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Abstract

Detonation-based combustion has re-emerged as a promising pathway for enhancing the
efficiency and compactness of future aerospace propulsion systems, motivated by the
intrinsic pressure-gain characteristics of detonative heat release. This review provides a
comprehensive synthesis of the physical foundations, technological progress, and prac-
tical limitations associated with pulse detonation engines, rotating detonation engines,
and standing or oblique detonation wave concepts. By tracing the evolution from early
theoretical models and laboratory-scale demonstrations to engine-relevant configurations,
this article highlights how detonation physics, ignition mechanisms, wave stability, and
flow—structure interactions collectively govern propulsion performance. Particular atten-
tion is paid to recent experimental and numerical studies, with the review focusing on their
technological impact and on the feasibility of integrating detonation-based propulsion con-
cepts into practical aerospace systems. The analysis evaluates these approaches’ potential
to enhance system-level performance compared to conventional propulsion technologies,
while highlighting key challenges associated with scalability, operability, and compatibility
with existing aerospace architectures. The review further identifies emerging design strate-
gies, including geometry tailoring, adaptive flow control, and hybrid architectures, as key
enablers for extending operability and system integration. Overall, the findings indicate
that future progress in detonation-based propulsion will depend less on demonstrating
detonation itself and more on achieving robust, controllable, and scalable implementations
suitable for realistic aerospace applications.
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with isobaric heat addition [2,3]. As new flight regimes began to demand higher specific
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heat addition to a near-constant-volume approach that more concretely characterises the
impact of the detonation process by facilitating higher limits of pressure and temperature
spikes than the Brayton representation, as discussed by Jacobs and Fickett [6].

For more than half a century, the dream of achieving efficient flight beyond the speed
of sound has continuously pushed the boundaries of propulsion science. The ramjet and,
later, the scramjet engines marked the first great leap beyond turbojet technology, enabling
sustained operation at supersonic and even hypersonic speeds without moving parts [7].
Their principle was simple: let the incoming air compress itself, inject fuel, and burn it while
the flow continues downstream. Yet, as flight velocity increased, so did the shortcomings
of these cycles.

In a ramjet, combustion occurs after the airflow is slowed to subsonic speeds inside
the combustor. This process introduces significant total-pressure losses, meaning that a
large fraction of the mechanical energy of the incoming air is dissipated as heat before
it can be converted into thrust [8]. The scramjet, or supersonic combustion ramjet, was
conceived to overcome this by allowing combustion to proceed while the flow remains
supersonic. Although this avoided the costly deceleration process, it came at the price
of unstable flames, limited mixing times, and inefficient heat release [9]. At very high
Mach numbers, where residence times are shorter than microseconds, achieving complete
combustion before the nozzle expansion becomes nearly impossible [10,11].

These challenges gradually revealed a fundamental limitation shared by all conven-
tional engines: combustion at nearly constant pressure. In both gas turbines and air-
breathing engines, the chemical energy is released in an isobaric process, which—according
to thermodynamic theory—inevitably leads to entropy growth and energy loss. To move
beyond this limit, engineers and scientists began to imagine engines in which combustion
occurs through pressure-gain processes, compressing the gas while releasing heat rather
than expanding it. This theoretical description is physically observed when thermal energy
is produced at a very rapid frequency in a controlled domain, where the manifestation
of this energy overcomes the conditions for gaining volume, and the expansion occurs in
terms of pressure.

A more tangible solution emerged in the mid-20th century in the form of the pulse
detonation engine (PDE), the first system to demonstrate a cyclic detonation-based mode
of combustion that is capable of producing measurable pressure gain. Each operating cycle
consists of mixture filling, detonation initiation, and blowdown through a nozzle, resulting
in the generation of impulsive thrust [12]. While this architecture proved the feasibility of
pressure-gain combustion, its pulsed nature limited the steady performance required for
practical applications [13,14].

To achieve a continuous mode of operation, the rotating detonation engine (RDE)
was introduced, in which one or more detonation fronts propagate azimuthally within an
annular chamber continuously supplied with propellant [15,16]. This configuration main-
tains a nearly steady flow while preserving the thermodynamic benefits of detonation [17],
offering a compact and potentially more efficient alternative to conventional combustors.

In parallel, extensive research in high-speed aerothermodynamics led to the standing
or oblique detonation wave (ODW) engine concept, where a detonation front is stabilised
over a wedge or ramp in a supersonic flow [18]. This configuration relies on externally com-
pressed high-enthalpy streams to sustain a stationary coupled shock-reaction front [19,20],
representing a distinct approach to achieving pressure gain in air-breathing and closed-cycle
propulsion systems.

Beyond these engine architectures, ongoing studies continue to focus on the structure
and stability of detonation waves themselves, examining cell patterns, induction zones,
reaction-front coupling, and the influence of chemical kinetics [21,22]. These investiga-
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tions aim to deepen our understanding of detonation formation and control, forming
the physical foundation for all detonation-based propulsion concepts that are currently
under exploration.

2. Fundamentals of Detonation Physics
2.1. Theoretical Efforts

The understanding of detonation physics began over a century ago, driven by the
need to explain supersonic combustion phenomena in reactive gases. Early theoretical
developments can be traced back to the work of Michelson [23], who applied the Rank-
ine theory to reactive gaseous mixtures and derived relations linking detonation velocity,
pressure, and heat release, while also identifying the existence of a limiting detonation
velocity corresponding to a special propagation regime. The historical priority and signifi-
cance of Michelson’s contribution have been documented in chronological reviews of early
detonation research of Dabora and Manson [24].

Building on these early concepts, Chapman [25] and Jouguet [26] later developed the
theoretical framework that became known as the Chapman-Jouguet (CJ) model, which
describes the steady propagation of detonation waves under the condition that the flow at
the end of the reaction zone reaches sonic velocity relative to the wave. In this idealised
one-dimensional view, detonation is treated as a discontinuity across which conservation
laws apply, predicting a unique post-shock state where the flow becomes sonic relative
to the shock front. This thermodynamic model assumes instantaneous chemical reactions
and provides the minimum propagation velocity needed to sustain detonation, offering
valuable predictions for performance estimation. The CJ model was later refined by
Zeldovich, von Neumann, and Déring in the 1940s through the ZND model [27-29], which
resolves the internal structure of the detonation wave. It separates the process into a shock-
induced compression (von Neumann spike) followed by a finite-length reaction zone where
chemical energy is released. The ZND model introduces induction delay and finite-rate
chemistry, linking detonation speed to both thermodynamics and kinetics. Despite its one-
dimensional assumptions, ZND remains central in predicting reaction zone thickness and
understanding how flow conditions influence propagation. In reality, detonation waves are
far from being one-dimensional. A substantial body of experimental work, including recent
studies [30,31], has shown that these waves exhibit intricate cellular structures shaped
by the interaction of transverse waves and triple points moving along the front. These
features play a crucial role in shaping local ignition behaviour, pressure distribution, and
combustion completeness, making the detonation front a highly dynamic and spatially
non-uniform phenomenon. Detonation cell size, in particular, has proven to be a reliable
metric for gauging mixture sensitivity, often linked to the minimum tube diameter and
run-up distance required for stable propagation [32].

Beyond the idealised steady one-dimensional descriptions (CJ/ZND), practical
gaseous detonations are intrinsically unsteady and multi-dimensional, with a leading
shock-reaction complex whose front structure is governed by triple points and transverse
waves that sweep along the front and generate a characteristic cellular detonation pat-
tern [33]. Classic treatments also emphasise that this unsteadiness is tightly linked to
stability limits and near-limit propagation: as detonability margins narrow, the front can re-
organise into simplified regimes (e.g., single-spin modes in round tubes), and macroscopic
descriptors such as cell size and the onset of instability become central for interpreting how
detonations persist or fail under non-ideal conditions [33]. A complementary, propulsion-
relevant perspective is provided by Kuhl et al., which collects experimental, theoretical, and
computational studies spanning initiation/transmission, non-ideal and boundary effects,
and configurations where confinement and wall/geometry effects strongly influence propa-
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gation (e.g., quasi-detonations in rough tubes, limit criteria in tubes, and layered-detonation
computations) [34]. A modern research-level synthesis includes dedicated chapters on
detonation instability and multi-scaled cellular detonations, bridging classical diagnos-
tics with contemporary theoretical and numerical frameworks for unsteady detonation
dynamics [35].

Rotating detonation is a distinct, propulsion-oriented manifestation of unsteady
detonation in which one or multiple detonation fronts propagate azimuthally in annu-
lar/curvilinear geometries under continuous injection, so that the mean throughflow can
remain quasi-steady even though the detonation front is inherently unsteady [36]. The
classical research begins with early work on “stationary detonation” and early studies of
continuous detonation in annular channels, which helped establish annular confinement
as a practical host for sustained detonative wave motion [37,38]. In parallel, other studies
explicitly addressed the feasibility of a rotating-detonation-wave rocket motor, linking
continuous detonation-wave dynamics to rocket-chamber concepts, while subsequent
performance-oriented analyses developed cycle-level interpretations that are useful for
propulsion evaluation [39,40]. Later demonstrations extended continuous/rotating detona-
tion beyond fuel-oxygen systems, reporting continuous detonation combustion of fuel-air
mixtures in a disk-shaped chamber with plane radial eddying flow, exciting a rotating
detonation wave while burning hydrogen, methane, and sprayed liquid fuels (kerosene
and diesel fuel) in air [41]. It is important to distinguish rotating detonation from spin
detonation: although both can exhibit azimuthal wave motion, “single-spin” modes arise
as near-limit quasi-1D detonation behaviour in ducts, whereas rotating detonation pertains
to continuously fed annular architectures used in engine concepts [33,36].

Several theoretical and computational studies from the late 1990s and early 2000s
explored aspects of shock-induced combustion [11], detonation-based propulsion feasi-
bility [42], ram acceleration mechanisms [43], high-temperature gas dynamics [44], and
hypersonic wave phenomena [45,46]. Within this framework, the work of Pratt et al. [47]
stands out for its theoretical analysis of standing oblique detonation waves, providing
early yet still relevant insights into the geometric organisation and structural regimes
characteristic of ODWs.

Building on earlier work, recent research has expanded the theoretical frameworks
and classification schemes for oblique detonation waves (ODWs). For example, a quasi-
2D model was used in [48] to capture near-limit detonation dynamics and the decay of
transverse wave activity. This approach offered insight into how multi-wave cellular
structures simplify to a single-wave front under marginal conditions (Figure 1).

Geometric effects on ODW initiation have also been studied; for instance, one
study [49] examined detonation initiation behind a conical shock and found that three-
dimensional flow curvature can generate multiple discrete ignition sites along the deto-
nation front. Another study [50] extended detonation shock dynamics theory to curved
annular channels. This analysis predicted how front curvature influences propagation,
in a manner consistent with the multi-point initiation phenomena observed in conical
flows. Further broadening the spectrum of observed ODW structures, a novel “tongue-
shaped” detonation [51] in an elliptical chamber was elucidated, along with its formation
mechanism. Recently, the effects of flow divergence have been examined by an ODW
interacting with an expansion corner [52]. That study showed that the resulting Prandtl-
Meyer expansion can either attenuate the detonation or produce a reconfigured wave
system further downstream. Furthermore, innovative strategies for ODW initiation have
been explored. For instance, using a co-flow hot jet significantly shortened the initiation
distance [53]. In contrast, imposing thermal non-equilibrium (e.g., vibrational excitation of
molecules) delayed ignition and thereby shifted the boundary between smooth and abrupt
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initiation regimes [54]. Among these contributions, the analytical criterion proposed by Shi
et al. [55] stands out as particularly significant. It predicts the transition between abrupt
and smooth ODW initiation purely from geometric and reaction length-scale ratios, sur-
passing earlier empirical criteria [56] in both scope and clarity. On the practical side, Zheng
et al. [57] developed a revised oblique detonation engine model that incorporates realistic
loss factors and validated it through simulations. Meanwhile, Cao et al. [58] provided a
rare experimental validation of detonation propagation in a curved, expanding channel.
Together, these results provide strong support for the emerging theoretical constructs of
ODW behaviour. Complementing these theoretical advancements, a recent study proposed
a hybrid physics-informed and data-driven framework for classifying oblique detonation
modes in hydrogen—air mixtures under varying flight conditions [59]. The model was
trained to predict the boundaries between four distinct ODW regimes as a function of
flight Mach number, altitude, and equivalence ratio (¢, the ratio of actual to stoichiometric
fuel-oxidizer proportions, which critically influences ignition and wave stability). Notably,
the output captured a clear 3D transition surface that delineates operational domains,
offering a valuable predictive tool for engine designers.
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Figure 1. Experimental (left) and numerical (middle and right) Schlieren visualisations of ODW
structure at increasing initial pressures. The images illustrate the evolution of TS (transverse shock),
IS (incident shock), MS (Mach stem), and slip line features. The transition from strongly coupled
detonation fronts to single-shock configurations becomes evident at higher pressures. (Reprinted
with permission from [48]).

2.2. Numerical Simulation Efforts

Numerical investigations have played a central role in establishing the physical foun-
dations of oblique detonation waves. Early simulations in the early 2000s demonstrated
that wedge-induced detonations are inherently unsteady and may exhibit cellular or os-
cillatory front structures under certain conditions [60]. These studies also introduced a
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practical geometric requirement for detonation initiation, namely that the characteristic
wedge length must exceed the chemical induction length to sustain a stable ODW. A partic-
ularly influential contribution from this period provided a systematic parametric mapping
of inflow Mach number, thermodynamic state, and wedge angle, clearly identifying the
transition from an oblique shock to a wedge-anchored detonation and defining the condi-
tions under which a steady ODW can exist [61]. These two works have since served as a
reference framework for most subsequent numerical studies.

In the following years, numerical models were extended to more complex configura-
tions. Simulations conducted in confined wedge-shaped channels showed that ODWs can
be stabilised within bounded combustor geometries, where shock reflections from walls
significantly modify the local compression and ignition process [62]. Later investigations
focused on lower-inflow Mach number regimes, where combined analytical and numerical
approaches revealed that an attached ODW may propagate upstream along the wedge
surface as the Mach number decreases or wedge angle increases [63]. In this regime, the
detonation exhibits a remarkably short induction region and enhanced stability, a behaviour
linked to the influence of the Chapman—Jouguet detonation structure embedded within
the oblique wave. Further numerical work demonstrated that multiple initiation struc-
tures may arise as the Mach number increases, ranging from prompt Mach-reflection-type
transitions to alternative wave configurations at higher speeds [64].

Advances in computational capability enabled the inclusion of more detailed chemical
kinetics and increasingly realistic flow scenarios. High-resolution simulations examining
the role of chemical reactivity showed that ODW initiation can occur through two distinct
modes: an abrupt transition characterised by a multi-wave Mach reflection, and a smooth
shock-to-detonation transition in which the oblique shock gradually evolves into a deto-
native front [65]. By varying activation energy and heat-release parameters, these studies
mapped the boundaries between the two regimes and demonstrated that kinetic timescales
play a decisive role in determining initiation behaviour. Around the same time, numerical
investigations incorporating geometric discontinuities such as expansion corners revealed
new detonation-flow interactions. In these cases, the ODW was found to develop a post-
expansion recirculation zone resembling a gaseous wedge of reacting flow, accompanied
by upstream-propagating transverse detonations along the detonation surface [66]. These
features were associated with destabilising mechanisms related to thermal choking and
amplification of surface perturbations.

Subsequent simulations examined the influence of detailed reaction mechanisms on
ODW structure and stability. Multi-step chemical models showed that reaction kinetics
can significantly alter induction length, front curvature, and surface stability limits [67]. In
confined combustor-like configurations, numerical studies further revealed the coexistence
of oblique and localised normal detonation modes, indicating that portions of the flow may
transition into near-normal detonation while the overall structure remains oblique [68].
Similar initiation mechanisms were later confirmed for hydrocarbon fuels, although higher
Mach numbers or longer initiation distances were generally required due to reduced
chemical reactivity [69].

More recent numerical efforts have shifted toward engine-relevant, multi-physics
conditions. Studies incorporating viscous effects, boundary layers, and unsteady inflow
demonstrated that shock-boundary layer interactions can delay or suppress detonation
onset and introduce additional stability constraints [70,71]. In such cases, the coupling be-
tween the combustion front and flow non-uniformities governs whether a sustained ODW
can be maintained. The most recent simulations integrate detailed chemistry, complex
geometries, and time-dependent inflow perturbations within a unified framework, repre-
senting the current frontier of predictive ODW modelling [72]. Collectively, these numerical
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developments reflect a steady progression from idealised configurations toward realistic
propulsion environments, significantly refining the understanding of wedge-stabilised
oblique detonations and their applicability to detonation-based engines.

3. Ignition Criteria and Detonation Initiation

Ignition and detonation initiation in detonation-based propulsion systems are gov-
erned by a limited number of recurring physical mechanisms, despite the diversity of
experimental configurations and ignition concepts explored in the literature. Across dif-
ferent geometries, fuels, and operating conditions, initiation can be broadly interpreted as
the establishment of sufficient coupling between chemical energy release and compressive
wave dynamics within a finite spatial and temporal window.

One major class of initiation mechanisms involves direct ignition in confined or semi-
confined combustors, where the challenge lies in achieving sufficiently rapid heat release
before flow expansion or losses decouple the reaction from the compression field. Exper-
imental studies in laboratory-scale hydrogen systems have shown that ignition success
is highly sensitive to local mixture composition, residence time, and igniter placement,
even before detonative coupling [73]. Similar sensitivities are observed in obstructed and
confined channels, where flame acceleration promoted by geometric confinement plays a
dominant role in shortening the path toward detonation [74,75]. In such configurations,
detonation initiation emerges from the competition between flame acceleration and loss
mechanisms rather than from ignition energy alone.

A second major initiation pathway is shock-assisted or shock-amplified initiation,
where compressive waves actively participate in driving the transition toward detonation.
Shock-focusing strategies, including converging and toroidal shock systems, demonstrate
that properly structured compression can generate localised regions of extreme pressure
and temperature capable of triggering rapid detonation onset with relatively low ignition
energy [76]. Closely related phenomena are observed in high-speed wedge flows, where
oblique shocks interact with reactive mixtures and may evolve into detonations depending
on inflow Mach number, mixture reactivity, and geometric scale [77]. In these cases, the
initiation mode may range from abrupt shock-induced detonation to more gradual shock-
to-detonation transition, highlighting that initiation is not binary but structurally diverse.

A third mechanism, which is particularly relevant to oblique detonation configu-
rations, involves boundary-layer- and geometry-mediated initiation. Investigations of
wedge-stabilised flows have shown that viscous boundary layers significantly alter lo-
cal thermodynamic conditions upstream of the shock system, thereby shifting ignition
limits and modifying initiation behaviour [78]. Channel curvature, expansion, and flow
divergence further influence the dominant initiation pathway by reshaping shock interac-
tions and local ignition sites [74]. These effects demonstrate that initiation criteria derived
from inviscid theory alone are insufficient and must be extended to account for near-wall
transport and geometric complexity.

More recent work has emphasised engine-relevant initiation strategies and operability,
where initiation must be reliable under imperfect mixing and transient conditions. Injection-
driven and downstream ignition approaches have been shown to promote rapid detonation
initiation by enhancing flame—shock interaction in regions with a favourable equivalence
ratio, even when the upstream mixture remains highly non-uniform [79]. In this context,
experimental studies on oblique detonation initiation have provided valuable insight into
the physical thresholds governing shock-induced ignition. Recent experiments employing
hyper-velocity projectiles to generate strong, well-controlled shock systems demonstrated
that detonation onset depends primarily on the combined effect of shock strength and
initial thermodynamic conditions, rather than on a single critical parameter [80]. These
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experiments revealed a clear separation between regimes where shock compression leads
only to transient ignition and those where sustained detonation is established, highlighting
the existence of a practical initiation boundary in pressure-Mach space (Figure 2).
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Figure 2. Representative detonation initiation map showing the transition between non-detonative
and detonative regimes as a function of shock Mach number and initial pressure, based on shock-
induced oblique detonation experiments. (Reprinted with permission from [80]).

The resulting initiation maps illustrate that detonation can be triggered well below the
ideal Chapman-Jouguet limit when sufficient local compression is achieved over a finite
spatial scale. This behaviour is consistent with the common understanding that detonation
initiation requires not only high post-shock temperature and pressure, but also adequate
confinement of energy deposition to allow chemical energy release to couple with the
compressive wave. Within this framework, semi-empirical initiation concepts, such as
those commonly attributed to Lee theory, describe the transition between non-detonative
and detonative regimes by balancing shock strength against characteristic reaction and
dissipation timescales. The experimental initiation boundaries reported by Shang et al.
provide direct visual evidence of this coupling mechanism, demonstrating how variations
in pressure and shock Mach number shift the onset of detonation across distinct operational
regimes [80].

Finally, initiation robustness and recovery have emerged as important aspects of
practical operation. Studies involving inert gas plugs and mixture stratification demonstrate
that detonation propagation can be interrupted locally and that successful re-initiation
depends on the interaction between residual shocks and reactive pockets downstream [81].
These findings reinforce the view that detonation initiation must be treated as a dynamic
process, sensitive to local flow history and spatial non-uniformities.

In particular, detailed insight into the transient initiation process has been provided
by time-resolved Schlieren visualisations of non-premixed continuous rotating detonation
waves [82]. The Schlieren sequences clearly resolve the successive stages leading from
initial ignition to the establishment of a self-sustained detonation structure. These stages
include the formation of a leading shock induced by a pre-detonator (superior to the
spark plug initiation case), the subsequent appearance of localised reaction zones, and
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the generation of secondary compression waves originating from exothermic heat release.
As the process evolves, interactions between reflected shock waves and the developing
reaction front intensify local compression, eventually enabling shock-reaction coupling.
The measurements further reveal that insufficient fuel supply or local mixture depletion can
temporarily decouple the reaction zone from the shock system, resulting in isolated shock
propagation without sustained combustion. Such observations highlight the inherently
unsteady and intermittent nature of detonation initiation in non-premixed configurations,
demonstrating the critical role of wave interactions and mixing-controlled energy release
in achieving a stable rotating detonation regime.

4. Current Advances in Detonation Waves Application
4.1. Pulse Detonation Engine

Initial studies of pulse detonation engines laid the groundwork for understanding
cyclic detonation-based propulsion under confined and highly unsteady conditions. Nu-
merical studies of non-reactive pulse detonation chambers revealed that complex internal
flow phenomena, such as pressure oscillations, shock reflections, and transient supersonic
regions, may arise even before ignition occurs, thereby influencing subsequent ignition
processes and wave development [83]. In parallel, early experimental and diagnostic
efforts contributed to clarifying how detonation initiation depends on the coupling be-
tween deposited energy and compressive wave dynamics rather than on ignition strength
alone. Time-resolved Schlieren measurements and engine tests have demonstrated that
nanosecond repetitively pulsed discharges can generate favourable ignition environments
by producing localised plasma kernels that promote rapid coupling between shocks and
chemical reactions [84]. Together with other early studies in the field, these contributions
provided useful insights that supported later engine-oriented investigations and encour-
aged systematic efforts aimed at improving repeatability, reducing initiation length scales,
and stabilising cyclic detonation operation.

As research progressed, more activity has been focused on configurations and op-
erating conditions relevant to practical engine implementation, with particular attention
given to injection strategies, fuel preparation, and operability under realistic constraints. A
comprehensive synthesis of deflagration-to-detonation transition methods in pulse deto-
nation engines reflects this evolution by organising and contextualising modern initiation
strategies developed across experimental and numerical studies, including approaches
aimed at shortening transition length and enhancing operational robustness [85]. Experi-
ments employing easily ionised seed additives have demonstrated that such additions can
influence detonation development and increase the electrical conductivity of the reacting
flow [86]. For liquid-fuelled pulse detonation engines, the role of injector and atomiser
geometry is central, as spray characteristics directly control vaporisation, mixing, ignition
delay, and the establishment of detonation within each cycle [87], as shown in Figure 3.

Complementary investigations demonstrated that inlet air temperature strongly influ-
ences detonation initiation behaviour, with elevated inlet temperatures leading to shorter
ignition delays and reduced initiation distances in liquid-fuelled combustors [88]. Beyond
conventional straight-tube geometries, fan-shaped pulse detonation combustors have been
examined through combined numerical and experimental approaches, revealing that tai-
lored chamber expansion can alter wave structure and operating characteristics, thereby
supporting more uniform detonation behaviour across the combustor cross-section [89].
Taken together, these studies reflect a broader trend toward expanding the fuel and operat-
ing envelopes of PDEs, encompassing liquid fuels, mixture conditioning, and approaches
that move beyond idealised premixed gaseous operation [85-89]. Pronounced pressure
spikes are observed at specific measurement locations, resulting from transient wave super-

https://doi.org/10.3390/aerospace13030259


https://doi.org/10.3390/aerospace13030259

Aerospace 2026, 13, 259

10 of 31

position and locally overdriven detonation near the spoilers; this behaviour is important,
as it confirms the formation of strong compression—reaction coupling and highlights the
role of plasma-assisted ignition in accelerating the DDT process.
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Figure 3. A valveless two-phase pulse detonation combustor test system (reprinted with permission
from [87]).

Earlier numerical investigations have already identified important limitations of pulse
detonation engines, showing that despite the high instantaneous pressure rise associated
with detonation, the cycle-averaged pressure gain may remain relatively small due to
blowdown losses, flow recovery periods and non-uniform detonation propagation along
the chamber. Numerical studies also emphasised the importance of the interaction between
the detonation chamber and the intake and exhaust system, which strongly affects the
overall engine performance and operability [90,91]. A recent work confirmed once again
that for PDE operation, although local pressure peaks can reach very high values, cycle-
averaged measurements reported in the literature indicate average chamber pressures to the
order of 1.15-1.33 bar, depending on the equivalence ratio, chamber length, frequency and
operating pressure. This confirms that the effective pressure gain of PDEs remains modest
once pulsating operation and blowdown losses are taken into account [92] (Figure 4).
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Figure 4. Average cycle pressure gain ratio for a frequency of 100 Hz with H2/air mixture (reprinted
with permission from [92]).

A few of the most impactful studies are those that explicitly connect detonative com-
bustion processes with propulsion-level performance and system integration considerations.
Performance analyses of hybrid pulse detonation engines operating with liquid hydrogen
have provided system-level insight into achievable gains in specific impulse and thermal
efficiency when detonative combustion is properly matched with downstream expansion
devices and overall engine architecture [93]. This line of work is particularly notable for
linking chamber-scale detonation physics with global cycle behaviour, enabling more direct
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comparison with conventional propulsion concepts. Earlier and complementary investi-
gations have also highlighted the importance of the interaction between the detonation
chamber and downstream expansion devices. Experimental and numerical studies on
unsteady nozzle operation have demonstrated that the nozzle geometry and expansion
ratio significantly influence thrust generation and specific impulse in pulse detonation
engines, emphasising the strong coupling between chamber processes and exhaust system
performance [94].

In addition, experimental studies addressing filling and discharge hardware have
clarified how inlet-valve geometry affects thrust generation in air-breathing pulse deto-
nation engines [95], while investigations of valveless configurations have characterised
exhaust plume temperature and structure, contributing to a more realistic assessment of
thermal loading and exhaust behaviour under cyclic detonative operation [96]. Together,
these studies indicate that current pulse detonation engine research is increasingly oriented
toward operability, integration, and performance scalability, rather than toward detonation
demonstration alone.

Based on the studies that report quantitative relevant parameters [97-99], the typical
operating characteristics of pulse detonation engines are summarised in Table 1. The pre-
sented ranges were derived from representative experimental and numerical investigations
and provide an approximate quantitative characterisation of typical PDE operating regimes.

Table 1. Quantitative parameters of pulse detonation engines (PDEs).

Equivalence  Total Mass Tube Diameter =~ Tube Length  Cycle Frequency

Mixture Flow [g/s] [mm] [m] [Hz] Isplsl

H,/0, 250 15 02-05 100-350 6-79
Kerosene/O, 35 30 0.85 5-15 123-271
Ethylene/O; 54-6.1 84 15 16.7-37.8 279

Only a limited number of studies in the available literature report complete sets
of quantitative performance parameters such as the total mass-flow rate, operating fre-
quency, geometric dimensions, and specific impulse. As a result, Table 1 provides discrete
data points corresponding to particular engine configurations rather than continuous
performance ranges. The currently available data remain insufficient to establish a fully
generalised quantitative overview.

4.2. Rotating Detonation Engine

Early investigations of rotating detonation engines demonstrated that one or sev-
eral detonation fronts can be sustained while propagating azimuthally within annular
combustors. These studies also made clear that stable operation depends on effective
fuel—-air mixing, the interaction between injection and the detonation front, and losses
associated with near-wall regions. The main outcomes of this foundational body of work,
together with the recurring design challenges it revealed, are now synthesised in a recent
review study that organises RDE development around combustor geometries, injection
and ignition strategies, dominant loss mechanisms, and potential applications in both
air-breathing and rocket propulsion systems [100]. As a result, contemporary RDE research
is no longer focused on demonstrating the existence of rotating detonations, but rather on
ensuring their sustained, repeatable operation under realistic conditions involving inflow
non-uniformities, throttling, thermal loads, and system-level integration constraints.

In recent years, the scope of RDE research has expanded markedly toward engine-
relevant operating regimes and practical fuels, with increasing amounts of attention being
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paid to scalability, robustness, and controllability. Within rocket-based configurations,
pulsed operation has emerged as a key research direction: spinning pulsed detonation
modes and pulse-operated RDRE experiments have been employed to examine transient
start-up behaviour, cycle-to-cycle repeatability, and mode persistence beyond steady contin-
uous operation [101,102]. Complementary work has addressed the influence of nozzle and
combustor coupling during pulsed operation, highlighting how downstream components
can significantly alter wave dynamics and overall propulsion performance [103]. Addi-
tional studies have focused on non-ideal and real-gas effects, including upstream pressure
behaviour in methane-fuelled engines with oxygen-enriched air [104], the role of charac-
teristic chamber dimensions on detonation stability and thrust generation [105], and the
impact of imposed swirl as a potential control mechanism, despite the associated reductions
in thrust and efficiency at high swirl intensity [106]. Beyond these parametric trends, recent
experimental investigations have highlighted the coupling between rotating detonation
waves and tangential combustion instabilities in coreless disk-shaped RDRE configurations,
demonstrating that azimuthal acoustic-detonative interactions can play a governing role in
mode stability and combustion dynamics [107]. In parallel, high-resolution numerical sim-
ulations employing parallel adaptive mesh refinement have resolved fine-scale detonation
structures and shock-reaction interactions with unprecedented fidelity, providing detailed
insight into wave stabilisation mechanisms that are difficult to access experimentally [108].
In air-breathing directions, both numerical and experimental efforts have extended RDE
concepts into ramjet-based configurations, targeting improved mixing and detonation
propagation within integrated flow paths [109], as well as liquid hydrocarbon operation,
such as kerosene-fuelled rotating detonation ramjet combustors, where performance sensi-
tivity to inlet temperature, mass flow rate, and combustor length has been documented
using a pulse detonation rocket [110,111]. At the same time, practical considerations, in-
cluding low mass-flow operation in compact devices and advanced thermal management
approaches, have more frequently been treated as primary design constraints rather than
secondary effects [112,113]. In particular, recent studies have investigated dedicated cooling
strategies for rotating detonation combustors, including film-cooling configurations for
hydrocarbon-fuelled operation, demonstrating the importance of thermal management for
achieving stable and sustained RDE operation under realistic thermal loads [113]. More
recent concepts have also explored system-level hybridisation, for instance by embedding
rotating detonation modules within broader propulsion architectures that operate inter-
mittently [114] and by systematically quantifying wave behaviour and performance under
deliberately non-ideal inflow conditions [115].

Among recent high-impact contributions, the combined experimental and numeri-
cal investigation of disk-shaped rotating detonation rocket engines offers a particularly
valuable insight into the mechanisms governing wave number formation as an emergent
property of the coupled flow field and chamber geometry [116]. By resolving the tran-
sient processes leading to detonation establishment and relating the modal structure to
the confinement scale and injector-driven coupling, this work clarifies the physical basis
for transitions between single- and multi-wave regimes, enabling a more physics-based
interpretation of stability and performance trends beyond purely empirical adjustments.

A further influential and strongly parametric contribution is provided by an extensive
experimental investigation of a modular rotating detonation rocket engine focusing on the
coupled effects of nozzle contraction and chamber length on wave dynamics and propulsion
performance [117]. Based on nearly 300 hot-fire tests with gaseous methane and oxygen, the
study systematically explores a wide range of equivalence ratios (¢ ~ 0.5-2.5). This broad
sweep enables direct interpretation of the measured specific impulse trends as a function
of mixture composition, as illustrated in Figure 5, which summarises the dependence of a
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particular impulse on equivalence ratio for different nozzle contraction ratios. The results
show that increasing throat constriction produces a consistent and nearly linear improve-
ment in thrust and specific impulse under otherwise comparable conditions, with reported
performance gains reaching approximately 27% relative to a straight-annulus exit configura-
tion. At the same time, stronger nozzle contraction is associated with increasingly complex
wave behaviour, including a higher prevalence of counter-propagating detonation fronts
and elevated unsteadiness. Importantly, shortened (half-length) chamber configurations
achieve comparable global performance while exhibiting reduced counter-propagation
tendencies, indicating that practical design margins exist to preserve performance while
improving operability. The authors further attribute these trends to interactions between
nozzle throat geometry and injector pressure recovery, emphasising that throat—injector
coupling plays a central role in shaping both modal dynamics and overall engine perfor-
mance [117]. Although local pressure peaks are comparable to CJ values, the azimuthally
averaged pressure rise is significantly reduced due to expansion and losses. RDE averages
a pressure gain ratio under 2, depending on operating fuel and conditions.
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Figure 5. Effect of nozzle contraction ratio on rotating detonation rocket engine performance and
exhaust behaviour. (Reprinted with permission from [117]).

Beyond rocket applications, rotating /continuous detonation combustors have been
studied in air-breathing propulsion, where inlet/combustor/nozzle coupling becomes
central. Wind-tunnel experiments on a ramjet-type model with an expanding annular com-
bustor demonstrated sustained detonation-based hydrogen combustion in short-duration
facilities at freestream Mach numbers 5-8, reporting both continuous-detonation and
longitudinally pulsating regimes with kHz-class characteristic frequencies [118]. Com-
plementing these tests, three-dimensional numerical simulations of a ramjet power plant
with a continuous-detonation annular combustor explicitly included a supersonic intake
and outlet nozzle and treated finite-rate mixing, chemistry, and viscous effects; the study
showed feasible operation at Mach 5 (20 km altitude) and reported propulsion-level metrics
while highlighting internal-flow features that are important for integration, such as re-
gions of subsonic products coexisting with supersonic outlet flow and a single azimuthally
travelling detonation wave in the annulus [119].
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A parallel literature stream focuses on integration with gas-turbine architectures (tur-
bojet/turbofan) rather than standalone rocket thrusters. A dedicated propulsion-oriented
synthesis discusses rotating detonation combustors from fundamentals to demonstrators
and, importantly, describes a large-scale air-breathing demonstrator whose explicit purpose
is to show feasibility of integrating an RDE into a turbojet and to address system issues
(stable operating range, wall thermo-mechanical loads, vibration environment, and integra-
tion of compressor and turbine) using representative test facilities [120]. In the same spirit,
a thermodynamic and system analysis of a turbojet equipped with a rotating detonation
combustor developed time-resolved component models (including supersonic turbine
treatment) to identify operating regimes where a pressure-gain combustor can outperform
a conventional constant-pressure combustor and to guide cycle-level design trade-offs [121].
An earlier review article explicitly frames rotating detonation as applicable across turbine,
ramjet, and rocket engines and discusses turbofan-style integration concepts alongside
advantages and constraints, reinforcing the claim that non-rocket implementations are a
long-standing research direction [122].

The quantitative characteristics of rotating detonation engines identified in the avail-
able literature are summarised in Table 2 [102,111,119,123]. The values presented were
extracted from representative experimental and numerical studies that report consistent per-
formance and geometric parameters, providing a quantitative overview of typical operating
conditions for laboratory-scale RDE configurations.

Table 2. Quantitative parameters of rotating detonation engines (RDEs).

Mixture Equiva}ence Total Mass Outer Diameter Channel ?hannel Isp [s]
Ratio Flow [g/s] [mm] Length [mm] Width [mm]
CH4/0, 0.5-2.5 122-454 76.2 76.2 2-5 100-250
Hy /Ny + Oy 0.4-12 62 60 100 4 74.7
Ethylene/N; + Oy 0.3-14 200 72 75 15-24 101-122

A direct comparison between the quantitative parameters reported for pulse detona-
tion engines and rotating detonation engines should be treated with caution. The available
data correspond to different experimental configurations, operating conditions, and geo-
metric scales, which strongly influence the resulting performance parameters. In particular,
the specific impulse values reported for certain PDE configurations may appear higher than
those obtained for the RDE demonstrators considered in Table 2; however, such differences
do not necessarily reflect the intrinsic performance potential of the two concepts.

The limited number of studies providing complete quantitative datasets and the
significant variability in injector design, chamber geometry, and operating conditions make
a consistent performance comparison difficult. Consequently, the values presented should
be interpreted as configuration-dependent performance indicators rather than as a direct
measure of the relative efficiency of PDE and RDE propulsion concepts.

4.3. Standing Oblique Detonation Engine

The concept of sustaining detonative combustion in a continuous hypersonic flow
through shock-reaction coupling rather than cyclic ignition has motivated sustained inter-
est in oblique and standing detonation engines over the past two decades. Early analytical,
numerical, and experimental efforts clarified the fundamental structure of oblique deto-
nation waves, including the emergence of multi-wave systems, the sensitivity of wave
steadiness to shock reflections, and the interaction between detonation fronts and expan-
sion regions [124-126]. These studies established that geometric compression, typically
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generated by wedges, struts, or similar flow-deflecting elements, can in principle maintain
a coupled shock-reaction system, while also revealing the intrinsic constraints of such
concepts, namely narrow operability windows, strong dependence on inflow Mach number
and mixture reactivity, and the challenge of reliable detonation initiation without excessive
total pressure losses [125,127].

More recent investigations have progressively shifted from phenomenological de-
scriptions toward configuration-driven stabilisation and initiation strategies relevant to
engine-scale applications. A wide range of experimental and numerical studies have
demonstrated that oblique detonations can be initiated and sustained using carefully de-
signed wedge, double-wedge, and strut-based configurations in hypersonic flows, for both
hydrogen-air and hydrocarbon mixtures [128-130]. In particular, vertically arranged strut
configurations have been shown to provide favourable shock structures for detonation ini-
tiation and anchoring, highlighting the importance of three-dimensional flow organisation
in practical ODE layouts [131]. The role of shock reflection upstream of expansion corners
and the interaction of multiple oblique shocks have also been identified as key mecha-
nisms governing the steadiness and morphology of the resulting wave complexes [128].
In parallel, forced and assisted initiation approaches, including on-wedge trips and in-
ternal injection strategies, have enabled controlled detonation onset in less reactive fuels
such as kerosene, thereby extending ODE concepts beyond idealised hydrogen-based sys-
tems [132,133]. Complementary numerical studies have further quantified the influence of
geometric configuration and operating Mach number on flow-field structure and propulsive
performance over a wide speed range [134-136]. It should be noted, however, that some of
these numerical investigations rely on inviscid or simplified modelling approaches, such as
Euler-based formulations or quasi-one-dimensional approximations, which may not fully
capture the non-uniform flow structure upstream of the oblique detonation. In practical
ODE configurations, viscous and turbulent effects play an important role in determining
the boundary-layer development and shock-boundary-layer interaction, and therefore
more complete modelling approaches, such as RANS-based simulations, are generally
required for accurate performance prediction.

The experimental demonstration of stabilised detonative combustion for hypersonic
propulsion has represented a significant step toward practical realisation. High-profile
work has shown that standing normal and oblique detonation structures can be established
and maintained in controlled hypersonic environments, providing direct experimental
validation (Figure 6) of long-standing pressure-gain combustion concepts [137]. The latest
named work has reported an average pressure gain peak of 2.7 times the baseline [137]
(Figure 7), which is significantly higher than that reported for the previous concepts. These
advances have been synthesised in a recent literature review, which frames standing
oblique detonation engines as a distinct propulsion class positioned between rotating
detonation devices and conventional scramjet architectures, offering unique advantages
in thrust density and flow-path compactness, but also stringent requirements for inflow
conditioning and stability control [126]. Together, these studies indicate that while standing
and oblique detonation engines remain constrained by demanding operating conditions,
continued progress in geometric tailoring, initiation control, and thermal management is
steadily narrowing the gap between fundamental demonstrations and viable hypersonic
propulsion systems.

Quantitative parameters reported for standing and oblique detonation engine configu-
rations are summarised in Table 3 [131,137]. The data were extracted from representative
experimental and numerical investigations in which the operating conditions and geo-
metric characteristics are sufficiently defined to allow a quantitative description of typical
SODE demonstrators.
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Figure 6. Experimental configuration for stabilising a standing normal detonation in a hypersonic
flow with secondary fuel injection. (Reprinted with permission from [137]).
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Figure 7. Stabilised ODW average pressure ratio over time (reprinted with permission from [137]).

Table 3. Quantitative parameters of standing oblique detonation engine (SODE).

Mixture Equivalence Total Mass Inlet Mach Concept Wedge
Ratio Flow [g/s] Number Length [mm] Angle

H,/Air 0.5-2.5 - 4.4 728 30

Hy/Air 0.2 520 4 680 25-35

The available literature on standing and oblique detonation engines remains primarily
focused on the demonstration of stable detonation wave structures and on the identification
of geometric configurations capable of sustaining oblique detonation. As a result, only
a limited number of studies report consistent quantitative parameters, and experimental
investigations rarely include direct measurements of global propulsion performance such as
thrust or total specific impulse. Consequently, a direct quantitative evaluation of propulsion
efficiency based on experimental data is currently not possible for SODE configurations.

Most available studies concentrate on flow-field characterisation, detonation stabil-
isation, and inlet-wedge interaction mechanisms rather than on integrated propulsion
performance. This explains the absence of experimentally validated thrust and specific
impulse data in the open literature and limits the possibility of a direct comparison with
PDE and RDE concepts.

Recent analytical and numerical investigations have attempted to estimate the per-
formance potential of oblique detonation propulsion systems [136]. For example, one-
dimensional theoretical models predict relatively high fuel-based specific impulse values

https://doi.org/10.3390/aerospace13030259


https://doi.org/10.3390/aerospace13030259

Aerospace 2026, 13, 259

17 of 31

for hydrogen-—air mixtures; however, these estimates are based on simplified assumptions
and refer to fuel-specific impulse rather than total specific impulse. Consequently, such
results provide only an indication of the theoretical performance potential and cannot be
directly compared with experimentally derived values reported for previous configurations.

5. Comparative Analysis of Detonation-Based Propulsion Concepts

Table 4 provides a qualitative comparison between pulse detonation engines (PDEs),
rotating detonation engines (RDEs), and standing oblique detonation engines (SODEs),
based on the literature discussed in the earlier chapters, focusing on attributes that are rele-
vant for aerospace propulsion applications. The qualitative levels reported in the table do
not represent absolute performance limits, but rather summarise recurring trends observed
across experimental and numerical investigations. The intent is to support a system-level
interpretation of these concepts, rather than a point-by-point performance ranking.

Table 4. Qualitative comparison of detonation-based propulsion concepts.

Concept Efficiency Geometry Complexity Compactness Thrust Unsteadiness
PDE Low Low Medium High
RDE Medium Medium High Low
SODE Medium-High Medium-High High Very Low
Concept Acoustic and structural loads  Integration potential Wave stability Operating window stability
PDE Very High Low Medium Medium
RDE High High Medium-High Medium-High
SODE Medium Low-Medium High (local) Low

The efficiency classification reflects how detonative combustion is realised within the
core flow. Standing detonation engines are associated with high theoretical efficiency, as
they represent the only configuration in which the entire main flow undergoes a continuous,
stationary detonation process. In this case, chemical energy release is permanently coupled
to a stabilised shock structure, with no cyclic interruption. Pulse detonation engines,
on the other hand, operate in a fundamentally intermittent mode. Detonation occurs
only during a fraction of the operating cycle, followed by purge and refill phases that
reduce the time-averaged efficiency, despite the overall thermodynamic efficiency of each
detonation event. Rotating detonation engines occupy an intermediate position. Although
detonation is sustained continuously within an annular combustor, the local flow field
experiences periodic pressure and velocity fluctuations as rotating detonation fronts sweep
past a given azimuthal location. The work of Xu et al. indicate that appropriate injector
configuration and equivalence ratio selection can enhance the stability and performance of
rotating detonation engines by expanding the practically usable operating window, rather
than removing the intrinsic regime-dependent constraints associated with detonative
combustion [138]. Although RDEs are currently undergoing significant optimisation, the
resulting pressure gain is still established in a quasi-steady manner instead of as a fully
stationary process, leading to efficiency levels that are substantial but not maximal.

Geometric complexity and compactness are closely related to the underlying com-
bustor architecture. PDE configurations are geometrically simple at the chamber level,
typically consisting of straight tubes with ignition and timing hardware. This leads to low
geometric complexity, but only moderate compactness when auxiliary systems such as
valves, purge lines, and ignition devices are considered. RDEs employ annular combustors
with carefully designed injector arrangements and cooling strategies, which increase geo-
metric complexity but allow for very compact axial layouts and short overall engine length.
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Standing detonation engines are compact in principle, as detonation stabilisation relies on
localised flow deflection rather than long combustion chambers. However, the need for
precisely tailored wedges, struts, or nozzle contours, together with strict inflow alignment
requirements, results in medium-to-high geometric complexity in practical realisations.

Thrust unsteadiness and acoustic or structural loading represent another major point
of differentiation. PDEs are characterised by strong thrust oscillations and intense acoustic
loading due to repetitive detonation events, justifying their classification as high in thrust
unsteadiness and very high in acoustic and structural loads. RDEs substantially reduce
thrust unsteadiness by eliminating purge cycles but still exhibit elevated acoustic levels
and fluctuating pressure fields associated with rotating detonation fronts. In standing
detonation engines, thrust is inherently steady as long as the detonation remains anchored.
No cyclic combustion occurs, and the dominant loads arise from steady shock-reaction
interactions rather than impulsive events. Consequently, thrust unsteadiness is very low,
while acoustic and structural loads are considered moderate.

Wave stability and operating window stability are treated as separate attributes in
Table 1 to distinguish local robustness from global operability. In PDEs, detonation initiation
and propagation can be repeatable once appropriate conditions are established, resulting in
medium wave stability. However, the overall operating window is limited by cycle timing,
mixture preparation, and ignition constraints. RDEs demonstrate medium-to-high wave
stability, as rotating detonation fronts can persist over a relatively wide range of operating
conditions once established, with a corresponding medium-to-high operating window
stability. Standing detonation engines exhibit high local wave stability when detonation
anchoring is successful, as demonstrated in several experimental studies. At the same
time, their global operating window remains narrow, since relatively small deviations
in inflow Mach number, pressure, or equivalence ratio may lead to detonation failure or
transition to deflagration. This sensitivity motivates the low classification for operating
window stability.

Integration potential reflects the ease with which each concept can be incorporated
into practical propulsion systems. PDEs are rated low in this regard due to their inherent
unsteadiness and the system-level complexity associated with valves, ignition systems,
and structural fatigue. RDEs exhibit the highest integration potential, as their continuous
operation, compactness, and compatibility with both rocket and air-breathing architectures
have been demonstrated in recent experimental and numerical studies. Standing detonation
engines currently offer limited-to-moderate integration potential. Although mechanically
simple in principle, their strict inflow requirements and narrow operating window impose
significant constraints on vehicle design and mission flexibility.

Another important limitation concerns thrust throttling capability. Detonation-based
propulsion systems typically operate within relatively narrow stability windows defined
by mixture composition, inlet total pressure, and flow conditions. Numerical operability
studies of rotating detonation combustors based on experimentally derived configurations
indicate that stable operation can be maintained only within a limited range of inlet and
back-pressure conditions, indicating a finite but constrained throttling capability [139].

In pulse detonation engines, thrust modulation can be achieved primarily through
variation of the operating frequency or duty cycle of the detonation cycle. In such systems,
the time-averaged thrust scales approximately with the detonation repetition rate, allowing
relatively straightforward throttling through control of valve timing or ignition rate [140].
In addition, partial filling of the detonation tube provides an alternative throttling mech-
anism by reducing the energy released per cycle while maintaining stable detonation
propagation [141]. However, stable operation remains limited to a finite range of operating
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conditions, since incomplete filling or excessive repetition rates may reduce detonation
intensity and overall propulsion efficiency.

For standing or oblique detonation engines, throttling capability is fundamentally
constrained by the narrow stability region defined by inflow Mach number, mixture re-
activity, and flow-deflection angle. The existence of a limited Mach-deflection parameter
space allowing sustained detonation implies that only restricted variations in operating
conditions can be tolerated without detonation failure or transition to deflagration. In
principle, limited throttling could be achieved either through controlled variation of inflow
conditions or through geometric adjustment of the compression angle relative to the inflow
parameters. However, no systematic experimental demonstrations of controllable throt-
tling in standing detonation engines have been reported to date, and practical throttling
capability therefore remains uncertain and is expected to be more limited than in rotating
detonation configurations.

Although detonative combustion produces extremely high local pressure peaks imme-
diately behind the detonation front, the pressure gain that can be exploited at the system
level is substantially reduced once temporal averaging, geometric expansion, and loss
mechanisms are considered. By examining the upper-end values reported in recent ex-
perimental and numerical studies, realistic maximum bounds for the average pressure
gain per cycle can be identified for each detonation concept, rather than relying on instan-
taneous CJ-level pressures. In this context, pulse detonation engines remain limited by
their inherently pulsating operation, including filling and blowdown losses, leading to
maximum average pressure gains below 1.5. Rotating detonation engines benefit from
quasi-continuous operation and azimuthal averaging, enabling higher effective pressure
gains, though expansion and centrifugal-to-axial flow turning constrain the maximum
average values to below two. Standing or oblique detonation concepts provide the most
favourable conditions for sustained pressure gain, and the highest values reported in the lit-
erature indicate that average pressure gains approaching, but not exceeding, approximately
2.7 may be achieved under carefully controlled operating conditions (Table 5).

Table 5. Maximum average pressure gain ratio per cycle (based on literature upper bounds).

Concept Maximum Average Pressure Gain Ratio per Cycle
PDE <15
RDE <2
SODE <27

Overall, the comparison summarised in Tables 4 and 5 indicates that the three
detonation-based propulsion concepts differ less in their fundamental thermodynamic
potential than in their current level of development, operational robustness, and degree of
optimisation. Pulse detonation engines have played an essential role in establishing the
feasibility of detonation-based propulsion, yet their intrinsically unsteady operation contin-
ues to limit practical integration. Rotating detonation engines currently represent the most
advanced and widely explored configuration, benefiting from sustained community atten-
tion, systematic optimisation efforts, and growing experimental maturity. Standing oblique
detonation engines, while often characterised by narrow operating windows, should not be
viewed as intrinsically disadvantaged, but rather as comparatively underexplored. Their
fully continuous detonative nature and conceptual simplicity suggest significant untapped
potential, particularly if future research efforts are directed toward stabilisation strategies,
adaptive geometries, and flow—structure coupling aimed at extending operability. In this
context, the present dominance of RDEs reflects the distribution of research focus rather
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than a fundamental limitation of standing detonation concepts, which remain a promising
avenue for future advancement in high-speed aerospace propulsion.

6. Impact on Current Dominant Aerospace Propulsion Systems

The discussion in this section does not aim to propose a direct replacement for existing
propulsion systems, but rather to assess where and how detonation-based combustion con-
cepts could provide tangible performance benefits when integrated into current aerospace
propulsion architectures.

Detonation-based combustion concepts have attracted sustained attention due to their
potential to increase thermodynamic efficiency through pressure-gain processes. However,
their transition from laboratory-scale demonstrators to industrial propulsion systems has
been significantly constrained by practical engineering limitations rather than by fundamen-
tal physical barriers. The primary obstacles include severe thermal and mechanical loading
associated with repetitive shock structures, limited durability of current high-temperature
materials under combined creep—fatigue regimes, and the difficulty of achieving stable and
controllable operation over a wide range of operating conditions. In addition, the inherently
unsteady nature of detonation introduces strong spatial and temporal non-uniformities in
pressure and temperature, complicating aerodynamic matching with compressors, turbines,
and exhaust nozzles. From an industrial perspective, the moderate efficiency gains reported
to date remain a critical factor: experimental and system-level studies typically indicate
net cycle efficiency improvements to the order of 3-8% once realistic losses, finite-rate
chemistry, and integration effects are accounted for [142]. While non-negligible, such
improvements are often insufficient to offset the substantial redesign effort, certification
burden, and reliability risks associated with introducing an entirely new combustion ar-
chitecture. Acoustic emissions, structural vibration, and the absence of long-duration
endurance data further contribute to the reluctance of engine manufacturers to implement
these concepts in operational platforms.

A substantial body of literature has established that the principal challenges associated
with detonation-based propulsion are related to the ability to maintain robust detonation
behaviour under realistic operating conditions. Although detonative combustion can
be generated reliably in controlled laboratory environments, stable operation must be
preserved in the presence of inflow non-uniformities, transient boundary conditions, and
unavoidable perturbations introduced by injection systems and structural constraints.
Under such conditions, relatively small variations in thermodynamic or mixture parameters
may lead to significant changes in wave structure, including mode transitions, multi-
wave interactions, or local detonation extinction [143-145]. These limitations have been
recognised in the detonation-propulsion literature for more than a decade and continue to
define the practical operating envelope of current experimental systems.

Closely related to these stability considerations is the issue of controllability. Unlike
conventional deflagrative combustors, where combustion intensity can be adjusted over
wide operating ranges, detonative combustion typically remains confined to restricted
parameter domains determined by mixture reactivity and flow-field organisation. As a
consequence, maintaining stable detonation while simultaneously adjusting operating
conditions requires precise regulation of injection parameters and thermodynamic states,
which increases system complexity and places stringent requirements on control strate-
gies [144,146]. While recent research has made significant progress in improving detonation
stability, particularly for rotating detonation configurations, these fundamental constraints
continue to limit controllable operation over wide operating ranges.

These stability and controllability constraints ultimately manifest at the propulsion-
system level, where detonation-based combustors must operate in combination with com-
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pressors, turbines, injectors, and nozzles designed for comparatively steady flow conditions.
System-level analyses consistently identify component matching and operability across the
flight envelope as key challenges for practical implementation, indicating that propulsion-
system integration rather than detonation feasibility itself represents the principal barrier
to widespread adoption of detonative combustion technologies [144,145,147].

In addition to the challenges discussed above, extremely high local heat fluxes repre-
sent one of the primary engineering limitations of detonation-based propulsion systems.
The rapid pressure and temperature rise associated with detonative combustion produces
localised heat transfer rates significantly exceeding those encountered in conventional
deflagrative combustors. Recent numerical and experimental investigations of rotating det-
onation combustors have reported strongly non-uniform wall heat loads with pronounced
peaks associated with the passage of detonation fronts [148,149]. Peak instantaneous heat
fluxes on combustor walls have been reported on the order of 2-5 MW /m?, while time-
averaged values typically lie in the range of 0.5-1.5 MW /m? under representative operating
conditions [148]. Fundamental analyses of convective transport in detonation waves further
confirm the inherently intense thermal environment characteristic of detonation-driven
flows [150]. Similar aerodynamic heating levels have also been identified in numerical stud-
ies of oblique detonation configurations, indicating that severe thermal loading represents a
general feature of detonation-based propulsion concepts rather than a configuration-specific
limitation [151].

The strict geometric and flow requirements necessary for detonation stabilisation
further complicate the implementation of effective cooling strategies. Techniques based on
secondary injection or porous-wall transpiration introduce additional flow interactions that
are difficult to control in high-speed reactive environments. Because detonative combustion
is highly sensitive to perturbations in mixture composition, temperature, and flow unifor-
mity, disturbances introduced by cooling flows may affect wave stability or detonation
anchoring. Consequently, the simultaneous optimisation of thermal management and
detonation stability remains a major challenge for practical detonation engine design.

Within this context, rotating detonation engines currently represent the most mature
and practically viable form of pressure-gain combustion among the detonation-based con-
cepts. Their compatibility with subsonic inlet conditions allows integration downstream of
conventional compressors and upstream of turbines, enabling either an increase in overall
cycle efficiency or a reduction in the required pressure ratio of the high-pressure compres-
sor, thereby improving compactness and reducing turbine work. In rocket propulsion,
RDEs provide a direct increase in chamber total pressure and improved nozzle expansion
efficiency, leading to a higher specific impulse for identical propellant combinations.

Importantly, RDE technology has recently progressed beyond conceptual and ground-
test stages toward flight demonstration. In May 2025, Venus Aerospace successfully con-
ducted a flight test of a rotating detonation rocket engine (RDRE) on a small launch vehicle,
demonstrating the viability of detonation-based propulsion in a real flight environment
and marking one of the first instances of a detonation engine operating in an atmospheric
launch context. This milestone indicates that RDE-derived systems are not merely theo-
retical constructs but are rapidly approaching practical implementation, particularly for
applications where limited operational lifetime is acceptable and performance gains are
prioritised. In addition to commercial RDRE flight, recent research has documented an
actual space flight experiment (Figure 8) in which a rotating detonation engine (DES2) was
operated in an atmospheric flight environment after separation from a sounding rocket
(5-520-34), providing further evidence that detonation-based propulsion can be exercised
beyond ground testing and into realistic aerospace conditions [152]. The results suggest
that, in realistic propulsion systems, detonation combustion tends to achieve a near-ideal
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but not dramatically higher performance compared to conventional deflagrative combus-
tion, highlighting the importance of full system integration when evaluating efficiency
gains [152].

Figure 8. Flight test of a rotating detonation rocket engine (RDRE) demonstrator developed by Venus
Aerospace during a successful launch campaign (frame extracted from flight video, 2025).

The most realistic near-term applications are therefore found in expendable systems
such as short-range ballistic missiles, tactical rockets, small launchers and loitering muni-
tions (kamikaze UAVs), where performance benefits such as increased range, endurance,
or payload fraction can be directly exploited without stringent requirements for long-term
durability. In these platforms, tolerance for reduced service life enables operation closer to
material and thermal limits, making the performance benefits of detonation-based com-
bustion practically exploitable. As experience with RDRE demonstrations grows, these
systems may serve as operational testbeds for evaluating material degradation, structural
fatigue, and combustion stability under realistic conditions, thereby supporting further
technology maturation toward more demanding applications.

Compared to rotating detonation engines, flight demonstrations of pulse detona-
tion propulsion systems remain relatively limited. The first flight demonstration of an
air-breathing pulse detonation engine was carried out by the U.S. Air Force Research
Laboratory in 2008, when a small experimental aircraft powered by a multi-tube pulse
detonation engine achieved sustained flight. This milestone demonstrated the feasibility of
pulse detonation propulsion beyond laboratory-scale testing and remains one of the few
examples of a self-propelled PDE-powered aircraft.

Subsequent work focused primarily on flight validation of pulse detonation rocket
configurations. The rotary-valved pulse detonation rocket Todoroki II [153] demonstrated
stable operation under conditions representative of free vertical flight, achieving a thrust-
to-weight ratio greater than two and sustained engine operation for approximately 1200 ms
during flight tests and reaching 9.7 m altitude.

One more recent work has investigated the application of air-breathing pulse detona-
tion propulsion to small UAV demonstrators, where a kerosene-fuelled pulse detonation
engine was integrated into a lightweight airframe and tested under realistic flight condi-
tions [154]. The propulsion system employed a valved air-breathing configuration with
repeated detonation cycles, allowing the evaluation of engine operation under representa-
tive aerodynamic inflow and vibration environments. Flight tests were conducted using a
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catapult-launched platform to assess engine operability and propulsion-system behaviour
during sustained airborne operation.

Pulse detonation engines, although extensively studied, remain largely confined to
academic research. From a physical standpoint, PDEs can indeed operate as standalone
propulsion devices, producing thrust directly through repetitive detonation cycles and
exhaust expansion. However, their intrinsically intermittent mode of operation intro-
duces severe cyclic mechanical loading, low time-averaged thrust density for a given
engine volume, and pronounced pressure and velocity fluctuations at the exhaust. These
characteristics lead to inefficient coupling with turbomachinery, strong vibration levels,
and significant structural fatigue, while also complicating flow conditioning and noz-
zle optimisation. Consequently, most of the theoretical pressure-gain benefits are offset
by system-level losses and mechanical complexity, rendering PDE-based architectures
unattractive for practical aerospace propulsion systems despite their conceptual simplicity.

Standing detonation engines operate in a fundamentally different regime, relying on
supersonic inflow and producing supersonic exhaust, which renders them incompatible
with conventional turbomachinery architectures. Their natural domain is therefore limited
to rockets and hypersonic propulsion systems, where direct conversion of chemical energy
into kinetic energy via convergent-divergent nozzles is consistent with the overall system
layout. While experimental studies have demonstrated the feasibility of sustaining standing
detonation waves in laboratory configurations, thus far, no integrated, long-duration, thrust-
controlled propulsion system has been demonstrated, and the technological readiness level
remains low. Nevertheless, from a more speculative long-term perspective, the emergence
of efficient and structurally robust supersonic turbines, together with reliable detonation
control strategies, could enable SDE-based cycles to outperform RDE configurations even
in turbine-assisted propulsion systems. Such a development would, however, require a
paradigm shift in turbomachinery design and materials technology, extending far beyond
the current industrial state of the art.

7. Future Directions

Looking ahead, research on detonation-based propulsion should progressively move
away from isolated demonstrations of detonation feasibility and place greater emphasis
on operability, robustness, and system-level performance. For pulse detonation engines,
one of the main unresolved issues remains the difficulty of sustaining high repetition rates
without sacrificing efficiency or detonation reliability, particularly under air-breathing
conditions and with practical fuels. Further progress in rapid filling and purging strategies,
low-energy and repeatable initiation methods, and a clearer understanding of the coupling
between combustion dynamics, acoustics, and structural response is therefore required. In
rotating detonation engines, future work is expected to focus more on mode stability and
control across a wide operating range, including the sensitivity of the detonation process
to injector design, equivalence ratio, and downstream back-pressure. At the same time, it
is essential to distinguish between local pressure-gain effects at the detonation front and
the net performance of the complete system once losses related to injection, mixing, wall
friction, and exhaust expansion are taken into account. For standing and oblique detonation
wave configurations, practical implementation is still largely limited by the narrowness of
the standing window. A particularly promising direction in this area is the development of
design maps or scaling relations that link inflow conditions, such as Mach number, total
pressure and temperature, and mixture reactivity, to the required wedge angle or effective
ramp geometry. Such relations could enable adaptive or multi-segment wedge designs
capable of maintaining shock-reaction coupling over a significantly broader operating
envelope. In parallel, further attention should be given to confinement effects, interactions
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with expansion waves and boundary layers, and the influence of mixture non-uniformities,
together with the development of diagnostics that are able to unambiguously distinguish
detonation from shock-induced combustion under engine-relevant conditions.

Beyond these more established detonation-based concepts, recent work has also
pointed toward the ram-rotor detonation engine as a novel and conceptually different
approach [155]. The central idea of the ram-rotor concept is to integrate ram compres-
sion, detonative heat release, and rotor-based energy extraction within a single device
(Figure 9). By organising the detonation process inside rotating passages, the wave can
become quasi-stationary in an appropriate rotating frame of reference, allowing the pres-
sure rise associated with detonative combustion to be converted directly into shaft work.
In this sense, the ram-rotor detonation engine seeks to combine the thermodynamic ad-
vantages of pressure-gain combustion with the energy conversion mechanisms typical of
turbomachinery. Although investigations of this concept are still in a preliminary stage,
they reflect a broader trend toward hybrid architectures in which detonation is no longer
treated solely as a thrust-producing mechanism, but rather as an integral element of a more
comprehensive energy conversion cycle.

Casing
_\

Inlet
Air and fu Outlet
1 1 Combustion
Torque | |\ ‘ product

Detonation

Figure 9. Schematic representation of the ram-rotor detonation engine concept (Reprinted with
permission from [155]).

8. Conclusions

This review has explored detonation-based combustion as a possible route for improv-
ing the performance of future aerospace propulsion systems, focusing on pulse detonation
engines, rotating detonation engines, and standing or oblique detonation wave configura-
tions. Taken together, these concepts clearly show the intrinsic advantages of detonative
combustion, namely extremely fast heat release, compact combustion regions, and the
potential for pressure-gain operation, which fundamentally differentiate them from conven-
tional deflagration-based approaches. At the same time, the analysis makes it evident that
the main obstacles to practical implementation are no longer rooted in the basic feasibility
of detonation itself, but rather in issues related to stability, controllability, and integration
within realistic propulsion systems.

In pulse detonation engines, the primary difficulty has shifted toward maintaining
reliable, high-frequency operation under realistic boundary conditions while avoiding ex-
cessive efficiency losses and structural penalties. For rotating detonation engines, sustained
detonation has been convincingly demonstrated in numerous configurations, yet challenges
remain in terms of achieving robust mode control and translating local pressure gains into
meaningful improvements at the system level. Standing and oblique detonation wave
concepts offer an appealing framework for continuous detonation-based propulsion, but
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their applicability is still restricted by narrow operating windows and a strong sensitivity
to inflow conditions, geometry, and confinement effects within the combustor.

One of the central conclusions of this review is that further progress in detonation-
based propulsion will become increasingly dependent on design strategies that explicitly
account for geometry, flow variability, and overall system behaviour. Concepts such as
adaptive or segmented geometries for oblique detonation stabilisation, improved experi-
mental diagnostics that are capable of clearly distinguishing detonation from shock-induced
combustion, and hybrid configurations that integrate detonation into broader energy-
conversion cycles are likely to play an important role. The emergence of concepts such
as the ram-rotor detonation engine illustrates this evolution, pointing toward propulsion
architectures in which detonation is coupled directly with mechanical power extraction
rather than treated solely as a thrust-generating mechanism.

Detonation-based propulsion should be regarded not simply as an alternative com-
bustion mode, but as a flexible and extensible framework that can be adapted to a range of
propulsion and power-generation concepts. Continued advances in experimental methods,
modelling approaches, and system-level integration will ultimately determine whether
these ideas can mature from laboratory-scale demonstrations into viable technologies for
future aerospace applications.

Author Contributions: Conceptualization, B.-C.N.; methodology, B.-C.N. and R.E.N.; investigation,
B.-C.N.; formal analysis, B.-C.N.; data curation, B.-C.N. and T.-M.S.; writing—original draft prepara-
tion, B.-C.N. and T.-M.S,; visualisation, B.-C.N.; writing—review and editing, T.-M.S., R.E.N., and
G.C,; validation, R.E.N. and G.C.; supervision, G.C.; project administration, R.E.N.; resources, R.E.N.
and G.C. All authors have read and agreed to the published version of the manuscript.

Funding: The activity has been carried out under the Increase rocket engine performance by the
use of standing detonation waves project, funded by the European Space Agency (contract number:
4000146461). The views expressed in the paper can in no way be taken to reflect the official opinion
of the European Space Agency.

Data Availability Statement: The original contributions presented in this study are included in the
article. Further inquiries can be directed to the corresponding author.

Conflicts of Interest: The authors declare no conflicts of interest.

Abbreviations

The following abbreviations are used in this manuscript:

dJ Chapman-Jouguet.

DDT Deflagration-to-Detonation Transition.
DT Detonation Transition.

ODW  Oblique Detonation Wave.

PDE Pulse Detonation Engine.

PGC Pressure-Gain Combustion.

PM Prandtl-Meyer.

RDE Rotating Detonation Engine.

SDT Shock-to-Detonation Transition.

TS Transverse Shock.

ZND  Zeldovich-von Neumann-Déring.
SODE Standing Oblique Detonation Engine.
RDRE Rotating Detonation Rocket Engine.
UAV Unmanned Aerial Vehicle.

SDE Steady Detonation Engine.
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