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combustor annulus had an inner diameter and outer diameter of 38 mm and 46 mm,
respectively. The operating conditions were varied over equivalence ratios (¢ = 0.8-1.2) and
total mass flow rates (rtotal = 3.8, 4.0, and 4.2 g/s). The high-speed image sequences showed
alternating single-wave and dual-wave propagation modes within the RDE annulus under the
tested conditions. The wave propagation velocity and wave propagation frequency were
determined from the recorded image sequences. The average wave propagation velocity was
found to be significantly lower than the ideal Chapman—Jouguet value, indicating non-ideal
wave behaviour under the present low flow rate operating conditions. Overall, the results
provide useful insight into the propagation characteristics of a small-scale RDE operating with
methane—oxygen mixtures at very low total mass flow rates.

1. Introduction

Detonation-based engines, such as pulse detonation engines and rotating detonation engines (RDEs), have the potential
to be used in propulsion and power generation systems. Unlike conventional combustion systems that operate via
deflagration, detonation-based engines operate via supersonic combustion processes, in which the shock wave and the
exothermic reaction zone are tightly coupled [1]. This coupling leads to pressure-gain combustion, in which pressure and
temperature increase abruptly while the specific volume decreases slightly as the detonation front propagates through the
reactants [2]. Compared with deflagration-based combustion processes, detonation-based combustion enables faster
energy release with lower entropy generation, potentially resulting in higher thermodynamic efficiency [1]. Among the
detonation-based engines, the RDE has been considered as a promising candidate for practical implementation. Unlike
the PDE, which requires cyclic filling, ignition, and purging processes, the RDE operates via a single initiation to generate
continuous, propagating detonation waves within an annular combustion chamber, enabling near-uniform thrust
generation [3]. Previous studies have reported that the detonation wave propagation frequency in RDE typically lies
within the range of 1-100 kHz depending on the fuel composition, equivalence ratio and combustor geometry [3], [4].
The operating frequency of the RDE is significantly higher than that of the PDE, which generally operates below 100 Hz
[5]. Furthermore, the high operating frequency of RDE enables continuous engine operation, potentially improving
propulsion performance and combustion stability [6]. In addition, thermodynamic analysis suggests that RDE may
achieve approximately 20% higher efficiency than conventional Brayton-cycle devices [7]. Therefore, RDEs offer greater
potential for implementation in propulsion technologies and for further improving the power generation cycle.

An RDE configuration consists of two coaxial cylinders that form an annular combustion chamber [8]. The reactants
are continuously supplied through the injector ports of the RDE to several micro-nozzles or slits, located upstream of the
annular combustion chamber. Compared with liquid fuels, gaseous fuel injection generally provides faster mixing and
simpler injection systems, making it a primary choice for RDE experiments [9]. Once the reactant mixture is ignited, one
or more rotating detonation waves propagate circumferentially within the annular combustion chamber. The detonation
wave compresses the incoming fresh reactant mixture and sustains the combustion as long as the reactants are
continuously supplied. The high-pressure combustion products subsequently expand and flow toward the downstream
end of the RDE combustor, exiting primarily in the axial direction and generating thrust [1]. Additionally, the downstream
end of the RDE can be integrated with nozzles to accommodate specific application needs and provide design flexibility
[10]-[11]. In recent years, the development of small-scale RDE has caught the attention of the RDE research community.
Small-scale configurations of the RDE offer several advantages, including reduced material usage, compact design and
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improved suitability for limited testing facilities, such as laboratory-scale investigations [12]-[14]. Furthermore, small-
scale RDE investigations provide valuable insights into the fundamental characteristics of detonation wave behaviour and
may be used to inform future upscaling and practical implementation [12]. Compared with larger RDE configurations,
small-scale RDEs typically feature shorter annular channels, which reduce the propagation distance of the detonation
wave. These conditions lead to shorter refill intervals and reactant mixture refreshment times during RDE operation [11].
As a result, the stability of the detonation wave can be significantly influenced by incomplete reactant mixing, injector
configuration, and pressure feedback within the RDE combustion chamber [15]. In addition, premature deflagration,
weaker detonation waves, and slower heat release may cause the detonation wave to fail to sustain due to insufficient
reactant mixing [16]. These challenges become particularly significant when the small-scale RDE is operated at low total
mass flow rates, where the reduced reactant momentum and weaker mixing characteristics may affect the formation of a
stable detonation wave.

Previous studies have investigated small-scale RDEs employing various fuel and oxidiser combinations, including
ethylene-oxygen [10], hydrogen-oxygen [12], and methane-oxygen mixtures [17]-19]. Among these combinations,
methane-oxygen has been widely adopted due to its relatively well-characterised detonation properties and suitability for
laboratory experiments. A survey of the literature indicates that most small-scale RDE studies are conducted at total mass
flow rates ranging approximately from 0.05 kg/s to 0.375 kg/s [10], [14], [20]. These studies have contributed
significantly to the understanding of detonation wave behaviour, including the formation of single- and multiple-rotating
detonation waves and the influence of injector design and combustor geometry on engine performance [21]-[22]. In some
cases, transitions between different detonation modes have also been observed, which may lead to instabilities such as
mode switching [23]. Despite the progress reported in the previous studies, investigations on small-scale RDE operation
at very low total mass flow rates remain limited. Only a small number of studies have explored the small-scale RDE
operation in the gram-per-second regime. For example, Keller et al. [24] and Law et al. [11] have investigated ethylene-
oxygen mixtures at total mass flow rates between approximately 0.0035-0.0097 kg/s. Operating a small-scale RDE at
such minimal flow rates may contribute towards more compact propulsion devices and laboratory-scale experimental
platforms. However, the characteristics of detonation wave propagation under these low-flow-rate conditions remain
poorly understood, particularly for methane-oxygen mixtures in small-scale annular RDEs. Although RDE operation
appears conceptually straightforward, its successful performance is strongly influenced by the interaction of chemical
processes, combustor geometry and flow operating conditions, particularly in small-scale configurations [14].

The propagation velocity of rotating detonation waves is strongly influenced by the thermochemical reactivity of the
supplied reactant mixture and the refill rate of fresh reactants in the annulus [25]-[26]. Generally, an increase in oxygen
content enhances the mixture reactivity and sensitivity, promoting faster and more stable wave propagation [27].
Meanwhile, higher reactant temperatures accelerate the reaction rates and reduce ignition delays [28]. In addition, the
total mass flow rate significantly influences the refill process, mixture availability and uniformity, and pressure recovery
ahead of the detonation wave front, especially when the channel length is limited, as in small-scale RDEs [18], [29].
However, the oxygen composition and reactant temperature were not varied independently in the present study.
Accordingly, the present investigation focuses on the effects of equivalence ratio and total mass flow rate on wave
propagation behaviour. The detonation behaviour of the present small-scale RDE configuration has been previously
investigated using high-frequency pressure diagnostics [30]. Based on that earlier work, the present study experimentally
visualises wave propagation in a small-scale RDE operating at low total mass flow rates using methane-oxygen mixtures.
The study focuses on wave propagation dynamics, including the wave propagation velocity and frequency obtained from
high-speed imaging measurements. Two independent operating parameters, the equivalence ratio and the total mass flow
rate of the reactant mixture, are systematically varied to examine their influence on wave propagation behaviour. The
findings of this study aim to provide a better understanding of wave propagation behaviour in small-scale RDE systems
operating at low total mass flow rates, which may contribute to the development of compact detonation-based propulsion
and power-generation devices.

2. Materials and Methods

2.1 Small-Scale RDE Test Model Description

The study was conducted using a conventional annular geometry for the RDE combustion chamber characterized by a
cylindrical annular channel where the detonation wave propagates circumferentially. The annular geometry has been
commonly investigated in previous RDE studies due to its simplicity and effectiveness in sustaining detonation wave
propagation [31]. Modular concepts have been employed in the development of the present small-scale RDE test model
to ease the fabrication, installation and future modification. There are seven separate modules for the small-scale RDE
test model construction as shown in Figure 1 and the general dimensions for the small-scale RDE test model are presented
in Table 1. Mild steel was selected for fabricating the small-scale RDE test model in the present study not only due to
cost considerations, but also because of its ease of fabrication and suitability for short duration hot tests. Note that the
present experiment was conducted for a maximum operating period of approximately 1s, and the material chosen was
considered acceptable for this investigation.

The small-scale RDE test model used in the present study was designed based on the recommendations of Bykovskii
etal. [21], Dechert et al. [14], and Han et al. [10]. According to Bykovskii et al. [21], the channel width should be at least
as large as the detonation cell size. Additionally, there are limitations on the detonation channel length (lg), channel gap
(A), and reactant fill height (h) that must be considered to achieve stable RDE operation. In this study, the cell width for
the methane-oxygen mixture as described by Malik et al. [32], which ranges from 2.9 mm to 8.3 mm, has been taken into
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consideration. Based on the recommendations, the estimated fill height of the reactant mixture was approximately 20.3
mm above the injection surface. The combustor channel length (Lcombustor) Chosen and the total small-scale RDE model
length (Liota)) is 50 mm and 100 mm, respectively. The detonation channel width used in the present study is 4 mm, with
the inner diameter (D;) and outer diameter (Do) of the RDE combustion chamber annulus being 38 mm and 46 mm,
respectively. The arrangement of the outer body and centre body, which have a length of 50 mm each, formed the RDE
combustor annulus. There is no nozzle, such as an aerospike nozzle, attached to the small-scale RDE in the present study
for better visualisation, as suggested by set al. [12].

Pre-detonator

Mixing ring
Outer body Oxidizer ring
P
3 Base plate
Center body and
fuel injection
body

Figure 1. Modular small-scale RDE

Table 1. Geometrical specifications of the small-scale RDE test model

Item Dimension / specification
Annulus inner diameter 38 mm
Annulus outer diameter 46 mm
Combustor length 50 mm
Outer body length 50 mm
Center body length 50 mm
Mixing area 1 mm gap round slot
Fuel injection body @ 0.7 mm x 80 fuel injection holes
Total RDE Length 100 mm
Combustion
products
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Figure 2. RDE fuel and oxidiser feeding

Figure 2 shows the flow of the fuel and oxidiser fed to the small-scale RDE combustion chamber. The fuel was fed
from the base of the RDE and entered the mixing area through 80 injection holes with 0.7 mm diameter to improve the
mixture homogeneity [13]. Meanwhile, the oxidiser was fed to the small-scale RDE through four injection ports
tangentially located at the oxidiser ring, as shown in Figure 1. Then, the oxidiser flows through the Imm channel and
mixes with the fuel at the mixing point before it enters the RDE annulus, as shown in Figure 2. The mixing strategy used
in the present study was based on Rahman [33]. Axial and radial entrances of the fuel and oxidiser were said to have the
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potential to facilitate effective mixing of the reactants. This is due to lower maximum mass-fraction values, which are
attributed to direct collision between the fuel stream upon entry into the chamber and the oxidiser stream.

2.2 Pre-Detonator

A pre-detonator was used to initiate the detonation wave in this study due to its superior success rate, capability, and
repeatability in RDE initiations [6], [34]. The pre-detonator was positioned tangentially 13 mm upstream of the RDE
open-end exhaust. Positioning farther from the fuel and oxidiser injectors was suggested by Mazlan et al. [35] to improve
mixing as the reactants progress along the RDE combustion chamber. This could lead to a successful initiation and
transition to a steady detonation operation. The overall dimensions and diagram of the pre-detonator used in the present
study are shown in Figure 3. The pre-detonator has a length of 220mm, divided into a 30mm section to accommodate the
spark plug and a 190mm long-tube section. The spark plug was mounted at the top of the pre-detonator to serve as the
ignition source. The inner diameter of the pre-detonator was the same as the small-scale RDE channel width, which is
4mm. In this study, a 160 mm-long Shchelkin spiral, a device used to promote deflagration-to-detonation transition
(DDT) in the RDE combustion chamber, was placed inside the pre-detonator. Note that a longer Shchelkin spiral
increases the resistance within the pre-detonator, intensifying reflections and collisions of the shock front as it interacts
with the flame front, thereby increasing DDT intensity and detonation velocity [36].

P 30mm 190mm
+—> < >
Fuel
L 12mm
Spark_ 7 A Shchalk I -
plug N chelkin spira '_‘f4mm
e
RDC
Oxidizer

Figure 3. Pre-detonator

2.3 Methodology

2.3.1 RDE experimental facility

The experiments were conducted at High-Speed Reacting Flow Laboratory (HIREF), Universiti Teknologi Malaysia
(UTM). There are three rooms utilised to accommodate different functions of the RDE experimental setup, namely the
test chamber, operation control room, and gas storage area. The RDE experimental rig was set up on a test bed located
in the test chamber. The test chamber has been specifically designed and constructed for safety purposes [13]. This
includes the ventilation system for exhausting combustion products and excess fuel gases from the experiments.
Meanwhile, the control panel and data acquisition (DAQ) system workstation are in the operation control room. The
control panel and DAQ workstation operate the RDE remotely and retrieve experimental data, respectively. This safety
protocol is implemented to ensure operator safety during RDE operation. The nature of RDE operation, which involves
extremely loud noise, complex detonation waves, pressure fluctuations, and high temperatures, may create potentially
hazardous conditions. Furthermore, the exhaust gases produced could be harmful and pose additional risks during the
operation. Therefore, strict safety measures and appropriate distance from the engine are essential to protect operating
personnel. On the other hand, fuel and oxidisers are stored in the gas storage area outside the HIREF laboratory for safety
and regulatory requirements. Safety precautions are required when handling, using and storing, especially the flammable
gases [37]. Note that most types of cylinders tend to explode when exposed to intense heat, causing risk to personnel in
the vicinity. Thus, the gas cylinders should be stored in a secure, cool, dry place, away from sources of ignition and heat.
It is preferable for the storage to be in the open air, but adequate ventilation will be needed to disperse any vapour from
the leaking containers. The fuel and oxidiser are fed to the RDE experimental rig using a series of pipes and hoses as part
of the fuel and oxidiser feeding system.

2.3.2 RDE control system

The RDE control system used in this study integrates three subsystems, namely fuel-oxidiser feeding, ignition initiation
and sequential control as presented in Figure 4. The control system was developed to simplify control, increase safety,
and improve the success rate of the RDE operation. The fuel-oxidiser feeding system transports the designated gases
from the gas storage room to the pre-detonator and RDE. There are numerous devices used for this RDE control system,
such as solenoid valves, directional control valves, pneumatic valves, tubes, pipes, gas regulators, pressure gauges,
flashback arrestors and flow meters. The summary of operating conditions used in the present study is presented in Table
2. Generally, there are two sets of fuel-oxidiser feeding lines that serve the pre-detonator and RDE separately. Flashback
arrestors have been installed on each gas feed line to improve the safety of the experimental setup. In the present study,
acetylene-oxygen and methane-oxygen were used as the fuel-oxidiser for the pre-detonator and RDE, respectively. The
acetylene-oxygen mixture was chosen as the reactant for the pre-detonator as suggested by Mazlan et al. [36].
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Figure 4. RDE control system comprises fuel-oxidiser feeding (blue line), ignition initiation (red line) and sequential
control (green line)

Table 2. Summary of operating conditions used in the present study

Parameter Value / Range
Pre-detonator fuel Acetylene (CzH2)
Pre-detonator oxidizer Oxygen (Oy)
RDE fuel Methane (CHa)
RDE oxidizer Oxygen (O2)
Equivalence ratio, ¢ 08-1.2
Total mass flow rate, mtotal 3.8 -4.2 kgls
High-speed camera frame rate 150 000 fps
Image resolution 256 x 128
Exposure time 1us
Repetition per condition 3

The selection of an acetylene-oxygen mixture was made to ensure that optimal detonation propagation performance
in the RDE can be achieved. The acetylene supply pressure was set at 1 bar to reduce the risk of rapid reaction in the
present study. Meanwhile, methane was chosen as the reactant for the RDE combustion chamber due to its availability
and low-cost energy sources [16]. The fuel-oxidiser mass flow rate for the RDE combustion chamber was set to 3.8 g/s,
4.0 g/s, and 4.2 g/s, with an equivalence ratio range of 0.8 to 1.2. In the meantime, the pre-detonator was set to a fuel-
oxidiser mass flow rate of 1.4 g/s, with an equivalence ratio of 1.2. The fuel and oxidiser flow rates for both the pre-
detonator and the small-scale RDE combustor were adjusted using variable-area flowmeters to achieve the required total
mass flow rate and equivalence ratio. On the other hand, ignition during the RDE experiments was triggered by the
ignition initiation system. The ignition initiation system consists of a pulse ignition module connected to the spark plug
positioned at the top of the pre-detonator and linked to the RDE control panel. In addition, the ignition initiation system
can be activated or deactivated via a single control switch, further enhancing its safety features. Meanwhile, the sequential
control system manages the sequence of the RDE operation, including reactant feeding and ignition initiation. The
activation of the components involved is controlled by a microcontroller connected to three relays, each responsible for
managing a distinct operational function of the RDE. They are fuel-oxidiser feeding for the pre-detonator, for the RDE,
and for ignition. Once the RDE operation is initiated at the control panel, the microcontroller will receive the signal and
close the circuit for each RDE function accordingly. This will activate the solenoid valves for fuel-oxidiser feeding to
the pre-detonator, the directional control valve for fuel-oxidiser feeding to the RDE combustion chamber, and the pulse
ignition module.
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Note that the activation of these RDE functions will follow the predefined sequence for RDE operation as shown in
Figure 5. The sequence starts with the activation of both RDE and pre-detonator supply valves. After ‘a’ second, the
pre-detonator supply valve will be closed, leaving the RDE supply valve to remain open. The ignition system will activate
the pre-detonator after ‘b’ seconds, initiating the detonation wave from the pre-detonator into the RDE combustion
chamber. Lastly, the supply valve for the RDE deactivated after ‘c’ seconds. The values for ‘a’, ‘b’ and ‘c’ can be
modified and updated to the microcontroller. The values for ‘a ’, ‘b’ and ‘c’ were set to 100ms, 100ms and 600ms,
respectively, in the present study.

Pre-detonator

and main Pre-detonator Main supply

supply valve valve closed Ignition valve closed

1| |
‘ - a v “ b g ‘ h c - ‘

Figure 5. General predefined sequence of the RDE

2.3.3 RDE operation observation and high-speed imaging

Two network cameras, capable of capturing up to 1920x1080 resolution, were used to monitor the test room during the
RDE experiments. One of the network cameras was placed diagonally facing the RDE exhaust, and the other was mounted
on top of the test bed. In addition to monitoring the test room during experiments, the recorded footage is utilised to
identify the exhaust flame plume during RDE operation. Other than that, high-speed imaging was used to visualise the
propagation of the detonation wave during the RDE operation. The specifications of the high-speed camera used in the
present study are summarised in Table 3. The high-speed camera is Phantom V710, which can capture a minimum
resolution of 128 x 8 at 1,400,000 fps and a maximum resolution of 1200 x 800 at 7,500 fps. The high-speed camera is
controlled via Phantom camera control and can record for up to 2.97s at the maximum frame rate. The lens used during
the high-speed imaging is the Micro-Nikkor 105 mm /2.8, a telephoto lens. This lens captured close-up shots from a
safe distance and in dim lighting.

Table 3. Specifications of the high-speed camera used in the present study

Model Vision Research, Phantom v710
Main specifications Resolution: 1280 x 800
Sensor: CMOS sensor
Frame rate: Over 7500 fps at full resolution
Up to 1 400 000 fps at reduced resolutions
Timing resolution: better than 20ns
Pixel depth: 8-bit and 12-bit

High-speed camera

RDC

PIBIYS

O

Ilumination light
Figure 6. High-speed imaging arrangements

In the present study, the high-speed camera was set to capture at 150,000 fps with a resolution of 256 x 128 as
described in Table 2. This setting has been chosen based on the acceptable image resolution and the ability to provide a
sufficient frame rate that can track the movement of the wave propagating along the RDE circumference. The
arrangement for the high-speed camera is shown in Figure 6. The illumination light was placed facing the RDE exhaust
to enhance the ambient lighting. The high-speed camera was positioned facing the RDE annulus directly with transparent
acrylic shields placed in between. This arrangement was made to protect the high-speed camera during the RDE operation
from any impact produced by the shock waves.

Furthermore, the wave propagation velocity based on the high-speed images was estimated from the time required for
the luminous front to complete one full revolution around the small-scale RDE annulus. In the present study, the wave
propagation circumferential path was determined using the mean annulus diameter, since the propagating luminous front
was assumed to travel approximately within the middle region of the annular channel. This assumption is consistent with
previous studies, which reported that the wave in an RDE propagates approximately along the annulus's mean diameter
[38]-[40]. Accordingly, the wave propagation velocity was estimated from v = tDm/(NAt), where Dr, is the mean annulus
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diameter, N is the number of frames required for one full revolution, and At is the frame interval corresponding to the
high-speed camera frame rate [24]. The image scale was based on the known combustor annulus geometry visible in the
recorded image. The main source of uncertainty in the present wave propagation velocity estimation based on the high-
speed images was assumed to arise from visual identification of the luminous front position and the exact frame
corresponding to one complete revolution. A frame count uncertainty of approximately +1 frame was considered and
corresponds to an estimated relative uncertainty of about +6% for the typical revolution count of 17 to 18 frames observed
in the present study. The reported values were further improved through repeated inspections at multiple positions within
each image sequence and repeated hot tests for each operating condition. In addition to the image-based measurement
limitations, several constraints in the current experimental setup for the small-scale RDE should also be noted.
Specifically, the injector pressure ratio, discharge coefficient, actual injector exit velocity, plenum pressure, and injector
pressure drop were not directly measured or recorded, thereby limiting the completeness of the experimental
characterisation. Additionally, the reactants, such as methane and oxygen, were supplied separately in a non-premixed
manner and combined immediately before entering the annular combustion chamber. The homogeneity of the resulting
mixture was not directly assessed, which represents another limitation in the study of small-scale RDE performance.

In earlier work, the pressure-related behaviour of the present small-scale RDE configuration was investigated using
high-frequency pressure diagnostics [30]. The earlier study described the pressure instrumentation and acquisition setup.
In addition, the recorded pressure traces and Fast Fourier Transform (FFT) spectra were used to characterise the chamber-
pressure behaviour, dominant frequency characteristics, and instability features of the small-scale RDE over the tested
equivalence-ratio range. Accordingly, the present manuscript does not repeat the earlier pressure-based results but focuses
on the optical wave propagation characteristics obtained from high-speed imaging. It should be emphasised that
luminosity tracking alone does not establish the proof of detonation. Therefore, the luminous fronts observed in the
present study are interpreted alongside the previously reported pressure-based characterisation of the same RDE
configuration. It should also be noted that the earlier pressure study was limited to a single annulus measurement location
and did not provide full spatial pressure resolution along the combustor.

3. Results and Discussion

The pressure-based behaviour of the present small-scale RDE configuration within the tested equivalence-ratio range has
been reported previously [30], including high-frequency pressure traces, FFT-based frequency characteristics, and
instability features under a constant total mass flow rate. The previous study indicated unstable operating behaviour,
primarily in the form of chaotic and waxing-and-waning instabilities, with the least instability observed near the balanced-
mixture condition. In the present study, high-speed imaging observations are discussed in relation to previously reported
pressure-based findings to more consistently interpret the observed luminous-front behaviour. However, the exact timing
of the local wave discontinuity, the detailed pressure-wave sequence along the combustor, and the full spatial development
of the instability cannot be resolved from the present optical measurements alone, whereas the previous pressure-based
study was restricted to a single annulus pressure-measurement location. The experimental results presented in this study
include RDE initiation using a pre-detonator, flame plume characteristics and wave propagation characteristics.
Furthermore, the extracted results from the high-speed images, such as wave propagation velocity and frequency, are
discussed as follows.

@ © ®

Figure 7. Pre-detonator initiation, detonation wave propagation

3.1 RDE Initiation Using Pre-Detonator

Investigations into the initiation characteristics via the pre-detonator were conducted using high-speed imaging. Figure
7 shows high-speed image frames capturing the initial propagation of the starting combustion front around the RDE
annulus and subsequent events. The RDE combustion chamber was observed to be directly initiated by the pre-detonator
with two concurrent detonation waves propagated around the RDE annulus in opposite directions. These detonation
waves then intersected and merged on the opposite side of the annulus, as shown in Figure 7(f). In addition, the clockwise
detonation wave was observed to be more dominant, as it propagates faster than the counterclockwise one. A study by
Mizener [41], who has found a similar phenomenon, reported that these concurrent waves appear as self-cancelling waves.
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3.2 Flame Plume Characteristics

In the present study, the flame plume was captured using the network camera and considered as low-speed video
observations. Although the visual quality produced by the network camera was slightly inferior, the resulting images can
still be used to understand the situation.

Table 4-6 show the flame plume for total mass flow rates (i) Of 3.8 g/s, 4.0 g/s, and 4.2 g/s, respectively. The side-
view images were taken by the network camera placed diagonally facing the RDE exhaust. Meanwhile, the top-view
images were captured by the network camera mounted on top of the test bed. It should be noted that the flame plume
images presented in the present study are used only for qualitative observation of the external combustion behaviour and
are not employed for quantitative parameter extraction.

Table 4. Flame plume for ra=3.89/s
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As can be seen, the flame plume from the RDE exhaust shows the bright white of the methane-oxygen flame. The
flame was observed to become dimmer and less distinct as the equivalence ratio decreased, approaching the fuel-lean
condition. Furthermore, flames with yellow-orange regions were found to increase in visibility and size as the equivalence
ratio increased. A comparable scenario was reported by Mizener [41] for a hydrogen-oxygen flame, with additional
observation found a more transparent flame as the equivalence ratio decreases. It is noted that the composition of fuel is
increased, and the composition of the oxidiser decreases with respect to the equivalence ratio increment. Thus, more
complete combustion may occur at a lower equivalence ratio than in more fuel-rich conditions. When excessive fuel
content is present during RDE operation, incomplete combustion may occur, leaving yellow-orange colour traces in the
flame plume.

Resembling characteristics were observed across variations in the equivalence ratio (0.8 to 1.2) for the cases with rtal
= 4.0 g/s and rivera = 4.2 g/s. Further investigations into different total mass flow rates have shown that flame plume
visibility and size increase with higher total mass flow rates. The yellow-orange colour regions of the flame were observed
to be more pronounced at higher total mass flow rates, consistent with a study by Law et al. [11], especially for equivalence
ratios of 1.1 and 1.2. The fuel composition is lower at a lower total mass flow rate at a given equivalence ratio, leading
towards more complete combustion. As the total mass flow rate increases, the dynamics of the flow characteristics within
the combustor intensify, increasing the dominant flow-field frequency and thereby enhancing the flame intensity. The
appearance of a yellow-orange flame at the RDE exhaust, particularly at higher total mass flow rates and richer
equivalence ratios, may indicate that part of the reactant mixture was not completely burned in the combustor and
continued to react downstream of the exhaust. Besides brightness, no other significant differences or phenomena were
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observed, such as a Mach disc or a weak shock train, as reported by Stechmann [22] for RDE with a straight nozzle. This
may be due to the footage being illuminated during the RDE experiment and to the low total mass flow rates used as
operating conditions. In addition, the straight nozzle represents the RDE annulus with no area change. It was said that
the alteration of the supersonic flow field after the RDE exit can be achieved by adding nozzles, such as a divergent nozzle
or a convergent-divergent nozzle [42]. The divergent nozzle produces an expanding area, and the convergent-divergent
nozzle has both convergent and divergent areas. RDE with this extension, such as the aerospike nozzle, has been reported
to produce a strong shock train as the shock emerging from the nozzle tip is recompressed [22].

Table 6. Flame plume for roa=4.29/s
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3.3 Wave Propagation Characteristics

High-speed videography and imaging with a high-speed camera were used to visualise the wave propagation
characteristics during operation of the present small-scale RDE. The position of the propagating luminous front at each
instant can be traced from the high-luminosity regions within the RDE flow field. Furthermore, high-speed imaging can
be used to observe wave dynamics, such as the emergence and disappearance of multiple luminous fronts, and to directly
estimate the wave propagation speed. In the present study, the high-speed camera was placed approximately 1.5m facing
the small-scale RDE exhaust to capture the entire annulus image. Figure 8 shows a sample of the wave propagation images
for the case of mta = 3.89/s at three different equivalence ratios representing fuel-lean (¢ = 0.8), stoichiometric (¢ = 1.0)
and fuel-rich (¢ = 1.2) conditions. The visual representations obtained from the small-scale RDE annulus show noticeable
differences when compared across different equivalence ratios. At an equivalence ratio of 0.8, faint luminosity associated
with wave propagation was observed compared with the other equivalence ratios. The luminosity of the propagating front
increased with the equivalence ratio. For the fuel-lean and stoichiometric cases, the wave propagation structure could
still be characterised by a relatively clear peak-luminosity region followed by a decay phase. However, in the fuel-rich
case, the peak luminosity region appeared less well-defined, as it was followed by a brighter decay zone. These
observations were consistent with a study by Stechmann [22]. Further analysis of the wave propagation characteristics
was also conducted for different total mass flow rates. A higher total mass flow rate may indirectly increase the pressure
level within the RDE annulus, leading to higher luminosity of the propagating front. This behaviour may also be
associated with the higher fuel supply at a higher total mass flow rate for the same equivalence ratio, resulting in a greater
heat release.

/)

(

(a) (b) (c)
Figure 8. Wave propagation for moa = 3.8g/s with equivalence ratio (a) 0.8, (b) 1.0, and (c) 1.2

Throughout the small-scale RDE operation, the luminous wavefront propagating along the annulus was observed to
alternate between single-wave and dual-wave behaviour, as shown in Figure 9 and Figure 10, respectively. For the dual-
wave case, one luminous front was observed to be brighter than the other and may be considered as the dominant front in
terms of luminosity. One possible explanation for the appearance of multiple propagating fronts has been described by
Anand [42], who suggested that a propagating front may become slanted toward the fuel-oxidiser feeding location. Under
these conditions, the fresh reactants may enter the oblique shock structure associated with the leading front and cause
autoignition that may contribute to the appearance of a second propagating front. Nevertheless, the interpretations in the
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present study remain qualitative because the high-speed images obtained are unable to provide the full wave structure
during the small-scale RDE operation.
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Figure 9. Single-wave propagation during small-scale RDE operation for m = 4.2g/s and equivalence ratio 1.1
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Figure 10. Dual-wave propagation during small-scale RDE operation for m = 4.2g/s and equivalence ratio 1.1

Since both single-wave and dual-wave propagation were observed under all tested conditions in the present study, no
clear dependence of the observed wave pattern on the total mass flow rate could be established within the investigated
operating range. Although previous studies, such as those conducted by Bykovskii et al. [21], have reported that the
number of waves may increase with increasing mass flow rate and pressure, the present findings were found to be more
comparable to the study by Stechmann [22], which reported that the number of observed waves is independent of mean
chamber pressure and mass flow rate. This situation may be related to the small pressure variation resulting from low
total mass flow rates and the unchoked exhaust condition during the blowdown process examined in the present study.
In addition, a large pressure rise associated with the propagating wave may reduce or temporarily block the fresh reactant
supply as the wave passes over the injectors during the RDE operation [43]. Consequently, the presence of propagating
fronts, especially in multiple-wave propagation, may alter the injector recovery timing and affect the fuel-oxidiser mixing
process. These situations can degrade the quality of the reaction process, such as reducing the participation of fresh
reactants or increasing secondary losses due to insufficient replacement of fresh reactants in the annulus. Furthermore,
the high-speed image sequences revealed that even under identical operating conditions, the luminous front could alternate
between a single front and two fronts propagating in opposite circumferential directions. This indicates that both single-
wave and dual counter-rotating wave behaviours occurred in the small-scale RDE under the investigated operating
conditions. The high-speed images further suggest interaction between the opposing wavefronts within the annulus,
although the exact collision location and timing could not be determined precisely from the present images. Generally,
these observations are consistent with the instability characteristics as reported in the previous work for the same small-
scale RDE configuration using high-frequency pressure diagnostics, in which unstable wave behaviour and irregularities
were identified [30].

3.4 Wave Propagation Velocity and Wave Propagation Frequency

Subsequently, the wave propagation velocity and frequency have been estimated from high-speed image sequences
obtained during the experiment. The time interval between consecutive frames was determined to be 6.67x10° s,
corresponding to the high-speed camera frame rate of 150,000 fps. Accordingly, the wave propagation velocity and
frequency were determined by visually tracking the number of frames required for the luminous front to complete one
full revolution around the annulus circumference based on the mean annulus diameter of 42mm. It should be noted that
the detonation wave in RDE typically propagates along the mean diameter of the annulus [38 — 40], and a similar image-

journal.ump.edu.my/jmes 11203



M.F. Md Salleh et al. | Journal of Mechanical Engineering and Sciences | Volume 20, Issue 2 (2026)

based tracking approach has been reported by previous researchers [24]. The experiments for each equivalence ratio (¢
= 0.8-1.2) and total mass flow rate (o = 3.8 g/s, 4.0 g/s, 4.2 g/s) were repeated three times, resulting in a total of 45
hot tests in the present study. To improve the reliability of the extracted results, each video was visually inspected at
three different positions within the middle one-third segment of the actual hot-test period in the combustor. This approach
was adopted to minimise the influence of the strong impulse immediately after initiation [10] and the significant flow-
rate variation toward the end of the test [12]. Additionally, the interval between visually inspected positions was
approximately 10,000 frames, equivalent to 66.7ms. The wave propagation velocity and frequency values were then
averaged, as presented in Figure 11 and 12, respectively.
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Figure 11. Wave propagation frequency for different total mass flow rates with respect to the equivalence ratio

As reported by Rankin et al. [4], rotating-wave propagation behaviour is influenced by factors such as fuel
composition, equivalence ratio, and combustor geometry. In the present study, the average wave propagation frequency
shown in Figure 11 increased as the equivalence ratio increased for a given total mass flow rate. The lowest and highest
average wave propagation frequencies were approximately 4900 Hz and 8300 Hz, observed at ¢ = 0.8 and #iotal = 3.8 g/s,
and at ¢ = 1.2 and ol = 4.2 g/s, respectively. Since the propagation frequency is directly related to the time required
for the luminous front to complete one annulus revolution, higher propagation frequencies resulted in higher estimated
propagation velocities. The estimated wave propagation frequencies in the present study are significantly higher than the
typical operating frequencies reported for PDE and are more consistent with the higher-frequency operating behaviour
associated with RDE.
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Figure 12. Wave propagation velocity at different equivalence ratios and total mass flow rates

In addition to the wave propagation frequency, the average wave propagation velocity during the small-scale RDE
operation was estimated from the high-speed images. For ruoal = 3.89/s, the average wave propagation velocity at ¢ =
0.8, 0.9, 1.0, 1.1, and 1.2 was 712m/s, 925m/s, 1022m/s, 1100m/s and 1169m/s, respectively. For ruom = 4.0g/s, the
corresponding values were 861m/s,1033 m/s,1092 m/s,1164 m/s and 1179.4m/s, respectively. Meanwhile, for rota =
4.2g/s, the average wave propagation velocity was 950m/s, 1055m/s, 1113m/s, 1176m/s, and 1200m/s for ¢ = 0.8, 0.9,
1.0, 1.1, and 1.2, respectively. As shown in Figure 13, all measured wave propagation velocities were noticeably lower
than the calculated ideal Chapman-Jouguet detonation wave velocity (Uc;). The average wave propagation velocities
measured for ra Of 3.89/s, 4.0g/s and 4.2g/s determined in this study were found to fall within 31 -47%, 37 - 47% and
41 - 48% of the calculated ideal Uc;, respectively.

This significant difference may be associated with non-ideal wave behaviour under very low-flow-rate operation,
including incomplete reactant replenishment, inhomogeneous mixing, and unstable propagation characteristics in the
short annular combustor of a small-scale RDE. The condition of the fresh reactants immediately ahead of the propagating
wave front is known to influence the propagation process [44]. A shorter circumferential path in the small-scale annular
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RDE combustor reduces the available time for injector recovery, reactant refilling, and fuel-oxidiser mixing before the
next wave propagation cycle. This may contribute to the significant wave-propagation velocity deficit relative to the Uc;
observed in all cases in the present study. As described by Xu et al. [45], a higher wave propagation velocity can be
obtained by a larger rotating detonation combustor, which provides a longer recovery and mixing period. Such non-ideal
behaviour may also involve post-front heat release caused by secondary combustion processes, including parasitic and
commensal combustion, which may arise from incomplete and unsteady mixing of fuel and oxidiser [16], [46]- [47]. This
may result in additional heat release behind the main propagating front, thus weakening the effective pressure-gain process
and reducing the overall detonation efficiency. On the other hand, a similar trend in wave propagation velocity, as reported
by Russo et al. [2] and Guo et al. [48], was observed: the wave propagation velocity increased with increasing equivalence
ratio at a given total mass flow rate. For all tested total mass flow rates in the present study, the lowest wave propagation
velocity was observed at ¢ = 0.8, while the highest was at ¢ = 1.2. Within the equivalence ratio range investigated in the
present study, this trend may be associated with stronger overall heat release and luminous propagation behaviour as the
mixture approached richer conditions [45]. However, several previous studies, including Xu et al. [45] and Jing and Ma
[49], have reported that the wave propagation velocity may increase initially and then decrease beyond a certain
equivalence ratio. The maximum wave propagation velocity often occurs near the stoichiometric equivalence ratio.

According to Jing and Ma [49], this phenomenon is attributed to the fuel and oxidiser content. Under fuel-lean
conditions, the oxidiser content can be considered as higher than the fuel and sufficient to ensure complete combustion.
Therefore, the velocity of wave propagation increases, and the intensity increases as the equivalence ratio approaches the
stoichiometric equivalence ratio. As the equivalence ratio increases further toward fuel-rich conditions, the oxidiser
composition continues to decrease, limiting the reaction stoichiometry and causing incomplete combustion, which reduces
the wave propagation intensity and velocity.
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Figure 13. Uc; from NASA CEA program
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Figure 13 shows the Uc; determined using the NASA CEA program for a methane-oxygen mixture at an initial
pressure of 1.45 bar over the equivalence ratio range ¢ = 0.5 - 2.5. The initial pressure used in the NASA CEA estimation
corresponds to the combustor pressure during the reactant feeding process before ignition. As shown in Figure 13, the
Uc; increased as the equivalence ratio increased from 0.5 to 1.9, reaching a maximum near ¢ = 1.9, then decreased with
further increases in the equivalence ratio. Since the maximum equivalence ratio investigated experimentally in the present
study was ¢ = 1.2, the operating range may not have reached the equivalence ratio corresponding to the maximum ideal
detonation velocity predicted by NASA CEA. Nevertheless, a gradual increase in the experimentally estimated wave
propagation velocity beyond the stoichiometric conditions could still be observed, especially for it = 4.0g/s and rotal
= 4.2 g/s. The wave propagation frequency and velocity were also found to increase with increasing total mass flow rate
at a given equivalence ratio. This observation is consistent with Han et al. [10], who also reported that detonation speed
may increase slightly as chamber stagnation pressure rises with increasing total mass flow rate. In the present study, a
higher mass flow rate, which is generally associated with a higher injection pressure, may improve the condition of the
fresh reactants supplied immediately ahead of the propagating front and influence the wave propagation behaviour [44].
On the other hand, although increasing the equivalence ratio was associated with higher wave propagation velocity in the
present study, previous work has shown that richer-fuel operation may also reduce overall stability [50]. Additionally, as
the oxidiser flow rate increases, reactant mixing quality may deteriorate due to higher annulus flow velocity and reduced
residence time of the reactant mixture [51]. Therefore, achieving an appropriate balance among the chemical composition
of the reactants, oxidiser flow conditions, and mixing quality is essential to sustain stable and repeatable wave propagation
during small-scale RDE operation. Overall, the high-speed image analysis in the present study indicates that equivalence
ratio and total mass flow rate influenced the observed wave propagation behaviour of the small-scale RDE. Although the
present dataset does not allow a full scaling-law analysis, the observed propagation behaviour can still be discussed
quantitatively using the measured wave propagation frequency and velocity, and by comparison with the ideal Ug;.
However, the present approach is limited to visualising the luminous front and cannot fully identify all instability types.
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4. Conclusions

In this study, high-speed imaging was used to examine the initiation process, flame plume behaviour, and luminous wave

propagation characteristics in a small-scale RDE operating with methane—oxygen mixtures. The effects of equivalence

ratio and total mass flow rate on the observed propagation behaviour were analysed. The main findings of the present
study are as follows:

e During initiation using the pre-detonator, two luminous fronts propagating in opposite circumferential directions were
observed within the annular chamber. In several cases, one front appeared more dominant than the other based on the
image sequence.

e The flame plume under fuel-rich conditions exhibited a more pronounced yellow-orange luminous region at the
exhaust, which became increasingly visible as the equivalence ratio increased. This behaviour was also more
noticeable at higher total mass flow rates, which may be associated with reduced reactant residence time and non-
ideal mixing.

¢ Higher wave luminosity was observed at higher total mass flow rates. This characteristic suggests a stronger luminous
combustion response under these conditions, although the present high-speed image data do not provide direct
confirmation on the chamber pressure or detailed thermodynamic behaviour.

e The average wave propagation velocity obtained in the present study was lower than the calculated ideal Uc; for all
tested cases. The measured wave propagation velocities were approximately 31-48% of the ideal Uc; values. The
velocity deficit may be associated with non-ideal wave propagation under very low-flow-rate operation, including
incomplete mixing, limited replenishment of the reactant mixture, and instability effects.

e The measured wave propagation frequency was higher than the typical operating frequency range of the PDE,
indicating the high-frequency nature of the present rotating-wave process. In general, the observed propagation
frequency and wave propagation velocity showed an interrelated trend across the tested conditions.

Overall, the present study provides a qualitative and semi-quantitative assessment of wave propagation behaviour in

a small-scale RDE under low total mass-flow-rate operation. However, the conclusions of this work should be interpreted
in light of its limitations. Since the present study relied primarily on high-speed imaging, the detailed detonation structure,
transient thrust behaviour and full pressure-wave dynamics could not be established only from the present dataset. Further
investigations should combine synchronised measurements of multiple high-frequency pressure signals, direct thrust
measurements, and optical diagnostics to achieve a more comprehensive understanding and higher-resolution view of the
transient behaviour in small-scale RDE operation. Future studies should also examine the emissions characteristics,
overall efficiency, inlet-orifice effects, and the influence of choked and unchoked operating conditions to support a more
extensive performance evaluation.
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