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Introduction

P ULSE detonation engines (PDEs) are receiving much attention
as a potential means for propulsion or as part of a propulsion

system for future aerospace vehicles. One reason for this seems to be
the promise of high efficiency as a result of the observation that the
basic PDE cycle is thermodynamically similar to one that utilizes
constant volume combustion.1,2 However, the analytical work on
which this thermodynamic similarity is based is necessarily simpli-
fied. As a result, it is often somewhat optimistic. More importantly,
the analytical work tends to consider the PDE primarily as a stand-
alone device, whereas many potential applications are envisioned
in which it is a component in a propulsion system. Analysis of such
systems requires a performance description of the PDE that can be
combined with the additional components in a straightforward man-
ner. Even in stand-alone applications, the PDE consists not just of
a tube or tube bank. It is necessarily coupled to a nozzle (and an
inlet), which is thermally limited.

The present work introduces a method for describing the perfor-
mance of a PDE cycle that can be readily applied to different propul-
sion systems. The method utilizes data from an experimentally
validated, one-dimensional, time-accurate, reactive, computational-
fluid-dynamics (CFD) Euler solver3−5 to provide results that are ide-
alized because of the assumptions of the code, but realistic in that
they capture the complex gas dynamics of the cycle.6 Furthermore,
the analysis allows straightforward examination of many cycle mod-
ifications that can affect performance such as partial fueling. Addi-
tionally, it accounts for the critical fact that not all particles passing
through a PDE necessarily go through the same thermodynamic cy-
cle. In this work, a performance map is obtained from integrated
inlet and exhaust flux quantities computed by the code. These are
then mass- or time-averaged to provide steady-state results. It will
be shown that the PDE performance can be represented as a total
pressure ratio that is a unique function of the total enthalpy ratio and
a nondimensional heat addition parameter.

In the following sections, the method will be described, and
the utility of the resulting performance map will be demonstrated
through the presentation of several simplified PDE system studies.
The performance map description will be preceded by a listing of
the assumptions and simplifications and a description of the partic-
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ular PDE cycle under consideration. The Euler code, with which
performance data are generated, has been described in detail else-
where in the literature.3−7 Validation efforts including calculation
of detonation speeds, postdetonative properties, grid independence,
and comparison with experimental results can be found in Refs. 3–7.

Assumptions and Simplifications
The assumptions and simplifications used in the code and analysis

are listed here:
1) The PDE flow is one-dimensional, inviscid, and adiabatic.
2) The PDE flow contains a combination of only reactant or

product.
3) Both reactant and product are calorically perfect gases with

the same properties.
4) All reactant (air/fuel combination) entering the PDE is at the

prescribed mixture ratio.
5) Valves on the PDE open and close instantaneously with no

losses.
6) Detonation occurs nearly instantaneously once reaction com-

mences regardless of the mixture composition.
7) The exhaust static pressure is identical to the inlet total pres-

sure. This implies a static operating environment in the vicinity of
the device (e.g., in a duct behind an inlet diffuser and preceding
a nozzle). For portions of the cycle in which the exhaust flow is
sonic, exit pressure is appropriately extracted from the interior of
the computing domain.7

Cycle Description
The cycles computed in this study share some common features.

Each represents a self-aspirated PDE with a single valve at the inlet
and constant cross-section tubes. The code has been run until the de-
veloped wave cycle repeats itself indefinitely, and the integrated flux
of mass into the device over one cycle matches the integrated flux of
mass out. Each cycle completely empties and fills the tube once per
cycle with either a fuel/air mixture or pure air. Each cycle accom-
plishes the filling and emptying process in the least amount of time
possible. Thus, the inlet opens precisely when the internal pressure
in the tube drops below the inlet total pressure and closes precisely
when the volume required to fill the tube has entered. Detonation is
initiated immediately after the inlet is closed by rapidly adding heat
to the first numerical cell (via a source term), or by imposing a very
brief (i.e., negligible mass and momentum flux) high-pressure, high-
temperature boundary condition at the inlet. Either method yields
similar results.

Performance Map Description
Consider the ideal PDE cycle just described with static boundary

conditions. The mass-averaged total enthalpy of the exhaust flow
can be written as

H̄e =
∫ tcycle

0
(Hρu) dt

∫ tcycle

0
(ρu) dt

(1)

where H = h + u2/2 is the total enthalpy, and tcycle is the time pe-
riod of one cycle. The inlet total enthalpy is assumed known. Unless
explicitly stated, all quantities in this work are dimensionless. The
time t is the physical time normalized by the characteristic wave
transit time L/a∗, where a∗ is the speed of sound at a chosen ref-
erence state and L is the tube length. The pressure p and density
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ρ are normalized by their respective reference values, and the axial
velocity u is normalized by a∗.

Integration of the mass, energy, and species equations in the tube
over one cycle, along with the stipulation that the cycle is a limit
cycle, will show that the ratio of the mass-averaged total exhaust
enthalpy to the inlet total enthalpy, HR, can be written as

H̄e/H̄i = 1 + q0(γ − 1)(1 − ¯̇mair/ ¯̇mi ) (2)

where the ratio ¯̇mair/ ¯̇mi hereafter called the purge fraction is defined
as

¯̇mair/ ¯̇mi =
∫ tcycle

0
(ρairuair) dt

∫ tcycle

0
(ρi ui ) dt

(3)

Here, the subscript air refers to the portion of the inlet flow which
is pure air, and the subscript i refers to the total inlet flow of both
pure air and reactant (air/fuel mixture).

The quantity q0 is defined as

q0 = �h f

(1 + a/ f )γ RgT ∗ (4)

where γ is the ratio of specific heats, a/ f the air-to-fuel ratio, �h f

the heat of reaction of fuel, Rg the gas constant, and T ∗ the reference
temperature. Thus, the total enthalpy ratio HR is a function of the
fuel property, the ambient enthalpy, the mixture stoichiometric ratio,
and the purge fraction.

The time-averaged static specific thrust of a given cycle can be
calculated as8

Tsp

(
gc

/
a∗) = (MFe − p0i tcycle/γ )/ ¯̇mi (5)

where p0i refers to the inlet total pressure and gc is the Newton
constant. The subscript e refers to the exit plane. The momentum
term MFe is defined as

MFe =
∫ tcycle

(
pe

γ
+ ρeu2

e

)
dt (6)

The equivalent exhaust total pressure p̄0e for the device is then
defined as the total pressure from which a gas at the mass-averaged
total enthalpy defined by Eq. (2) must be ideally expanded (i.e.,
through a nozzle) to the ambient pressure p0i in order to yield the
same specific thrust as that calculated from Eq. (5). To obtain p̄0e,
an equivalent exit velocity ūe can be defined from Eq. (5) because

ūe = Tsp

(
gc

/
a∗) = (MFe − p0i tcycle/γ )/ ¯̇mi (7)

The equivalent total pressure can then be found from the average
total enthalpy of Eq. (1) using

p̄0e = p0i

/(
1 − ū2

e

/
2H̄e

)γ /(γ − 1)
(8)

With the simplifications and cycle stipulations described earlier, it
can be seen from Eqs. (2) and (8) that the pressure ratio PR = p̄0e/p0i

is uniquely defined by q0 and the purge fraction. Figure 1 shows PR
as a function of the enthalpy ratio for various mixture heats of re-
action q0. For each q0, the enthalpy ratio was varied by changing
the purge fraction. The largest value of enthalpy ratio for each curve

Fig. 1 Average total pressure ratio as a function of total enthalpy ratio
for several families of q0.

represents the minimum allowable purge fraction of approximately
2%. Attempts to further reduce the purge fraction resulted in au-
toignition. The minimum enthalpy ratio represents an arbitrarily
chosen maximum purge fraction of approximately 70%, except for
the q0 = 7.8 case where it was 50%. The ratio of specific heats for
all calculations was γ = 1.3. The number of numerical cells used
in all of the calculations to be shown was 200. It can be seen that
for a specified temperature ratio, the higher the purge fraction, the
better the performance.

Application
With the performance of the PDE in the form just described,

analysis for a variety of applications is readily possible.

Simple Brayton-Cycle Comparison
The PDE cycle is often compared with the Brayton cycle, the

latter being representative of conventional turbomachinery-based
propulsion systems. When this comparison is made however, it is
not always clear that the parameters held in common are meaning-
ful. What, for example, is the equivalent state in a PDE cycle to the
compressor discharge of a Brayton cycle? Figure 2 shows a com-
parison in terms that are unambiguous. The performance of each
cycle is plotted as PR vs HR as in Fig. 1. For the PDE cycle, all of
the computed data have been plotted along with a simple curve fit
defined by

PR = HR[0.120γ /(γ − 1)] (9)

This curve fit further simplifies the computed results by assuming
that, for the most part, varying HR by either q0 or purge fraction
yields equivalent results. It is noted that Eq. (9) has no theoretical
basis and has not been tested for other values of γ . It is intended
purely as a convenient fit for the data at hand.

Also shown in Fig. 2 are the results from a simple, nonideal
Brayton cycle calculation9 with compressor and turbine adiabatic
efficiencies set to 0.85 and 0.90, respectively. The Brayton cycle
results are shown for families of T4/T1, which is the ratio of turbine
inlet temperature to compressor inlet temperature. For each family,
the compressor pressure ratio πc has been varied from 4 to 30,
which is representative of modern turbomachinery. Because cycle
efficiency increases monotonically with PR, it is clear that, within
the temperature range of conventional turbomachinery shown, the
Brayton cycle is more efficient than the PDE cycle as computed in the
present work. To achieve higher temperature ratios, a Brayton cycle
with an afterburning process would be required. This is discussed
in the next example.

PDE with Inlet and Nozzle
As a second example of the application of the performance

methodology, consider a PDE (or series of PDE tubes) with only
an ideal inlet and nozzle fore and aft. Such a configuration can be
envisioned for a high-speed, Mach 0-5 aircraft. Standard thermo-
dynamic analysis9 and Fig. 1, or more easily, Eq. (9), can be used

Fig. 2 Comparison of average total pressure ratio as a function of total
enthalpy ratio for PDE and Brayton cycles. The ratio of specific heats,
γ = 1.3.
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Fig. 3 Specific impulse as a function of Mach number for PDE, ramjet,
and turbojet with afterburner. For all systems γ = 1.3, inlet and nozzle
are ideal, and the nozzle inlet temperature is 4200 R (2300 K). For
the turbojet, adiabatic compressor and turbine efficiencies are 0.85 and
0.90, respectively. The turbine inlet temperature is 3000 R (1670 K). The
fuel heating value is 19,000 BTU/lbm (44,000 kJ/kg).

to calculate the specific thrust and specific impulse over the Mach-
number regime. The specific impulse results are shown in Fig. 3. A
Mach-number dependent static inlet temperature profile was used
for these calculations in order to account for altitude effects.7 The
nozzle inlet total temperature was chosen to be 4200 R (2300 K). The
ratio of specific heats was 1.3. The fuel heating value was 19,000
BTU/lbm (44,000 kJ/kg), typical for many hydrocarbon fuels.

Also shown in the Fig. 3 are the performance results for a ramjet
and for afterburning turbojets with compressor pressure ratios of
30 and 4. For the turbojet calculations the compressor and turbine
adiabatic efficiencies were again 0.85 and 0.90, respectively. The
combustor and afterburner were assumed loss free (i.e., constant
total pressure). The turbine inlet temperature was 3000 R (1670 K).
It can be seen that the ideal PDE performance is fairly consistent
over the Mach-number regime and that it is comparable with a non-
ideal, afterburning turbojet having a compressor pressure ratio of
4.0. For turbojets of a more realistic pressure ratio, the PDE shows
significantly less specific impulse and (not shown) specific thrust.
Compared with the ramjet, the performance advantages of a PDE
are clear at Mach numbers below 3.0. Beyond this, there does not
appear to be significant benefit. These PDE performance results are
smaller than what is typically listed in the literature1,2,10; however,
because they represent computed results from a validated code, it
can be argued that they are more representative of an idealization in
the sense of being as good as can be expected.

Other PDE applications can be examined in a straightforward
manner using the map of Fig. 1. Examples would include gas-turbine
topping cycles, afterburners (bypass duct or full flow), even ejector-
based cycles (if some assumptions are made regarding the work
transfer process).

Of the applications that have been examined, the process has been
made easier through the use of Eq. (9); however, it should be kept
in mind that for a given application, not all values of q0 (and there-
fore enthalpy ratio) are possible. Also, the results shown represent
a particular gasdynamic cycle. Other cycles, such as PDE cycles
with valved exhaust (or low-loss, variable backpressure systems),
or those employing shaped tubes can lead to different and possibly
superior performance to that presented.11,12

Conclusions
It has been demonstrated in this work that idealized airbreathing

PDE performance can be mapped onto a single plot of total pressure
ratio vs total enthalpy ratio. It has further been shown that this
format is useful in system studies because the PDE can be viewed as
simply another component with straightforward input and output.
The idealized PDE performance data were obtained from a one-
dimensional CFD code, and it has been shown that this is a more
realistic approach than purely analytical methods. The performance
shown is generally below that which has been previously reported
for so-called idealized PDE performance but is still idealistic in that

the losses captured are only those endemic to the cycle. A similar
map that incorporates losses such as those caused by heat transfer,
viscous effects, and valving could easily be generated.
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Introduction

T HE effect of nozzles on the impulse obtained from a detona-
tion tube of circular cross section has been the focus of many

experimental and numerical studies. In these cases, the simplified
detonation tube is closed at one end (forming the thrust surface)
and open at the other end, enabling the attachment of an exten-
sion. A flowfield analysis of a detonation tube with an extension
requires considering unsteady wave interactions making analytical
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