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Abstract

We analytically estimated the propulsive
performance of pulse detonation engines (PDEs) in
three cases, which were (1) a fully-fueled simplified
PDE, (2) a partially-fueled simplified PDE, and (3) a
PDE optimized as a system. The results of the model
analyses in the cases of (1) and (2) were in good
agreement with published experimental data which
were obtained by using simplified PDEs. The
comparison between the results of the analyses of
simplified PDEs and those of optimized PDE systems
showed that specific impulse would become higher by
about 10-20% due to PDE-system optimization.

Introduction

A pulse detonation engine (PDE) is an internal
combustion engine in which fuel is repetitively burned
as self-sustained detonation waves”. Since a PDE is
of simpler structure and of higher theoretical
thermodynamic  efficiency compared with a
conventional gas turbine engine which is based on
isobaric combustion, research and development for its

practical application are being progressed in the world.

Most of the experimental studies of PDEs have
been carried out by using simplified PDEs*”, where a
simplified PDE is defined as a straight detonation tube
with fixed cross section, one end of which is closed
and another end is open, except for some experiments
carried out by private companies. And together with
such experimental studies, modeling studies for
predicting the propulsive performances of PDEs have
been progressed mainly on simplified PDEs.

We so far have developed spread-sheet models,
which are suitable not for pocket calculators but for
spread-sheet or data-analysis softwares on desk-top
computers, for the propulsive performances of fully-
fueled (F-F) simplified PDEs® and partially-fueled (P-
F) simplified PDEs”. In this paper, we briefly
describe overviews of the models we developed so far,
and a thermodynamic analysis of a PDE optimized as
a system. Also, we compare the results of these
analyses with published experimental data and discuss
the degree of performance improvement by the
optimization of PDE systems.

Theory of a F-F Simplified PDE

We simplified a PDE as a straight tube with
fixed cross section, one end of which was closed and
another end was open, where the closed end was the
thrust wall. We theoretically obtained pressure history
at the thrust wall for the case that such a tube was
fully filled with a detonable gas at rest, where the
initial state of the detonable gas was characterized by
the pressure p, and the sound speed ay, and that a self-
sustained detonation wave was initiated at the thrust
wall.

Figure 1 shows a schematic space-time (x-f)
diagram of characteristics in a simplified PDE. At the
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Fig. 1 Schematic space-time (x-f) diagram of
characteristics in a simplified PDE.
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time =0 and the location x=0 (thrust wall), a self-
sustained detonation wave is initiated. This
detonation wave is regarded as a Chapman-Jouguet
(C)) detonation wave. In Fig. 1, x; denotes the
position of the detonation wave, where the thickness
of the detonation wave is neglected. A self-similar
decelerating rarefaction wave (Taylor wave) follows
the detonation wave. By this decelerating rarefaction
wave, the boundary condition at the thrust wall,
‘namely the condition that the gas is at rest at the thrust
wall, is satisfied. In Fig. 1, the space region x;<x<x,
corresponds to this decelerating rarefaction wave. The
detonation wave propagates from the closed end (x=0)
toward the open end (x=L) with the propagation speed
D¢y, and reaches the open end at the time r=tcy=L/Dc;.
Since the flow in the rearward of the detonation wave
is subsonic, an exhausting rarefaction wave starts to
propagate from the open end toward the closed end at
the time f=tc;. The front boundary of the exhausting
rarefaction wave initially propagates in the
decelerating rarefaction wave, and propagates in the
gas at rest after the time =f". In Fig. 1, x,; denotes the
position of the front boundary of the exhausting
rarefaction wave.  The front boundary of the
exhausting rarefaction wave reaches the closed end at
the time =fyyeqy. In the time region 0<r<fyea, the
pressure at the closed end is kept constant. After the
time (=l the exhausting rarefaction wave is
reflected by the closed end, and the interference region
between the exhausting rarefaction wave and its
reflection extends from the closed end toward the
open end. In Fig. 1, x; denotes the position of the
boundary of this interference region. The boundary of
this interference region reaches the open end at the
time r=f. Pressure at the thrust wall gradually
decreases after the time =fjjyea, and reaches the same
value as the initial pressure p; at the time =t pauq At
the time =t 0.0, the purge of the residual burned gas
is started for the next cycle.

In order to formulate pressure history at the
thrust wall in the above-mentioned process, we used
some approximations. We regarded the unburned and
burned gases as calorically perfect gases with the
specific-heat ratios of ) and %, respectively. We
assumed that viscosity and thermal-conduction effects
were negligibly small. And we treated interference
between the exhausting rarefaction wave and its
reflection from the closed end as that between the self-
similar rarefaction wave propagating from the open
end toward the closed end in the uniform gas at rest
and its reflection from the closed end. By using these
approximations, we theoretically formulated the
pressure history at the thrust wall as a function of time
as

Function(p, [ p,, tcs; %5 Yas M, ) =0, M
where p./p; is the pressure at the thrust wall

normalized by the initial pressure, f/f; is time
normalized by the characteristic time ¢, and %, % and

Table 1 Parameters for the theoretical formula

Gas Mixture V2 ¥, M, D,
H, +Air 1.394 1.167 4.852 1979
(stoichiometric)

2H,+0, 1.396 1.129 5276 2841
C,H,+30,+N, 1.341 1.139 6.844 2269
C,H, +30, 1.329 1.140 7.267 2376
C,H, +2.50, 1324 1.153 7344 2425

(Dgy:in m/s)

Mcy=Dcj/a, are the governing parameters. In the time
region 0<¢<f .., the value of p./p, is given by a
constant determined by %, % and Mc;. On the other
hand, in the time region f,ae.y<t, pu/p) is given by an
implicit function of time. Its functional form is not so
simple as to calculate it with a pocket calculator.

For calculation of the pressure history at the
thrust wall, we have to know the parameters ¥, 1, Mc).
Dcy, py and L. The parameters p, and L are usually
explicitly given. And also the initial temperature 7, is
usually explicitly given. Once p, and T, are given, the
other parameters %, %, Mc; and D¢y can be determined
by calculations based on the hydrodynamic
conservation laws and chemical equilibrium. Table I
shows examples of these parameters, which were
calculated by using STANJAN'? for the initial state
that p,=1 atm and 7,=300 K for comparison between
the results of the theory and published experimental
data. In these calculations, ) and % were determined
from frozen sound speed at the initial state and from
equilibrium sound speed at the CJ point, respectively,
by using the relation y=a’o/p, where p is the mass
density. And we treated the air as the gas mixture
written as O, +3.76N,.

Figure 2 shows the comparison between the
theory and experiments® on the pressure history at the
thrust wall. The detonable gas mixture was C,H,+30-,
and it was initially at ambient conditions of pressure
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Fig. 2 Comparison between the theory and

experiments on the pressure history at the
thrust wall.
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Table 2 Comparison between the theory and experiments on the specific impulse

Gas Mixture Initiation Frequency  Experiment [s] ~ Theory [s] Ref.
H, +Air spark plugs & 16Hz 1, =3800~4450 [ =4215 (5)
(stoichiometric) ~ Shchelkin spiral

2H, +0, spark plug only ~ single pulse /=191 /,=1863 (6)
C,H,+30,+N, sparkplugonly single pulse [ =159 1,=1608 (6,7)
C,H,+30, spark plug only single pulse [ =171 I,=171.2 (6,7)
C,H,+250, spark plug only  single pulse 7 =202 I,=172.7 (6)
C,H,+2.50, initiating ube  single pulse 7 =193 ~ 203 I,=1727 (3)

and temperature. In Fig. 2, p, denotes the pressure at
the CJ point. As shown in Fig. 2, the theoretical result
was in good agreement with the experimental results.
On specific impulse, Table 2 shows the comparison
between the theory and experiments, where I, and I;¢
denote mixture-based and fuel-based specific impulses,
respectively. Except for the case of C;H;+2.50,, the
theoretical results agreed with the experimental results
within a few %. In the case of C,H;+2.50,, the
theoretical result was lower than the experimental
results by 12-18%. A probable reason of this
disagreement may be the impurity of the detonable gas
mixture because the obtaining of high-purity acetylene
is generally not so easy.

Model of a P-F Simplified PDE

A P-F simplified PDE is schematically shown in
Fig. 3(a). That is, a detonable gas occupies only a part
of a detonation tube, and the other part of the tube is
occupied by an inert gas. In Fig. 3, 44, u, ¢, and Pare
the molar mass of a gas, flow velocity, the mass
fraction of fuel in the detonable gas, and the mole
fraction of the detonable gas in the all gases,
respectively. By considering the boundary conditions
at the closed end and at the interface between the
detonable and inert gases, we assumed that

{a) Partially-Fueled PDE
Detonable Gas (@) E Inert Gas (1-0)
Pips Gps V1ps Voo D18y Vs

Hps ¥ips Meyps ¢f,p Hi> Uy

—

|
|
|
|
|

(b) Homogeneous-Dilution Model

Hypothetical Homogeneously-Diluten:lj
Detonable Gas

P Qs Y Vo My upMC.l’ ¢f

Fig. 3 Specifications of (a) the objective
partially-fueled PDE and (b) the equivalent
fully-fueled PDE.

u, =u, =0 and p =p .. Such partial fueling is

known as a technique to make specific impulse
higher®.,

In order to develop a model for estimating the
propulsive performances of a P-F simplified PDE, we
paid attention to the experimental fact” that the
impulse of a simplified PDE hardly depended on the
location of detonation initiation. Based on this
experimental fact, we made a hypothesis that
performance parameters of a simplified PDE which
are obtained by integrating phenomena in one cycle
are predominantly determined by energetics only. As
a model based on this hypothesis, we proposed the
homogeneous-dilution model shown in Fig. 3(b). In
the homogeneous-dilution- model, the objective P-F
PDE is replaced with the equivalent F-F PDE which is
defined so that it is fully filled with the homogeneous
mixture of the detonable and inert gases with which
the objective P-F PDE is filled. And after this
replacement, the - propulsive performances of the
equivalent F-F PDE are estimated by using the
theoretical formulas derived for F-F PDEs described
in the preceding section.

Figure 4 shows the comparison between the
homogeneous-dilution model and experiments®. In
Fig. 4, I,. is the impulse per unit cross section per one
cycle. The detonable gas was the stoichiometric
hydrogen-air gas mixture, the inert gas was the air,
and they were initially at ambient conditions of
pressure and temperature. In the model, we used
#=7/5 for the specific-heat ratio of the air. The
experimental dependence of the propulsive
performance on the fueling fraction was well
reproduced by the homogeneous-dilution model.

Thermodynamic Analysis of a PDE System

The degree of the improvement of PDE
performances due to system optimization is a very
important issue. In order to deal with this issue, we
thermodynamically analyzed an open system shown in
Fig. 5. This system includes a cyclic flow whose
period is 7. In Fig. 5, m., Q. and L, are the mass
of the gas flowing into or out from the system, the
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Fig. 4 Dependence of the propulsive
performance on the fueling fraction.

(a) Impulse per unit cross section per one cycle.
(b) Fuel-based specific impulse.

heat released by combustion, and the work done to the
outside of the system, respectively, during the period 7.
We applied the first law of thermodynamics to
the control volume shown in Fig. 5, where viscosity
and thermal-conduction effects were neglected. And
integrating the obtained equation with respect to time
over the period 7, we obtained the following equation:

e = e (Pt ~ P

I @)
=L + m uou!let — uinlct
eyo cye 2

2

where the subscripts ‘inlet’ and ‘outlet’ denote the
inlet and outlet of the system, respectively,  denotes
the mass-based average concerning all gases flowing
into the system during the period 7 and 4 is the
enthalpy of gas per unit mass. Defining theoretical
thermodynamic efficiency 7y, by

Periodic (7)
fiow field

\
Control volume

Fig. 5 PDE system as an open system.

) 2
u T
tlet let
chc + mcvc outict —_ inle!
: : 2 2

nlh n = QC“ ) (3 )

we obtained the following formula:

”tho _ q_(hou!l_cj - hmlm) , (4)

where q is the heat released by combustion per unit
mass of the gas. A detonable gas and an inert gas
flow into the system during one cycle. Therefore, if
the species and molar ratio of these gases are
determined, § can be calculated. And if the processes

experienced by the detonable and inert gases are
determined, ’T.;; and p_  can be calculated, and

finally we can calculate the theoretical thermodynamic
efficiency 7.
In the case of PDE systems, the detonable gas
experiences the following process:
inflow state denoted by the subscript ‘inlet’
— adiabatic (isentropic) compression
— pre-combustion state denoted by the subscript 1
— combustion as the CJ detonation wave
— post-combustion state denoted by the subscript 2
— adiabatic (isentropic) expansion
— outflow state denoted by the subscript ‘outlet’,
and the inert gas experiences the following process:
inflow state denoted by the subscript ‘inlet’
— adiabatic (isentropic) compression
— pre-shock-compression state denoted by the
subscript 1
— shock compression (because the inert gas is
contiguous to the detonable gas)
—+ post-shock-compression state denoted by the
subscript 2
— adiabatic (isentropic) expansion
— outflow state denoted by the subscript ‘outlet’.
Furthermore, for estimating the propulsive
performances of optimized PDE systems, Ieye and fgp,
we assumed the following.

uouﬂcl.D = uouﬂet,l = uou\le« ? (5)
pmle(.D = pinlct,] = pmlct 4 (6)
Pouterp = Pouters = Pouiice * (7
and
U Ul
chc <«m, outlet __ Hinler |, (8)
3 Y 2 2
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where the subscripts ‘D’ and ‘I’ denote the detonable
and inert gases, respectively. By using these
assumptions, we obtained the following formulas.

uomlcl = \/2‘77711.0 + uinlet2 4 (9)

(1 + /1) (uonllet - uinlet )

10)
I, =m U, uap T AV »
e ye.D + ( poudc' _ pin[u ) outlet. D outlet.1
uoullcl
and
(14 2) (Hpuger = Y1) (11
+Av, ’
spf ¢fg + ( pm“m pm‘a ) cmlel D outlet,]
uoullel
where
,1=M_ﬂ(_l__1), (12)
mcyc,D ﬂD ¢

vand g are the specific volume and the standard sea-
level value of gravitational acceleration, respectively.

Figure 6 shows the comparison among the
results of the above-described thermodynamic
analysis of a PDE system, the model analysns of a
simplified PDE, and experiments® in which a
simplified PDE was used. The detonable gas was the
stoichiometric hydrogen-air gas mixture, the inert gas
was the air, and they were initially at ambient
conditions of pressure and temperature. In the
thermodynamic analysis, we assumed that #;=0 and
PiiPinie=1.

Figure 6(a) shows the dependence of Iy on
PoutedDiniex 10 the case of the F-F PDE (&=1). We
varied the parameter p,uo/Ding only within the
condition that the outflow velocity was not subsonic.
Whereas I, =3800~ 4450 s experimentally and

I, =4215s by the theoretical analysis on a F-F

simplified PDE, the thermodynamic analysis showed
that I, was the highest of I, =5037s when

Poutie/Dinte=1.  That is, this comparison shows that we
could make /,;; higher by about 20% than a simplified
PDE by optimizing a PDE system. Whether 20%-
higher I, is significant or not is an issue to which we
should give careful consideration taking account of
mass increase due to the PDE-system optimization.
Figure 6(b) shows the dependence of I, on @.
In the thermodynamic analysis, we assumed that
Poutie’Dinie=1, and  also  py/pi =1, namely, we
neglecied the shock compression of the inert gas.
When the specific-heat ratio of the inert gas is
assumed to be constant, the assumption of p;/p; ;=1
tends to result in overestimation of I That is, the
results of the thermodynamic analysis shown in Fig.
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Fig. 6 Comparison among the thermodynamic
analysis, the detonation-tube model, and
experiments on the propulsive performance.
(a) Exhaust-pressure dependence.

(b) Fueling-fraction dependence.

6(b) may be regarded as the upper limits of /¢ of the
optimized PDE systems. Figure 6(b) shows that in the
case of P-F PDEs (&<1), we could make /s higher
by about 10-20% than a simplified PDE by optimizing
a PDE system.

Summary

We developed models for estimating the
propulsive performances of simplified PDEs. On the
specific impulse of simplified PDEs, the developed
models reproduced published experimental data very
well. In order to estimate the degree of performance
improvement by the optimization of PDE systems, we
thermodynamically analyzed a simple open system
which included periodic flow field. The comparison
between the experimental results obtained with
simplified PDEs and the results of the thermodynamic
analysis of an optimized PDE system showed that we
could make the specific impulse higher by about 10-
20% than a simplified PDE by optimizing a PDE
system. Whether 10-20%-higher specific impulse is
significant or not is an issue to which we should give
careful consideration taking account of mass increase
due to the PDE-system optimization.
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Appendix

Nomenclature
a sound speed
Dg; Chapman-Jouguet detonation speed

g standard sea-level value of gravitational
acceleration

h enthalpy of gas per unit mass

Leye impulse per unit cross section per one cycle

Iy mixture-based specific impulse

Lot fuel-based specific impulse

L length of PDE tube

Loy work done to outside of system during the
period 7

My propagation Mach number of Chapman-
Jouguet detonation wave; M, =D /a,

My mass of gas flowing into or out from system
during the period 7

P pressure

q heat released by combustion per unit mass of
gas

Ocye heat released by combustion during the
period 7

T temperature

t time relative to the instant of ignition

{ time at which x,~=x;3

I time at which x;=L

te time at which detonation wave reaches open
end of PDE tube

tehause  time at which p,=p,

Lyaess time at which plateau of pressure history at
thrust wall ends

u flow velocity relative to PDE tube

v specific volume; v=1/p

X coordinate along with axis of PDE tube

Xir boundary of interference region between
exhausting rarefaction wave and its
reflection from closed end of PDE tube

Xt front boundary of exhausting rarefaction
wave

x,f‘ X, at the time r

@ initial mole fraction of detonable gas in
partially-fueled PDE

& initial mass fraction of fuel in detonable gas

Y ratio of specific heats at constant pressure
and volume

o theoretical thermodynamic efficiency of PDE
system

A mass ratio between inert and detonable gases

74 molar mass

P mass density

T period of cyclic PDE operation

Subscripts

1 front of detonation or shock wave

2 rear of detonation or shock wave

3 rear boundary of decelerating rarefaction
wave

D detonable gas in partially-fueled PDE
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I inert gas in partially-fueled PDE
inlet  inlet of PDE system

out outer surface of thrust wall of PDE tube
outlet outlet of PDE system

w inner surface of thrust wall of PDE tube
Others

mass-based average concerning all gases
flowing into the system during the period 7
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