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1 Introduction

The pulsed detonation engine (PDE) has been developed everas decades due
to the promise it has for high-speed, efficient propulsionadidition to propulsion
applications, it has been demonstrated that a PDE can bdargealver generation
and may be more efficient than a deflagration-based powenwdnder certain cir-
cumstances [1]. Several patents have been issued for dsribapinvolve coupling
a PDE with different systems to drive a generator and prodlesgricity [2, 3]. One
must consider if the unique properties of the detonationenaan be utilized to in-
crease efficiency. For instance, it may be possible to desggmerator that uses the
force created by the pressure rise from the wave by conggittinto to mechani-
cal energy. Potential may exist for hybrid systems using lto¢ heat and the force
produced from the detonation wave.

In previous experimental work, a single-shot detonatidretwas first coupled
with a piston—spring system and then piston—spring—ligeaerator system to un-
derstand basic behavior [4]. In a conceptual detonatiorediresonance generator,
Fig. 1, a detonation wave is initiated at one end of a tube efidats off a piston
at the other end. This piston is secured by stiff springs hagiston—-mass system
stores the energy from the detonation wave. The piston isexwiad to a second
mass by softer springs. This mass, which weighs far lesstti@piston, can be a
magnetic slider which passes through a generator coil tdym® electricity. While
it is possible to produce electricity if the large pistorelfsvas used as the magnetic
slider, it is believed that the piston travel length shouddrhinimized in order to
decrease the mechanical wear of a practical system.

The previous experiment showed that the piston displaceidapendent on the
reflected detonation wave pressure as well as the momentthm cfactants. In the
current work, a simple linear model for a detonation wavikisig a single piston,
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two-spring system is compared with the previous experialeasults for validation

purposes. Next, a model with a piston and slider mass is olegdlusing detonation
waves as the driving force. Parametric studies indicat@magrformance trends
and indicate sizing requirements for a practical system.
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Fig. 1 Conceptual schematic for a PDE-driven linear electric geoera

2 Validation

Since both the detonation wave pressure and momentum ofathéghe experi-
ments affect the motion of the piston, modeling first requimecareful selection of
boundary conditions. The validation is conducted acrossge of equivalence ra-
tio tests with an -0, mixture. The modeling process begins by calculating the re-
flected detonation wave pressure on the piston face as adomdttime. The NASA
CEA code is utilized for the detonation wave property caltiohs as a function of
equivalence ratio. Assuming the specific heat ratio as eah&r the reflection, the
peak reflected wave pressure can be accurately estimategl aisingle equation
[5].

The pressure decay from the Friedlander model [6] can thefit be the ex-
perimental results as shown in Fig. 2. Since the springnstsf§ and piston mass
were known for the experiments, the damping ratio can benastid as approxi-
mately 0.25. The momentum was estimated using the dengitysp@ed of sound
of the gas at the CJ condition. Since the time in which theopisiscillates is much
larger than the duration of the detonation wave overpressuterm for the total
change in momentum was developed and can be divided by the ohdlse pis-
ton to result in an initial velocity boundary condition. Thee-mass, two-spring
system of equations for this model were linearized and soilve MATLAB envi-
ronment. Figure 3 shows a comparison between the model gadimental results
for a stoichiometric H-O, mixture initially at atmospheric conditions. In the exper-
iments, the pressure impulse was determined using datagnoressure transducer
flush-mounted in the piston face. Total impulse was caledlatith a displacement
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Fig. 2 Detonation wave model. Fig. 3 Maximum piston displacement results.

transducer mounted on the piston. Thus, impulse results fie model and ex-
periments were compared and showed reasonable agreemefieFlean H—-0O,
mixtures, some departure is seen from the model since theriexgntal detonation
wave speeds became increasingly overdriven.

3 Piston—generator model

The motion of the piston and generator masses is charaaddrzcoupled, damped
oscillators, one of which is driven by a forcing function:
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The above coupled, second-order ODEs can be further reda@eslystem of first-
order ODEs by introducing the vector

X = [x1, X, X1, %] " )
0 0 1 0 0
dx 0 0 0 1 0
a | —(Zktko)/m ke/mi —(2ci4c)/m co/mi | X F(t)/my
ko/mp —2ko/mp Co/mp —2C2/mp 0

3)

Equation (2) is solved numerically using MATLAB with the Edlander forcing
function [6]

PO) =t (1 1. ) @
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where Ty is the duration of the overpressure amds a shape factor. A Fourier
transform of any period R can be applied to the equation so both an operating
periodT. and an overpressure period are specified. FartO< Ty, the pressure on
the piston is described by Eq. (4) while it is 0 gauge for the of the period. Thus,

a PDE frequency and associated duty cycle of the overpmsanrbe specified. For
the results presented in this study, the PDE frequency id 25 Hz (which is
realizable with current technology).

While the model used for validation was able to account forgd® momentum
by modifying a boundary condition, this pulsed forcing ftion required modifica-
tions. To account for momentum imparted by each pulse, anlgepatio between
the detonation pressure acting on the piston face and itsamtuim was determined.
It is used to create an additional factor to multiply with floece created by the
Friedlander model overpressure trace. To simulate a |&8&t, the overpressure
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Fig. 4 Detonation wave pressure versus time based on the Friedlandel. mode

duration is fixed at 6 ms and the piston face diameter is 0.2igur€& 4 shows the
record for several cycles. (In this figurg, was further increased to show the shape
of the wave.)

4 Results and trends

While performing parametric investigations of the systdinetomes useful to spec-
ify mass and spring stiffness ratinps= m /mp andk = k; /kz respectively. Damping
ratios¢y and(, are also specified to contro] andc; in the system. Figure 5 shows
results from a system operating at resonance where then@stplitude is about 1
cm. Resonance is reached within 1 s. The phase portrait shholgsinct rise in the
piston velocity as it is repetitively struck by detonatioawes while the generator
mass movement is sinusoidal.

Results from several parametric investigations are calten Fig. 6. In Fig.
6(a), system parameters held constant included 2.5 MN/m,my = 200 kg,{1 =
0.25 and{, = 0.02 to simulate a very heavy piston. Gain, defined as tlaelgtstate
amplitude ratio of the generator mass to the piston, isquodis a function of both
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Fig. 5 System performance with = 1.25 MN/m,m; = 100 kg,{; = 0.25,{> = 0.02,u = 100, and
Kk =100.

k andu. An amplitude peak that corresponds with resonance islglesible with
other small peaks stemming from secondary modes. Over tlaengé#ric space, the
amplitude of the piston was nearly constant so the gainda@lihe same contours as
the amplitude of the generator mass. Optimal performancarsavhen the ratios
are similar to one another. The ratios must be at least 108achrthe maximum
gain of 6, which remains constant as the ratios increasgdlmpeak. Such trends
occur whether the piston is heavy or light. Maximum gain iavily dependent upon
{» as can be seen in Fig. 6(d). Nextandu were fixed at 200 while the piston mass
and associated spring stiffness were varied. Figure 6@yslthe maximum gain
of 6 is reached and remains constant as long as the pistonisrgresater than 100
kg with an associated spring stiffness of at least 1 MN/m.v@wsely, Fig. 6(b)
shows that the piston and generator mass amplitudes domatrrdixed asm and

ki are varied. In fact, maximum amplitude and thus power pridnoccurs when
the piston mass and its springs have low values overall. Mexva combination of
low k; andm; values along with higlx andut values to reach resonance lead to an
impractical generator mass. Consequently, optimizatfiGauoh a system described
here must be conducted only when a practical estimationeofémerator mass is
available. With an estimate @b and the desired power output, the required piston
mass, springs, and detonation tube characteristics cagldwed.

5 Conclusions

Using a PDE operating at a practical frequency, it is posdibldesign a system to
harness the detonation waves for linear power generati@nr@sonating system.
The model in this study indicates sizing and performancedsdhat can later be
incorporated into more advanced models with power gemeratnd/or a hybrid

generator that utilizes both the heat and kinetic energyetdrthtion waves.
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Fig. 6 Results from parametric investigations.
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