from 0.4 to 1.0 and the two fuel blends with hydrogen volume fractions

of 50% and 70%. The averaged pressure values are presented in Figure 4.1, and the

maximum pressure of combustion is defined by the highest pressure value of PT2

since the PT2 is flush mounted in the main chamber. The error bar on the graph

indicates the standard deviation of each mean value. The 70% hydrogen blend show

higher maximum pressures than the 50% blend, even though the theoretical adiabatic

maximum pressure is higher for the 50% blend, as shown below. This is a clear in-

dication that the maximum pressure is strongly related to the dynamics of ignition

and heat loss. At equivalence ratio 0.8, the highest maximum pressure is observed for

both fuel blends. The lowest maximum pressure is measured at equivalence ratio 0.4,

with relatively small difference between the two blends compared to other equivalence

ratio conditions.
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In order to explain this trend, the flame temperature and pressure of the adiabatic

constant-volume combustion, and the reaction rate of hydrogen-methane-air mixtures

regarding respective equivalence ratios and hydrogen contents should be considered.

Figure 4.2 shows flame temperature and pressure of the adiabatic constant-volume

combustion obtained by CEA NASA code [80]. The adiabatic flame temperature and

pressure reach its peak at equivalence ratio 1.1, indicating that the equivalence ratio

1.1 is the most energetic condition for the hydrogen-methane-air mixture. Dirren-

berger [81] examined the variation of the laminar flame velocity with respect to the

changes of the equivalence ratio and the hydrogen content of the hydrogen-methane-

air mixture as shown in Figure 4.3 using a flat flame adiabatic burner, and the laminar

flame velocity, which represents the reaction rate, is also the fastest at equivalence

ratio 1.1 for the entire hydrogen contents. The flame velocity significantly declines as

the equivalence ratio decreases, and therefore, the equivalence ratio 0.4, is an adverse

condition for rapid combustion.

It is noted that the maximum recorded pressure in Figure 4.1 shows the peak value

at equivalence ratio 0.8, which differs with the adiabatic pressure and the laminar

flame velocity trends. The peak pressure in the CVC chamber is expected to be

determined by the balance between pressure rise by combustion and pressure loss

by heat loss. It appears that the rate of combustion is influenced by other factors

than laminar flame velocity. Although the main chamber pressure overrides the pre-

chamber pressure when ignition occurs, the remaining radicals can have an influence

on combustion for a short time. As the ignition delay time decreases with a decrease

of the equivalence ratio in Figure 3.22, which conflicts with previous results, the

radicals engage in the combustion reaction of the main chamber, so the most energetic

condition is shifted from equivalence ratio 1.1 to 0.8.

It is also noted that the maximum pressure values between two hydrogen contents

at the same equivalence ratio display a significant gap except for the equivalence ratio

0.4, which is a contrast to the adiabatic constant-volume combustion pressure result.

Unlike the adiabatic combustion, heat from combustion is transferred through the
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chamber wall. The 70% hydrogen blend cases have a higher reaction rate, so the

pressure can be built up more within a certain time period than the 50% hydrogen

blend cases while losing heat. Considering that the laminar flame velocity has a

relatively small difference with respect to the hydrogen content variation at a low

equivalence ratio, the reason of that the maximum pressure gap between two hydrogen

contents at equivalence ratio 0.4 is small can be explained by the low reaction rate.

In other words, the reaction rate cannot be increased a lot at a low equivalence ratio

with an increase of the hydrogen content. Karimi [82] conducted the 2-D simulation

research on the effect of jet chemical activity. Three different compositions of jet

were tested; products of rich combustion (equivalence ratio 1.1) of ethylene and air,

pure nitrogen, and pure argon. The jet of combustion products displays a faster

radical increase of CH3 and higher molar concentrations of CO, H, and OH radicals

than other two jets, and therefore, it shows the fastest fuel consumption rate. In

conclusion, the radicals from the hot-jet play a vital role on both the ignition delay

time and the combustion process at the beginning, so it is necessary to measure the

amount of the radical injection in order to quantitatively analyze the effect of the

radicals on the ignition and the combustion.
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Fig. 4.1. Maximum pressure of hydrogen-methane-air mixture com-
bustion pressure in the main chamber for all test cases
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Fig. 4.2. Adiabatic constant-volume combustion pressure and temper-
ature for the experiment conditions obtained using the CEA NASA
code
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Fig. 4.3. Laminar burning velocities for a hydrogen-methane-air mix-
ture as a function of equivalence ratio and hydrogen content. Symbols,
experiments; lines, modeling [81]
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4.2 Flame Motion and Interaction due to Pressure Waves

High-speed Schlieren images of each test case display that the flame front has an

apparent back-and-forth motion, due to gas motion caused by the traveling shock and

expansion waves. Shock-flame interactions have a different character depending on

whether the shock arrives from the hot (fast sound speed) or cold (slow sound speed)

side of the flame. There are called slow-fast and fast-slow interactions [83–85]. Each

test case has a distinct difference in shock-flame interactions and pressure profiles.

4.2.1 Flame Front Motion by Pressure Waves

After ignition occurs, the flame propagates in the main chamber, consuming the

unburned air/fuel mixture. Because of shock and expansion waves generated by the

initial jet and by the ignition event, this flame is subject to bulk motion set up by

waves travelling in the main chamber.

4.2.2 Shock-Flame Interaction

The interactions of shock and flame are generally categorized into two classes:

slow-fast (s/f) and fast-slow(f/s) interactions. The terms, slow and fast refer to the

sound speed in the gas where the shock is travelling. In the slow-fast interaction, the

incident shock wave travels from the low sound speed medium, the cold unburned

gas, to the high sound speed medium, the hot combusted product gas. When the

incident shock wave meets the flame front, it is separated as transmitted and reflected

waves. In the slow-fast interaction, the transmitted wave is a shock wave, and the

reflected wave is an expansion fan. On the contrary, in the fast-slow interaction, the

incident shock travels from the hot product gas to the cold reactant gas, and both the

transmitted wave and reflected wave are both shocks. These explanations are well

depicted in Figure 4.4.
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Fig. 4.4. Illustration of slow-fast and fast-slow interactions
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Two shock-flame interactions have different effects on the heat release rate, the

entropy reduction, and the pressure increase. When a shock wave passes through

a flame front, it leads to the gas compression and the flame stretch concurrently.

For the fast-slow interaction, the effect of the flame stretch overrides that of the gas

compression, the heat release rate increases more than the slow-fast interaction [86].

Compared to the isobaric combustion process, a single shock-flame interaction causes

the entropy reduction and the pressure increase. These are also more effective in the

fast-slow interaction [87].

The fundamentals of flame deformation induced by the shock-flame interaction

are well known. The Richtmyer-Meshkov instability (RMI) is mainly involved with

the flame surface deformation under the shock-flame interaction environment [88].

Like the Rayleigh-Taylor instability (RTI), the fundamental mechanism of Richtmyer-

Meshkov instability is baroclinic vorticity generation caused by the misalignment of

the local pressure gradients and the local density gradients across the interface [88].

Unlike RTI, the pressure gradient is transient and due to traveling waves. Richtmyer

suggests an equation for the growth rate of perturbation amplitude ε as [88]:

dε(t)

dt
= ε̇ = k ·∆u · At · ε0 (4.1)

Where, ε is the length of the interface perturbation, k=2π/λ is the wave number

of the perturbation, λ is the channel width, At = (ρ2-ρ1)/(ρ2+ρ1) is the post-shcok

Atwood number, ∆u is the interface velocity change due to shock refraction, and

ε0 is the initial perturbation amplitude. Figure 4.5 illustrates the evolution of the

Richtmyer-Meshkov instability at a single-mode interface perturbation [89].

The flame stretch or deformation can extend the flame surface by the shock-

flame interaction, increasing the consuming rate of reactants in the chamber [45]. In

continuous-flow constant-pressure combustors the positive feedback of such interac-

tions leads to undesirable oscillations. However, it is desirable and exploited in the

wave rotor combustor since it helps achieve the rapid combustion. The shock-flame

interaction can influence the combustion characteristics of other types of combus-
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tors. For example, a pulse detonation engine, which is a typical system using the

shock-flame interaction for rapid combustion, exploits a deflagration-to-detonation

transition(DDT) process. A deflagration initiated by a weak energy source such as a

small spark can accelerate due to turbulence and shock interations, with the reaction

zone of the flame merging into a supersonic detonation front [90].
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Fig. 4.5. Evolution of RMI at a single-mode interface perturbation [89]
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4.2.3 Observations of Flame Behavior and Shock-Wave Interactions

The propagation of the flame front is investigated using a high-speed Schlieren

technique. Figure 4.6 shows that time-resolved Schlieren images of two cases, (a)

Φ=1.0 and H2=50%, and (b) Φ=0.6 and H2=70%. The time period of oscillation

images is selected when the maximum pressure by combustion is observed. The flame

front is moved and modified due to the shock-flame interaction in both cases, but

behaviors of each case are considerably different. Since images of both cases display

one period of the gas oscillation, each cases contains a fast-slow interaction and a

slow-fast interaction. For the case (a), the weak flame stretch and flame surface

compression effects by the shock-flame interaction are observed, and many vortices

formed by the baroclinic effect are behind the flame surface. The period of the flame

movement is measured as 1 ms approximately. On the other hand, the case (b)

displays the strong flame stretch and flame surface compression effects. The first

image of (b) shows a tulip shape flame by the slow-fast interaction, and the flame

front is rapidly stretched after 21.62 ms due to the fast-slow interaction. At 22.15

ms, the flame front gets shrunk again like the image of 21.36 ms due to the slow-fast

interaction.
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Fig. 4.6. Time-resolved Schlieren images of (a) Φ=1.0 and H2=50%,
and (b) Φ=0.6 and H2=70%. The numbers beside each image indicate
the time after trigger
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Pressure records of the cases (a) and (b) in Figure 4.7 also exhibit the differences

corresponding to the flame movements. Red vertical lines in Figure 4.7 indicate the

time period of each image series in Figure 4.6. Both pressure-time graphs have the

same time scale. The ignition in case (b) occurs much earlier as expected due to the

greater role of fast hydrogen kinetics. The more energetic ignition event also results

in larger pressure amplitude than the case (a). Despite the lower total fuel energy in

the chamber at the lower equivalence ratio of case (b), the fast energy release helps

overcome heat losses. In Figure 4.7 (a), after 28.57 ms, when the initial shock wave

arrives at the end wall, the pressure increases oscillating with a certain frequency due

to the shock waves bouncing back and forth, and then quickly rises due to ignition

at 38.27 ms. After the ignition occurs, the pressure gradually decreases oscillating

with a higher frequency compared to the frequency before ignition. For the case (b)

in Figure 4.7, the initial shock arrives at the end wall at 18.41 ms, and the ignition

occurs at 20.34 ms before the shock wave comes back to the end wall. The pressure

increase by ignition is significantly larger than the case (a), and the amplitude and

the frequency of the pressure oscillation after ignition are also larger and higher.

The combustion behavior in the main chamber can be characterized as slow flame

propagation like the case (a) and fast flame propagation like the case (b) based on

the pressure oscillation frequency 1000 Hz and the combustion time 20 ms. Table 4.1

shows the classified combustion characteristics for all test conditions.
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Fig. 4.7. Pressure records in the main chamber obtained by PT2 for
the test conditions of (a) Φ=1.0 and H2=50%, and (b) Φ=0.6 and
H2=70%

Table 4.1
Classification of combustion characteristics for all test conditions
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The fast flame propagation results in energetic flame front deformations by the

shock-flame interaction, and the higher amplitude and frequency of the pressure os-

cillation. Considering that four test conditions of the fast flame propagation have

faster laminar flame velocities than other conditions of slow flame propagation, one

interpretation can be suggested that a feedback mechanism between the flame and

the pressure waves can lead to the flame acceleration, achieving the fast flame prop-

agation [89,91]. When the shock waves pass through the flame front, the interaction

not only expands the combustion products, but also generates other pressure waves.

These waves coalesce and form a single one-dimensional wave within a very short

distance after the interaction, increasing the strength of the shock wave [92]. The

reinforced shock compresses and accelerates the unburned gas ahead of the flame,

thus temperature, pressure and vorticity of the unburned gas are increased, and this

increases the reaction rate of the flame. Consequently, the expansion rate of the gas

products is enhanced more, generating a stronger shock wave. This feedback loop is

illustrated in Figure 4.8.

For a higher reaction rate of the reactants, this feedback mechanism explains the

fast flame propagation. However, it seems that the feedback mechanism has a minor

influence on a lower reaction rate of the reactants. Although the traveling shock wave

is enhanced by the shock-flame interaction, the expansion rate of the product gas is

not increased further due to the low reaction rate of the reactant gas, maintaining the

flame propagation speed. In order to exploit the feedback effect to accelerate the flame

propagation speed, the reactant gas mixture should satisfy a certain reaction rate

condition. Since the reaction rate of the reactants varies with the mixture conditions

and the mixing conditions, it is recommended that future investigation to find the

minimum criteria yielding the feedback effect should be conducted in controlling not

only the equivalence ratio and fuel ratio but also the shock strength.
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Fig. 4.8. Feedback mechanism enhancing the flame acceleration
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4.2.4 Flame Front Oscillation by Shock-Flame Interactions

A methodology was introduced in Section 2.7 to define the flame front axial lo-

cation and quantify the the flame front movement along the chamber axis over time.

This methodology is applied for all Schlieren test cases and the flame position move-

ment is compared with the corresponding pressure record. Among them, results of

cases Φ=1.0 and H2=50% for (a) and (c), and Φ=0.6 and H2=70% for (b) and (d) are

presented in Figure 4.9. In order to compare both cases intuitively, the flame front

movement-pressure-time graph of two cases are presented as the zoomed-out version

(a) and (b), and the zoomed-in version (c) and (d). The scales of flame movement,

pressure, and time in each version are identical. The distance of the end wall from

the nozzle, which is 40.77 cm, is the top line of the graph. The flame front movement

expressed as a red line displays a similar trend with the pressure result, a black line.

Both cases show that a periodic flame front movement is in phase with a pressure

oscillation. In Figure 4.9 (a), the condition of Φ=1.0 and H2=50% shows that the

amplitude of the flame oscillation is about 1cm at the beginning of combustion. It

is observed that the flame front cannot propagate more to the end wall at 48 ms

after trigger, and even retreats at 52 ms. The flame front moves forward after the

shock strength dissipates at 55 ms. This lagged flame movement results from the low

reaction rate of reactants in that the flame front cannot overcome the compression

effect of the shock wave due to slow consumption rate of the unburned gas. On the

contrary, the condition of Φ=1.0 and H2=50% in Figure 4.9 (b) shows the flame

oscillation amplitude of approximately 3cm at the beginning of combustion, 3 times

larger than the condition of Φ=1.0 and H2=50%. The flame front reaches the end wall

within three periods as shown in Figure 4.9 (d) The feedback effect appears well in

this case that the product gas is expanded by the traveling shock wave, increasing the

heat release rate. With the shock wave enhancement by the pressure wave generation

from the flame surface, the traveling speed of the shock increases due to the increase

of pressure and temperature. This leads to the increase of frequencies of the pressure

and the flame oscillations, resulting in the fast flame propagation.
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Fig. 4.9. Comparison of flame front movement and pressure oscilla-
tion. (a) Φ=1.0 and H2=50% and (b) Φ=0.6 and H2=70% are the
zoomed-out version, and (c) Φ=1.0 and H2=50% and (d) Φ=0.6 and
H2=70% are the zoomed-in version
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4.2.5 Comparison of Gas Motion and Pressure Oscillation Frequencies

Pressure oscillation frequencies before and after ignition, and the gas oscillation

frequency (as measured by the flame location) are compared in Figure 4.10. All fre-

quencies are obtained by the fast Fourier transform (FFT) from the pressure and

the flame movement records. The black point is the averaged pressure frequency be-

fore ignition, the red point is the averaged pressure frequency after ignition, and the

green point is the flame oscillation frequency. The pressure frequency after ignition is

slightly higher than the gas oscillation frequency, reflecting the faster travel of waves

in higher temperature gas. The flame front movement is driven by the traveling shock

wave and tracks the post-ignition pressure frequency within the margin of error. The

fast flame propagation conditions, which have pressure oscillation frequencies higher

than 1000 Hz, exhibit the flame acceleration. Oscillation frequencies of the pressure

and the flame front are highly related to the reaction rate of the air/fuel mixture be-

cause the equivalence ratio 0.8, which has the highest reaction rate, shows the highest

oscillation frequencies of the pressure and the flame front in the hydrogen contents of

both 50% and 70%, and the hydrogen content 70% shows higher frequencies than the

50%. The pressure frequency before ignition displays no notable change with respect

to the variations of the equivalence ratio and the hydrogen content, but it changes

significantly after ignition. Therefore, this can be an evidence of that the shock wave

is affected by the flame, supporting the feedback mechanism between the flame and

the shock wave.
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Fig. 4.10. Comparison of gas oscillation frequencies of the pressure
before and after ignition, and the flame front. Left : H2=50%, Right
: H2=70%
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4.3 Combustion Time Measurement

Combustion time is defined as a time interval from the ignition moment to the time

when the flame front arrives at the end wall of the main chamber, so the combustion

time represents a time to burn up the air/fuel mixture in the chamber. Figure 4.11

shows the combustion time variation regarding the equivalence ratio and the hydrogen

content. The black point is the hydrogen content 50%, and the red point is the 70%.

The combustion behavior is classified as fast and slow flame propagation based on the

combustion time 20 ms. For the fast flame propagation, the combustion time shorter

than 20 ms, the flame is accelerated by the interaction, reaching the end wall within

a very short time. The shortest combustion time, 2.565 ms, is observed at Φ=1.0 and

H2=70%. For the slow flame propagation, the combustion time longer than 20 ms, the

flame cannot be accelerated, so the flame front oscillates and propagates with a slow

speed. The longest combustion time, 48.757 ms, is observed at Φ=1.0 and H2=70%.

If the reaction rate of the reactants is high enough, the feedback mechanism between

the flame and the shock wave is activated, and the flame propagation is accelerated,

reducing the combustion time. In Figure 4.11, it is expected that the condition for

the feedback activation is located between 50% and 70% of the hydrogen contents

at equivalence ratio 1.0 and 0.8. As the feedback mechanism is influenced by the

reactivity of the reactants and the mixing effect of the shock wave, Properties of the

shock wave such as a pressure ratio across the shock and the shock Mach number

should be obtained to analyze the mixing effect on the feedback mechanism. If the

gas mixture with a low reaction rate is supplied into the wave rotor channel, the

mixture may not be completely consumed until exhausted, causing an adverse effect

on the system efficiency. Therefore, it is imperative to find the activation condition

of the feedback mechanism for achieving the fast flame propagation.
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Fig. 4.11. Combustion time variation with respect to the equivalence
ratio and the hydrogen content



146

5. CONCLUSION AND RECOMMENDATIONS

This chapter contains the concluded comments for the current experimental study

and recommendations for future work.

5.1 Conclusions

An experimental study was conducted to investigate the ignition delay time and

the combustion characteristics of transient hot-jet ignition in a constant-volume com-

bustion (CVC) chamber. A transient jet or puff or hot reactive gas was produced

by spark ignition of a hydrogen-methane-air mixture in a pre-chamber, and injected

into the CVC or main chamber to ignite another hydrogen-methane-air mixture in

the main chamber. The mixture in the pre-chamber was fixed at an equivalence ra-

tio 1.1 and a hydrogen content 50% by volume in the hydrogen and methane blend.

Various equivalence ratios from 0.4 to 1.0 and hydrogen contents 50% and 70% by

volume in the hydrogen and methane blend were adopted for the main CVC chamber

mixture. In order to investigate the diaphragm rupture pressure effect on the ignition

delay time, the indentation depth of a diaphragm varied. A Schlieren photography

system was prepared to visualize shock waves and flame front movements, and an

image processing code was created to analyze Schlieren images. Initial shock speeds

were measured by using a high sampling rate of pressure transducers. This enabled a

new validated methodology to find the ignition delay time by extrapolating the shock

travel backward in time to the moment of the initial jet initiation by diaphragm rup-

ture. High-speed flame luminosity images were obtained to validate the ignition delay

time.

With the use of the slightly rich combustion mixture in the pre-chamber, ignition

delay time in the CVC chamber reduces (a) with increase of the hydrogen content,
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(b) with a decrease of the equivalence ratio, and (c) with increase of the diaphragm

rupture pressure. As the hydrogen content increases, the ignition-promoting reactions

are increased but the ignition-inhibiting reactions are decreased, and consequently the

ignition delay time decreases. In previous reported experimental researches [35,74], it

appeared that the equivalence ratio of the mixture with the same hydrogen-methane

fuel blend tested in the current study had no effect on the ignition delay time. The

major difference between the current and the previous experiments is the hot-jet

ignition, so it is assumed that radicals in the hot-jet play a vital role in the decrease

of the ignition delay time as the equivalence ratio decreases. The increase of the

diaphragm rupture pressure increases temperature of the hot-jet and the amount of

reactive radical in the hot-jet, leading to the increase of energy and effectiveness of

the jet. Also, the initial shock strength increases with the increase of the diaphragm

rupture pressure, increasing the temperature and pressure of the gas mixture and the

mixing rates in the main chamber. All contribute to the reduction of the ignition

delay time.

The highest maximum pressure in the main chamber was observed at equivalence

ratio 0.8. It seems possible that the reaction rate of this gas mixture is the highest

among the tested equivalence ratios, and therefore pressure builds up most rapidly

at equivalence ratio 0.8. It has been investigated in previous studies for the laminar

burning velocity [81] that the highest reaction rate appears at equivalence ratio 1.1

for combustion of the hydrogen-methane-air mixture, but the reactive radicals in the

hot jet are involved in the combustion reactions, shifting the condition of the highest

reaction rate from equivalence ratio 1.1 to 0.8. The shock-flame interaction exhibits

two trends throughout the tested conditions, fast and slow flame propagations. In the

fast flame propagation, flame front acceleration and large amplitudes of the flame front

and pressure oscillations were observed, and frequencies of the pressure oscillation

were high. In contrast, the slow flame propagation reveals low frequencies of the

pressure oscillation, and the acceleration of the flame front by pressure waves was

not observed. Amplitudes of the flame front motion and pressure oscillation were
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also small. The flame front acceleration is caused by a feedback effect between the

flame and shock waves, and it is assumed that a certain level of the reaction rate of

the gas mixture is required in order to activate the feedback effect. If the feedback

is not activated like the slow flame propagation cases, the flame front only shows

oscillations by the pressure waves without stretched, and propagates slowly, causing

a slow combustion time.

It was observed that the strength of the reflected was weaker than expected from

the initial shock speed. It is argued that expansion fans generated in the pre-chamber

are able to catch up the initial shock wave due to the short length of the pre-chamber,

attenuating the strength of the initial shock wave, so the strength of the reflected

shock wave also diminishes. This has not undermined confidence in the methodology

of determining ignition delay times.

5.2 Recommendations

1) The present work focused on a stationary jet nozzle and pre-chamber, although

the test rig was designed for a nozzle that traverses the CVC chamber through ro-

tation of the pre-chamber. In order to experimentally simulate the ignition process

in an actual wave rotor channel, an investigation of jet mixing affected by relative

motion between the torch jet and the CVC is required. For this, the design and

construction of both the pre-chamber and the main chamber should be improved to

minimize a leakage from the gap between the two chambers. A previous CVC experi-

ment conducted by Chinnathambi [44] included traversing motion with some leakage

present. The issue of the gap between two chambers is not solved in the current study,

so the effect of the relative motion was not able to be investigated. It is difficult to

absolutely seal the contact surfaces, one is rotating and another is stationary, but the

leakage should be minimized by redesign of the rig and alignment of the surfaces.

2) As the ignition delay time is measured using the initial shock speed, more ac-

curate measurement of the initial shock speed is desired to reduce uncertainty in the
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ignition delay time estimation. The PT1 was installed on a pressure probe to prevent

heat damage from a flame in the chamber, but it caused amplitude and phase modula-

tions of the pressure signal, incurring errors on the ignition delay time. Two pressure

transducers flush mounted on the main chamber are required to measure the initial

shock speed more precisely. An existing pressure transducer is flush mounted at the

end of the main chamber, where the flame temperature is relatively low. The initial

shock speed can be measured more precisely using another flush-mounted pressure

transducer at a safe location on the chamber, with the use of a heat resistant grease

to protect the sensor.

3) Temperature of the jet reactants and products should be measured accurately.

The ignition delay time is strongly related to temperature of the reactants. Therefore,

the temperature of the gas mixture in the main chamber is required to complete a

correlation of the ignition delay time. The hot gas emerging from the pre-chamber

into the CVC chamber will have experienced heat loss and may also be affected by

incomplete combustion in the pre-chamber. However, since the combustion process

is transient and has a very short time scale, the temperature cannot be measured

using typical temperature measurement ways. A Rayleigh scattering measurement

technique has been used to measure dynamic gas temperature at high sampling rates

(10 kHz) [93,94], so it can be suggested as the best method for the current combustion

condition.

4) A quantitative assessment of the pre-chamber combustion process and discharge

process. At given pre-chamber combustion condition, the amount of hot-jet mass

injection, pressure and profile of the jet, and the boundary effect should be measured

to determine properties of the hot jet. Minimizing uncertainties from the amount of

the gas supply and the depth of the diaphragm indentation is also required for an

accurate assessment.

5) A quantitative model of transient jet ignition considering mixing and chemical

kinetic processes. A complete ignition delay time correlation should be based on a

detailed model.
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6) Quantitative criteria to determine whether the flame propagation behavior is

fast or slow should be established. If the combustion time is too long in an actual

wave rotor channel, the gas mixture in the channel may be discharged with incom-

plete burning, causing an adverse influence on the system efficiency. Therefore, it is

necessary to figure out a combustion condition promoting not only rapid ignition but

also fast flame propagation. As the feedback between the flame and shock waves is

highly related to the fast flame propagation condition, it should be investigated that

the feedback is activated in which conditions. In order to figure out the feedback

activation condition, the conditions between the hydrogen contents 50% to 70% at

equivalence ratios 0.6 and 1.0 need to be investigated since those conditions showed

large differences in the combustion time result. Also, as the reaction rate of the gas

mixture, and the mixing effect by the shock-flame interaction have a vital role in the

feedback mechanism, the criteria of the feedback activation condition can be estab-

lished based on quantification of the reaction rate of the gas mixture and the vorticity

production rate by the interaction.
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[28] K. Zhang, C. Banyon, C. Togbé, P. Dagaut, J. Bugler, and H. J. Curran, “An
experimental and kinetic modeling study of n-hexane oxidation,” Combustion
and Flame, vol. 162, no. 11, pp. 4194–4207, 2015.

[29] D. Davidson and R. Hanson, “Interpreting shock tube ignition data,” Interna-
tional Journal of Chemical Kinetics, vol. 36, no. 9, pp. 510–523, 2004.

[30] J. Wang, Z. Huang, Y. Fang, B. Liu, K. Zeng, H. Miao, and D. Jiang, “Com-
bustion behaviors of a direct-injection engine operating on various fractions of
natural gas–hydrogen blends,” International Journal of Hydrogen Energy, vol. 32,
no. 15, pp. 3555–3564, 2007.

[31] S. Rousseau, B. Lemoult, and M. Tazerout, “Combustion characterization of
natural gas in a lean burn spark-ignition engine,” Proceedings of the Institution
of Mechanical Engineers, Part D: Journal of Automobile Engineering, vol. 213,
no. 5, pp. 481–489, 1999.

[32] L. Ben, N. Raud-Ducros, R. Truquet, and G. Charnay, “Influence of air/fuel
ratio on cyclic variation and exhaust emission in natural gas si engine,” tech.
rep., SAE Technical Paper, 1999.

[33] K. Nanthagopal, R. Subbarao, T. Elango, P. Baskar, and K. Annamalai, “Hy-
drogen enriched compressed natural gas- a futuristic fuel for internal combustion
engines,” Thermal Science, vol. 15, no. 4, pp. 1145–1154, 2011.

[34] S. B. Shrestha and G. Karim, “Hydrogen as an additive to methane for spark
ignition engine applications,” International Journal of Hydrogen Energy, vol. 24,
no. 6, pp. 577–586, 1999.

[35] Y. Zhang, X. Jiang, L. Wei, J. Zhang, C. Tang, and Z. Huang, “Experimental
and modeling study on auto-ignition characteristics of methane/hydrogen blends
under engine relevant pressure,” international journal of hydrogen energy, vol. 37,
no. 24, pp. 19168–19176, 2012.

[36] H. Taylor and J. Waldram, “Improvements in the schlieren method,” Journal of
Scientific Instruments, vol. 10, no. 12, p. 378, 1933.

[37] H. Richard and M. Raffel, “Principle and applications of the background oriented
schlieren method,” Measurement Science and Technology, vol. 12, no. 9, p. 1576,
2001.

[38] F. Parsinejad, J. C. Keck, and H. Metghalchi, “On the location of flame edge in
shadowgraph pictures of spherical flames: a theoretical and experimental study,”
Experiments in Fluids, vol. 43, no. 6, pp. 887–894, 2007.

[39] E. Hecht and A. Zajac, Optics, chapter 9. Addison Wesley, New York, 2002.

[40] A. Schuster, An introduction to the theory of optics. Edward Arnold, London,
1904.

[41] G. S. Settles, Schlieren and shadowgraph techniques: visualizing phenomena in
transparent media. Springer Science & Business Media, 2012.

[42] P. K. Panigrahi and K. Muralidhar, ”Laser schlieren and shadowgraph”,
Schlieren and shadowgraph methods in heat and mass transfer. Springer, 2012.



154

[43] J. A. Volpe and G. S. Settles, “Laser-induced gas breakdown as a light source
for schlieren and shadowgraph particle image velocimetry,” Optical Engineering,
vol. 45, no. 8, pp. 080509–080509, 2006.

[44] P. Chinnathambi, Experimental investigation on traversing hot jet ignition of
lean hydrocarbon-air mixtures in a constant volume combustor. MS thesis, Purdue
University, 2014.

[45] M. N. Khan, Three-dimensional transient numerical study of hot-jet ignition of
methane-hydrogen blends in a constant-volume combustor. MS thesis, Purdue
University, 2015.

[46] K. Murphy, Experimental Investigation of Traversing Hot-Jet Ignition of Ethy-
lene, and Propane-Air Mixtures in a Constant-Volume Combustor. MS thesis,
Purdue University, Unpublished, Estimated deposit year: 2016.

[47] R. C. Flagan and J. H. Seinfeld, Fundamentals of air pollution engineering.
Courier Corporation, 2013.

[48] “http://www.wunderground.com,” Weather Underground: Weather Forecast &
Reports. Last date accessed: Jan/6/2016.

[49] S. Carter, A. Ned, J. Chivers, and A. Bemis, Selecting Piezoresistive vs. Piezo-
electric Pressure Transducers. Application Note: AN-102, Industry/Kulite Gen-
eral Overview, 2015.

[50] Electrical Transducer Nomenclature and Terminology. Instrument Society of
America, ISA37.11975 (R1982), 1982.

[51] W. Gopel, J. Hesse, and J. N. Zemel, Sensors Applications, Sensors in Intelligent
Buildings, Vol. 2. Wiley, 1998.

[52] Introduction to Piezoelectric Pressure Sensors. Technical report, PCB Piezotron-
ics, 2003.

[53] G. Li and E. J. Gutmark, “Effects of installation on dynamic pressure measure-
ments,” in 44th AIAA Aerospace Sciences Meeting and Exhibit, p. 1387, 2006.

[54] D. L. Straub, D. H. Ferguson, R. Rohrssen, and E. Perez, Design considerations
for remote high-speed pressure measurements of dynamic combustion phenomena.
National Energy Technology Laboratory, US Department of Energy, 2007.

[55] R. Rohrssen, Acoustic Characteristics of a Dynamic Pressure Sensing Appara-
tus with Applications to Gas Turbine Combustors. PhD thesis, West Virginia
University, 2007.

[56] D. R. Englund and W. B. Richards, “The infinite line pressure probe,” Thirty-
ninth International Instrumentation Symposium, 1984.

[57] J. Oh, M. Kim, and Y. Yoon, “The tuning methodology of a ge 7fa+ e dln-2.6
gas turbine combustor,” Applied Thermal Engineering, vol. 36, pp. 14–20, 2012.

[58] S. D. Gallimore, A study of plasma ignition enhancement for aeroramp injectors
in supersonic combustion applications. PhD thesis, Virginia Polytechnic Institute
and State University, 2001.



155

[59] P. A. Boettcher, Thermal ignition. PhD thesis, California Institute of Technology,
2012.

[60] A. Sangeetha and S. Rajesh Kannan, “Detecting fire and flame images using
an auto adaptive edgedetection algorithm,” in International Journal of Recent
Development in Engineering and Technology, vol. Volume 2, Special Issue 3,
2014.

[61] R. T. E. Hermanns, J. Kortendijk, R. Bastiaans, and L. De Goey, Laminar
burning velocities of methane-hydrogen-air mixtures. Universal Press, 2007.

[62] E. Hu, Z. Huang, J. He, C. Jin, and J. Zheng, “Experimental and numerical study
on laminar burning characteristics of premixed methane–hydrogen–air flames,”
international journal of hydrogen energy, vol. 34, no. 11, pp. 4876–4888, 2009.
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Appendix A    MATLAB Code to Measure the Flame Front

Position by Time

clear all

clc

filename=input(’Only enter a file name to bring the file list: ’,’s’); 

if(isempty(strfind(filename,’.’))~=1);

error(’Do not enter the file extension’);

end;

fid=fopen([filename,’.dat’],’r’);

if(fid==-1);

error([’Failed to read.’,filename,’ is a wrong input. Please 

re-check the file name’]);

end;

[IN1]=fscanf(fid,’%g %g %g’,3);

total=IN1(1); %total file number

starttime=IN1(2); %image recording start time

interval=IN1(3); %time interval between images

xposition=zeros(total, 112);

foravg=zeros(total, 112);

for IR=1:total;

[filen]=fscanf(fid,’%s’,1);

if(isempty(strfind(filen,’.’))~=1);

error([’Please make sure that the file name should begin

with alphabet. the wrong file name is:’,int2str(IR)])
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end;

filbmp=sprintf(’%s.bmp’,filen);

fig=imread(filbmp);

I=rgb2gray(fig);

BW=imgaussfilt(I,10);

BW = edge(BW,’canny’);

BW = imdilate(BW,strel(’square’,3));

BW = imfill(BW,’holes’);

BW = imerode(BW,strel(’square’,3));

BW = bwareaopen(BW, 200);

BW = bwperim(BW,8);

finalfig=255*uint8(BW);

i=rgb2gray(fianlfig);

isize=size(i);

for ii=1:isize(1);

for iii=1:isize(2);

if i(ii, iii)==255;

xposition(IR, ii)=iii;

foravg(IR, ii)=1;

end

end

end

end

xposition=xposition’;

foravg=foravg’;



160

positioninfo=sum(xposition)./sum(foravg);

positioninfo=positioninfo’;

for iiii=1:total;

final(iiii,1)=starttime+(iiii-1)*interval;

end

final(:,2)=positioninfo*0.035775+28.767;

result_file_name = sprintf(’result.txt’);

data_save=fopen(result_file_name,’wt’);

[Rowsize,Columsize]=size(final);

for k = 1 : 1 : Rowsize;

for kk = 1 : 1 : Columsize;

fprintf(data_save, ’%10.5f\t’, final(k,kk));

end

fprintf(data_save,’\n’);

end

fclose(data_save);
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Appendix B     Flame Front Position Versus Pressure

History from Schlieren Test Cases

(a) H2 content=50%, #=1 (b) H2 content=50%, #=2

(c) H2 content=70%, #=1 (d) H2 content=70%, #=2

Fig. B.1. Φ=1.0, Time scale=5 ms, Pressure range=10∼90 psig,
Flame front movement range=26∼40 cm

The flame front of Figure B.1 (c) is measured as if retreated at the end because

another flame bubble is generated in front of the original flame front, and pushes

back the original flame front like Figure B.2. The MATLAB code only can track the

original flame front movement, so it is measured like drawing back.
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Fig. B.2. The original flame front (white line) is pushed out by the
new flame bubble (black line) generated in front of the original flame
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(a) H2 content=50%, #=1 (b) H2 content=50%, #=2

(c) H2 content=70%, #=1 (d) H2 content=70%, #=2

Fig. B.3. Φ=0.8, Time scale=4 ms, Pressure range=10∼100 psig,
Flame front movement range=26∼40 cm
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(a) H2 content=50%, #=1 (b) H2 content=50%, #=2

(c) H2 content=70%, #=1 (d) H2 content=70%, #=2

Fig. B.4. Φ=0.6, Time scale=4 ms, Pressure range=10∼80 psig,
Flame front movement range=26∼40 cm
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(a) H2 content=50%, #=1 (b) H2 content=50%, #=2

(c) H2 content=70%, #=1 (d) H2 content=70%, #=2

Fig. B.5. Φ=0.4, Time scale=10 ms, Pressure range=10∼50 psig,
Flame front movement range=26∼40 cm
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