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Prospects for Detonations in Propulsion
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The application of detonations for propulsion has received widespread attention recently. Some of the attractions for utilizing detonations include the higher theoretical thermodynamic efficiency compared to deflagration-based systems, high power-to-weight ratio and few moving parts. Despite these attractive features, a number of fundamental physics and engineering challenges must be overcome before such propulsion systems can
be practical. Specifically, focusing on the aerothermodynamic aspects of detonation-based propulsion, some of
these issues involve the unsteadiness of the flow, mixing of fuel and oxidizer, detonation initiation and propagation, etc. These issues will be discussed within the context of different detonation-based engine architectures. The pathway from fundamental research to practical systems will be illustrated.
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Introduction
The rapid chemical energy release from a detonation
produces extreme pressure and temperature rise. The
question then arises on whether detonations can be controlled and exploited. The first attempt at this is apparently due to Humphrey [1]. Over the intervening decades,
various schemes were proposed to harness detonations to
produce work but it was not until the latter half of the last
century that earnest progress in developing detonation
engines occurred. Apparently during this time, the first
concept was that of an oblique detonation wave (ODW)
engine for very high speed flight; see [2,3] for reviews.
Subsequently, the pulsed detonation engine (PDE) saw
intense activity, followed lately by the continuous detonation engine (CDE) concept, also known as the rotating
detonation engine (RDE). A less well-known concept
developed by the author and his co-workers, known as an
unsteady detonation engine (UDE), was introduced for
airbreathing flight at a Mach number below that for the
ODW. In this review, airbreathing and rocket applications are considered interchangeably for convenience and
brevity. Also, ram accelerators are not considered here.
This review reflects a personal view and any omissions
are purely that of the author. For a relatively recent review, see Kailasanath [4].

Principles
In this section, a morphology of detonation engines
will be briefly presented.
Oblique and Unsteady Detonation Engine (ODE
and UDE)
Engines based on oblique or unsteady detonations are

apparently proposed for the airbreathing mode only.
Sislian presented different configurations for steady normal or oblique detonation waves for high-speed flight,
including the use of laser ignition and blunt bodies [3], Fig.
1. Air entering the combustor is first premixed with fuel
and then detonated. Detonations can be achieved
through a transition from a shock or through ignition by a
laser or electrode. In particular, Fig. 1(e) shows detonations and shock-induced combustion waves occurring in a
chamber that are initiated by blunt obstacles while the
bottom of Fig. 1 shows laser ignition.
Instead of a blunt obstacle, consider a two-dimensional
reactive flow past a confined sharp wedge that exceeds
the Chapman–Jouguet Mach number. If the wedge angle is below a critical value, an attached shock solution is
be obtained. Moreover, the conditions downstream of
the attached shock may be such that combustion is triggered which can result in an attached detonation wave,
this process being known as shock-induced or shockinitiated detonation, or shock-to-detonation transition.
The high enthalpy created by the detonation can then be
used to accelerate the products via a nozzle to provide
thrust [3,5–9].
In fact, a variety of shock and detonation wave patterns
can be set up due to a sharp wedge, Fig. 2. These patterns were studied by Fan and Lu [10] using a twodimensional Euler simulation of hydrogen/air flow with
two-step chemistry. The incoming flow is at 1 atm and
600 K but at different Mach numbers. Fan and Lu found
that the confined wedge induced a variety of flows as
depicted in Fig. 3, unlike what is observed in an unconfined wedge [11–14]. Four general wave systems can occur, namely, a standing shock system (SSW), an unsteady
or propagating shock system (PSW), a standing detonation wave system (SDW) and an unsteady or propagating
detonation wave system (PDW). A “complex area” was
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also identified which is a transition region where standing
and propagating waves can occur alternately. The parameter N refers to the total number of oblique shocks
that exists before detonation is initiated in either the PDW
or SDW modes. The demarcation between shock and
detonation regimes is shown by the thick red line. The
demarcation indicates that, in general, the ODE is meant
for high Mach number flight with an incoming Mach
number of over 5.
Examples of the formation of a stable detonation wave
are shown in Fig. 4. Figure 4(a) shows the formation of
a near normal detonation wave far downstream of the
wedge after multiple shock reflections that raised the enthalpy of the reactive flow. This type of stable detonation wave has not been well reported in the literature and
has been regarded as being prone to destabilization [15–18].
The formation of an oblique detonation wave attached to
the leading edge of a ramp is more commonly discussed

Fig. 1
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and shown in Fig. 4(b).
Wilson and co-workers have proposed a multimode,
detonation-based propulsion system for hypersonic cruise
or space access that is partly based on the unsteady detonation wave [19]. Fig. 5. Mode 1 is an ejector-augmented
pulse detonation rocket that operates from rest to a low
Mach number [20,21]. A transition to mode 2 which is an
unsteady detonation wave then occurs.
The unsteady detonation acts as providing a highenthalpy source connected to a downstream nozzle.
This so-called unsteady detonation engine (UDE) can
thus operate in the sub-CJ regime. The UDE can be
identified as operating in the PDW regime in Fig. 3. An
example of the formation of an unsteady detonation wave
is shown in Fig. 6. A detonation wave forms after multiple shock reflections in the reactive mixture. However,
the incoming flow Mach number being less than the CJ
value allowed the detonation wave to propagate upstream,

Various steady detonation engine configurations [3].
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in addition to having the burned gas exhausting downstream. With proper shaping of the geometry, the upstream propagating detonation wave can be attenuated to
prevent inlet unstart. Other than the above, not much
work has been done on unstable detonations for propulsion applications. When the incoming flow Mach number exceeds the Chapman–Jouguet value, a steady detonation wave system is set up. Yi et al. [22] suggested that
an igniter can be used to augment shock compression,
thereby providing some flexibility to the ODW operation.
There is only limited as well as inconclusive experimental
evidence for the occurrence of oblique or unsteady detonation waves [23–25].
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Amongst the different detonation engine concepts, the
PDE appears to be the most highly developed [26–28].
The first flying demonstration was recorded on January
31, 2008. The engine, capable of 900 N of thrust, was
mounted on a heavily modified Long-EZ aircraft from
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Fig. 2 Wedge-induced detonation [10].
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Fig. 3 Domains of steady or propagating shock and detonation waves induced by a wedge in a reactive flow [10].

(a)

M 1 = 5 and  =5 deg.

(b) M 1 = 6 and  =15 deg.
Fig. 4 Pressure contours showing the existence of a stable
(stationary) detonation wave established in a twodimensional reactive flow past a confined wedge [10].

Fig. 5 A detonation-based multimode propulsion concept
for hypersonic cruise and space access [19].

Scaled Composites. The aircraft took off with rocket
assist but flew on the PDE for about 10 s.
The PDE is an intermittent device. One of the possible ways of operating the engine is shown in Fig. 7. A
tube, closed at one end initially at ambient conditions (1)
is filled with a reactive gaseous mixture from the close
end (2). As the reactants approach the exit, the igniter is
activated in (3), from the closed end, thereby propagating
a detonation wave. The detonation wave travels rapidly
through the reactive mixture in (4) and exits the tube in
(5). An exhaust stage occurs in (6) when an unsteady
expansion travels into the tube. This expansion helps to
cool and scavenge the tube but these may be inadequate
to prevent poor mixing or autoignition of the subsequent
charge. Thus, Fig. 7 shows purge air being introduced
into the detonation chamber. The cycle then repeats
itself.
The entire cycle described above can be labeled a unit
process. Figure 8 shows the unit process that is slightly
different from that described above. For example, the
ignition does not produce a detonation wave right away
but shows a deflagration-to-detonation transition that will
be discussed briefly later. Further, Fig. 8 shows the
purge process to occur after the exit of the detonation
wave. Theoretically, one can envisage a purge process
to be initiated much earlier so that the purge air reaches
the exit of the detonation chamber at the same time as the
detonation wave.
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Fig. 6
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Evolution of the propagating detonation wave for M 1 = 3 and  =5 deg; example case 1 of the PDW mode [10].

The PDE appears to be a straightforward extension of
fundamental, single-shot detonation studies. Fundamental studies have shown that direct initiation of the reactive
mixture is impractical. Thus, a low-energy igniter is
used that requires a deflagration-to-detonation transition
(DDT) length. This DDT process has been studied extensively in single-shot experiments. Obviously, the
DDT length needs to be as short as possible and various
devices have been proposed for this purpose. The most
common device is a spiral, known as a Shchelkin spiral.
Other devices include orifice plates, dimples and baffles
[29–31]
. Besides these DDT devices, plasma igniters have
been proposed for enhancing combustion which also
helps to reduce the transition length [32]. Other tech-

niques include the use of an initiator [33], distributed ignition [34] and imploding or reflecting shocks [35–37].
While DDT devices have generally been found to
work well in single-shot tests, the problems encountered
in a PDE are two-fold. First, the blockage presents a
serious drag penalty. Brophy [31] has recently proposed
protuberances in the form of of low profile swept ramps
that are effective in reducing DDT and also low drag.
Secondly, some of these devices can be severely damaged
by the extreme heat especially in oxygen environments
[30]
. An orifice plate may actually be the most suitable
since it is easy to cool. Such a plate can be used in conjunction with other ignition techniques.

Fig. 7 Stages in the operation of a pulse detonation engine.
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A serious challenge has been in the ability to detonation liquid fuels in air. Early fundamental studies of
liquid fuel droplet detonation were found to be not directly applicable [38]. There is now a general consensus
that the liquid fuel must be vaporized and mixed with air
before being introduced into the detonation chamber [39–
41]
.

Fig. 8 Wave diagram of a nonideal unit process for a pulse
detonation engine.
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Besides studies on obtaining reliable and repetitive
detonations, studies on other hardware aspects in developing a PDE have been inadequate or not well reported in
the open literature. Some studies have been conducted
on the types of nozzles to be used with PDEs [42–44] as
well as on the effect of unsteadiness on the inlet flow
field [45,46]. Severe heating in a PDE has been observed,
especially in the DDT section, but the effects of pulsed
mechanical loading and [47,48] heating on structures and
materials [49,50] are not well understood. Studies have
been performed on thermal management [51,52], including
the use of waste heat for flash vaporization of the fuel
[40,53]
. There has also been some studies on the acoustics
characteristics of PDEs [54].
Besides the bare pulsed detonation tube, other configurations have been proposed to enhance the performance. For example, the unsteady flow from a PDE has
stimulated studies of ejector configurations for thrust
A hybrid arrangement where
augmentation [55–59].
pulsed detonation chambers are used to replace the combustion chambers of conventional jet engines has been
proposed [60]. In fact, it is expected that a hybrid system
that includes at least a low pressure fan is likely to be
needed for self-aspirating a pure airbreathing PDE to allow it to operate from rest. Incorporating a fan introduces further complexities, obviously, including the effect
of unsteadiness on the upstream and downstream components. Of prime concern is the survivability of turbomachinery elements downstream of the pulsed detonation
chambers to high-frequency heating and pressure [60,61].
PDEs also have been subjected to systems-level performance studies and cycle analysis more than the other
types of detonation engines. Of primary interest are the
ability to obtain performance estimates [62]. These may
take the form of simplified models or may involve a
combination of simplified models and numerical modeling [63–72]. There still appears to be areas for improvement in such modeling studies. First, most of these
studies use a single value of the specific heat ratio and do
not consider real gas or nonequilibrium effects; see
[73,74] for a discussion. Secondly, practically every one
of these studies assume that the detonation is a constant
volume (isochoric) process, also known as a Humphrey
process. Such an assumption allows for analytical simplicity but it should be noted that the detonation process
is actually not isochoric. The differences between these
three processes are shown in Fig. 9 [75]. The figure
shows a Brayton process with a certain amount of compression from state 0 to state 1. The same amount of
compression is prescribed for the Humphrey and detonation cycles. While the figure is only a schematic representation of these three processes, it can be shown that the
ideal cycle efficiency of the detonation cycle is the highest, followed by the Humphrey cycle and the Brayton
cycle. Thus, the isochoric assumption yields a underestimate of the cycle efficiency.
www.isaif9.org

Proceedings of the 9th International Symposium on Experimental and
Computational Aerothermodynamics of Internal Flows (ISAIF9)
8~11 September 2009, Gyeongju, Korea

Fig. 9 T-s diagram of ideal detonation, isochoric and isobaric combustion processes [75].

Finally, despite claims that the PDE can be used to
power a large number of aerospace vehicles, there have
been few studies showing how such engines can be integrated into such vehicles. Studies indicate that the high
specific thrust, specific impulse and efficiency of PDEs at
high Mach numbers may make these engines suitable for
high-speed vehicles and space launchers [26,76–82]. In
addition, the engine’s compactness (and high thrust-toweight ratio) make them suitable for unmanned aerial
vehicles [83,84].
Rotating or
(RDE/CDE)

Continuous

Detonation

Engine

Interest has lately shifted rapidly to this class of detonation engines. According to Canteins [85], the first observations of rotating detonation fronts were in rocket
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chamber instabilities [86]. Early studies were inconclusive, such as in ensuring the stability of the detonation
wave [87]. Much of the experiments were performed by
Bykovskii and co-workers using rotating, centrifugal and
centripetal feed mechanisms [88]; see also the review by
Hishida et al. [89].
The principle of this engine with a cylindrical annular
combustor chamber is illustrated in Fig. 10 [90]. Reactants enter an annulus from the bottom and are ignited to
create detonation waves (two in the figure) that spin
around the annulus. The reactants do not penetrate far
into the annular chamber and their penetration marks the
height of the detonation wave. Further away, the detonation wave decays into a blast wave. These waves
travel at high speeds producing an equivalent frequency
that is in the O(1–10) kHz range. The detonation products
are then exhausted from the top of the annulus. Immediately, it is apparent that the high frequency would result
in a high thrust-to-weight ratio.
Other than the high thrust-to-weight ratio, there are
many advantages of RDE/CDEs compared to PDEs.
First, there does not appear to be a need for a DDT device.
The deflagration wave can transition naturally to a detonation after traversing an adequate distance around the
annulus. Moreover, unlike a PDE where ignition has to
occur for every pulse, the RDE/CDE mixture needs to be
ignited once to sustain the continuous detonation. There
also appears to be less concern with regards to valving.
In fact, there have been suggestions that the RDE/CDE
may be suitable for space launch applications since there
is no need to contain the reactants in a detonation chamber but, instead, they can flow continuously [85,91].
Despite the practical demonstration of rotating detonations, there is still much to be understood. For example, it has been reported that the pressure peaks are far
below the Chapman–Jouguet level [89]. It remains unknown if this is due to the lack of confinement [92]. Igniting the reactants and ensuring that the waves rotate in
one direction are also practical considerations. Canteins
[85]
, for example, used an energetic predetonator. CFD
may help to understand the complex wave interactions in
the annular chamber. For example Lee et al. [93]
showed that curvature caused the detonation wave to be
overdriven which appears contradictory to observations
[89]
. Hayashi et al. [90] reported that there is a narrow
range of inlet conditions for the engine to operate stably.
Finally, one can note that analytical studies as well as
vehicle/engine integration concepts remain to be developed.

Summary and Conclusions
Fig. 10 Schematic showing the operation of a RDE/CDE
with two spinning waves [90].

It is interesting that detonations, long regarded with horror, can be harnessed for propulsion and power. Various
ingenious attempts have been made for these purposes.
This review has indicated that the pulse detonation engine
www.isaif9.org
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is the most highly developed of the various detonationbased engines. While there remain a number of hurdles
to overcome, this engine is also closest to reality. The
PDE has many attractive features, including ease of fabrication and operation, and scalable. Widespread study of
this engine has resulted in a number of innovative configurations and applications. Recent interest in rotating/continuous detonation engines stem from the high
power density. Such engines are also apparently easy to
fabricate and operate although not much is yet known on
how to initiate the rotating detonation wave and the
wave’s characteristics. For all the engines discussed
above, a range of issues from fundamental to applied, can
be studied to improve understanding and for technology
development. Optimistically, there does not appear to
be serious obstacles in implementing any of these engine
concepts.
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