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Pulse-Detonation-Engine Simulations with Alternative
Geometries and Reaction Kinetics
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This paper describes numerical simulations, with simplified as well as full reaction kinetics, used to study a
single-cycle pulse detonation engine (PDE) with alternative features. The focus of the present studies was on the
influence of several characteristics of the PDE on performance and noise generation, including the presence of a
nozzle extension at the end of the PDE tube, the influence of the complexity of the combustion reaction, and use of a
quasi-one-dimensional simulation vs a full two-dimensional/axisymmetric simulation. Simplified reaction kinetics
and quasi-one-dimensional simulations were in fact able to sufficiently capture important gasdynamic processes
in the PDE as compared with complex reaction kinetics and two-dimensional/axisymmetric simulations; hence,
reasonable estimates of engine performance could be made using simplified modeling. The presence of a divergent
nozzle is seen to contribute to an overall increase in impulse for the PDE as compared with that for a straight
nozzle, despite a resulting reduction in the differential pressure at the thrust wall. The presence of a convergent
nozzle is seen to have the opposite effect, with a reduced overall impulse. There is also evidence that PDE tubes
with a divergent nozzle can generate lower near-field sound pressure levels than the baseline configuration with a
straight nozzle, suggesting the potential for optimization of PDE performance based on nozzle geometry.

Introduction and Background

T HE pulse detonation engine (PDE) is a device that allows pe-
riodic ignition, propagation, and transmission of detonation

waves within a detonation tube, with associated reflections of ex-
pansion and compression waves from the tube end, which can act in
periodic fashion to produce thrust. The PDE concept holds promise
for high thrust density in a constant-volume device requiring lit-
tle or no rotating machinery. A number of groups have been ex-
ploring PDE tubes in recent years for propulsion applications.1−10

This exploration has built on fundamental PDE studies over several
decades, so that modern experimental diagnostic as well as compu-
tational methods can be used to bring about significant advances in
the state of the art.

Performance parameters commonly used to characterize the pulse
detonation engine include the impulse I , typically defined in terms
of the temporal integral of pressure differential at the thrust wall
�ptw(t). When a nozzle is connected to the end of the straight PDE
tube, it is necessary to account for the additional impulse arising
from the contribution of pressure along the nozzle wall. In many
cases this contribution to impulse from the nozzle can constitute a
large portion of the total impulse. Hence the total impulse for the
PDE takes the form

I ≡ A

∫
�ptw(t) dt +

∫∫∫
�pnoz(sin θ) dA dt (1)

where �pnoz(x, y, t) is the time-dependent pressure differential
along the nozzle and dA is the area element of the nozzle inte-
rior surface, for example, oriented at an angle θ with respect to the
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axial direction. Nozzle symmetry produces an impulse contribution
in the axial direction only. The impulse is usually scaled to produce
the PDEs specific impulse Isp ≡ I/ρV g, in units of time, where ρ
is the density of the reactive gas mixture in the tube, V is the det-
onation tube volume (including the nozzle volume, if it contains
reactants), and g is the gravitational acceleration. Isp is often used
to compare performance among different PDE configurations and
also to compare PDE performance with that of alternative engine
cycles. The fuel specific impulse Isp, f ≡ Isp/Y f is also commonly
used for comparative purposes, where Y f is the mass fraction of fuel
in the reactants.

Overviews of past and ongoing numerical simulations of PDEs
are described in recent papers by Kailasanath3,4 and Kailasanath and
Patnaik.5 Other recent simulations have focused on various flow and
geometrical features of the PDE, including the effects of nozzles
placed downstream of the detonation tube. Cambier and Tegner6

employ a second-order (total-variation-diminishing) (TVD) scheme
in two dimensions and find that increasing the ratio of the nozzle
exit area to the PDE tube area can produce monotonic increases
in impulse I . Increasing the nozzle exit area is seen to cause a
drop-off in Isp; however, until Aexit/Atube reaches 4.0, because the
nozzle volume (containing reactants) increases, but for area ratios
large than 4.0, Isp is seen to increase, suggesting that the impulse is
increasing faster than the nozzle volume increases, per Eq. (1). In
recent PDE experiments with nozzle extensions, Johnson11 observes
a decrease in the fuel specific impulse for converging-diverging
nozzles as compared with straight nozzles or converging nozzles.

Modeling of partial fill and nozzle effects on PDEs by Cooper
and Shepherd12 makes use of the Gurney model13 for the prediction
of impulse from an explosive charge of reactants initially bounded
by a tamper gas (which for the PDE consists of the inert gas in the
nozzle or extension). Cooper and Shepherd find that, for a fixed
energy associated with the gaseous explosive sandwiched between
the thrust wall and the tamper gas, the Isp scales as

Isp ∼ (N/C + 1/2)√
N/C + 1/3

(2)

where N is the mass of the inert (within a nozzle or extension to
the PDE) and C is the mass of the explosive material. This relation
suggests that, for a fixed volume V of reactants and a fixed nozzle
length, a divergent nozzle has the effect of increasing the impulse
as compared with a straight nozzle, while a convergent nozzle has
the effect of decreasing the impulse.
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Although these PDE nozzle tests have been conducted for single-
cycle operation, for which scale-up to the multicycle performance
is usually assumed, recent computations by Yungster14 suggest that
nozzle overexpansion during purge and filling processes might can-
cel any improvements in performance by the divergent nozzle itself.
Nevertheless it is of interest to understand in a systematic manner
the mechanisms whereby nozzles can increase or decrease PDE
performance and in particular what the implications of the nozzle
presence for pulse detonation engine noise levels may be.

Prior computation studies by our group pertaining to detonation
phenomena15 and to the pulse detonation engine in particular16 in-
volve both one- and two-dimensional simulations via high-order
numerical schemes. Simulations of the single PDE cycle with sim-
plified kinetics suggest that useful performance and noise-related
estimates can be obtained even from one-dimensional computations
of the straight pulse detonation engine tube.

The present studies focused on using these high-order schemes,
both quasi-one-dimensional and two-dimensional, to study the be-
havior of the pulse detonation engine with a convergent, divergent,
or straight nozzle connected to the PDE tube, using simplified as well
as complex reaction kinetics. Special attention was focused on the
detonation ignition processes, the influence of reactive kinetics and
complexity, the validity of the quasi-one-dimensional approxima-
tion, and the influence of geometry on PDE performance parameters
as well as pressure disturbances resulting in noise generation.

Problem Formulation and Numerical Methodology
The governing equations for the present simulations consist of

the reactive Euler equations. For the simplified kinetics computa-
tions, a single species equation was solved (for reactant mass frac-
tion Y ), whereas for the simulations involving complex reaction
kinetics, N − 1 species equations were solved for the N species
involved in the reactions. Full kinetics simulations of the stoichio-
metric combustion reactions for H2–O2 and H2-air were consid-
ered here; the former mechanism contained eight species and 20
reactions,17 whereas the latter mechanism contained 11 species and
23 elementary reactions and was part of the CHEMKIN II library.18

The single step H2-air mechanism was that of Ma et al.,19,20 whereas
the single step H2–O2 mechanism was derived from a fit to data
obtained from a separate computation using STANJAN, as used
in He and Karagozian.16 A single-step CH4–O2 reaction was also
employed in some of the computations,16 in part because of the ra-
pidity in required computational times for quick parametric studies,
but also because of recent U.S. interest in exploring methane and
oxygen as rocket propellants.

In the case where a nozzle extension was examined, both quasi-
one-dimensional and full two-dimensional numerical simulations
were performed to examine the influence of geometrical simplifica-
tion in extracting PDE reactive flow processes. For example, Eq. 3
shows the governing equations for quasi-one-dimensional simula-
tions of a PDE tube and nozzle of variable cross-sectional area A(x)
and with single-step reaction kinetics:

∂

∂t
U + ∂

∂x
F = 1

A

dA

dx
(H − F) + S (3)

where the vectors containing conserved variables, flux terms, and
the source terms are

U =

⎛⎜⎜⎝
ρ

ρu

E

ρY

⎞⎟⎟⎠ F =

⎛⎜⎜⎝
ρu

ρu2 + p

(E + p)u

ρuY

⎞⎟⎟⎠ (4)

H =

⎛⎜⎜⎝
0

p

0

0

⎞⎟⎟⎠ S =

⎛⎜⎜⎝
0

0

0

−KρY e−(TA/T )

⎞⎟⎟⎠ (5)

Table 1 Values of constant terms in relations (5) and (6) for
approximate single-step reactions

Reaction q, J/kg K Ti , K

CH4–O2 1.0 × 107 3.224 × 108 24,000
H2–air 2.72 × 106 7.5 × 109 13,000
H2–O2 1.344 × 107 3.224 × 108 24,000

Here ρ represents density, p is the static pressure, u is the x com-
ponent of velocity, and γ is the ratio of specific heats. Here q is a
heat-release parameter that characterizes the amount of energy re-
leased during the reaction, TA represents the activation temperature,
and K is the reaction-rate multiplier for the reaction source term.
The heat-release term q is related to the total energy E through the
relation

E = p/(γ − 1) + ρ(u2)/2 + ρqY (6)

The values of the reaction-rate terms for the different single-step
reactions explored in the present study are shown in Table 1.

In fully two-dimensional axisymmetric or planar simulations with
a variable-area nozzle, governing equations in generalized coor-
dinates were employed. Coordinate transformations and relevant
eigenvectors were derived to allow the curved nozzle boundary to
be transformed to and aligned with the computational grid.17 Full
two-dimensional simulations of the PDE with a variable-area nozzle
and full reaction kinetics required computational times that were five
to six times greater than for the quasi-one-dimensional simulations
of the same PDE geometry but with simplified reaction kinetics.

The present simulations employed the weighted essentially
nonoscillatory (WENO) scheme for spatial integration, which in
benchmark tests21,22 is claimed to be fifth-order accurate in smooth
regions and third-order accurate in the vicinity of discontinuities. It
is noted, however, per the recent analysis of Henrick et al.,23 that
in the vicinity of shock discontinuities WENO schemes might be
only first-order accurate. For the single-step kinetics simulations, a
third-order TVD Runge–Kutta method was used for time discretiza-
tion. For full kinetics simulations, the method of operator splitting
was used,24 where the system of governing equations was split into
separate sets of equations, one which only included the advection
terms (solved via WENO) and one which only included reaction-rate
source terms. A stiff ordinary differential equation (ODE) solver,
DVODE (a variation of VODE25), was used for the solution of the
rate equations; thermodynamic parameters and rate constants were
obtained via the CHEMKIN II subroutine.18 Parallelization of the
code was also employed, whereby the computational domain was
broken into four to eight sections and the computation within each
section ran on separate nodes of a 16-node Beowulf cluster. Bound-
ary information was passed between neighboring nodes using a stan-
dard message-passing-interface library.

The basic code was validated via extensive grid-resolution stud-
ies as described in prior work.15−17 The degree of spatial resolu-
tion of the reaction zone can have a profound effect on the ability
of the simulation to represent the detonation process accurately.
For simulations of the canonical overdriven, pulsating detonation,
a resolution of at least 20 grid points per detonation reaction zone
half-length might be required.15 Grid-resolution tests in the present
and prior PDE simulations,16 however, suggest that even five grid
points per reaction zone half-length were sufficient for the cases un-
der consideration.17 In the present two-dimensional simulations, the
grid spacing in the downstream dimension was 1 cm or less, while
the grid size in the transverse direction was 0.3 cm. A Courant–
Friedrichs–Lewy number of 0.1 was employed.

A computational “spark” adjacent to the thrust wall was used to
initiate the detonation at the start of the PDE cycle. This narrow,
high-pressure, high-temperature region was able to initiate a prop-
agating shock and ignite the reactants; the flame front then caught
up with the shock, forming a detonation. As suggested by prior
studies,5,8,26,27 however, such thermal initiation of detonation de-
pends very strongly on the initial rate of deposition of energy in
the reactants. This concept was validated in the present studies by
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altering the initial temperature and pressure in the computational
spark to be able to determine minimum input energy densities lead-
ing to detonation initiation.

In addition to the standard performance parameters used to char-
acterize the PDE (I and Isp), the local sound pressure level (SPL)
at various locations within and external to the detonation tube was
also computed. As done previously,16 these were estimated by ex-
amining the Fourier transform of the time-dependent pressure mea-
sured at various locations within the computational domain. The
SPL was then computed based on peak pressures in the Fourier
spectrum for the standard relation SPL ≡ 20 log10(p/pref), where
pref = 2 × 10−5 Pa. This approach constitutes an estimate of the
magnitude of local pressure disturbances as would be measured
locally.

Yet prediction of far-field noise radiated to the surroundings by the
pulse detonation engine, that is, beyond the present computational
domain, is not as straightforward. Many commonly used meth-
ods for predicted supersonic jet noise, for example, make assump-
tions regarding the acoustic nature of the disturbances, for example,
through Lighthill’s analogy28 or application of the Kirchoff integral
formulation for aeroacoustic sources (as done in Eldredge29). The
local pressure disturbances for the PDE are not acoustic, of course,
and so application of any of these standard methods to the present
problem is highly questionable. Separate studies were conducted17

to examine approximations for pressure disturbances obtained us-
ing the Kirchhoff surface formulation as compared with “direct”
computation of pressure disturbances using the present numerical
schemes. These comparisons will be described.

Several different nozzle extension shapes were explored in the
present study; these are shown in Fig. 1. The nozzle shapes included
both convergent and divergent nozzles, in each case represented by
a fifth-order polynomial shape. A straight “nozzle” extension was
also examined as a baseline for comparison. In the present study on
nozzles, the straight portion of the PDE tube, of length L = 1 m,
was always assumed to be initially filled with reactants. The nozzle
section of length Ln = 1 m was initially filled with inert gas at 1 atm
and room temperature. For a single-step reaction, the inert consisted
of products with mass fraction (1 − Y ), whereas for the complex
reaction the inert consisted of air. In the simulations of straight PDE
tubes without a nozzle, the tube was assumed to be initially filled
completely with reactants. The effects of partial reactant fill on PDE
performance have been explored by Li and Kailasanath,30 Cooper
and Shepherd,12 and others, and scaling such as that indicated in
Eq. (2) is observed.

For the fully two-dimensional simulations, the computational do-
main extended three PDE tube lengths beyond the end of the nozzle
(or tube) extension and 10 PDE radii or widths away from the PDE
centerline. In the quasi-one-dimensional simulations, the computa-
tional domain only extended a few grid cells beyond the end of the

Fig. 1 Upper half of the different nozzle geometries explored in the
present study. Reactants were initially at X <– 1 m, while the nozzle
itself (1 m <– X <– 2 m) contained inert gas.

nozzle, and a zero pressure relaxation length (PRL) was employed.
The effects of the pressure relaxation length on the accuracy of a
one-dimensional PDE simulation have been explored in our prior
work16 and suggest that in many cases that a zero PRL can suffi-
ciently represent PDE exit flow conditions, although Kailasanath
and Patnaik5 have identified conditions for which use of the PRL
renders more accurate results.

Results
Validation: PDE Ignition and Baseline Performance Estimates

As already noted, the detonation process for the PDE was initi-
ated by a computational spark represented by high-temperature and
high-pressure gas adjacent to the thrust wall. This resulted in an ef-
fective internal energy, associated with the spark, which raised the
local temperature and pressure of the reactants, generating a shock
propagating away from the thrust wall and igniting the reactants.

The influence of the spar pressure and temperature (and resulting
energy deposition) on initiation of a detonation wave, for valida-
tion purposes, was studied using the one-dimensional simulations
with full kinetic mechanisms in a detonation tube initially filled
with stoichiometric reactants. The high-pressure, high-temperature
computational spark within the reactants, consisting of three grid
cells adjacent to the thrust wall at the left of the domain, was used
in these studies. Depending on the spark pressure and temperature,
a shock wave that could ignite a Chapman–Jouguet (CJ) detonation
could be initiated.

Figure 2, for example, indicates the evolution of the pressure dis-
tribution in a detonation tube initially filled with a stoichiometric
hydrogen-oxygen-argon mixture. The computational spark (of ini-
tial pressure 3 atm and temperature 1500 K) was applied to the
mixture of reactants, and the initially separated shock and reac-
tion front quickly coalesced into a propagating detonation, with an
asymptotic peak pressure near 18 atm. Other researchers have used
computational sparks adjacent to the thrust wall to initiate the PDE
cycle,5,8 but these often involve using a narrow region of gaseous
products at very high temperatures (above 3000 K) and pressures
(above 30 atm), yielding asymptotic peak pressures for stoichiomet-
ric H2–O2–Ar near 25 atm. The present scheme explored a lower
pressure and temperature spark region, applied to the reactant mix-
ture, so as to be able to estimate critical input energies required to
initiate detonations.

Figure 3 shows the centerline pressure distribution for a one-
dimensional, full kinetics simulation of an H2–O2–Ar mixture, for
different initial temperatures and pressures in the three grid cell-wide
spark adjacent to the thrust wall. Critical combinations of temper-
ature and pressure were observed to be necessary for the classical
Zel’dovich-Von Neumann-Doering (ZND) detonation structure to
evolve; if the initial energy deposition were too small, a weak shock
front did not ignite the mixture and thus did not transition to a

Fig. 2 Temporal evolution of the centerline pressure distribution for
an H2–O2–Ar reaction with full kinetics, for a computational spark
three grid cells in width with temperature 1500 K and pressure 3 atm.
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Table 2 Initial temperatures, pressures, and input energies
for a computational spark used to ignite an H2–O2–Ar mixture

and determination of the possibility of detonation ignition

Temperature, K Pressure, atm Energy, erg/cm2 Detonation?

500 3 2.02 × 105 No
1000 3 8.06 × 105 No
1500 3 9.95 × 105 Yes
2000 3 11.0 × 105 Yes
1500 5 15.3 × 105 Yes
1500 2.5 8.63 × 105 Yes
1500 2.0 7.3 × 105 No

Table 3 Initial temperatures, pressures, and input energies
for a computational spark used to ignite an H2–O2–N2 mixture

and determination of the possibility of detonation ignition

Temperature, K Pressure, atm Energy, erg/cm2 Detonation?

800 1 4.54 × 105 No
900 1 4.89 × 105 No
1000 1 5.18 × 105 Yes
1200 1 5.64 × 105 Yes

a)

b)

Fig. 3 Centerline pressure distribution for the H2–O2 reaction with
full kinetics, for different computational spark conditions: a) fixed tem-
perature 1500 K and variable pressure and b) fixed pressure 3 atm and
variable temperature, each at time 0.2 ms.

detonation, as seen by the solid lines in Figs. 3a and 3b. Tables 2
and 3, for H2–O2–Ar and H2-air reactions, respectively, quantify the
conditions that were required for ignition of a detonation.

As expected, the critical input energies for ignition of a detona-
tion were found to be different for these different reactions. In the
case of H2-air, a critical energy deposition per unit area of about
5 × 105 erg/cm2 was required for detonation, whereas for the case
of H2–O2–Ar this critical value rose to about 8.5 × 105 erg/cm2. Al-
though there are not extensive quantifications of required detonation
ignition energies for comparison here, Benedick et al.31 suggest that

a)

b)

c)

Fig. 4 Temporal evolution of the two-dimensional planar pressure
field within and external to the PDE over one cycle, with pressure given
in units of dyn/cm2. Data shown are at times corresponding to a) 0.15 ms,
b) 0.47 ms, and c) 1.34 ms. A H2–O2 reaction was simulated here with
full chemical kinetics.

a stoichiometric H2-air mixture has a detonation ignition energy of
approximately 8.0 × 105 erg/cm2, which is well within the range
estimated by the present computations. The spark pressures and
temperatures indicated in Tables 2 and 3 were found to be of the
same magnitude as those utilized by Kailasanath and coworkers5,30

for PDE ignition, but were considerably smaller than those required
for detonation ignition in the computational study by Ebrahimi and
Merkle,8 for example. These latter studies employ a relatively large
spark region, however, where a reflected expansion from the closed
PDE tube end can weaken the downstream propagating shock be-
fore combustion is initiated. In the present PDE studies, sufficiently
high spark energies were selected for the small spark region to en-
sure rapid initiation of a detonation.

Following these preliminary ignition estimates, full kinetics sim-
ulations of the reactant-filled, straight PDE tube without a noz-
zle allowed a detailed examination of the detonation ignition and
propagation process to be made, in addition to quantitative compar-
isons with experimental data. Figure 4 displays the evolution of the
two-dimensional pressure field associated with the PDE tube and
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its surroundings, for a full H2–O2 reaction. As seen in prior two-
dimensional simulations of the PDE but with simplified kinetics,16

the propagation of the detonation out of the tube resulted in the
propagation of a vortical structure coincident with the shock and
simultaneous reflection of an expansion fan back into the tube.

The temporal evolution of the pressure distribution along the
centerline of the straight PDE tube is shown in Figs. 5 and 6 for
a two-dimensional axisymmetric configuration with complex and

a)

b)

c)

Fig. 5 Evolution of the centerline pressure for a straight two-
dimensional axisymmetric PDE of 1 m length, for full H2-air reaction
kinetics, at times a) 0.20 ms, b) 0.81 ms, and c) 1.8 ms.

a)

b)

c)

Fig. 6 Evolution of the centerline pressure for a straight two-
dimensional axisymmetric PDE of 1 m length, for single-step H2-air
reaction kinetics, at times a) 0.19 ms, b) 0.81 ms, and c) 1.7 ms.

simplified H2-air reaction kinetics, respectively. Here the propa-
gation of the detonation wave through the PDE tube (a) and the
exit of the shock from the tube and reflection of the expansion fan
from the exhaust back into the tube (b and c) are more clearly visi-
ble. These observed centerline pressure profiles were quantitatively
quite similar between the complex and simplified reaction kinetics
cases throughout the course of the PDE cycle. Even examinations
comparing the evolution of the mass fraction of products (H2O)
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Table 4 Comparison of specific impulse for single-cycle
straight PDE tube between the present simulations

and corresponding studies, as noted

Study Isp, H2-air, s Isp, H2–O2, s

Present (full kin.) 128.5 240
Present (simpl. kin.) 122 230
Wintenberger et al.7 142 189
CIT expts.7 —— 200
Ebrahimi and Merkle8 —— 252
Zitoun and Desbordes32 149 226
Schauer expts.33 113 ——

Fig. 7 Temporal evolution of the pressure at the thrust wall for a
straight two-dimensional axisymmetric PDE of 1 m length, for full and
single-step H2-air reaction kinetics.

between full and simplified kinetics yielded very small differences
over a single cycle, at most around 5% throughout the cycle.17 The
simplified scheme’s reaction timescales were thus sufficient to be
able to represent critical PDE thermodynamic processes, as will be
discussed further.

For this straight PDE tube simulation (without a nozzle), the pres-
sure evolution at the thrust wall was the only contributor to the
PDE impulse. A similar temporal pressure evolution at the thrust
wall emerged between full and simplified kinetics simulations (see
Fig. 7), which in turn produced similar values of the asymptotic
values of impulse I and specific impulse Isp. In the present com-
putations, the impulse [Eq. (1)] was integrated numerically over
time until the pressure at the thrust wall dropped to ambient (atmo-
spheric) conditions. Various Isp values for the hydrogen-air as well
as the hydrogen-oxygen simulations extracted from results such as
those in Fig. 7 are shown in Table 4. Comparisons with Isp quantified
from others’ PDE experiments and simulations are also shown, indi-
cating reasonable agreement with established values. The simplified
reaction mechanisms for H2-air and H2 − O2 reactions employed in
the present study appeared to reasonably predict the pressure evolu-
tion in the PDE cycle. The lack of a short-lived pressure spike and a
slightly slower decay in pressure at the thrust wall predicted by the
full kinetics simulations resulted in slightly higher Isp values.

Pressure Disturbances and Noise Estimates
Time-series pressure data were used to estimate the sound pres-

sure level present at various locations in the flowfield over a single
PDE cycle. As noted earlier, a Fourier transform of the pressure sig-
nal at various locations allowed estimates of the peak sound pres-
sure level, for example, for the two-dimensional simulations of the
straight PDE tube with a hydrogen-air reaction. In most locations
for this case, we observed the peak in pressure to appear close to
the frequency associated with the period of the PDE cycle, which
would be expected for data extracted from a single period. The
resulting rough estimates of SPL at various locations are quanti-
fied in Table 5. Although the estimates of the pressure disturbances
here were approximate, there was reasonable correspondence with
experimental sound-pressure-level measurements made in roughly

Table 5 Computed sound pressure level at various locations within
the tube (thrust wall, center of tube) and at one-half a PDE tube

length downstream of the tube end (Results are obtained
from two-dimensional axisymmetric simulations.)

Thrust wall, Midtube, Downstream,
Study dB dB dB

Present, H2 air (full kin.) 208 207 192
Present, H2 air (simpl. kin.) 209 208 192
Expts., Schauer and Shaw —— —— 192 (approx)

(personal communication)

the same location for 1-m PDE tubes operating with stoichiometric
H2-air mixtures at the Air Force Research Lab at Wright–Patterson
Air Force Base.34

This method for estimating local sound pressure level allowed
the flowfield throughout the computational domain to influence the
pressure field, and hence the local disturbance, at a given location.
Several alternatives are typically available for estimates of noise,
but to estimate the actual noise generated by the PDE, especially
the far-field noise radiating beyond the computational domain, only
very rough approximations were possible. The Kirchhoff surface
method,29,35 for example, is that by which important information
regarding a sound source, including its nonlinear effects, is typi-
cally captured within a designated surface surrounding the source.
This approach was explored as a possible alternative method to
local pressure determinations via full numerical solution in He.17

The method allows radiating sound from the source to be evaluated
based on quantities (pressure, etc.) evaluated on this surface as
long as the wave equation (and hence acoustic disturbances) are
valid outside of the surface. The PDE flowfield, involving detona-
tions and shocks, clearly does not have acoustic disturbances in the
vicinity of the device and its exterior, and thus alternatively sized
Kirchhoff surfaces within the present domain of computation still
violated the fundamental assumption of exterior acoustic distur-
bances. Accordingly, estimates of pressure disturbance amplitudes
and wave speeds within the computational domain (but outside of
the estimated Kirchhoff surface) were found to differ considerably
from estimates made by the preceding direct computational method.
Lighthill’s acoustic analogy28 was similarly found to be inappro-
priate for application for the present problem. Hence the present
method for determining local SPL, although clearly approximate,
was deemed the most appropriate for the given computational do-
main and PDE size.

Yet the present SPL estimates, based on direct computation of
local pressure disturbances, did suggest that noise in the near- to
midfield region of the PDE tube could be estimated and its decay
scaled with respect to distance from the PDE exit. For example,
the peak pressure along the centerline of the PDE (extracted from
the two-dimensional axisymmetric simulations and Fourier trans-
form of the time-dependent pressure measured at various locations)
appeared to scale with distance r from the exit of the PDE as

(p/pref) = C/(r/D)k r ≥ L (7)

where D is the diameter of the straight PDE tube. For the case with
L = 1 m, D = 0.4 m, and for the CH4–O2 reaction, for example, C
is equal to 7.32 × 109 and k = 0.727. This scaling suggested, for
example, that the local SPL could drop from 191 dB near the PDE
tube exit to about 177 dB at a distance 10 tube lengths downstream
of the tube. The pressure decay suggested in Eq. (7) is of a similar
format to that of the blast-wave decay theory of Sedov–Taylor,36

except with a smaller exponent k than is usual. This likely means that
the present simulation was not conducted far enough downstream
to be able to precisely extract this type of self-similar solution.

Nozzle Effects and Quasi-One-Dimensional Simulations
Our prior studies16 demonstrate that a one-dimensional simula-

tion of the straight PDE tube quantitatively yields a very similar
pressure field evolution to that of the two-dimensional simulation,
even without inclusion of a one-dimensional PRL downstream of
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the exit, over which the pressure is reduced linearly to atmospheric.
This observation can depend on the specific PDE configuration, re-
action process, and operating conditions, however.5 In the present
study it was of interest to determine if a quasi-one-dimensional sim-
ulation of PDE performance with a divergent or convergent nozzle
could replicate the performance parameters quantified using fully
two-dimensional simulations. In all nozzle test cases the PDE tube
itself was assumed to be filled with a stoichiometric mixture of re-
actants, while the nozzle was assumed to be filled with inert (air
for the full kinetics simulations and products for the single-step re-
action kinetics simulations). The presence of an interface between
the reactants and the inert can significantly diminish the strength of
the propagating detonation wave/shock. The reduced strength of the
propagating detonation and earlier reflection of a weak expansion
wave then can produce a corresponding reduction in the overall cycle
impulse. Thus in our employing a reactant-filled PDE tube with an
inert-filled nozzle extension, the relative influences of nozzle shapes
should impact primarily the strength of the propagating shock wave
through the nozzle.

Figures 8, 9, and 10 show the temporal pressure evolution at var-
ious locations within the tube and nozzle for the straight, divergent,
and convergent nozzles, respectively. The CH4–O2 single-step re-
action was employed in these simulations. In most instances, the
quasi-one-dimensional simulation replicated the far more complex
two-dimensional axisymmetric simulation very well. The major dif-
ferences that did arise between the quasi-one-dimensional and the
two-dimensional simulations were all in the vicinity of the noz-
zle exit (Figs. 8c, 9c, and 10c). Because the quasi-one-dimensional
simulations did not include a pressure relaxation length, a much
more abrupt pressure drop occurred at the nozzle exit than in the
full axisymmetric simulations. Although this comparison could be
remedied with the inclusion of a PRL, the performance parameters
and SPL values derived from quasi-one- and two-dimensional sim-
ulations were sufficiently close that the added parameter was not
necessary, as is discussed next.

Figures 11 and 12 show differences in impulse produced by these
different nozzle geometries (convergent, divergent, and straight).
Figure 11 plots the contribution to the impulse that comes only from
the pressure differential at the thrust wall, and based on the preced-
ing results there is little difference between impulses predicted by
the quasi-one- and two-dimensional simulations. Figure 12 shows
the total impulse over time for the PDE with the nozzle extensions,
where contributions from the pressure differential at the thrust wall
as well as the nozzle shape were taken into account. Clearly there
was a positive contribution to overall PDE impulse for a divergent
nozzle as compared with the straight nozzle and a relative negative
contribution to impulse for a convergent nozzle, caused by compo-
nent forces acting in the downstream axial direction at the nozzle
surface. These trends have also been observed, for example, by
Falempin et al.,37 who studied experimentally the effects of nozzles
on PDE performance. In contrast, the results in Fig. 11 show that
the contribution to impulse from the thrust wall pressure only was
reduced for the divergent nozzle relative to that from the straight
nozzle, whereas that for the convergent nozzle was increased. The
divergent nozzle appeared to produce a reflected expansion wave
(at both the tube-nozzle interface and the nozzle exit) with a greater
pressure drop than did that reflected by the other nozzles, and the
opposite occurred for the convergent nozzle. This larger pressure
drop as a result of continuous reflected expansion waves generated
by the interface at a divergent nozzle was also observed by Cooper
and Shepherd.12

Hence a “competition” between the contribution to impulse from
the thrust wall and the nozzle shape was seen to manifest itself. In
principle a specific (lower weight) convergent nozzle shape could
lead to an overall increase in impulse as a result of the increase in
thrust wall pressure, or alternatively, as seen in the present example,
the (higher weight) divergent nozzle’s geometry could overcome
the reduction in thrust wall pressure to produce overall a higher
PDE impulse. The results in Fig. 12 suggest that the quasi-one-
dimensional representation of the nozzle with simplified reaction
kinetics was able to capture sufficiently accurately the overall flow

a)

b)

c)

Fig. 8 Temporal evolution of the pressure at various locations in the
PDE with a straight nozzle, for both quasi-one- and two-dimensional
simulations with the CH4–O2 single-step mechanism. Results are shown
for locations a) at the thrust wall, b) at the end of the straight PDE tube,
and c) at the end of the nozzle extension.

processes and performance of the PDEs with a nozzle, making this
a useful tool for studying this optimization.

Even simple models for PDE behavior and the influence of the
inert-filled nozzle, for example, that based on Gurney,12,13 can be
useful in predicting trends, say, in lieu of the simulation results
shown in Fig. 12. Although the predictions using Eq. 2 indicate that
the impulse for the divergent nozzle should be about 14% greater
than for the straight nozzle, the two-dimensional simulation results
indicate about a 5% increase. The decrease in impulse predicted for
a convergent model using the Gurney model in Eq. (2) is about 8%,
in contrast to a 4% decrease from the full two-dimensional simula-
tion at the end of the cycle. These predictions are not unreasonable,
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Table 6 Computed sound pressure level, in decibels, for the three difference nozzle extensions (convergent,
straight, divergent) at various locations within the PDE tube, nozzle, and flowfield exterior to the devicea

(a) (a) (b) (b) (c) (c) (d) (d) (e) (f)
Nozzle 2Db 1Dc 2D 1D 2D 1D 2D 1D 2D 2D

Conv. 208.6 208.6 206.3 206.4 203.8 203.7 199.0 198.3 191.5 186.2
Str. 209.6 209.7 207.0 207.2 203.6 203.3 198.7 197.3 192.3 190.6
Div. 209.6 209.5 205.8 205.8 200.9 200.0 197.6 193.6 190.4 189.2

aLocations shown, with reference to Fig. 1, are as follows: (a) thrust wall center (X = 0 m, Y = 0 m), (b) tube end/nozzle start (X = 1 m, Y =
0 m), (c) nozzle midpoint (X = 1.5 m, Y = 0 m), (d) nozzle end (X = 2.0 m, Y = 0 m), (e) beyond the nozzle exit (X = 3.0 m, Y = 0 m), and
(f) beyond the nozzle exit and above the exit (X = 3.0 m, Y = 0.8 m). Results are obtained from two-dimensional axisymmetric simulations
with a simplified methane-oxygen reaction. Note that the quasi-one-dimensional simulation did not extend beyond the nozzle exit; hence,
there were no one-dimensional data for comparison with the two-dimensional predictions at points (e) and (f).
b2D = two dimensional. c1D = one dimensional.

a)

b)

c)

Fig. 9 Temporal evolution of the pressure at various locations in the
PDE with a divergent nozzle, for both quasi-one- and two-dimensional
simulations with the CH4–O2 single-step mechanism. Results are shown
for locations a) at the thrust wall, b) at the end of the straight PDE tube,
and c) at the end of the nozzle extension.

a)

b)

c)

Fig. 10 Temporal evolution of the pressure at various locations in the
PDE with a convergent nozzle, for both quasi-one- and two-dimensional
simulations with the CH4–O2 single-step mechanism. Results are shown
for locations a) at the thrust wall, b) at the end of the straight PDE tube,
and c) at the end of the nozzle extension.
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Fig. 11 Comparison of the evolution of the PDE impulse, based
only on the thrust wall pressure differential, with time for quasi-one-
dimensional simulations (- - - -) and full two-dimensional simulations
(———) with simplified CH4–O2 kinetics. Divergent, convergent, and
straight nozzle extensions are presented.

Fig. 12 Comparison of the evolution of the total PDE impulse with time
for quasi-one-dimensional simulations (- - - - -) and full two-dimensional
simulations (———) with simplified CH4–O2 kinetics. Divergent, con-
vergent, and straight nozzle extensions are presented.

especially considering the relative simplicity of the model in com-
parison to either quasi-one or two-dimensional simulations.

Interestingly, in predicting sound pressure levels generated by
the PDE with the nozzle extension, there was similarly little dif-
ference between the two-dimensional and quasi-one-dimensional
predictions. Table 6 displays the simulated results for sound pres-
sure level at various locations (with reference to locations within
and external to the PDE nozzle indicated in Fig. 1). Within the PDE
tube and nozzle (locations a–c), there was no appreciable difference
between two-dimensional and quasi-one-dimensional predictions
of SPL, whereas at the nozzle exit (location d) there was a slight
difference for the divergent nozzle, consistent with differences in
the pressure evolution at the nozzle exit (Fig. 9b). Exterior to the
nozzle, along the PDE centerline (location e), the divergent noz-
zle SPL was slightly lower than that for the other nozzles, but not
significantly so. This suggests that divergent nozzles might have a
benefit for PDEs both in terms of increased performance and re-
duced noise generation, but these benefits will clearly depend on
specific geometries.

Conclusions
The present simulations suggest that a great deal of useful per-

formance and noise-related data can be obtained even from quasi-
one-dimensional computations of the pulse detonation engine with
simplified reaction kinetics. The present simulations were observed
to provide robust, accurate simulations of the reactive and nonreac-
tive flow processes occurring within the PDE. Very similar center-
line pressure profiles were observed when comparing complex and
simplified reaction kinetics simulations throughout the course of
the PDE cycle, suggesting that the inclusion of appropriate reaction

timescales in a simplified mechanism could be sufficient to be able
to represent critical PDE thermodynamic processes, including local
pressure disturbances, and ultimately, noise generation. Scaling of
peak pressure data with downstream distance suggested that signif-
icant reductions in sound pressure level, of the order of 15 dB over
10 tube lengths, could occur beyond the PDE tube end.

Comparisons of PDE tube performance with differently shaped
nozzle extensions yielded very interesting results. Not only were
quasi-one-dimensional simulations with simplified kinetics able to
capture flow and reaction processes reasonably well as compared
with a full two-dimensional axisymmetric simulation, the optimiza-
tion of the influence of the nozzle on performance and noise could
also be studied in a straightforward manner. These studies suggest
that this simplified approach could be very useful as a tool for future
PDE design and optimization.
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