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Abstract: Rotational Detonation Engines (RDEs) are considered to be hew generation propulsion systems
that achieve an increase in thermodynamic efficiency, relative to traditional constant pressure combustion-based
engines. Although the theoretical and computational models are extensive and predict significant benefits in terms
of specific impulse, engine size, and fuel efficiency, practical use so far has been limited because of a number of
as yet unresolved engineering issues. The objective of this paper is therefore to close the gap between theoretical
potential and practical application by looking at the underlying physics, design limitations, recent successful
experiments, and prospects of RDEs. From the analysis, we identify the main hurdles and the paths for progressing
RDEs from laboratory demonstrators to flight propulsion systems.
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1. Introduction

The quest for more efficient, small, high-power propulsions systems has motivated seeking of alternative
combustion cycles to the traditional deflagration engines. One of the most promising innovations is the Rotational
Detonation Engine (RDE) that induces continuous detonation waves for combustion. Unlike traditional engines that
use subsonic flame propagation (deflagration), RDE's leverage supersonic detonations which deliver higher fuel
efficiency and a thrust-to-weight ratio boost. The theoretical groundwork of detonation as a means of propulsion
has been studied for decades, but only recent advancements in high-speed diagnostics, materials science, and
computational fluid dynamics have given researchers ways to investigate RDEs with so much detail. This article
investigates the fundamentals, working principles, and challenges of using RDE while enabling it as a promising
candidate for advanced aerospace propulsion systems [1-4].
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Figure.1 Core structure and detonation dynamics of a Rotational Detonation Engine (RDE).
[Image Courtesy: New Atlas]
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2. Working Principle of Rotational Detonation Engines

At the core of the RDE is an entirely new kind of burning compared to conventional engines. As this wave reels
around the overall axis, rotating in this ring-shaped cavity, it creates thrust. This is in stark contrast to deflagration-
type engines and even PDEs - these both operate with repeated ignition/exhaust cycles that intrinsically limit the
engine’s operating efficiency and result in mechanical wear [5]. In RDE, fuel and oxidizer are injected radially into
the annular chamber with a homogenizer injector. The propellant mixture is typically hydrogen, kerosene, or other
hydrocarbon fuel mixed with an oxidizer, including oxygen, or compressed air, and can be premixed or mixed at
the point of injection. When the ratio of these mixtures and pressure is correct a detonation front moving at
supersonic speeds is created by an external initiator, which may be a spark plug or pre-chamber. This wave then
self-sustains by consuming the fresh reactants as it propagates circumferentially. As it propagates, the detonation
wave also compresses, ignites, and exhausts the fuel-air mixture behind it, creating a region of high pressure and
high temperature that forces combustion products, in a pulsed manner, out of the engine's nozzle. This circular
nozzle, for example a c-d nozzle, transforms the internal energy of the gases on expansion into directed thrust.
Because the detonation is continuous and rotating as opposed to cyclic, like a PDE, RDEs do not undergo the high
pressure unstarted areas of the engine, enabling a smoother flow of operation with increased thermal efficiency
and reduced cycle restarts [6,7].

The key components of a typical RDE include:

e Annular Combustion Chamber — the main site of rotating detonation,
e Injector Assembly - responsible for supplying and mixing the reactants,
o Detonation Wave Initiator - for initial wave ignition,

e Nozzle - for expansion and thrust generation.

Figure.2 Experimental test firing of a Rotational Detonation Engine (RDE). [Image Courtesy: NASA]

3. Design Architecture of Rotational Detonation Engines

The design of a Rotating Detonation Engine (RDE) is inherently different from traditional jet engines because
of the nature of detonation combustion needs. The characteristic geometry of an RDE is its annular combustion
chamber, a hollow circle in which the detonation wave can propagate around the entire circumference. Typically,
the chamber includes an inner and an outer wall, where precision-engineered injectors for fuel and an oxidizer are
located at either or both the ends to ensure suitable reactants are fed to the chamber. The injector system is a
key component which delivers a steady, stoichiometric mixture of fuel and oxidizer into the detonation zone while
maintaining wave stability. Some of the methods used to accomplish this are axial injection, pre-mixing
configurations and the introduction of swirl to assist with mixing. Farther downstream, the exhaust nozzle
transforms the high-pressure, high temperature products of combustion into thrust. The nozzle shape is typically
customized to complement the wave kinematics and to minimize back pressure oscillations that might extinguish
the detonation wave. Advanced designs also feature cooling mechanisms through regeneratively cooling the fuel
inside the fuel lines to remove heat from the combustion chamber walls. Some configurations further consider
waveguides or shroud segments to direct location and rotate speed of a detonation wave. Because of these high
temperatures and pressures, material selection and thermal management are of paramount importance engine
hardware must endure frequent thermal cycling and localized pressures resonant at high frequencies, requiring
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the selection of refractory alloys or ceramic composites. Various geometric modifications including segmented
annular chambers or multiple detonation cells have been explored in experimental RDEs to enhance performance
and wave control [8,9]. In addition, the integration with an axial RDE turbine or a compressor is being examined
to hybridize the RDE into a propulsion cycle with better versions. The compact design with no moving mechanical
parts could lead to weight and part-count savings compared to traditional turbines [10].
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Figure.3 Illustration of detonation wave propagation in an annular Rotational Detonation Engine
(RDE) chamber. [Image Courtesy: AFRL/RQT]

The core structure and the detonation dynamics of the RDE are illustrated in detail in Fig.1 The 3D model in
the top right shows the annular combustion chamber with tangential entrance of the fuel and air (blue arrows),
the detonation wave front (orange-red gradient) and the outflow (red arrows). The detonation wave then travels
circumferentially through the annular channel and fuels entrains the fuel-oxidizer mixture, continually initiating it
to form high pressure gases, which are ejected out of the nozzle.

The bottom-left section of the figure shows an experimental Schlieren visualization, where the glowing regions
indicate the presence of high-speed shock waves and combustion activity within the chamber. This validates the
presence of one or more rotating detonation fronts a critical aspect of RDE functionality. The bottom-right image
depicts a simplified cutaway view of the engine, emphasizing the central annular channel and exhaust cone.

This visual clearly illustrates the spatial separation between detonation wave propagation and fuel injection,
allowing for continuous thrust production without mechanical components. It also reinforces the compact, toroidal
configuration unique to RDEs, differentiating them from traditional straight-through combustion chambers found
in gas turbines.

4. A Comparative Analysis between Detonation vs. Deflagration

To understand the fundamental advantage of Rotational Detonation Engines (RDESs), it is vital to first
differentiate between deflagration and detonation, they are two primary modes of combustion. Deflagration is a
subsonic combustion process where the flame front propagates through the unburned fuel-air mixture at speeds
slower than the speed of sound. In this mode, the flame is driven by thermal conduction and molecular diffusion,
and the pressure waves travel ahead of the flame front. This is the standard combustion mechanism employed in
most internal combustion engines, gas turbines, and rocket engines today. While deflagration is relatively stable
and easier to control, it is inherently less efficient, as it involves moderate pressure and temperature increases
during combustion. Detonation, on the other hand, is a supersonic combustion process characterized by a tightly
coupled shock wave and reaction zone. In this mode, the shock wave compresses the unburned fuel-oxidizer
mixture to high pressures and temperatures, triggering almost instantaneous chemical reactions. This rapid energy
release leads to a substantial rise in pressure and temperature, producing significantly higher thermal efficiency,
as predicted by the Chapman-Jouguet (C-J) theory. According to this theory, detonation occurs at a point where
the combustion wave travels at a velocity such that the exhaust products move at the local speed of sound relative
to the wave front—achieving an ideal energy conversion state.
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A concise comparison of the two modes is presented below:

Table.1 Comparison between Deflagration and Detonation Combustion Modes

S. No. Parameter Deflagration Detonation
1. Speed Subsonic Supersonic
2. Pressure Rise Low Very High
3. Efficiency Lower Higher
4, Temperature Moderate Extreme
s Turbulence

l Velocity profile

/
Burned Unburned fuel - air :

gas 4 mixture —y
v

thickness of the flame front

Molecular
diffusion of heat
and mass

Unburned

\Temperature

Figure.4 Schematic of Deflagration Combustion Process. [Image Courtesy: Gexcon]

Reaction zone

The optimal configuration of shock and detonation waves remains a critical research area [11], with analytical
studies providing deeper insights into rotating detonation and engine operating conditions [12]. These fundamental
differences in combustion modes directly impact the thermodynamic performance of RDEs.

Let us look at the application of the deflagration combustion process in the figure above which provides a detailed
schematic process typical of conventional engines. The upper part of the figure shows a laminar-to-turbulent flame
propagation, where the unburned fuel-air mixture ahead of the flame front is ignited by heat conducted through
the flame, transitioning to burned gas. The flame moves subsonically and due to the gradual nature of energy
transfer, the reaction front is relatively thick. Looking at the specific part into the flame front reveals the reaction
zone, where chemical reactions occur primarily due to molecular diffusion of heat and mass. The width of this zone
(denoted as &) represents the flame thickness, and the temperature gradient across it is relatively smooth
compared to detonation fronts. This combustion which is driven by diffusion results in lower pressure rise and
moderate temperature levels, leading to lower thermal efficiency. This figure contrasts sharply with detonation,
where the combustion zone is compressed into a near-discontinuous shock-reaction interface with negligible flame
thickness and intense temperature and pressure spikes. As a result, the deflagration process, though easier to
control, is thermodynamically less efficient than detonation, and this gap forms the core motivation for advancing
Rotational Detonation Engines.

5. Thermodynamic Advantages of Rotational Detonation Engines

The thermodynamics of Rotational Detonation Engines (RDES) is linked to the fundamental principles of
detonation combustion as described by the Zeldovich-von Neumann-Déring (ZND) model. Deflagration follows a
slower, diffusion-driven process along a conventional thermodynamic path which on contrary the detonation occurs
through a shock-induced, near-instantaneous energy release. In the ZND framework, the combustion process
begins with a sharp shock front, followed by a short induction zone and a rapid exothermic reaction region. This
procedure leads to combustion that progresses along a different and more favorable section of the pressure-volume
(P-V) and temperature-entropy (T-S) diagrams, which gives us the result of distinct thermodynamic benefits.
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One of the advantages is the higher stagnation pressure recovery. Since the combustion occurs nearly
instantaneously and at elevated pressures, where less energy is lost through expansion before reaching the nozzle,
this is where the thermal energy is preserved and converted into kinetic energy, which enhances propulsion
efficiency. Moreover, detonation ensures more complete combustion of the reactants within a shorter timescale
and smaller chamber volume, minimizing unburned fuel and combustion instability.

Another thermodynamic benefit is the lower entropy generation. In deflagrative combustion there is a longer
and more gradual reaction process that leads to higher irreversibilities and entropy production. Whereas the rapid
and near-ideal shock-driven compression by detonation minimizes entropy rise which aligns the engine closer to
an ideal isentropic process.

These factors contribute to a thermal efficiency gain of up to 25% over the traditional Brayton cycle gas turbines
as indicated in the setup. This improvement helps to reduce fuel consumption for a given thrust output and also
allows for more compact engine designs with a higher power-to-weight ratio which is an essential consideration
for aerospace and defense systems where performance per unit mass is taken into consideration. [13,14].

6. Thermodynamic Distinctions Between Detonation and Conventional Combustion Cycles

p = pressure T = Temperature

V = Volume s = entropy p

Isothermal Process Isentropic Process

Adiabatic Process Isobaric Process

vV S

Figure.5 P-V and T-S Diagrams Comparing Detonation and Conventional Combustion Processes
[Image Courtesy: NASA]

The basic thermodynamic difference between Rotational Detonation Engines and convectional propulsion systems
as shown above is that the Temperature—Entropy (T-S) and Pressure-Volume (P-V) diagrams are essential for
illustrating how detonation-based combustion uses a distinct thermodynamic trajectory to achieve greater
efficiency.

Combustion in traditional gas turbines which runs on the Brayton cycle is represented as an isobaric process, which
takes a slower and less effective route on the P-V and T-S diagrams. This route achieves a higher entropy
generation and less than ideal thermal energy conversion to mechanical work. The T-S diagram focuses on how
the isobaric process travels horizontally across entropy lines that signifies a rise in disorder and energy loss.

RDEs, on the other hand, work on the basis of detonation-based combustion, which is more likely as an isentropic
or almost adiabatic process. A quick, shock-induced combustion event that reduces entropy rise and has a steeper,
more effective trajectory on the P-V and T-S curves is described by the Zeldovich-von Neumann—-D&ring (ZND)
model of detonation. This makes it possible to recover more stagnation pressure, generate less entropy, and use
thermal energy more efficiently.

7. Design and Materials Development in RDE

Rotational Detonation Engines (RDEs) present a transformative propulsion concept which holds potential,
understanding their practicality and integrating them in real world design and material engineering challenges.
These challenges are not insurmountable; rather, they define the current frontiers of RDE research and offer clear
directions for future optimization and innovation.
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7.1 Combustion Stability

A main focus in RDE development is enabling a stable and continuous detonation wave propagation. As with the
traditional engines which have steady-state combustion, the rotating detonation waves are highly sensitive to
variations in fuel-oxidizer mixing, injection dynamics and local pressure fluctuations. Current research is exploring
adaptive injector configurations and real-time flow control mechanisms to improve wave anchoring and phase
stability. Advanced computational fluid dynamics simulations are also being used to better predict detonation wave
behavior under varying operational conditions which enables more convenient chamber designs.

7.2 Thermal Management

As the detonation-based combustion produces extremely high local temperatures near the wave front and chamber
walls. These thermal loads can exceed the heat absorbing limits of conventional metallic components used in those
parts. To address this challenge high-performance materials such as Inconel alloys, ceramic matrix composites,
and regeneratively cooled liners can be used to integrate them for overall efficiency. Additionally, film cooling and
transpiration cooling techniques are being used from rocket engine technologies to suit the unique geometry and
flow characteristics of RDEs. These developments aim not just to withstand heat but to manage the heat in a way
that improves engine longevity and reliability, making it more convenient.

7.3 Injection Mechanism

The performance and stability of RDEs are correlated with the fuel and oxidizer injection system, which must deliver
the reactants with precise pressure, angle, and mass flow rate. Innovations in axial-tangential hybrid injection,
multi-port nozzles, and pre-mixing strategies hold potential to prevent blowouts or flameout events.Using feedback
sensors and closed-loop control algorithms will help to dynamically adjust injection parameters in response to
changing combustion conditions.

7.4 Acoustic Instabilities

The intense pressure oscillations within an RDE chamber can give rise to acoustic instabilities which are standing
waves that interfere with detonation propagation. Rather than viewing these oscillations as a limitation , take the
advantage and employ them through resonance tuning, passive acoustic dampers, and even active feedback
control systems. Understanding the interaction between chamber acoustics and detonation dynamics is critical to
ensuring consistent performance and avoiding destructive interference patterns.
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Figure.6 Flow Dynamics and Pressure Interactions within a Rotational Detonation Engine (RDE).
[Image Courtesy: William A. Hargus.et.al.2018]

The central feature is the detonation wave (marked by Dc;, denoting the Chapman-Jouguet point), which
separates the high-pressure burned gas from the unreacted propellant. This continuous wave front travels
circumferentially within the annular chamber; the stability here is important for sustained thrust production. The
image depicts how the detonation compresses and ignites the incoming reactants which validates the importance
of combustion stability discussed in (Section 7.1). Any disturbance in mixing uniformity or pressure gradients—as
indicated by the tightly constrained particle trajectories—can destabilize this rotating front that reinforces the need
for wave-control strategies through optimized chamber design and real-time diagnostics.
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Adjacent to the detonation wave, there are formation of oblique shocks and contact surfaces where high-
pressure gradients exist. These zones are directly correlated with thermal management challenges (Section 7.2),
as the area represents regions of extreme temperature that can degrade chamber materials. The image highlights
the thrust wall area peak of heat flux and mechanical stress, justifying the need for high-temperature alloys like
Inconel and suitable advanced cooling schemes such as film or transpiration cooling to ensure material survivability.

The arrangement of propellant injectors and their direction of flow emphasizes how precise control over fuel-
air delivery in terms of pressure, distribution and timing are fundamental to sustaining the wave. Research in
tangential or axial injector orientations is aimed at enhancing uniform flow and detonation initiation under these
complex conditions. The interaction between shock structures and high-pressure gas expansion regions suggests
that acoustic disturbances and pressure oscillations may emerge within the combustion chamber (Section 7.4).
These fluctuations have the potential to interfere with the detonation cycle if they are not properly managed. Thus
the diagram indirectly supports the introduction of passive or active acoustic damping systems to stabilize pressure
environments and improve efficiency of combustion in those parts.

8.Computational Modeling and Simulation of RDEs

Moderating the design and operability of Rotational Detonation Engines (RDESs) requires experimental data and
also the use of high-fidelity computational models to understand and resolve the complex, unsteady phenomena
which governs detonation behavior. The most vital tool used to study this are Large Eddy Simulations (LES) and
shock-capturing numerical schemes, which help in understanding the intricate flow structures, instabilities, and
transient interactions occurring within the combustion chamber.

LES helps to find the resolution of large scale turbulent eddies while modeling smaller sub grid-scale effects
that provides an accurate answer of how turbulence interacts with detonation fronts, shock waves, and fuel
injection patterns. This is particularly important in RDEs as their wave structure is highly sensitive to variations in
turbulent intensity, boundary-layer interactions, and chamber pressure fields. Researchers use LES tool to study
phenomena such as wave bifurcation, multiple-wave coexistence, and re-initiation mechanisms, which are
otherwise difficult to capture experimentally.

Whereas the shock-capturing schemes, such as high-order finite volume or weighted essentially non-oscillatory
(WENO) methods, allow for the accurate resolution of strong pressure gradients and shock discontinuities that
define the detonation process. These schemes are vital for modeling the Zeldovich—-von Neumann—Dd&ring (ZND)
structure of detonation fronts and for predicting detonation initiation, propagation speed, and stability margins
under varying inlet and chamber conditions [16]. Development trends analysis shows experimental validation of
computational models [9], supporting the transition from laboratory demonstrators to practical applications. Thus,
computational modeling bridges the gap between theory and physical implementation, which offers a low-risk,
high-resolution approach to overcoming the remaining challenges in RDE development and enabling the transition
toward practical aerospace applications. Let us try to understand how these factors affect through following
experimental data.
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Figure.7 Comparison of Experimental Results and Large Eddy Simulations (LES) for Flow
Behavior in a Rotational Detonation Engine. [Image Courtesy: Fureby, C.et.al.2022]

The figure above presents an analysis comparing the experimental results and Large Eddy Simulations (LES) of
flow behavior in a high-speed combustion configuration in Internal RDE Dynamics. The section (a) displays
schlieren visualizations that capture shock structures, expansion waves and recirculation zones in the combustion
chamber and intake surface. Below it (b) outputs LES that features high-resolution simulations to reproduce
complex, unsteady flow phenomena present in detonation-based systems.

The similarity in flow structures are common particularly in regions of compression and expansion near the intake
which confirms that LES can effectively resolve large-scale eddy formations and predict flow evolution downstream
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of the detonation front. Such computational tools help in geometry refinement and detonation wave anchoring
strategies in RDEs, where minor design variations can make a huge impact on performance and stability of the
engine. Furthermore, the use of shock-capturing numerical schemes is evident in how LES successfully reconstructs
abrupt gradients in pressure and velocity, especially within the detonation chamber.

The pressure distribution graph (c) provides a quantitative comparison of normalized pressure (p/pt) along the
axial distance. The red curve and experimental measurements align closely with the Rayleigh criterion which
determines combustor stability. The correlation between LES predictions and physical data highlights how
computational modeling enhances experimental diagnostics, enabling deeper insight into pressure fluctuations,
combustion stability, and flow resonance mechanisms.

8. Future Prospects

The development of compact, efficient and reusable systems in aerospace propulsion technology which is
transformative are Rotational Detonation Engines (RDES) that could change high-speed flight and access to space.
More advanced studies on operability of RDE’s in multi-cycle would enable variable-thrust operation, and integration
with combined-cycle engines like scramjets or the ramjets.

The integration of sensing in real time and adaptive control systems with Al-assisted diagnostics could improve
responsiveness and flight-synchronous combustion stability. There is also a possibility of miniaturization for RDEs
to be used in tactical and small-scale UAVs where low weight and high efficiency in the propulsion system is
needed. Advances in additive manufacturing such as ceramic composites, and active materials play a pivotal role
in cooling and eliminate long-standing problems concerning the durability and thermal resilience of combustion
chambers.

As computational resources continue to improve. Tools such as LES, coupled with data-driven design frameworks
will enable the optimization of RDE components to enhance them. A multidisciplinary effort spanning fluid
dynamics, thermochemistry, materials science and control engineering will be essential to transition RDEs from
laboratory-scale demonstrators to flight-qualified propulsion systems in the near future.

9. Conclusion

This research paper provides a comprehensive overview of Rotational Detonation Engines (RDESs), a propulsion
technology that operates on the principle of continuous detonation rather than conventional subsonic combustion.
RDE’s promise significantly higher thermodynamic efficiency, reduced engine size, and enhanced thrust
performance. The paper explains the fundamental differences between deflagration and detonation, establishing
why RDEs can outperform traditional engines in both atmospheric and space-based by integrating them to real
world applications and explaining them with experimental data. By connecting theoretical potential with practical
experimentation and modeling, this paper contributes to bridging the gap between conceptual understanding and
engineering application, helping to enhance the efficiency of RDE's.
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