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Introduction

I N principle,detonationsare an extremelyef� cientmeans of com-
bustinga fuel-oxidizermixture and releasing its chemical energy

content. During the past 60 years or so, there have been numerous
researcheffortsat harnessingthepotentialof detonationsfor propul-
sion applications.1 There is a renewed interest lately on intermittent
or pulsed detonations engines. Eidelman et al.2 and Eidelman and
Grossmann3 have reviewed some of the initial research as well as
work done in the late 1980s on pulse detonation engines (PDEs).
The basic theory, design concepts, and the work in the early 1990s
related to pulse detonationengines have been discussed by Bussing
and Pappas.4 The focus of a more recent review5 is on performance
estimates from various experimental, theoreticaland computational
studies. More recently, work related to nozzles for PDEs has been
discussed.6 Other reviews7¡9 discussing the objectives and accom-
plishments of various programs are also available. The objective of
this paper is to update the previousreviews, focusingon the more re-
cent developmentsin the researchon PDEs. The review is restricted
to workopenlyavailablein the literaturebut includesongoingefforts
around the world.

Currently, there are several programs sponsored by Of� ce of
Naval Research (ONR), U.S. Air Force, NASA, Defense Advanced
Research Projects Agency, and other agencies in the United States
as well as several parallel efforts in Belarus, Canada, France, Japan,
Russia, Sweden, and other countries.The results from some of these
programs are just beginning to be published. A summary of recent
progress and the various organizationsand people involved in PDE
research in Japan has been presented.9 Reports of the basic PDE
research sponsoredby ONR are available in the proceedingsof a re-
curringannualmeeting(forexample, seeRef. 10).Recent work con-
ducted outside the United States has been reported at international
meetings on detonations such as those held in Seattle11 (for more
information, see http://www.engr.washington.edu/epp/icders/) and
Moscow.12 Although an attempt is made to cover a broad range of
the reported research, the shear volume of papers presented with
PDEs in the title make it impractical to be exhaustive.

Rather than providing a chronologicalreport, an attempt is made
here to discuss the recent progress in terms of broad topic areas.
The key issues that need to be resolved have been addressed in
a number of papers (e.g., Refs. 13 and 14). The speci� c order in
which to discuss the various topics was determined by considering
the schematic of an idealized, laboratory pulse detonation engine
shown in Fig. 1. This idealizedengine is representativeof the device
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used in many of the recent experimental and computational studies
and consists of a tube closed at one end and open at the other. Typ-
ically, fuel and oxidizer are injected and mixed near the head end
to achieve a nearly homogeneous mixture and ignited. Depending
on the mixture and ignition energies involved, a detonation, which
travels towards the open end of the tube leaving behind a high-
pressure, high-temperature gas that generates thrust as it expands
and leaves the tube, might-form. The � rst topic discussed covers
the injection and atomization of liquid fuels and fuel-air mixing.
Even if the fuel and air are premixed, rapid deposition of energy
into the mixture does not necessarily mean that a detonation wave
will be formed. Issues involvedand recent successesin the initiation
of detonationsare addressednext. Developments in diagnosticsand
computations of the detonation wave are then brie� y discussed as
they provide a good characterization of the pressure, temperature,
and velocity � ow� elds within the tube. This leads to the issue of
the performance of pulse detonation engines. The performance of
idealized laboratory pulse detonation engines has received signif-
icant attention recently, and, as this review will show, it is one of
the topics that appears to be resolved. However, the performance
of these devices at � ight conditions is still a controversial topic.
This is partly because of the uncertainty concerning the “proper”
design of nozzles and inlets for these engines. Nozzles for the PDE
present challenging design and integration issues because of the
inherently unsteady nature of the pulse detonation process. For a
high-frequency,multitube system, where the overall system might
appear to be nearly steady, there are issues in designing a common
� ow path for the exhaust from the individual thrust tubes. Issues
concerning global performance estimation and the results from re-
cent analysis of some of the applications proposed for the PDE are
also presented. It is hoped that this review providesa clearer picture
of our current understandingand highlights the need for additional
research on PDEs.

Atomization and Fuel–Oxidizer Mixing
Detonations are essentially a premixed combustion process. The

well-known detonation parameters such as the Chapman–Jouguet
(CJ) velocities and CJ pressures are derived with the implicit as-
sumption of a perfectly mixed fuel–oxidizer or fuel–air mixture.
The importance of adequately mixing the fuel and oxidizer was
highlighted by the experimental investigations of Stanley et al.,15

who obtainedvery low sub-CJ velocitieswhen injectingthe fuel and
oxidizer at different times and not invoking additional measures to
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Fig. 1 Schematic of an idealized, laboratory pulse detonation engine.

ensure that they were well mixed. The use of turbulence-producing
devices appeared to signi� cantly improve the mixing and the at-
tainment of higher velocities but also resulted in signi� cant thrust
losses.

In the more recent studies16¡18 cavities, blockages, and jet im-
pingement are some of the techniques used to enhance fuel–air
mixing. Fuel injection and mixing considerations that have gen-
erally been ignored in most numerical studies are also beginning
to be addressed.19;20 Very good results during multicycle operation
are obtained if the mixing issue is isolated by premixing before
injection into the detonation chamber.21 Even in this case, the in-
teraction between the burned gases generated in one cycle with the
fresh premixed mixture injected in a subsequentcycle could lead to
premature ignition. Mixing under � ight conditions is an issue that
has not been addressed adequately in the open literature.

For many practical volume limited applications there is a need to
use liquid fuels. The dif� culties already mentioned in the mixing
of gaseous fuels and oxidizers are compounded when considering
liquid fuels.To begin, additionalissues such as atomizationand uni-
formity of fuel–air distribution must be addressed.Lasheras et al.22

discuss atomization by a high-speed coaxial air� ow. The system
they have designed operates with a small air pressure drop and still
provides very small droplets. Atomization under pulsatile or tran-
sient conditionswas shown to be nearly identical to steady-stateat-
omization behavior. The air-intake process must ensure suf� ciently
large stagnation pressures to drive the high-speed � ows necessary
to atomize the injected fuel. They indicate that for gas-injectionve-
locities greater than 220 m/s Sauter mean diameter (SMD) values
below 10 ¹ can be achieved. Further reductionsof droplet sizes are
possible with the addition of swirl, which also helps to tailor the
radial and axial fuel distribution. They also suggest that “droplet
atomization and vaporization behind the strong leading shock of a
detonationwave is suf� ciently rapid, throughknown shock-induced
instabilities of the liquid, that the droplet response in a JP-10 spray
is unlikely to be a critical factor that promotes detonationfailure.”22

Ignition requirements are likely to be more critical. Ignition occurs
in the gas phase, and the vapor pressure of the liquid must be suf� -
ciently high for the gas to be ignitable and detonable.

Detonation Initiation
Reliable and repeated low-energy initiation of detonations in the

high-speed � ow in pulse detonation engines operating on practical
mixturesis oneof themost challengingproblemsin thedevelopment
of these engines. Signi� cant research efforts and accomplishments
continue to be made on this topic. The power and energy required
for direct initiationof a detonationhas been investigatedextensively
both experimentally and numerically (e.g., Refs. 23 and 24). The
amount of energy required and the rate at which it needs to be de-
posited (power) to initiate detonations in hydrocarbon–air (other
than acetylene) mixtures is impractical.25 On a fundamental level
the critical energy for direct initiation and minimum chamber for
propagation are closely correlated to the detonation cell size. For
stoichiometric hydrocarbon–air mixtures the detonation cell size
increases from about 9 mm for acetylene–air to over 300 mm for
methane-air.26 Therefore, alternate means of initiating a detonation
must be considered. If the energy input is insuf� cient for direct ini-
tiation,a � ame can be generated,and under appropriateconditionsa
high-speed � ame or de� agration could transition to a detonation in
a process called de� agration to detonationtransition(DDT). There-
fore, many of the studies on detonation initiation in PDEs have
focused on DDT.

There have been far too many fundamental studies of DDT to
discuss adequately in this paper; only those recent works that have
linkedtheir work to PDEs are discussedhere. Sinibaldiet al.27 inves-
tigated the dependenceof the DDT transitiondistanceon parameters

such as ignition energy, ignition location, and mixture stoichiome-
try. In general, there was little or no dependenceon ignition energy
once it was abovea minimum. Placing the ignitorslightlyaway from
the wall helped, but if it was too far away the transition lengthswere
longer.A drasticincreasein DDT lengthswas foundwhen the equiv-
alence ratio Á was less than 0.75 in the ethylene–oxygen–nitrogen
mixtures. On the rich side there was a much less drastic change in
transition lengths. Even with a tube length of 75 in. (1905 mm),
DDT did not occur in many of the mixtures investigated. Previ-
ous studies have indicated that the distance required for DDT could
be large compared to the tube dimensions,28 even for hydrogen-air
mixtures.29 Therefore, means of reducing the DDT distance have
been investigated.

A classical approach is that from Shchelkin,30 where a spiral is
introduced into the tube to promote the transition to detonation.
For example, Schauer et al.21 placed a Shchelkin spiral in the � rst
12-in. (305-mm) section of a 36-in. (915-mm) tube and found con-
sistent transition to detonation during multicycle operation using
hydrogen–air mixtures. Without the spiral, transition occurred only
towards the end of the tube. Shchelkin spirals are also being used to
initiate detonations in ethylene–air mixtures.16;31 Other approaches
to enhance DDT include the use of physical obstacles other than
spirals (various shaped blockages, ori� ce plates, etc.) and chemical
promoters such as fuel additives and fuel blends.

Lee et al.32 conducted a parametric study where the blockage
ratio, spacing between obstacles, and the length of the tube section
with obstacles were varied. They conducted both single-shot and
multicycle experiments. In their single-shot experiments circular,
� at-plate obstacles were placed in a helical arrangement (Fig. 2) in
a 45-mmsquaretubehavinga lengthof 1650mm. The tubewas � lled
with an ethylene–air mixture. OH planar laser induced � uorescence
(PLIF) and schlieren imaging showed that the obstacles generated
large-scale turbulence and enhanced � ame acceleration. Localized
explosionof pocketsof unburnedmixturefurtherenhancedthe� ame
speed. They found that the obstacles must accelerate the � ame to at
least half the CJ speed for transition to detonation. Blockage ratios
between 0.3 and 0.6 were found to provide optimum levels of � ame
stretching without excessive � ow drag. This is consistent with the
observationof Lindstedt and Michels28 that a blockage ratio of 0.44
is optimal for DDT. A further reduction in the DDT time by 50%
was observed during multicycle operation when compared to the
single-shot experiments.33

Cooper et al.34 has shown that DDT time can be reduced by an
average of 65% (Fig. 3) in various propane and ethylene–oxygen–
nitrogenmixtures using obstacleswith a blockage ratio of 0.43.Use
of variousobstaclescould also extend the nitrogen dilution from 30
to 60%. However, they also note that the obstacles can reduce the
impulse by up to 25%. If obstacles are not used, there seems to be
little difference in impulse whether the detonationoccurs as a result
of either direct initiation or DDT.35;36 In the work of Harris et al.,35

stoichiometric propane–oxygen mixtures having various amounts
of nitrogen dilution were initiated both directly and also using a
weak spark to study the effect of DDT distance on performance.A
signi� cant difference in impulse was not observed as long as the
DDT occurred within the tube and no mixture was spilled prior
to detonation. The time for delivery of the impulse was 1.5 times
longer with DDT; hence, the average thrust was lower. The reason
for still attaining similar impulse appears to be the presence of a

Fig. 2 Schematic of the obstacle con� guration used by Lee et al.32 to
enhance DDT.
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Fig. 3 Effect of three obstacle con� gurations on measured DDT time
in a 76-mm-diam tube of L/d = 13 (from Cooper et al.34).

Fig. 4 Pressure and pressure-based impulse after direct initiation of
a detonation in a propane–oxygen–nitrogen mixture (from Harris et
al.35).

retonation wave that further compresses the burned mixture and
raises thepressure.As seen in Figs. 4 and5, takenfromHarris et al.,35

the actual pressure history curves are quite different depending on
the method of initiation. Nearly 75% of the impulse is achieved
by the time the expansion wave reaches the closed end in direct
initiation, but only about 39% of the impulse is attained before the
arrival of the retonationwave. If impulse is measured up to the time
that thepressurereachesthecorrespondingpointduringDDT, nearly
71% of the impulse is obtained. This result is encouraging from a
fundamental point of view and is similar to an observation made
earlierby Eidelmanand Yang37 that the computedPDE performance
was not affected as long as the detonation occurred somewhere
within the tube. In practical applications, the impulse with DDT is
likely to be lower becauseof the use of obstaclesor other transition-
enhancement devices.34

Another approach to reducing the DDT distance is the use of
additives.Akbaret al.38 reporton theeffectof nitrate sensitizersused
with prevaporizedJP-10 and JetA/air mixtures.They � nd that it was
not possible to greatly sensitize these mixtures using small amounts
of thenitratesbecausethecellwidthsof thenitrateswere comparable
to those of the main mixtures. As mentioned before, the cell sizes
are strongly correlated to dif� culty to initiate detonations.The use
of fuel blends39 and dual fuels40 are also being considered. The
fuels should exhibit different reactivity in terms of ignition delays,
burning rates, and sensitivity to detonation. Jet propulsionkerosene
and hydrogen peroxide were found to be promising candidates.40

In the approach suggested by Frolov et al.,40 the fuels are in-
jecteddirectly into the detonationchamberby controlleddistributed
injection and mixed with each other and air in situ. A more classi-

Fig. 5 Pressure and pressure-based impulse after DDT in the same
propane–oxygen–nitrogen mixture as for Fig. 3 (from Harris et al.35 ).

cal approach41 is to initiate detonation in a more easily detonable
mixture and then transition it into the mixture of interest. A basic
example of this method is the use of a small amount of ethylene–
oxygen mixture at the head end of a thrust tube to aid the initia-
tion of detonation in an ethylene–air mixture42;43 in the same tube.
More rapid initiation of a CJ detonation can be achieved by this
method than with the Shchelkin spiral in the same tube.42 A disad-
vantage of this method for � ight applications is the need to carry
an additionalmixture or have an onboard oxygen generator.Hence,
the amount of oxygen needed must be minimized. The volume of
the secondarymixture can be reducedby usinga smaller tube for the
initiator.41 This initiator is commonlycalleda predetonator.Diffrac-
tion of a detonation from a small tube into an uncon� ned space or
very large tube has been extensivelyinvestigated in the past (for ex-
ample, see Refs. 44–48). Traditionally, the same mixtures are used
in both chambers, and the focus is on the survival or failure of the
detonation as it diffracts from one geometry into the other. More
recently, this problem has been investigatedboth numerically49 and
experimentally in the context of the pulse detonationengine.50;51 In
two-dimensionalsimulations49 of the transmissionand transitionof
detonations from a 40-mm chamber into a 140-mm chamber, it was
found that a detonation in a stoichiometric ethylene–air mixture in
the small chamberdid not survivediffraction,whereas detonationin
a stoichiometric ethylene–oxygen mixture did. This was related to
the large number of transverse waves in the ethylene–oxygen mix-
ture. Basically, in order to be successful the smaller tube must have
suf� cient transversewaves (ordetonationcells) in order to overcome
the effect of the expansionwaves from the diffractioncorner. Using
the ethylene–oxygenmixture in the smaller tubeand theethylene-air
mixture in the larger tube, a detonation in the smaller tube was able
make the transition in the system simulated. The results from the
simulations are in general agreement with the experimental obser-
vations from a comparable system.51 Further efforts are needed to
reduce the amount of oxygen required. Brophy et al.52 suggest that
the initiator should be less than 1% by volume to the main chamber.

Desbordes et al.14 observes that detonation transmission from a
small tube to the chamber is easier if combined with additional fac-
tors such as local focalizationdevices, multiple transmissionpoints
with focalization,or special designs that ensure a smooth transition.
These observationsare supported by earlier studies, which indicate
that overdriven detonations need reduced critical diameter,48 that
a central circular blockage enhances transmission,53 and that a di-
verging cylinder reduces expansion.54

Insteadof an abrupt area change, the pulsed detonationengine of
Baklanov et al.18 uses a more gradual area change. In their system,
illustrated in Fig. 6, detonation is initiated in a 16-mm-diam tube
using a spark plug and an electronic ignition system (reported to
be similar to that used in automobile engines) and is transmitted
into a main chamber through a diverging section. An additional
feature of their design is the use of a convergent section at the
end of the main chamber in order to obtain a slightly overdriven
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Fig. 6 Variable cross-section pulse detonation tube used by Baklanov
et al.18 The letters a–k refer to locations of pressure gauges and photo
diodes. The numbers correlate as follows: 1, spark plug; 2, detonation
formation section; 3, expanding cone; 4, main chamber; 5, converging
section; and 6, straight tube.

Fig. 7 Schematic of the PDE used by Levin et al.55: 1, resonatorcavity;
2, annular nozzle; and 3, reactor.

Fig. 8 Schematic of a pulse detonation device with variable geometry
turbulizers (from Smirnov et al.57).

detonation. Because of the presence of this section, they observed
a new mode of operation, termed multistep detonation or double
nonstationary discontinuity. In this mode � ow regimes higher than
those in a stationary detonation wave are produced. This behavior
occurs because the detonation wave is decoupled in the expanding
cone, and then a new detonation occurs in the previously shock-
heated mixture. The concentration limits of this mode are narrower
than those of the single-step mode.

Another novel approach uses injection of hot radicals in addition
to geometric focalizationdevices to ensure initiation.55 A schematic
of the device is shown in Fig. 7, taken from Levin et al.55 The
combustion process is two-staged. During the � rst stage, constant
pressure combustion of a fuel-rich mixture takes place to generate
an oxygen-de�cient mixture rich in active radicals. This mixture is
injected into the resonator, where additional air is added and deto-
nativecombustiontakes place. Initiationof the detonationoccursby
shock-wave re� ections from the resonatorwall. A detonationforms
at the “focus” and travels through the combustiblemixture towards
the wall surface.

Smirnov et al.56;57 have reported on theoretical and experimental
investigationsof the onset of detonations using one or more turbu-
lizing chambers of wider cross section (see Fig. 8) in a detonation
tube to promote the DDT process. They � nd that using more than
two chambers does not help, whereas preheating the gaseous oxi-
dant promotes the onset of detonation.Recent computationalstudies
also suggest that preconditioningthe fuel-air mixture using a shock
wave can signi� cantly reduce the de� agration to detonation transi-
tion distance.58

Fig. 9 Simpli� ed sketch of one of the geometries used by Achasov
and Penyazkov59 to enhance DDT with the use of inclined jets and a
concave cavity. The dimensions shown are in millimeters.

Fig. 10 Schematic of various thrust tube con� gurations investigated
by Brophy and Netzer.60 The head end of the tube includes a stepped
diffuser ramp in con� gurations 2 and 3, a recirculation cavity in con-
� guration 3, and an ori� ce plate in con� guration 4.

In a comprehensive investigationAchasov and Penyazkov59 have
looked at the use of turbulence-generatinggrids, shock focusing by
re� ection fromconcavesurfaces,and the interactionbetween super-
sonic jets for promoting detonationinitiation.An example is shown
in Fig. 9, taken from Achasov and Penyazkov.59 The mixtures stud-
ied were hydrogen–oxygen and acetylene–oxygen mixtures with
various amounts of nitrogen, but the results are promising enough
for extension to less detonable fuels.

Multiphase Detonations
The work just discussed has primarily focused on gaseous fuels.

However, for volume-limited propulsion applications PDEs oper-
ating on liquid fuels need to be demonstrated. The problems that
must be overcome and the progress to date that has been achieved
in the use of liquid JP-10 in pulse detonation engines have been
reported in a series of papers by Brophy and Colleagues.17;52;60¡62

Their initial work dealt with characterizationof the atomizers used
and initiating detonations in JP-10/O2 mixtures.17 During subse-
quent work, they evaluated the effects of ignition location, ignition
energy and power, and head-end geometry on the repeatability and
performanceof variouscon� gurations(see Fig. 10 fromBrophyand
Netzer60) that were candidatesfor use as initiators in larger systems
with fuel-airmixtures.Con� guration3, which containeda head-end
recirculation region and a stepped diffusion ramp, appeared to be
the best geometry of those evaluated.The best ignition location for
minimum DDT distance was found to be between x=D of 1 to 1.5.
Increasing the delivered ignition energy above 500 mJ did not sig-
ni� cantly decrease the DDT distance but appeared to increase the
repeatability of detonation slightly.

The observation is again made that in a two-phase � ow the fuel
must be signi� cantly vaporized before a substantial reaction can
occur.63 The fuel was preheated using various inlet temperatures.
Correspondingto each temperature, the particle size and amount of
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Fig. 11 Sauter mean diameter (1) and percent of fuel vaporized
(2) shown as functions of PDE inlet temperatures. The JP-10/air mix-
tures in which detonations were observed are also indicated (from
Brophy and Netzer60).

vapor was estimated, as illustrated in Fig. 11 from Brophy et al.52

Correlatingthis informationwith observationsof actualdetonations
showed that JP-10/air detonations occurred only for droplet SMD
values of about 3 ¹ and for an estimated fuel-vaporcontent of about
70%. The inlet temperature corresponding to these conditions is
375 K. For 425 K the fuel will be completelyvaporized.The droplet
size also agreesquite well with a simple analysis that gave a valueof
about 5 ¹ if the droplet needed to be completely vaporized within
10 mm of the detonation wave.64 The need to have the droplets
vaporize and release their energy close enough to the shock front
in order to couple with the front and initiate a detonation has been
also highlighted recently in numerical simulations.65

The chemistry of JP-10 has also been investigated recently.22;66

JP-10 is a single-component hydrocarbon, tricyclodecane C10H16.
It was observed that JP-10 is too large a molecule for a complete
detailed description to be currently feasible.22 Overall approxima-
tions were needed, and their analysis yielded a “detailed starting”
mechanism consisting of 174 steps involving 36 species. From this
starting mechanism they derived mechanisms with various levels
of reduction and an ignition time expression that could be directly
used in some numericalmodels.Good agreement (within a factorof
two) with experimentaldata on induction times was also noted. An-
other observationfrom the studies of Li et al.66 is that JP-10 ignition
differs qualitatively from ignition of the simpler fuels in that there
is an initial endothermic period during which the temperature de-
creases signi� cantly. Although some dip in temperature is observed
for heavy fuels such as heptane, the behavior is stronger here. This
suggests the use of JP-10 as an endothermic fuel, that is, as a fuel
with increased effectiveness as a coolant. Using it as a coolant will
not only help improve the heat management in PDEs but might also
be suf� cient to help prevaporize some of the fuel and hence aid in
the initiation of the detonation in fuel–air mixtures.

Detailed Diagnostics of Detonating Flows
Detailedobservationsof combustionphenomenaduring the DDT

processhavebeenobtainedusingOH PLIF and schlierenimaging.32

In other developments multiplexed diode-laser absorption sensors
have been applied for characterizing both reactants and products
in pulse detonation � ows.16;31;42;43 The � ow sensors monitor oxy-
gen concentration, fuel vapor concentration, fuel droplet size and
volume fraction, H2O concentration, gas temperature gas velocity,
soot temperature, and soot volume fraction. The sensors have been
demonstrated in PDEs operating on liquid JP-10 and gaseous C2H4

fuels. Such detailed diagnosticsare invaluable both for providing a
detailed characterizationof the � ow� eld and for validatingnumeri-
cal simulations. Typical measurements of this nature are compared
later with results of numerical simulations.

Numerical Simulations
Numerical simulationsalso providea means of obtainingdetailed

nonintrusivediagnosticsof the � ow� eld. In general, the accuracyof

Fig. 12 Comparisons of predicted detonated gas velocities and pres-
sures from Naval Research Laboratory (NRL) simulations to measured
velocities and pressures from experiments at Stanford University (from
Sanders et al.43 and Kailasanath77 ).

theseresultsdependsona numberof factorssuchas the � delityof the
physical and chemical models on which the equationsare based, the
accuracy of the solution algorithm, the numerical resolution used,
and the initial and boundary conditions. Models of varying com-
plexity have been employed in the past, and they are discussed in a
status report.67 More recent numerical approaches can be found in
Refs. 68–76. Although none of the models adopted have attempted
to represent the unsteady, multiphase, reactive, three-dimensional
� ows in an engine, many of them appear to capture some aspect of
the essential physics of the problem in a one-dimensional or two-
dimensional geometry. The algorithms used to solve the equations
have been predominantly based on nonlinear monotone schemes,
which are ideal for such shock-induced � ows. Issues related to
the validation and veri� cation of PDE computationshave been dis-
cussed in detail, recently.77 The adequacy of the models employed
to capture the essential physics of the problems investigatedcan be
determinedonly by direct comparisonwith experimentaldata. Such
data on � ows in pulse detonation engines are currently becoming
available, and comparisons are beginning to be made.42;43;78

Preliminary experimentaldata43 of the time variation of the pres-
sure and � uid velocity at 0.9 L from the head end of a 1604-mm
(L)-long tube � lled initially with a stoichiometricethylene–oxygen
mixture are shown in Fig. 12, along with the computed values. The
peak values as well as the variations in the overall shape of the pres-
sure and velocity are captured very well by this one-dimensional
numerical simulation. Preliminary comparisons of the temperature
are also encouragingwith the maximum differences of about 10%.
With thecon� dencegainedby suchdetailedcomparisons,numerical
simulations are being used to estimate the system performance5;71

and investigatemeans of enhancing performance.70;79

Performance Estimates
Performance estimates of pulse detonation engines is another

topic that has received signi� cant attention recently.5;80¡91 Before
discussing system-level multicycle performance estimates, let us
� rst look at the progress in determining the single-cycle perfor-
mance of idealized or laboratory pulse detonation engines.

Idealized PDE: Thrust Tube
An idealized PDE is a straight tube without inlets or nozzles,

that is, essentially the detonation or thrust tube of a more com-
plex device. Consider the head-end pressure history illustrated in
Fig. 13 in order to identify key factors that control the performance
of such an idealized device.92 The abscissa is normalized using the
detonationtransit time (tube length/CJ detonationvelocity),and the
ordinate is normalized using the CJ detonation pressure. In Fig. 13
the time history is divided into three distinct stagesor regimes: initi-
ation, plateau, and relaxation.Different factors control the different
stages. The � rst stage is dominated by the method used to initiate
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Fig. 13 Different stages in the time evolution of the pressure at
the closed end of an idealized PDE thrust tube during a single-cycle
operation.

the detonations and to some extent the details of the transition pro-
cess. Attention is usually focused on the second, the plateau region
or stage, and the value of the plateau pressure can be related to the
CJ detonation pressure. The third stage describes the relaxation of
the plateau pressure towards the ambient value. Although attention
is focused here on a single-shot operation, it must be remembered
that during multicycle operation of a single tube additional time is
needed to re� ll the thrust tube. In addition, some buffer gas is usu-
ally needed between consecutive � llings to avoid premature igni-
tion. These additional processes will signi� cantly add to the overall
cycle time and reduce the frequency of operation and hence the
thrust. One way to minimize this problem is to have multiple tubes,
where some tubes are being � lled while the mixtures in other tubes
are being detonated or evacuated.93

Extensive computational studies of this idealized PDE have been
carried out in the past.67 However, even for the tube � lled with a
stoichiometric hydrogen-air mixture there was a remarkable vari-
ation in the computed performance ranging from 3000 to 8000 s.
Recently, detailed numerical simulations71 have shown that most
of this variation could be explained on the basis of the initial and
boundary conditions used in the various computational studies.

The explanation provided deals with the speci� c choice of
the numerical boundary conditions used at the exit plane in
one-dimensional simulations of the PDE. Several choices for this
boundarycondition have been tried, and their effect on the � ow� eld
and performance evaluated.67;71 For example, consider a boundary
condition implementation based on the method of characteristics.
This ensures that no constraints are imposed on the � ow quantities
when the out� ow is supersonicand enforcesthe requiredconstraints
when the � ow becomes subsonic. Even in this formulation,94 there
is a free parameter for the subsonic case that must be speci� ed.
Various choices for the free parameter result in different rates of
relaxationof the pressure at the open boundary as shown in Fig. 14.
The pressure is normalized by the CJ detonation pressure, and the
time is normalized by the detonation transit time t¤ (DL=Dcj). The
time evolution of the pressures for the three cases is identical until
about 3.25 t¤ because the detonationinitiation parameters and mix-
ture conditions are identical for the three cases and begin to differ
only when the expansionwaves from the open end of the tube reach
the head end. The strengthof the expansionwaves differs becauseof
differencesin the relaxationprocess at the open end of the tube. For
the slow relaxationprocess(which has an effectivelylong relaxation
length) the pressure reaches the 1 atm mark only by about 20 t¤,
whereas for the fast relaxation process (or short relaxation length)
it reaches the 1 atm mark by about 6.2 t¤. The areas bounded by the
pressure history curves and the abscissa is a measure of the thrust.
The thrust is larger for the slower relaxation process but the maxi-
mum possible operating frequency would be lower because of the
longer time needed to attain this thrust.

The impulse values, for the three cases illustrated in Fig. 15, are
identicaluntil the effectsof the relaxationprocessat theopenend are
felt at the head end. Then, the impulse histories are very different,

Fig. 14 Effect of different open boundary conditions on pressure evo-
lution at the head end of an idealized PDE thrust tube (adapted from
Kailasanath and Patnaik71).

Fig. 15 Impulse corresponding to the different open boundary
conditions.

attaining a maximum value of about 390 N-s/m2 for the long relax-
ation length at about 2 ms. This peak value is 60% larger than for
the short relaxation length condition and translates into a similar
increase in the fuel-based Isp. These results clearly indicate that the
pressure relaxationprocess at the exhaust end of the PDE tube is an
important factor in determining the performance.In practice, differ-
ent relaxation rates can be attained by suitably tailoring the nozzle
shape, as will be discussed later.

Effects of Detonation Initiation
In additionto the boundaryconditions,the parametersused to ini-

tiate the detonations in numerical simulations could also affect the
performance estimates. Typically in numerical simulations a small
region of high temperature and pressure is used to initiate the det-
onations. The impact of using such initiators has been discussed
before.71;81 In a series of simulations of the idealized PDE but with
exhaust nozzles of different shapes, the contribution from the ini-
tiation process was estimated to range from 17 to 27% of the peak
impulse.81 A similar study conducted for a system without any ex-
haust nozzles(and hence the same pressure relaxationrates) showed
that indeed a signi� cant portion of the calculated impulse could be
attributed to the initiator used.71 The initiators used for these sim-
ulations are by no means optimal, and some improvement can be
obtained by using lower-energy initiators.

An approach to reduce the effect of the initiators used is to con-
sider longer systems with the same initiators. If a detonationcan be
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Fig. 16 Effect of tube length and initiator used in numerical simula-
tions on the calculated Isp for an ethylene–oxygen mixture.

initiated in a short tube, the same initiator will be able to initiate
the detonation in a longer tube and the relative contribution from
the initiatorwill be reduced.A series of such simulations have been
carried out with a stoichiometric ethylene–oxygen mixture initially
at 298 K and 1 atm as the detonable mixture. The strength of the
initiator needed is also reduced by using this more easily detonable
mixture. Tubes of various lengths ranging from 100 to 1350 mm
were used in the simulations. In all cases the initiatorwas a small 5-
mm regionof high pressure(30 atm) and high temperature(1500K).
The valuesof the fuel-basedspeci� c impulse from this seriesof sim-
ulations are shown in Fig. 16. As before, the abscissahas been made
nondimensionalusing the detonation transit time. When longer and
longer systems are considered, the values of the speci� c impulse
eventually become independent of the tube length and essentially
independent of the initiator used. This is a way to obtain compu-
tationally a clear estimate of the propulsive performance of this
idealized PDE. Calculating the values of the mixture-basedspeci� c
impulse corresponding to the various cases illustrated in Fig. 16
yields values ranging from 165 s for the 1350-mm-long system to
about200s for theveryshort100-mm-longsystem. Indeedsomeex-
periments for comparable systems have provided impulse estimates
that are close to the high value.82;95 The 1350-mm-long tube was
chosen to mimic a particular experimental arrangement,31 and, as
will be shown later, measurements from that facility do indicate the
lower value very close to the estimate from the simulations. These
results highlightthat it is not only in simulationsthat one needs to be
very concernedabout the initiatorused and the effect of geometrical
parameters of the system.

Comparison of Performance Estimates
The thrust from the idealizedPDE can be obtainedeitherby using

a thrust balanceor by integratingthe pressurehistory at the head end
of the tube. Using the pressure history provides a direct means of
comparing the experimentaldata to the results of numerical predic-
tions. Thrust balance measurements provide an additional check on
the calculated thrust or impulse. The equivalence of the two meth-
ods has been shown experimentally by Cooper et al.34 Their study
also showed that,whenDDT enhancementdevicessuchas obstacles
were used, the head-end pressure was no longer a reliable measure
of the performance, and direct measurements were needed.

When performing direct comparisonsbetween the predictionsof
numerical simulations and experimental measurements, the effect
of factors such as the initiators used and the boundary conditions at
the open end of the tube must be considered. The dif� culties of
isolating the effects of detonation initiators or transition devices
can be reduced by focusing on easily detonable mixtures such as
acetylene–oxygen or ethylene–oxygen.The ambiguity about speci-
fying the open boundary conditions can be removed by conducting
multidimensional simulations in which the exit plane of the thrust
tube is an interiorpoint.These simulationsare expensivebecausere-
gionsoutside the tube (suchas a dump tank) also need to be included
in the computational domain. In addition to providing information
for direct comparisonwith experimentaldata, the results from these

Fig. 17 Comparison of measured and calculated head-end pressure
histories in an ethylene–oxygen mixture detonating in a PDE thrust
tube (adapted from Sanders et al.43 and Li and Kailasanath79 ).

Fig. 18 Generalized impulse from a series of numerical simulations of
an idealized PDE thrust tube operating on a variety of fuel–oxygen and
fuel–air mixtures.

simulationscan be used to determinebetterapproximationsfor open
boundary conditions for use in one-dimensional simulations. Such
two-dimensional and one-dimensional simulations have been car-
ried out by Li et al.70 and Kailasanathand Patnaik,71 and their results
are comparedto themeasuredhead-endpressurehistoryfromtheex-
periments of Jenkins et al.78 for a stoichiometric C2H4–O2 mixture
in Fig. 17. The very good agreement obtained between predicted
and measured pressure histories also results in very good agree-
ment in the values for the impulse and speci� c impulse estimated
from the pressure histories. The values for the impulse calculated
from the pressure history for the 1350-mm-long tube were 2807
and 2820 N-s/m2 for the two- and one-dimensionalsimulations, re-
spectively. These values correspond to 2079–2089 N-s/m3 for the
impulse per unit volume and are in excellent agreementwith the es-
timates of roughly 2100 N-s/m3 from a different set of experiments
from Cooper et al.34

In summary, good estimates of the propulsive performance mea-
sures of a stoichiometricethylene–oxygen mixture initially at 1 atm
are as follows: roughly2100N-s/m3 for the impulse (independentof
length), roughly163–168 s for the mixture-based Isp, and 725–745 s
for the fuel-based Isp. Similar computationshavebeencarriedout for
other mixtures and the results generalized, as illustrated in Fig. 18.
Here, the impulse from the various cases has been normalizedusing
the predictedoverpressure(P3 ¡ Pamb) and the residence time of the
detonation tcj (length of the detonation tube/CJ detonation velocity
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of the mixture). What this generalizationimplies is that the impulse
from an idealized PDE can be estimated knowing the plateau pres-
sure P3 and the detonation velocity. That is, the impulse per unit
area is given by

I=A D 4:85.P3 ¡ Pamb/tcj (1)

This expression derived from numerical simulations is also similar
to the expressions for Isp obtained recently from theoretical anal-
ysis by Wintenberger et al.96 and from experiments by Zitoun and
Desbordes82 and Falempin et al.97 The results from some recent
two-dimensional numerical simulations by Kawai and Fujiwara20

with hydrogen as the fuel are also in agreement with the preceding
expression.

Theoretical Estimates for the Propulsive Performance
A key feature of the propulsiveperformanceof the idealizedPDE

is the “plateau” region in the pressure history. The early theoretical
estimatesby Nicholls et al.98 essentiallyconsideredonly the plateau
region and arrived at what can be considered a lower limit for the
estimate. As just discussed, the relaxation of this pressure to the
ambientconditionsprovidesadditionalthrust thatcannotbe ignored.
However, this additionalthrustdependson thedetailsof the � ow� eld
and is dif� cult to estimateaccuratelyfrom theoreticalconsiderations
alone.

The schematicdiagramof the pressurehistoryused by Zitoun and
Desbordes82 is depicted in Fig. 19. In this � gure pk corresponds to
the plateau pressure p3, and p0 refers to the ambient pressure. The
effectivetime tw is taken to be longer than the durationof the plateau
pressure to account for the additional area under the relaxationpor-
tion of the pressure history. Normalizing the overpressure pk ¡ p0

and integratingwith the normalizedtime t D t=tcj, a nondimensional
impulse can be calculated. The unknown in the � nal relation is the
effective time tw , which is taken as

tw D K tcj (2)

where K is a constant to be determined by matching with experi-
mental data. Most recently,97 a value of about � ve has been chosen
in order to obtain good agreement with experimental data.14 As-
suming that this constant is only dependent on the device and not
on any of the mixture properties or initial conditions, the values of
the speci� c impulse for other mixtures can be estimated from the
empirical formula:

Isp D
5.pk ¡ p0/

g½0 Dcj
(3)

In a variation of the preceding approach, the effective time tw has
been divided into three segments by Wintenbergeret al.,96 as shown
in Fig. 20. The � rst segment t1 is just equal to tcj. The other two time
segments are de� ned as

t2 D ®L=a3 and t3 D ¯L=a3 (4)

where a3 is the sound speed corresponding to the conditions at
the end of the Taylor wave. The constant ® has been estimated
using a single ° ideal detonation model, whereas ¯ is determined
from experimental data, leading to the following expression for the
impulse per unit volume:

I

V
D 4:3.p3 ¡ p0/

Dcj
(5)

where the pressures are in pascals and the detonation velocity Dcj

is in meters per second.

Fig. 19 Schematic showing a typical pressure trace and various factors
used in a model to estimate the performance of an idealized PDE (from
Desbordes et al.14).

Fig. 20 Idealized pressure trace and parameters used in the analytical
model of Wintenberger et al.96

Whether they are derivedcompletely from numericalsimulations
or based partly on experimental data for the pressure relaxation, the
three general expressions [Eqs. (1), (3), and (5)] provide equivalent
measures for the idealized PDE performance. They differ only in
the constant of proportionality. The expression in Eq. (5) appears
to give a lower value primarily because the experimental measure-
ments used to calibrate the model include some losses caused by
transition devices used to enhance detonation initiation. Consider-
ing this difference, all three expressions provide fairly good � rst
estimates of the single-cycle performance of the idealized PDE.
The utility of such expressionshas been highlightedby the work of
Wintenberger et al.,96 where their expression is used to explore the
in� uence of various parameters such as initial temperature, initial
pressure, and equivalence ratio on performance.

There are also other theoretical estimates for the propulsive per-
formance of the idealized PDE.84¡86 In one approach86 analysis
originally developed for wave rotors is extended to the PDE. In
other studies84;85 the PDE cycle is approximated by a constant vol-
ume process,and purelyanalyticalperformancemeasureshavebeen
calculated.One of these studies85 estimates the mixture-based spe-
ci� c impulse for a typical hydrocarbon fuel to vary between about
170 to 210 s as the Mach number varies from 0 to 2. If direct com-
parisons of these estimates with experimental data are promising,
these can provide a means of estimating a limiting performance
value from purely analytical considerations.

Performanceanalysisbasedon zero-dimensionalthermodynamic
cycleanalysisof thedetonationprocesshasalsobeencarriedoutbya
numberof investigators(e.g., Refs. 1, 4, 52, 55, and 91). All of these
studies have con� rmed the thermodynamicef� ciencyof the detona-
tion process,comparedto a classicalconstantpressureheat-addition
process over a wide range of parameters.The advantageof the deto-
nation process is especially large for static conditionsand decreases
as the velocity (or static temperature ratio) increases. However, it
has been dif� cult to relate these superior thermodynamic ef� cien-
cies directly to improved propulsive performance. When losses are
considered,one study91 � nds that thePDE performancesuffersmore
than an enginebased on the constantpressurecycle and falls slightly
below that of the constant pressure cycle engine for even moderate
static temperature ratios. Another recent study also � nds that the
advantagesclaimed over the constant pressure cycle engine mostly
disappear when the effects of dissociation and forward � ight are
considered.88;89 These results are intriguing, and further studies are
needed to validate these observations with experimental data and
more detailed analysis such as numerical simulations.

Methods to Enhance the Propulsive Performance
The key to enhancingtheperformanceof the idealizedPDE would

be to alter the time history of the head-end pressure. As already
discussed, altering the pressure relaxation rates would alter the per-
formance, and nozzles might be a practical way in which to alter
the pressure relaxation rates. Another approach that has been inves-
tigated by several investigators (e.g., Refs. 21, 42, 70, 79–81, and
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Fig. 21 Comparisons of the head-end pressure histories from three
simulations of PDEs of different lengths and different extents of fuel � ll
(from Li et al.70 ).

Fig. 22 Effect of percentage of fuel � ll on mixture and fuel-based spe-
ci� c impulses from simulations of a PDE thrust tube � lled with an
ethylene–air mixture (adapted from Li et al.70 ).

99–102) is to partially � ll the thrust tube with a detonable mixture
and � ll the rest of the tube with air. The operational bene� ts of this
approach in airbreathing propulsion include a means of varying the
thrust other than by varying the frequency of operation.

The results from three numerical simulations by Li et al.70 are
shown in Fig. 21 to illustrate the advantages of partial-fuel � ll. In
two of these simulations, a 50-cm-long tube is � lled completely or
partially up to 20 cm with an ethylene–air mixture. In the third sim-
ulation a 20-cm-longtube was completely � lled with the same fuel–
air mixture. The time histories clearly show two different trends in
the pressurehistoryfor the partially� lledcase. Initially it followsthe
20-cm fully � lled case, but then turns toward the fully � lled 50-cm
case. Detailed analysis of such simulations, discussed by Li et al.70

and Li and Kailasanath,79 shows that the reason for this result is a
result of the presence of two different sets of expansion waves, one
from the fuel–air interface and the other from the exit end of the
tube. When these different sets of expansionwaves reach the thrust
wall, the pressure decays at different rates because the strengths of
the expansion waves are different. Equivalently, the extra area en-
closed by the pressure curve for the partially � lled case can also be
viewed as caused by the shock compression of the air in the tube.
Calculating the fuel-based speci� c impulse as usual will provide an
enhancement because the amount of fuel in the partially � lled case
is the same as the fully � lled 20-cm case.However, if the mass of the
air in the tube is taken into account this enhancementvanishes, and
the mixture-based Isp decreases with the decrease in the amount of
fuel � ll. This is highlightedin Fig. 22, where both the fuel-basedand

Fig. 23 Effect of partial-fuel � ll on the measured speci� c impulse dur-
ing multicycleoperationsof a PDE operatingon a hydrogen–air mixture
(from Schauer et al.21 ).

mixture-basedspeci� c impulses are shown from a series of simula-
tions in which a 50-cm-longtubewas � lled to variouslengthswith an
ethylene-airmixture.70 Experimentswith variousdegreesof fuel � ll
have shown a very similar behavior in the pressurehistories42;78 and
fuel-based Isp.102 More recent experiments21;101 have also veri� ed
the effect during multicycle operation. The effects of the tube-� ll
fractionon the fuel-based Isp during different multicycle operations
of a hydrogen-air PDE are shown in Fig. 23 (from Ref. 21). The
� ll fractions greater than one in the � gure indicate cases where the
tube is over� lled with the detonable mixture, presumably forming
a free cloud at the tube exit.21 The observed gain in Isp is seen to
be independent of the frequency of operation and is comparable
to that obtained during a single cycle. Analytical99 and numerical
investigations103 have also attempted to derive limiting values for
the enhancement that is possible by partially � lling the tube. An-
othermethod to enhance the performanceis with the use of nozzles,
as discussed next.

Nozzles for Pulse Detonation Engines
Nozzles for the PDE present challenging design and integra-

tion issues because of the inherently unsteady nature of the pulse
detonationprocess.The overallsystemcan bemade to appear steady
by using a high-frequency,multitube system. But even in this case,
designing an ef� cient common � ow path for the exhaust from the
individual thrust tubes is an issue that needs to be addressed.

There have been several computational and experimental inves-
tigations in the past on the effect of nozzles (e.g., Refs. 80–83, 97,
and 104–107), and these have been discussed in detail in an earlier
paper.6 Only the highlights of the observations made in that pa-
per are presented here along with an emphasis on the most recent
studies. That review showed several common observationsbut also
revealed some apparently contradictoryconclusions.

Daniau et al.104 experimentally investigated nozzles of different
shapes and lengths. They focused on cases where the nozzle serves
only as an exhaust for the detonation products. That is, the nozzle
section does not have any detonable mixture but is � lled with air.
Hence the partial fuel-� ll effects discussedearlier are to be expected
in their results. Both thrust wall pressure measurements as well as
directmeasurementsof the impulse using a ballisticpendulumwere
used to investigate the various cases. The basic thrust tube used was
50 mm in diameter and 100 mm in length.104 For a divergingnozzle,
also of length 100 mm, nozzles of various angles all produce an
increase in Isp. This was attributed to an increase in the area over
which the pressurecan act. However, the time at which the head-end
pressureattains the ambientvalue (1 atm) is different, in general, for
the variousnozzles.Hence the maximumpossiblecyclingfrequency
will be affected if the re� lling time is based on a speci� ed value of
the pressureat thehead end. Interestingly,Daniau et al.104 also report
a speci� c case where the time when the head-end pressure reaches
the atmospheric value is the same as the reference case. Therefore,
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Fig. 24 Impact of nozzles of various lengths and shapes on the mea-
sured speci� c impulse. The parameter ¯ is the ratio of the nozzle length
to the detonation chamber length (from Falempin et al.97).

it is possible to increase the Isp using a suitably designed nozzle
without affecting the maximum cycling frequency.

In general,divergentnozzlesyield higher impulse as illustratedin
Fig. 24 (taken from Falempin et al.97/, which summarizes the results
from a number of investigations. In this � gure ¯ is the ratio of the
nozzle length to the combustion chamber length. Although in most
cases the higher impulse also occurs later in time and hence could
increase the cycle time, several designs are possible to attain the
higher performancewithout signi� cantly affecting the cycle time.97

Among the diverging nozzles, the bell-shaped nozzle has shown
signi� cant improvements in performance in at least three indepen-
dent studies.80;81;104 All studieswith convergentnozzles showshock
re� ections that propagate upstream and interfere with the re� lling
process (e.g., Refs. 80, 106, and 107).

There are also some contradictory observations. For example,
Mohanraj and Merkle83 conclude that a conical divergent nozzle
having an expansion ratio 4 is detrimental to performancewhen the
ambient pressure is 1 atm, whereas Daniau et al.104 � nd that all of
the divergingnozzles they experimentedwith show an improvement
in performance.One of the possible reasons for the difference in the
two observationsis that in the experimentsthenozzlesection is � lled
only with air, whereas in the simulations there is detonablemixture
in the nozzle. The increase in impulse caused by the additional det-
onable mixture might not adequately compensate for the increase
in mass and consequent decrement in the Isp. The expansion ratios
consideredin the two studiesare also different.A recent experimen-
tal study by Cooper et al.34 with a diverging conical nozzle having
a half-angle of 8 deg and a length of 300 mm attached to a tube of
length 1016 mm with internal obstacles to enhance DDT also did
not show a signi� cant increase in impulse.

The effects of partially � lling the thrust tube with the detonable
mixture and � lling the rest of the tube with air have also been inter-
preted as having a straight nozzle.80¡82 There is general agreement
among the various studies that straight nozzles result in an increase
in the fuel-based Isp. Some studies suggest that this increase in per-
formance will come at the expense of the cycle frequency.

In some previous computational studies5;67;71 the rate of relax-
ation of the pressurewithin the tube to the ambientvalueswas found
to be a critical factor determining the performanceof a straight tube
PDE. Higher speci� c impulse was attained with a slower relaxation
rate. This is consistent with the results discussed here on straight
nozzles. The studies with the diverging nozzle suggest an alternate
strategy where a faster relaxation rate gives better performance be-
cause of the larger effective area on which the thrust can act. Under
some circumstances34 it appears that the increase in effective area
might just compensatefor theexpansionwaves from thearea change
resulting in minimal and no gain. In any case this additional area
comes with its own penalty, an increase in the engine cross section
and consequently an increase in the drag for a system with a sin-
gle tube and attached nozzle. Suitable design of a multitube system
might be able to overcome this limitation.

Direct comparisons between the various studies have not been
possible because of the wide variation of the nozzle parameters

(shape, size, ambient pressure, and extent of fuel � ll) and the det-
onable mixtures considered. Another factor that has created some
confusion in the interpretation of previous results is that in some
of those studies the nozzle is pre� lled with a detonable mixture,
whereas in others it is � lled with the ambient air.

The discussion so far has focused on expansionof the detonation
products to a background pressure of 1 atm because that is what is
done usually in laboratory experiments. However, for most � ight
applicationsexpansion to other ambient conditionsalso needs to be
considered.With a primary focus on rocket applications,Mohanraj
and Merkle83 have used quasi-one-dimensional numerical simula-
tions to study the effects of varying the ambient pressure. The total
length of the PDE simulated is 500 mm including a 170-mm-long
conical nozzle having a divergent cross section. The nozzle expan-
sion ratio is four. They � nd that the nozzle provides an increase
in Isp only at low ambient pressures and is actually detrimental at
higher ambient pressures. The higher pressures referred to are val-
ues between 0.2 and 1 atm. At � rst glance this result appears to
contradict some of the earlier observations at 1 atm, and the plau-
sible reasons for this difference have already been discussed. For
low ambient pressure cases they suggest using a convergent section
in the nozzle to retain a higher average pressure in the chamber.
This raises issues with heat transfer and cooling, but the poten-
tial bene� ts appear promising. Effects of nozzle area expansion ra-
tio for a conical divergent nozzle at vacuum conditions have also
been reported.83 For these cases a � xed frequency of 500 Hz was
used, and the system was partially � lled with fuel up to 67% of
the length of the chamber, that is, up to the start of the nozzle.
Higher Isp was observed as a result of partial � ll, as expected. The
higher Isp was also accompanied by lower thrust caused by lower
mass � ow rate. This was found to be true for all expansion ratios
considered.

Most previous studies have focused on a multicycleoperationus-
ing a single tube. Furthermore, the blowdown process is assumed to
be a major portion of the overall cycle. If the purging and re� lling
times are the dominant portion of the overall cycle, small changes
in the blowdown phase will not signi� cantly affect the overall sys-
tem frequency.90 Practical applicationsare likely to involve systems
with multiple thrust tubes.108 In these cases the optimization pro-
cess is quite differentbecause the re� lling process is less coupled to
the blowdown process. An increase in the blowdown time for each
tube might be acceptable for the higher thrust and impulse that will
be produced by each tube. However, design of the exhaust nozzle
for such multitube systems adds complexity.The interactionamong
the different tubes and the timing of the various processes are be-
ginning to be investigated.109 The advantages of a common nozzle
are also discussed.A divergent nozzle section for a single tube will
act as a diffuser rather than a � ow accelerator during large portions
of the cycle when the total pressure in the unsteady exhaust stream
becomes too low. Multiple tubes discharging into a common nozzle
provide higher average total pressures that help to ensure that the
nozzle accelerates the � ow over a larger fraction of the PDE cycle.
The throat of the common nozzle can be chosen to provide an effec-
tive backpressure at the exit of the detonation tubes that increases
their average operating pressure and enables them to generate more
thrust.

Inlets for Pulse Detonation Engines
Appropriate inlets for airbreathingPDEs is a topic that appears to

have receivedlittleattention,althoughit is not clear how much of the
extensivework done in the past on high-speedinlets will be directly
applicable to PDEs. In fact, Butuk et al.110 state that “one of the key
technology areas requiring development is in the integration of the
unsteady PDE to the steady vehicle inlet.” Pegg et al.111 addressed
two concerns regarding this integration: 1) Will the abrupt closure
of valves trigger hammershocks and cause an inlet unstart? 2) Can
a stable shock system be established in the inlet of a PDE? They
carried out a conceptual design where a single vehicle inlet duct
supplies air to multiple PDE modules. In the proposed design a
shock trap boundary-layer bleed system was able to stabilize the
terminal shock train in the inlet, and there was insuf� cient time for
the formation of potentially destabilizinghammershocks.
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Other recent efforts have focused on demonstrating the opera-
tion of single and multitube combustors coupled to an inlet using
a rotary valve mechanism.112 The valve serves both to meter the
air� ow into the combustor and to isolate the inlet from the high
pressures produced during the detonation cycle. Utilizing multiple
combustors that � ll and detonate out of phase allows the continual
use of the in� owing air. Firing rates of up to 12 Hz per combus-
tor were demonstrated for a hydrogen-fueledsystem. The rotating
valve introduces a moving part, with its associated controls and
power requirements. Hence, Butuk et al.110 propose a � uidic valve
concept having no moving parts. Results using a numerical code
and an analytical model are also presented in their paper.

Mullagiri et al.113 tested a supersonic inlet with backpressure
excitation to simulate the � ow� eld experienced by the inlet of a
PDE at Mach 2.5. The excitation was varied from 15 to 50 Hz, and
the amplitude was varied by increasing blockage at the exit plane
from32 to 83%. Flow visualizationusing schlieren images was used
to observe the shock motion, and pressure-sensitivepaint was used
to obtain the lower wall surface-pressure distribution. They found
that pressureoscillationsinside the inlet were con� ned to the region
downstreamof the throat and that no adverse effects were observed
upstream of the throat. Other recent investigationshave studied the
effect of varying the inlet cross-sectionalarea on performance of a
simple tube PDE and � nd “a decrease of only 25%” in Isp.14

Coleman7 notes that the low static pressure at high altitudes will
in� uence the total pressure recovery of PDE inlets and therefore
in� uence the detonability characteristics of the propellants. As the
initial pressure drops, cell sizes increase, and the mixture becomes
less detonable. Airbreathing PDE operation could be altitude lim-
ited unless some type of backpressurization can be provided. Op-
timization of air inlets in subsonic and supersonic � ight remains
an important issue that needs further study speci� cally focused on
PDEs.

System-Level Performance Estimates
System-levelperformanceestimatesare neededin order to be able

to compare the estimated performance of PDEs to existing propul-
sion systems.Such performanceestimatesare usuallyobtainedfrom
an overall engine performance model. Although off-the-shelfmod-
els exist for established propulsion systems, using such models for
innovative concepts such as the PDE presents problems because
someof theessentialphysicsof suchnewer systemsmight notbe ad-
equatelyrepresentedin thesemodels.A solutionto thisdilemmais to
develop performancemodels speci� cally for the PDE. An overview
of the various components that need to be considered for the PDE
and techniques for modeling each component have been discussed
previously by Bratkovich and Bussing.114

More recently, Wu et al.90 have developed a global performance
model and estimated the performance of a six-tube, airbreathing
PDE using hydrogen as the fuel. For an altitude of 9.3 km and
freestream Mach number of 2.1, they calculate a speci� c impulse
of 911 s for a PDE operating at 244 Hz. They also � nd that using a
converging or diverging nozzle does not provide any improvement
of the impulse compared to a PDE without a nozzle. They suggest
the use of a pulsed ejector con� guration, in which � uid interactions
with an ambientor secondarystreamtake place,might offer a means
to improve performance.

Because PDE technology is still in its infancy, the uncertaintyof
each componentef� ciency is greater than for conventionalsystems.
For example, earlierdiscussionin this paperhashighlightedthe lim-
ited knowledge available concerningappropriate inlets and nozzles
for PDEs over a range of operating conditions. Small uncertainties
for each component could translate into signi� cant uncertainty for
the overall system, and therefore system-level performance projec-
tions made to date must be considered very preliminary.

Application Studies
In spite of (or perhaps because of ) the major uncertainties at

the component level and the signi� cant dif� culties that must be
overcome to provide reliablemulticycleoperationwith practical fu-
els, a vast number of applications for the PDE have been proposed
over the years. The suggestions during the past two years include

“supersonic reconnaissancevehicles, high-speed munitions, minia-
ture cruise missiles, long-range sensor platforms, mother vehicles,
and launch vehicles for minisatellites”115; as afterburners either in
the bypass duct116 or in the aft117; for driving magnetohydrody-
namic electric power generators118; integration with a wave-rotor
device119; combined cycle engines120;121; low-cost unmanned air
vehicles (UAV) and unmannedcombat air vehicles (UCAV)122; and
single-stage-to-orbit (SSTO) launcher,97 to name a few.

Rocket-engine applications have received considerable attention
partly because hydrogen is an acceptable fuel, and inlet operation
over a range of � ight conditions is no longer an issue. The rocket
mode of operation is very similar to the airbreathingengine with ig-
nition at the closed end, except that the oxidizer also needs to be in-
jected into the system periodically.The paperby Bratkovichet al.123

provides an introduction to this application, whereas a more recent
paper from the same group124 provides a status report on rocket-
engine hardware development.They report that a water-cooled six-
tube system, with each tube operating at 80 Hz (to give an overall
engine frequency of 480 Hz), has been � red for 10 s of continu-
ous operation.They also emphasize the need for elevated operating
pressure for good performance under � ight conditions. A common
nozzle for a multitubesystem could help maintain the backpressure.
Modelingof pulsedetonationrocketengineshasalso beenpresented
by Cambier68 and Mohanraj and Merkle.83

The potentialperformancegains that can be gainedby usingPDEs
in the bypass duct of a turbofan,116 and as an afterburner,117 have
been assessed.Issues that need to be resolved include the interaction
between the pressure waves and the engine fan, leading to potential
fan stall, and the merging of the bypass duct � ow with the core � ow.
Based on wave rotor technology, a new type of nonsteady ejector
has been proposed to enhance the performanceof pulsed detonation
combustors.119 This concept integrates a pulsed detonation process
with an ef� cient momentum transfer process using specially shaped
rotating channels of a single wave-rotor device.

Although most of the emphasis on the PDE has been as a thrust-
producing device, recently a hybrid piston-pulse detonation engine
was developed to demonstrate that shaft horsepower could be ex-
tracted from the device while still producing signi� cant thrust.125

This is important because if this were not possible, a second en-
gine or device would be required to provide auxiliary power for
some applications. In another investigation126 two methods to self-
aspirate a PDE, namely, an ejector pump and a turbocharger, were
also successfully demonstrated.

Falempin et al.122 have consideredPDEs for lowcost missiles for
UAV and UCAV applications. Here the emphasis is not on high
performance but on the simplicity of the device and potential cost
savings. In anotherstudy they proposea SSTO launcher,which uses
the same engine from takeoff to orbit.97 The potential for PDEs
to operate over a wide range of conditions has been exploited by
Munipalli et al.120 A single � ow-path, combined-cycle engine was
studied with four modes of operation: an ejector augmented pulse
detonationrocketengine (PDRE) for takeoffto moderatesupersonic
Mach numbers; pulsed normal detonationwave mode for M < Mcj;
an oblique detonation mode for M > Mcj; and a pure PDRE for
high-altitude� ight (Fig. 25). More details on the pulsed normal det-
onationwave engine mode have been given by Wilson et al.121 They
consider a supersonic� ow in the combustorwith normal detonation
waves propagating upstream. This approach eliminates the need to
reduce the inlet � ow velocity to subsonic speeds prior to entering
the combustion chamber and also allows the detonation chamber
temperature to be kept below the autoignition temperature of the
fuel-air mixture. Preliminary performance estimates suggest that
thrust and speci� c impulse are comparable or superior to existing
rocket-basedcombined-cycleengine concepts.

A direct comparison of the measured performance of a simple
device operated as a PDE and a ramjet has been reported.115 The
system illustrated in Fig. 26 is approximately10 in. (254 mm) long
with an i.d. of 1.875 in. (47.63 mm). A conical nozzle with exit area
of 0.44 in.2 (28.39 mm2) was used, and the effective � ow area of the
blockage element upstream was 0.75 in.2 (48.39 mm2). The air� ow
rate was 0.1 lb/s (45.36 g/s), correspondingto a Mach 0.7 � ight con-
dition. Hydrogen–air at a Á of 0.6 was the detonable mixture. An
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Side view

Ejector-augmented PDR

Pulsed normal detonation wave engine concept

Steady oblique detonation wave engine concept

Fig. 25 Proposed multimode propulsion concept of Munipalli et al.120

Fig. 26 Schematic of the pulsed detonation engine apparatus used in
the experiments of McManus et al.115

Fig. 27 Comparison of the average thrust from the device shown in
Fig. 26, operated as a PDE and a ramjet (from McManus et al.115).

interesting feature of this device is the spark-plug location for igni-
tion, downstream near the nozzle entrance. Thrust levels increased
from 2.5 lb (11.12 N) at 10 Hz to 12 lb (53.38) at 35 Hz (Fig. 27,
from McManus et al.115/. They also ran the system as a ramjet and
obtained 5 lb (22.24 N) of thrust and even this required nearly twice
the fuel � ow rate. When operatedat similar thrust levels, thrust spe-
ci� c fuel consumption (TSFC) of the PDE was 0.40 lb/h/lb (11.33
kg/s/N) compared to 0.67 lb/h/lb (18.98 kg/s/N) for the ramjet. The
PDE exhibited even better ef� ciency at higher thrust levels with
TSFC of 0.17 lb/h/lb (4.82 kg/s/N) at an operating frequency of 35

Hz and an average thrust output of 12 lb (53.38 N). Although these
are far from � ight-ready hardware, this appears to be the � rst sys-
tem that has clearly shown better performance for the PDE than a
conventionalpropulsion system.

Kaemming127 provides an integrated vehicle comparison of a
turboramjet engine and a PDE for a Mach 3.5 � ight at 80,000 ft
(24,384 m). For both conceptual vehicles they consider “� rst level
weights, structural layout, aerodynamics, stability and control, and
installed propulsion system performance estimates.” They � nd that
the turboramjetengine possessesa much higher thrust at low speeds
because of the ability to develop high engine pressure ratios at low
speeds.PDE has very low thrust at low speeds becauseit dependson
inlet ram to establish the pressure ratio. However, the PDE thrust in-
creases with speed faster than the turboramjet.Overall, they observe
higher thrust density (thrust per unit area) for the turboramjet than
the PDE 1) because of the cyclic nature of PDE and 2) because the
turbine engine can be designed for a wider range of pressure ratios.
Hence the PDE must accommodate a larger engine cross-sectional
area. However, they note that the integration � exibility of the PDE
allows a better tailoring of the overall vehicle area distribution to
minimize supersonicdrag.Another advantagethey � nd for the PDE
is better fuel ef� ciency at high supersonic speeds. If these advan-
tages are utilized, they observe an 11 to 21% takeoff gross weight
bene� t for the PDE, depending on the mission pro� le. Of course,
such performanceadvantagesare conditionedby the current state of
knowledge about the PDE. They conclude that, “PDE can show ve-
hicle level performanceadvantagesover conventionalturbine based
engines. However, performance advantages are only realized when
the vehicle is designedto capitalizeon the strengthsof the PDE with
accommodation for its weaknesses.”127

Conclusions
Signi� cant progress is noted in the research toward the develop-

ment of pulse detonation engines for airbreathing and rocket ap-
plications. The development of advanced laser-based diagnostics
has played a key role in the validation of numerical models. Sev-
eral independent investigations (both experimental and numerical)
are used to arrive at a converged value for the performance of an
idealized PDE operating on an ethylene–oxygen mixture. Simple
theoretical expressions, calibrated with experimental data or from
numerical simulations, are now available for quick performance
estimates. The enhancement of fuel-based speci� c impulse values
caused by partial-fuel � ll effects has been demonstrated by several
experimental and numerical studies. Several innovativeapproaches
have been developed to initiate detonations in hydrocarbon fuel–
air mixtures. Atomizers for generating very � ne droplets and for
successful detonations with heated JP-10/air mixtures have been
reported.

Inlets and nozzles for pulse detonation engines are still in the
early stages of development. As a result, there are still signi� cant
uncertaintiesin overall system-levelperformanceestimates.A wide
varietyof applicationsfor the PDE havebeenproposed,but the anal-
yses are still preliminary because of the system-level uncertainties.
Speci� c applications and system-level developments that can take
advantage of the pulse detonation process, while overcoming some
of its limitations, are needed. It is hoped that this review provides a
clearer picture of our current understandingand highlights the need
for additional research on PDEs.
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