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Abstract: In this paper, the deflagration to detonation transition (DDT) process of a hydrogen-air mixture is
investigated using a small tube with an inner diameter of 11.1 mm. A rapid compression machine (RCM) is
utilized to compress the mixture, attaining high pressure and temperature to resemble engine applications.
Both piezoelectric pressure transducers and ion sensors are used to detect the flame front, calculating the
flame propagation speed. The background absolute pressure before DDT is adjusted from 20 kPa to 810 kPa
via a combination of charging pressure and RCM compression, while the background temperature is adjusted
from 296 K to 460 K with spark timing adjustment after the compression process of RCM. It is observed that
background pressure is an important parameter that decides the existence of a successful DDT process, while
background temperature offers a limited contribution to accelerating the flame speed within 1 m tube length.

Keywords: deflagration to detonation transition; rapid compression machine; elevated background pressure;
flame acceleration

1. Introduction

Decarbonization has been the major trend for research and development activities in the transportation sector
in recent years to reduce the environmental impact of automotive vehicles, maritime, and airplanes. Presently, low-
carbon and zero-carbon fuels are of specific interest, such as renewable natural gas [1], hydrogen [2—4], and
ammonia [5]. However, for low-reactivity fuels, such as natural gas and ammonia, further improvement in
combustion efficiency is needed to reduce the direct emission of methane and ammonia, as well as enhance the
system efficiency [6-8].

For spark ignition engines, an efficient combustion event relies on a rapid flame propagation process,
which is challenging for fuels with lower laminar flame speeds. To tackle this challenge, a stronger in-
cylinder turbulence is needed to shorten the combustion duration, accompanied by strong ignition sources to
secure the flame kernel initiation.

For internal combustion engines, the in-cylinder turbulence is usually initiated by the piston movement [9]
and can be intensified by proper design of the intake manifold and combustion chamber geometry [10]. Under
these conditions, advanced ignition techniques are developed for stable combustion process using lean or diluted
mixtures, such as enhanced discharge current [11], prolonged discharge duration [12], enhanced ignition
volume [13-16], low temperature plasma sources [16—19], and prechamber ignition systems [20].

Prechamber ignition systems reduce the combustion duration significantly to increase thermal and
combustion efficiencies. The high-speed flame/radical jet shooting out from the orifices of a prechamber
spark plug can increase local turbulence intensity near the spark plug, as well as enlarge the ignition
area [21]. Furthermore, an active prechamber ignition system injects fuel directly into the prechamber to
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modulate the local fuel-air ratio, which partially solves the scavenging challenge a passive prechamber
normally has and can organize stable combustion process of ultra lean mixtures [22]. Such ignition systems
also provide the possibility to use fuels with higher flame speed, such as hydrogen, to ignite the low chemical
reactivity fuel in the main combustion chamber. It has been reported that the flame/radical jet speed can reach
supersonic under certain conditions [23-26].

When flame speed is further increased to a couple of thousand meters per second, the flame transforms
into a detonation wave, which has demonstrated its ability to further improve the efficiencies of gas turbines
used in supersonic aircraft and electricity generation [27]. The detonation waves propagate around the
Chapman-Jouguet (CJ) velocity [28] to generate a constant-volume combustion process of the fuel-air
mixture, known as the Humphrey cycle [29]. For pulsed detonation engines, the fresh air-fuel mixture is
introduced in the combustion chamber in the periodic cycle from 10 to 100 Hz [30]. The detonation speed of
a fuel-air mixture is less sensitive to the chemical property of the fuel compared with the laminar flame
speed, as demonstrated in Figure 1, which provides the possibility to utilize fuel with a lower laminar flame
propagation speed for high-speed combustion applications under detonation mode [31-44].

2500
:" Ulummur dillerence =96% _ _1
l :. U N =6% L detonaton_ditterence 5% i H-
2000 ___%____g'sl_uu_'-l_k_")_511_1_1”51}'95'5_____f S ¥ o
E W* NH; [ead A C.l i?—; _________ '
b _:1I— — »>
3] / \ S o
&_‘ 1500 4 1850 - laminar_diflerence ~ 0
= ] O =
2 1800 1 ¢ <ou” B o H2 = C2H2
g 1000 A 1750 - “
g e 4 C2H4 o CH4
S ; ’ - o C2H6 a C3H8
& 500 A :::_‘;;:";’E‘:{;;L en-butane  ® n-pentane
T = 300K * DME » Methanol
0 P = 100kPa + Ethanol ® NH3
0 20 40 60 80 100 120 140 160 180 200

Laminar flame speed [cm/s]

Figure 1. Calculated C-J detonations speed under ambient pressure and temperature, and laminar flame speed of
various fuels.

For real applications, the transition process from deflagration to detonation flame needs to be considered
because the direct initiation of a detonation flame demands a significant amount of energy [26]. A deflagration
flame accelerates when it passes through a tube and may eventually reach detonation velocity [45], known as the
deflagration to detonation transition (DDT) [46]. Presently, most of the DDT process and steady-state detonation
investigations are aiming to avoid the explosion of fuel or combustible mixtures, including the nuclear reactor [47],
hydrogen storage [48], liquid hydrogen handling [49], and detonation-based propulsion systems [50—54]. Therefore,
the majority of the DDT research found in literature is under vacuum to atmospheric conditions at room
temperature, with some exceptions for specific research purposes [55]. Manzhalei et al. experimentally conducted
a quantitative analysis of the cell size measurement of H,/O, detonation under initial pressure up to 10 atm with
a metallic tube [48]. The results suggest that the detonation front remains mostly constant even when subjected
to high initial pressure based on observations of phenomena. In 2007, Ng et al. utilized the Zel’ dovich-von
Neumann-Doring (ZND) model coupled with detailed chemical kinetics to gain an understanding of the detonation
within a similar pressure range. Tieszen et al. investigated the impact of initial temperature on the detonation
process with a heated detonation tube. The detonation cell size is measured with initial temperature from 298 K
to 373 K under atmospheric pressure [56].

In this paper, the DDT process of hydrogen air mixture is experimentally investigated under pressurized
conditions to discuss the potential of using hydrogen detonation as the ignition source for high energy density
applications. The inner diameter of the tube is 11.1 mm, which is smaller than most of the detonation research
reported. As summarized in Table 1, in previous research, the detonation tube or channel has an inner diameter
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range from 77~430 mm when studying detonation with hydrogen air mixture, and 12~200 mm for hydrogen/
oxygen mixture. Reactive fuels with smaller detonation cell sizes, such as C,H, and H, typically allow a smaller
inner diameter to investigate DDT, including using tube diameter as small as 1 mm with pure hydrogen/oxygen
mixture [37]. For more practical fuels with relatively low chemical reactivity, such as air-fuel mixture using
methane or propane fuel, the tube diameter is relatively large, from 30 mm [38] to 520 mm [39], to realize the DDT
transition process [40]. However, the combination of a small-diameter tube with high initial pressure and
temperatures is scarcely reported.

In this study, a rapid compression machine is connected to a tube with an inner diameter of 11.1 mm to
investigate the deflagration-to-detonation process of premixed hydrogen air mixtures with oxygen
enrichment. A rapid compression machine is connected to the outlet end of the detonation tube to increase the
initial pressure and temperature simultaneously. It was found that the H,/air case receives challenge to
accelerate when traveling through the tube under such small tube diameter under room temperature. Reducing
the nitrogen dilution ratio and increasing the initial background pressure is utilized to investigate the
deflagration to detonation process under the temperature of 460 K.

Table 1. Compilation of research on H, fuel detonation under the various initial pressure, initial temperature,
equivalent ratio, and dilution gas using the detonation tube or channel.

Mixtures Dilution [%] P, [kPa] T, [K] o ID [mm] Authors Ref.
- 20-800 293 1 0105 Kuznetsov et al. [46]

- 20.3-1230 293 1 0212 Manzhalei [48]

- 0.4-1 77 0.4 052 Shen [49]

- 101.3 293 0.4-1.9 0120, @300 Litchfield et al. [57]

- 70.11 293 1 0200 Zitoun [58]

- 49.1-98.3 123 1 0200 Zitoun [58]

- 101.3 293 0.3-2 06.5-353 Matsui [59]

- 28.4-99 293 1 052 Desbordes [60]

- 5.2-20.1 293 1 250.8 Knystautas [61]

H0, - 5.4-33.1 293 1 050.8 Strehlow [62,63]

- 50 298 1 50x50 Liberman et al. [64]

- 18.845.9 293 1 050 Lee [65]

- 13.6-89.8 293 1 027 Voytsekhovskiy [66]

- 840 293 0.06-4.5 20 x 20 Wang et al. [67]

- 100 293 0.2-11.3 04-020 Bykov et al. [68]

- 4.5-118.0 293 1 016 Denisov [69]

- 7.1-52.4 298 1 - Barthel [70]

- 100 135 0.1-3.6 - Agafonov [71]

- 100 298 0.1-4.3 - Agafonov [71]

- 150-300 373 0.4-3.0 0430 Tieszen [35]

- 101.3 293 0.4-5.6 0430 Guirao [45]

- 100 278-370 0.51 0430 Tieszen [52]

- 100 288-373 0.51 0430 Tieszen [52]

L/ Air - 101.3 298 0.4-5.5 0430 Tieszen [52]
- 100 298 0.4-3.7 - Agafonov [71]

- 82.7 293 0.5-0.8 1830 x 2440 Benedick [72]

- 100240 650 0.2-0.4 0100 Ciccarelli [73]

- 100 500 0.3-1 0100 Ciccarelli [73]
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Table 1. Cont.

Mixtures Dilution [%] P, [kPa] T, IK] o ID [mm] Authors Ref.
- 100 300 0.4-2.5 0100 Ciccarelli [73]
- 100 393 0.4-3.0 0430 Stamps [74]
- 23.9-252.2 293 0.5 0430 Stamps [75]
- 25.5-151.3 293 1 0430 Stamps [75]
- 10-101.5 293 1 152 Kaneshige [76]
- 101.3 293 0.5-3.6 0150 Guirao [77]
- 100 293 2.38 0141 Wang et al. [78]
- 101 293 0.3-2.1 0100 Cross et al. [79]
- 83-961 293 1 077 Bull et al. [80]
- 101.3 294 0.6-1.4 077 Atkinson [80,81]
- 100 293 1-1.7 34x22 Dorofeev et al. [82]
- 101.3 293 0.6-3.9 - Makeev [83]
40 12-33 293 0.36 050.8 Strehlow et al. [62]
40 13-26 293 2.12 050.8 Strehlow et al. [62]
- 18.845.9 293 1 050 Lee [65]
0-85 6.1-52.8 298 1 - Barthel [70]
H,/Air/Ar 81-91 100 298 1 - Agafonov [71]
25-84 106.6 293 1 0150 Kumar [84]
50 27.2-83.2 293 1 51 x51 Anderson [85]
70 14.6-46.9 293 1 050.8 Srehlow [62,63]
70-88 100 298 1 - Agafonov [71]
25-87 106.6 295 1 0150 Kumar [84]
H/AirfHe 40-87 106.6 333 1 0150 Kumar [84]
62-87 106.6 373 1 0150 Kumar [84]
10-80 27.5-161 295 1 0150 Kumar [84]
31-56 101.3 293 1 150.8 Knystautas [61]
55-78 100 298 1 - Agafonov [71]
H,/O,/N, 25-50 100 293 1 0152 Kaneshige [76]
21-79 100 293 1 0200 Liu et al. [86]

2. Experimental Setup
2.1. Detonation Tube Setup

An in-house designed ion-current module was used to detect the ionization process during the flame
propagation from the inline resistor, and the detailed electrical circuit is shown in Figure 2. The bias voltage
is regulated to 50 V from the boosted 9 V battery, and the circuit is isolated to acquire smooth signals. The
inline resistance is 1 MQ for increasing the measurement resolution since the ion current is usually in the
microampere (LA) level. Hence, the ion current can be calculated as shown in Equation (1).

i Vion (1)

ion
Rresistur

Both ion-current and pressure measurements are collected to determine the arrival timing of the flame
front in order to calculate the average flame propagation speed between the measurement points. In this
paper, the timing of the flame front arrival is characterized by the rise of the ion current signals because it is
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more sensitive under various flame propagation speeds. A more detailed description is provided in
Section 3.2. A typical pressure and ion current measurement of a deflagration flame is demonstrated in
Figure 3. Under the low energy density of air-fuel mixtures, the combustion pressure is generally low, and the
amplitude can be incorrectly indicating the flame arrival time due to the shock precursor. The concern can be
addressed by employing the ion-current sensor, as the ionization remains unaffected by the acoustic wave.
Therefore, the flame speed is mostly calculated from the ion-current sensor with respect to the distances
between the measurement points, as shown in Equation (2). The total combustion duration is defined as the
time between spark timing and the peak pressure timing at measurement position 4. The shorter duration

promotes faster flame propagation, and the high turbulence flow may compensate for the heat loss to the wall
for achieving the DDT process.
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Uﬂame - t] _ tO (2)
DC to DC converter 1MQ
T |
DC9V
1uF

u
+Vin .J_—

Figure 2. Ion current sensing circuit.
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Figure 3. Ion current and pressure measurement of deflagration flame of hydrogen/air mixture.

Figure 4 shows the schematic of the detonation tube. The diameter of the detonation tube is 11.1 mm,
with a total length of 1 m. The length/diameter ratio of the tube, L/d, is 90. A chamber is connected to one
end of the detonation tube, with an inner diameter of 15.5 mm and a length of 20 mm. The chamber is
equipped with gas exchange ports and a sparkplug for ignition. Four measurement points are placed along the
flame propagation direction, each with a piezoelectric pressure transducer (PCB 113B22) and a miniature
sparkplug (RIMFIRE VR2L), arranged opposed to each other, as shown in Figure 4. The miniature
sparkplugs were used as ion sensors to detect the arrival of the flame front.
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Figure 4. Schematic diagram of the detonation tube section in the setup.

2.2. Rapid Compression Machine

A rapid compression machine is utilized to increase the initial pressure and temperature before the
ignition event. The present RCM system is designed with pneumatic driving and hydraulic braking to
compress the air-fuel mixture within 15~20 ms with a compression stroke of 223 mm, as shown in Figure 5.
A reed switch is installed to detect the initial movement of the pneumatic piston at the beginning of the
compression stroke, and the piston movement signal is used as a trigger to synchronize the timing of ignition
and data acquisition. A detailed description of the RCM setup can be found in the author’s previous
publications [12,87,88]. The inner diameter of the compression cylinder is 50 mm. Considering the volume of
the detonation tube (~91.5 mL), the geometric compression ratio of the RCM is 4.6: 1 after it is connected
with the detonation tube.
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Figure 5. Schematic diagram of the RCM section in the setup.

A premixing chamber is employed to supply a premixed mixture to the detonation tube. The test
platform operates in hybrid mode, which utilizes a combination of compressed and non-compressed
conditions to cover the absolute pressure ranges from 20 kPa to 1600 kPa. When the initial pressure is below
atmosphere, the pressure from the pre-mixing chamber is employed. The compression piston was fixed at the
end-of-compression position and held by the pressurized pneumatic cylinder at 1.2 MPa pressure, which can
secure the position of the compression piston up to 10.8 MPa in the compression cylinder. For initial pressure
greater than the storage pressure of the premixing chamber, a compression process is needed to further
increase the initial pressure.
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During the compression process, the mixture undergoes an adiabatic compression process, which
increases both the in-cylinder pressure and temperature. Therefore, it is necessary to postpone the ignition
timing for a specific duration after the compression process in order to fix the initial temperature. For one
second after the start of the compression process, the mixture temperature is close to the ambient temperature.

A set of tests is performed to measure the in-cylinder temperature profile after the compression process,
and it is decided to fix the spark timing delay at one second after the compression process to reach an ambient
temperature. A shorter spark timing delay would have a higher initial temperature, which affects the DDT
process, while a longer spark timing delay would cause heat loss to the wall. The test result of the one-second
delay is demonstrated in Figure 6 to show the impact of the compression process on the flame speed of
oxygen-enriched methane air mixture under similar initial temperatures. It is observed that both the flame
acceleration trend and flame speed under similar initial pressure agree with each other, validating the present
testing scenario.

2000.00
CH,/30%0, o
1600.00 1
7 )
5 120000 1 y=12435x +117.6 Q.-
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§ &
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Figure 6. Comparison of flame propagation speed of compression and non-compression cases under the same initial
temperature.

2.3. Mixture Preparation and Methodology

An Environics 4040 series gas divider, manufactured by Environics that located in Tolland, CT, United
States, is utilized to mix hydrogen with air and oxygen. The device incorporated four mass flow controllers
prepared with premixed mixtures of up to four different species with an accuracy of parts per million (ppm).
The output pressure of the gas divider is set to 200 kPa, then compressed to 900 kPa by a chemical diaphragm
pump and stored in a premixing chamber. The pressurized mixtures are stored for at least an hour-long period
to reach stable thermodynamic conditions.

A vacuum pump is utilized to evacuate the compression chamber and the detonation tube for each test
before introducing the fresh air-fuel mixture. The vacuum process is performed twice to ensure the
consistency of the initial mixture composition. This is especially important for test cases under low initial
pressures. The specific concentrations of these mixtures, measured in terms of volume, are provided in
Table 2.
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Table 2. Testing conditions and mixture compositions.

ir- i Fuel Compositions
Exc;zse i&lr Con(;l;iis(::?;gWith Volume % Initial Absolute Pressure Initial Temperature
Ratio (%) RCM) (before Ignition), kPa (before Ignition), K
HZ 02 NZ

50, 80, 100, 110, 120,

29.58 14.79 55.63 150, 200, 300, 650

Non-

. 41.18 20.58 38.24 40, 50, 80, 100, 200, 300 296
Compression
66.67 33.33 0 20, 40, 80, 100, 162, 405
1
296, 299, 302, 323,
630 361, 374, 404
29.58 14.79 55.63
Compression 320, 400, 490, 650,
P 730, 810
460
66.67 33.33 0 80, 240, 410

3. Results and Discussions
3.1. Impact of Background Density on Detonation Cell Size

The detonation cell size of a mixture is commonly used to describe the length scale of a detonation
structure [25,89] and predict the chemical kinetic properties [90]. Research has reported that the detonation
cell size is proportional to the induction length [91], which can be affected by the background density.
Cicearelli et al. examine the influence of initial pressure on detonation cell size using a detonation tube with
100 mm, and the experimental findings demonstrate consistency with the ZND model when the pressure is
below 200 kPa. The authors propose that to expand upon the findings, a more sophisticated high-pressure
driving system is necessary [73].

In the present setup, the detonation cell sizes of stoichiometric H,/O, mixture under various initial
pressures are first benchmarked to verify the detonation event on the present system, as presented in Figure 7
and plotted in Figure 8. The detonation cell is collected using soot foil placed close to the end of the
detonation tube connected to the RCM, where a steady-state detonation event is more likely to be observed.
The cell size measurements are obtained by covering the range of absolute pressure from 30 kPa to 400 kPa.
As shown in Figure 8, despite the relatively smaller tube inner diameter compared with previous research, the
cell size agrees well with the previous results [46,48,52,58,60—-62,66,69,70,73,74], as well as the one-
dimensional ZND simulation [91].

H,/0, Mixture
A=1
T; = 23°C,P; = 30kPa

ENRREEREEEEERERENREERE

Figure 7. Detonation cell size of stoichiometric H,/O, mixtures under initial pressure of 30 abs. measured in the ®11.1 mm
tube using stainless steel soot foil.
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Figure 8. Cell size measurement on H, detonation research [46,48,52,58,60-62,66,69,70,73,74].

3.2. Detection of Deflagration and Detonation Flame Front

Presently, for steady state detonation research, the arrival of the detonation front can be measured via
optical, ion, and pressure signals. In this study, both ion current and pressure signals are used to detect the
arrival of the flame front for flame propagation speed calculation. The two measurement methods are used
simultaneously because of the challenge of using a single detection method to precisely measure the DDT
process. Figure 9 demonstrates the flame propagation process along the detonation tube under two different
background pressures, and the number in each circle in the subfigures refers to the measurement position
illustrated in Figure 4.

For the initial pressure of 200 kPa case, the flame speed accelerates from 93 m/s at the first
measurement point to 309 m/s when it passes through the fourth measurement point, as shown in Figure 9A.
However, the flame failed to reach a supersonic state while traveling through the tube under an initial
pressure of 200 kPa.

For flame deflagration waves with a speed slower than the speed of sound, the flame front is an
expansion wave that causes minimal local pressure to rise when passing the pressure sensors. The pressure
sensors located downstream of the flame front will also measure the pressure rise caused by the heat release
from the fuel even before the arrival of the flame front. Moreover, the leading shockwaves generated during
the flame propagation process can also be picked up by the pressure transducers at the measurement points,
making it difficult to isolate the pressure wave front and the flame front from each other. Ion current, on the
other hand, is only sensitive to the ionization process, which mainly exists within the combustion zone, and it
is much easier to indicate the arrival timing of the flame front, as shown in Figure 9A.

When the initial pressure is increased to 650 kPa, the flame speed gradually increases compared with
the 200 kPa case but increases to 483 m/s at the second measurement point that is located 170 mm
downstream from the first measurement point. The flame speed reaches 1652 m/s at the fourth measurement
point, only slightly lower than the C-J velocity of the hydrogen/air mixture, which is around 2007 m/s. The
supersonic deflagration waves and detonation waves can generate a high-pressure gradient at the flame front,
making themselves visible on the pressure traces, as demonstrated in Figure 9B.

It is observed from point 2 and point 3 that the rising edge of the ion-current signal is synchronized with the
peak of the pressure signal, indicating the arrival of the flame front. When flame speed further increases to close
to the detonation stage, for example, measurement point 4 in Figure 9B with a flame speed of 1652 m/s, the timing
difference between the ion current and pressure signals are negligible, indicating both are suitable to determine
the detonation speed of the flame front. The ion current is quite strong because of the thermal ion generated by
the high-temperature, high-pressure detonation front. In the later sections, the timing of the ion current signals
is used as the primary signal to demonstrate the flame development process, as well as the flame speed calculation.
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Figure 9. Pressure and ion current measurement of stoichiometric hydrogen/air mixture.

Overall, the performance of the pressure transducer and ion sensor are distinct from each other when the
flame is propagating slowly but agree with each other very well when the flame speed is high. The ion-
current sensing technique can detect the arrival of the combustion wave dutifully, regardless of the flame
speed, because it is measuring the ions within the flame front. However, physical damage of the ion sensors
or sparkplugs used as an ion probe are observed under elevated initial pressures. For a strong detonation wave
traveling under high initial conditions, the peak pressure at the flame front can reach 35 to 40 MPa, as
demonstrated in Figure 10. Such strong pressure waves have a higher chance of breaking the ceramic
insulator of the spark plugs. This brings a safety concern of test, especially at the presence of optical windows.
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Figure 10. Peak detonation pressure reaches 35 MPa.
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3.3. Deflagration to Detonation Transition of Hydrogen Mixture under Elevated Pressures

The impact of background pressure on the flame development of hydrogen fuel is investigated in this
section. Three types of mixtures are used, including hydrogen/air, hydrogen/air with oxygen enrichment, and
pure hydrogen/oxygen. The ion current profile on the flame propagation of H, fuel with O, enrichment is
demonstrated in Figure 11, and the flame speed calculation is shown in Figure 12. In Figure 11A, the
ionization process of H,/air continues for an extended period after the flame front reaches the measurement
locations, indicating that flame propagation travels progressively and the reaction zone is extensive, as the
ionization species remains detectable in the vicinity of the sensor gap. The fluctuating ion current amplitude
can be observed in all the locations, and it becomes unpredictable. The behavior suggests that the flame front
is unstable when travelling through the tube and localized chemical reaction can be struggled to sustain or
even accelerate the flame propagation properly. On the other hand, with oxygen enrichment, in Figure 11B,C,
the ionization process distinctly reveals the approach of the flame front as the steep ion current slope. The
relatively stable profile of ion current with decreasing amplitude indicates the fast flame front travels through
the sensor and converts reactants to the products, leading to the detonation transition.

The flame speed profile can be further analyzed with measurement points, as shown in Figure 12. With
a 79% N, dilution, the flame propagation can be sustained through the small diameter tube, and the
acceleration is apparent to steadily develop. Despite the speed of these conditions at the final measurement
point does not approach the half C-J speed, the potential tendency suggests that the transition can be obtained
by further increasing initial pressure or tube length. When the dilution ratio is reduced to 75%, the range of
conditions is conducted from the initial pressure of 40 to 300 kPa absolute to observe the DDT process. The
vacuum condition of 50 kPa indicates that the flame tends to accelerate initially when traveling from
measurement point 2 to 3 but afterwards, begins to slow down as it continues to propagate. On the other
hand, the initial pressure of 80 kPa enhances the flame acceleration process from the first measurement point,
resulting in a gradual increase in speed across the measurement points to present the DDT process. When the
dilution is absent, the H,/O, mixture is highly sensitive to obtain detonation [77]. The vacuum to atmosphere
pressure is abundantly investigated, as seen from Table 1. This study utilizes the much smaller diameter of
the 11.1mm tube to validate detonation initiation from vacuum to above-atmospheric pressure. When the
initial pressure is significantly low, as a 20 kPa, the flame propagation initiates at the first measurement of
390 m/s. However, the evolution of flame speed fails to demonstrate an intention to increase, and the flame
speed exhibits a reduction from measuring point 3. When the initial pressure reaches 80 kPa, the DDT
process becomes apparent. The steady state detonation process can be achieved by further increasing initial
pressure to 100 and 400 kPa.

Pressure and oxygen enrichment impact on the achieving detonation (CJ velocity) and the requisite
duration to approach the end of tube is demonstrated in Figure 13. In the H,/air mixture case, the increased
initial pressure from 100 to 300 kPa has shown gradual improvement on the flame speed at measurement
point 4, but it is still challenged to approach the half C-J velocity. This can be seen from the fluctuating ion
current profile and unstable ionization process in the vicinity of the sensor gap in Figure 11A. The increasing
tendency suggests that higher initial pressure is required to achieve the DDT process under the present
detonation tube length when the mixture is highly diluted. When the N, dilution ratio is further reduced to
75%, the increased mole fraction of H, improves the flame acceleration with increased reactivity of the
mixture. The initial pressure of 80 kPa can significantly improve the speed at measurement point 4 to reach a
steady detonation at C-J velocity. Hence, higher energy density offers fast flame acceleration with increased
reactivity of the mixture. It indicates that the H, mole fraction increased from 30% to 33%, which contributes
to the significance in flame acceleration at measurement point 4. For pure H,/O, cases, the flame speed can
reach the theoretical CJ detonation velocity with initial pressure below the ambient, which is relatively close
to the H,/35% O, case. The results suggest that the enhancement of oxygen enrichment on the final flame
speed becomes minimally beyond 35% O, addition.

Considering the combustion duration, O, enrichment is significant to enhance the chemical reaction for the
flame acceleration mechanism within the smooth tube [28]. Especially, the duration is reduced to less than 1 ms
under the H,/O, case. The improvement is shown with the increased initial pressure, and it is essential to the jet
ignition source for ICEs. When the mixture is diluted to the H,/air case, the duration is prolonged to ~4 ms. The
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longer flame travelling potentially includes more heat loss and momentum energy to the wall. At least, it indicates
that flame speed requires exceeding half CJ to acquire the shortened combustion duration
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Figure 11. Effect of pressure on flame development of Hydrogen fuel with ion current profile.
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Figure 12. Impact of background pressure on the DDT process utilizing hydrogen fuel with oxygen enrichment..

1.2
CJ line
&
A=1
] Half CJ line | I! = 296K
———————————————— D = 740mm
--A& - H2/Air
—B - H2/35%02
—e—H2/02
iy - - H2/Air
% 8 4 A}& —B -H2/35%02
= A —6—H2/02
5 61 A A i
.l i o
g A O, enrichmeni A Ti = 206K
z D = 740mm
£Z,] B ‘
g < 8. =)
S [Sl—ve-——a

0 100 200 300 400 500
Imitial pressure [kPa]

Figure 13. Pressure and oxygen enrichment impact on the achieving detonation (CJ velocity) and the requisite
duration to approach the end of the tube.

13 of 20



1JAMM 2025, 4(2), 3 https://doi.org/10.53941/ijamm.2025.100009

3.4. Deflagration to Detonation Transition of Stoichiometric Hydrogen Mixture under High Temperature

The initial temperature of 460 K is attributed to the adiabatic compression process of the RCM, which is being
used to study the impact of initial pressure on the DDT process, as shown in Figure 14. Quantitative tests are
conducted in the H,/air case since the mixture is less sensitive due to the higher N, dilution compared to other cases.
When the initial pressure increased to 400 kPa, the flame speed was capable of attaining half the C-J velocity. When
the initial pressure exceeds 700 kPa, the speed at measurement point 4 becomes unaffected. Despite the
considerable dilution of the mixture, the flame speed observed in the final measurements indicates that the
detonation initiation can be improved by increasing the initial pressure in high-temperature conditions. In the
absence of dilution, the pure H,/O, mixtures are highly sensitive to detonation, and the initial pressure of 240 kPa
indicates that the flame speed is approaching the near CJ velocity.
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Figure 14. Effect of pressure on DDT process of H,/air and H,/O, at temperature 460 K.

Under the higher initial temperature, the reduction on combustion duration can be evident with increasing
initial pressure with the various dilution ratio of N, mixtures as shown in Figure 15. When the H,/air mixture is
utilized, the combustion duration can be shortened to less than 2 ms with a higher initial pressure of 810 kPa.
Unlike the ambient temperature, the improvement is not significant. Furthermore, by utilizing pure oxygen and
an initial pressure of 400 kPa, the combustion duration can be lowered to less than 0.5 ms. This is due to the fully
developed steady detonation from the transition.
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Figure 15. Pressure and oxygen enrichment impact on flame speed and the requisite duration to approach the end of
the tube under the temperature of 460 K.
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3.5. Effect of Temperature on Hyair Mixture under Pressure 650 kPa

As discussed above, the higher initial temperature promotes the chemical reaction to allow the flame to
accelerate above the half C-J velocity with increased initial pressure even though the N, dilution ratio is
increased. In this section, the effect of thermodynamic conditions on the flame propagation speed is further
demonstrated within the range of 300 to 460 K using the H,/air mixture under the pressure of 650 kPa, as
shown in Figure 16A. The spark timing is adjusted to modulate the background temperature after the end of
compression. Flame speed exhibited a gradual increase along the measurement points for all cases. Especially
from measurement point 4, the flame acceleration becomes evident with the increased temperature. The
results suggest that the temperature is beneficial to increase the flame acceleration when the energy density
remains the same. Even though the mixture is diluted with air, given the current tube geometry, the potential
for achieving DDT can be promoted with elevated thermodynamic conditions. The flame speed at
measurement point 4 is compared with steady CJ velocity to observe the status of flame propagation, as
shown in Figure 16B. Flame speed is challenged to achieve half CJ speed when the temperature is at ambient
condition. The improvement is becoming apparent as it exceeds half CJ velocity and approaches the CJ
velocity with greatly elevated temperature. However, the impact becomes to diminish at temperatures beyond
350 K. This suggests the temperature impact is not sufficient to approach the steady CJ velocity under the
fixed energy density and current tube length.
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Figure 16. The effect of initial temperature on flame speed using the H,/Air mixture.

4. Conclusions

The research presents a novel approach utilizing a rapid compression machine with a detonation tube to
investigate the deflagration to detonation transition process of premixed mixtures at high initial pressure and
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temperature. A mixture of H, fuel with various N, dilution fractions is employed to modify the reactivity of
the mixture. This includes the range covered from air to pure oxygen conditions. The purpose is to
characterize their DDT process in a detonation tube with an inner diameter of 11.1 mm. The main conclusions
are given below:

(1) Flame propagation speed is determined by both ion current and pressure measurement along the length of
the tube. The slopes of the ion sensor and pressure sensor align closely at each measurement point upon
the detonation wave. However, the ion sensor demonstrates a distinct flame arrival timing as the
deflagration wave is approaching, but the pressure waves may lead to incorrect timing if considering the
pressure sensor for the flame detection method.

(2) An effective pressure range exists for each mixture, where the elevated initial pressure can change the
propensity of the DDT process. Below the initial pressure threshold, the DDT process cannot be initiated,;
a good correlation is observed between the initial pressure and the flame speed acceleration for all
dilution cases. The range is closely related to the reactivity of the mixture. Oxygen enrichment increases
energy density and considerably elevates chemical reactivity. Hence, the reduced combustion duration
may lead to minimizing heat loss to the wall for approaching the CJ velocity.

(3) The temperature factor enhances the chemical reaction, leading to enhanced flame acceleration. The flame
speed of the H,/air mixture increases from approximately 800 m/s to 1500 m/s with elevated
thermodynamic conditions under the pressure 650 kPa. An effective temperature is identified, beyond

which the impact is insignificant at temperatures exceeding 360 K.
5. Future Work

The flame acceleration for the H,/air case is slow. However, the flame speed increases monotonically,
which has the potential to reach detonation velocity eventually, provided the length of the detonation tube is
sufficient. However, the relatively short detonation tube is to control the total compression volume to
maintain a preferable compression ratio to increase the background pressure and temperature of the mixture
via the compression process. The purpose of the present setup is to investigate the impact of initial pressure
on the DDT process in a qualitative manner, with detailed recording over the flame speed history. Another
detonation tube with an identical inner diameter but much longer length is under preparation to quantitatively
characterize the detonation properties of various fuels, including CH,, C,Hy, and DME.
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