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TECHNICAL PUBLICATION

PULSE DETONATION ROCKET MAGNETOHYDRODYNAMIC POWER EXPERIMENT

1.  INTRODUCTION

It is widely recognized that pulse detonation engine architectures, as applied to aerospace propulsion
applications, may yield substantial improvements in performance, design simplicity, and cost. There is also
a growing recognition that variant architectures for aerospace electrical power generation, particularly
burst-mode power, may also yield similar improvements.

The amount of research currently being generated with respect to potential propulsion applications
is truly immense. The reader is referred to the recent review paper of Kailasanath for an excellent overview
of the subject, including thorough discussion of the potential performance advantages, ongoing domestic
and international research programs, major scientific advances, and outstanding research issues.1 The amount
of research on electrical power generation, on the other hand, has been extremely limited.

This is somewhat surprising from a systems point of view, since a pulse detonation engine may
require a significant amount of base operational power, both for ignition and propellant pumping, as well
as auxiliary power for onboard electrical systems. Furthermore, traditional pulse detonation engine
architectures do not produce useable shaft power, and some other form of energy conversion is required. It
is conceivable that energy could be extracted from the mechanical thrust, using piezoelectric devices for
instance, but others have suggested that magnetohydrodynamic (MHD) power generation may prove more
effective, especially for meeting burst power needs.2–7

Previous research using a small-scale oxy-acetylene device (2.54-cm ¥ 2.0-cm MHD channel) with
low applied magnetic field (0.6 T) has demonstrated some difficulties with this approach.2,4–6 The two
major problems encountered in those experiments were (1) high near-electrode voltage drop (ª60 percent
of induced potential) and (2) lower than expected MHD interaction. The dominance of the boundary layer
voltage drop was mainly due to the large surface-to-volume ratio of the device, which accentuated the
surface effect losses, and to cold electrode surfaces (single-shot apparatus). The lower than expected MHD
interaction was mainly due to a low effective value for the electrical conductivity (ª6 S/m) and low local
flow velocity (ª660 m/s) at peak electrical conductivity. Related CFD calculations by Cambier suggest that
the latter effect may be the result of kinetic delays which cause the ionization wave to lag the detonation
front by a significant time increment.3,7

Because the previous experiments were conducted in a straight flow path, such an effect would be
extremely detrimental with regard to performance. One method for circumventing this kinetic delay
phenomena is to geometrically focus the detonation wave, as suggested by Cambier.7 In practice, this can
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be accomplished by focusing the detonation wave through a converging nozzle section followed by expansion
to high velocity in a diverging nozzle section. If the free electron concentration can be frozen in during the
expansion process, the flow should be optimally conditioned for driving an attached MHD generator.

Following this line of thought, a new experimental apparatus was developed which provides a
suitable framework for investigating this concept. This device is a straightforward extension of a low-cost,
gas-fed, pulse detonation research engine (model PDRE–G–1) which was recently developed and tested at
NASA Marshall Space Flight Center (MSFC).8

The new pulse detonation driver for this experiment, designated as model PDRE–G–2, is similar in
most respects to model PDRE–G–1 except that it is based on a square rather than a round cross section.
This was done to make physical integration with an MHD channel more amenable. This Technical Paper
describes the development of the thermal driver (engine model PDRE–G–2) and MHD generator flow path
and presents results from the initial set of experiments.
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2.  EXPERIMENTAL APPARATUS

The mechanical design of the NASA MSFC PDRE–G–2 research engine was derived directly from
the design of the predecessor PDRE–G–1 engine, which was fully reported in a previous publication.8

Both are simple, flexible, and inexpensive research apparatus under no pretense of being evolutionary steps
toward a practical production engine. As such, they are designed as heat sink devices and are limited to
burst mode operation of a few seconds duration, which is adequate for most research purposes.

The fully assembled PDRE–G–2 flow path components are shown schematically in figure 1. The
major components are the integrated injector/initiator, primary detonation tube, converging-diverging nozzle,
and segmented Faraday channel. Use was made of standard off-the-shelf industrial or automotive components
wherever possible. Components requiring custom fabrication were designed to be as simple and inexpensive
as possible with little or no consideration given to long-term survivability or aesthetic notions. The only
special design provisions were those associated with ensuring diagnostic access. The existing propellant
storage and delivery system and rigidized test stand, as originally developed for the PDRE–G–1 research
engine, were directly usable without modification. The existing microprocessor-based engine control system
was also directly applicable.

2.1  Integrated Injector/Initiator Assembly

Gaseous hydrogen (H) and oxygen (O) enter the engine through a coaxial injector attached to the
end of the detonation initiator so that the propellants are thoroughly mixed before they enter the primary
tube. Two special design, fast-response solenoid valves (<1 ms opening and closing) acquired from ValveTech
Inc. (PN VTI 15060–2) were used to intermittently sequence propellant flow through the injector.

Fundamentally, the initiator is just a 15.25-cm-long, 1.1-cm-diameter circular hole with an automotive
spark plug inserted near the injector, as shown in figure 2. A Schelkin spiral formed from 1/40-in-diameter
wire coiled into a 1/4-in pitch helix is also inserted in the initiator to promote turbulent mixing and ensure
rapid deflagration-to-detonation transition. The reliable performance of this design was previously
demonstrated.8 The initiator is inserted to a depth of 2 cm through the head-end flange of the primary tube
with the intent of propagating the detonation wave into the primary tube and igniting the main propellant
charge.

2.2  Primary Engine Tube

The basis for the primary detonation tube was a 90-cm-long section of standard 2-in ¥ 2-in square
stainless steel tubing. The 0.12-in-thick walls yield a 4.5-cm ¥ 4.5-cm internal cross section. This approach
was inexpensive and expedient and provided sufficient design margin for heat sink mode operation. Flanges
were welded on each end of the tube to accept the injector/initiator assembly and the nozzle section. The
head-end blind flange also included a wall pressure tap.
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Pressure sensor ports were located at 10-cm intervals along the tube, and two diametrically opposing
spark plug ports were located 5 cm downstream from the head-end flange. A Schelkin spiral insert was
created by coiling 1/16-in-diameter wire into a 1/4-in-pitch shape, conforming to the square internal cross
section. The resulting spiral was then inserted over one-third the length of the primary tube, as shown in
figure 3.

In order to enhance ionization and modify the electrical conductivity of the engine exhaust, it was
necessary to inject an alkali metal seed material prior to ignition during each engine cycle. Based on
previous experience, it was decided to inject a 30-percent solution (by mass) of cesium (Cs)-hydroxide in
a methanol carrier as an atomized spray. An electrically activated atomizing fuel injector for an automotive
engine was adapted for use and mounted in a boss located 20 cm upstream from the nozzle entrance. The
injector was then calibrated as a function of reservoir pressure and actuation time to deliver ª1 percent seed
concentration in the propellant. An extra digital control signal was also added to the microprocessor-based
engine control system to provide properly timed actuation of the seed injection process.

2.3  Converging-Diverging Nozzle

Geometrical focusing of the detonation wave and subsequent expansion to high velocity was
accomplished with a converging-diverging nozzle. The hope was that the free electron concentration would
be frozen-in during the expansion process, such that a highly ionized condition could be maintained even
as the gas cooled during the expansion. Unfortunately, the allowable degree of expansion was limited by
the air gap (3.5 cm) of the available permanent magnet assembly.

Based on this limitation, it was decided to design the nozzle with an area contraction ratio of
A*/Ac=1/10 which, given the fixed primary tube dimensions, yields an area expansion ratio of Ae/A*=3
with a 2.54-cm ¥ 2.54-cm internal cross section at the nozzle exit. This dimension was compatible with the
constraining magnet air gap with the remaining spatial envelope large enough to accommodate a practical
channel design. The entire nozzle section is 11.5 cm long.

The nozzle was machined from four aluminum pieces that mated together to form a three-dimensional
converging-diverging flow path, as shown in figure 4. The contraction and expansion were machined with
fixed angles on all four walls in order to hold an aspect ratio of unity through the nozzle. This assembly was
pinned together and designed for easy attachment or removal using four bolts.

2.4  Magnetohydrodynamic Generator

A segmented Faraday channel, shown schematically in figure 5, was designed and fabricated to
mate with the nozzle assembly and fit through the available permanent magnet assembly. The internal flow
passage was 2.54 cm square. The channel has 24 copper alloy electrode pairs that are 1.5 cm wide and
insulated from each other by high-temperature ceramic tape. The sidewalls are formed from two G–10
phenolic plates which have been machined to accept the electrodes. The sidewalls are bolted together,
clamping the electrodes in place, and the whole channel is connected to the nozzle using four tie rods. Each
electrode has an individual lead wire that is routed to a patch panel for convenient alteration of the load
configuration.
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2.5  Microprocessor-Based Engine Control System

Precise control over valve and ignition timing was provided by a microprocessor-based engine
control system, which was previously developed and demonstrated on the PDRE–G–1 research engine.8

The TTL control signals are generated by an eight-channel, 32-bit counter/timer module with software
control under a customized program written in National Instruments Corporation’s LabVIEW‘ graphical
programming language. This program permits precise adjustment of the duty cycle and phasing of each
control signal.

The control signals are converted to light pulses by TTL optical transmitters and fiber optically
coupled to TTL optical receivers. For valve actuation and seed injector control, the TTL optical receivers
are coupled to solid state relay switches, which control power to the various valves. For engine ignition, the
TTL optical transmitter is fed to a transistor switch, which activates an electronic automotive ignition
system. In this case, three independent spark ignition systems are utilized.
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3.  SHAKEDOWN TESTING

Upon final assembly of the experimental apparatus, a number of shakedown tests were conducted
to validate functionality of the device and obtain basic performance data. All of these tests were conducted
with near-stoichiometric H/O propellant mixtures. A schematic of the fully assembled PDRE–G–2 research
engine with the nozzle and MHD generator attached is shown installed on the test stand in figure 6.

The primary tube was outfitted with dynamic pressure transducers at the indicated port locations as
a means of monitoring combustion wave characteristics. Also note that the engine was equipped with a
thrust transmission structure and a dynamic load cell for the purpose of making time-resolved thrust
measurements with and without the nozzle attachment.

Although the engine would successfully fire using the initiator as the only ignition source, two
diametrically opposed spark plugs were installed in the primary tube to provide redundant ignition sources
and thereby reduce the chance for misfire. With only two valves and limited propellant supply pressure, the
engine operating frequency was limited to no more than 4 Hz.

3.1  Detonation Characteristics

The first test firings were conducted with the nozzle removed and the tube open to the atmosphere.
Measured pressure waveforms acquired at the primary tube sensor ports are shown in figure 7. Each waveform
corresponds to one of the eight sensor ports in the tube. It is clear from the resulting waveforms that the
Schelkin spiral is successfully aiding in the rapid development of a detonation wave near the head-end of
the primary tube. The waveform shapes exhibit the classic characteristics of combustion detonation waves.
The steep-fronted leading edge associated with the shock sharply rises to a pressure consistent with the
expected value for a C–J detonation and then slowly decays to a postcombustion value in the range of 5 to
10 atm, as anticipated for H/O propellants. The indicated combustion wave velocity (ª3 km/s) is also
consistent with the C–J value for these propellants at near stoichiometric mixture ratios.

A second set of test firings were conducted with the nozzle attached, resulting in the primary tube
pressure waveforms shown in figure 8. Again, the detonation wave exhibits classical behavior; however,
the peak pressure is slightly decreased from the nozzleless case and the wave speed is slightly repressed
(ª2.5 km/s). This result seems to indicate a significant shift in stoichiometry. It is the authors’ belief that the
presence of the converging-diverging nozzle alters the fluid dynamics of the propellant injection process
within the primary tube, but no attempt was made to tune and optimize the injection conditions, since the
detonation characteristics were sufficiently close to optimal.

An important feature to note in these pressure waveforms is the emergence of a weak reflected
pressure wave from the convergent nozzle entrance (see the profile for the last sensor port). This behavior
was anticipated and could provide favorable heating of the gas near the nozzle throat if sufficiently strong.
In this case, it is observed that the pressure wave rapidly assumes a bulge profile as the gas rushes back
toward the tube head.
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Using the previously obtained pressure waveforms, it was possible to construct the combustion
wave velocity distributions within the primary tube. The results for both cases are summarized in figure 9.
Here, it is observed that the combustion wave accelerates to detonation speed after traveling about one-
third the length of the primary tube. Interestingly, this corresponds to the length of the Schelkin spiral
insert. From that point, the detonation wave tends to propagate to the end of the tube with a very minor
decrease in velocity. Both cases exhibit the same general trend, except the case with the nozzle attached is
shifted to slightly lower velocities, as previously noted.

3.2  Installed Thrust Characteristics

The installed engine thrust characteristics were also of particular interest, and the availability of a
fast response dynamic load cell provided an opportunity to acquire time-resolved thrust profiles. This
technique had been successfully implemented during testing of the PDRE–G–1 research engine,8 and an
identical technique was implemented here.

As noted during previous testing with the PDRE–G–1 research engine, the actual thrust profile
depends on the tube fill conditions. If the tube is completely filled with propellant, the detonation wave
propagates the entire length of the tube and fills it with combustion gases which are then expelled during
the subsequent blowdown process. If the tube is only partially filled, however, some quantity of air must be
pushed out by the trapped combustion gases. Maximum impulse occurs for the filled tube condition, but,
interestingly, maximum specific impulse can occur when the tube is only partially filled. This is a significant
effect deserving of exhaustive study. Current testing with the PDRE–G–2 research engine, however, was
limited to filled tube conditions, since the focus of this investigation was MHD power generation.

The term “installed thrust” is used because the engine and thrust transmission structure effectively
behave as a spring-damper system. As such, the measured thrust profile depends on the dynamic response
of the installed engine structure. Therefore, the installed engine thrust does not necessarily correspond with
the fluid dynamic force profile acting on the engine surfaces.

As shown in figure 10, the ideal tube head pressure profile for a nozzleless straight-tube engine
assumes a constant value until the left running rarefaction wave, generated when the detonation exits the
tube, returns to the tube head surface. The remaining portion of the ideal pressure profile can then be
approximated as an exponential decay as gases are expelled during the subsequent blowdown process.

The actual tube head pressure profile and installed thrust profiles obtained with the nozzleless
PDRE–G–2 engine are shown in figure 11. Here, we observe a sharp spike corresponding to initiation of
the cycle followed by a pressure dip, a short region of constant pressure (ª6 atm), and an exponential decay.
Except for the dip, this profile is remarkably similar to the idealized tube head pressure profile. The pressure
dip remains an unresolved fluid dynamic phenomenon at this time, although it is believed to result from the
interaction of the emerging initiator jet with the combustion fronts originating from the redundant spark
plugs. The installed thrust profile does not follow the pressure profile, which would require perfect structural
response, but rather exhibits a basic bulge shape (ª350 lbf peak).

The measured tube head pressure and installed thrust profiles with the nozzle attached are shown in
figure 12. In this case, the tube head pressure continues to oscillate as the pressure internally reflects within
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the primary tube. As a result, the installed thrust profile also oscillates, and, because high-pressure regions
periodically form near the nozzle entrance, the installed thrust actually becomes negative during portions
of the engine cycle. Although the installed thrust profiles have yet to be integrated, it appears that the total
impulse with the nozzle will be considerably less than that for a nozzleless engine. Therefore, it is expected
that integrating a nozzled MHD generator with a pulse detonation engine will lead to some propulsive
performance loss. For many applications where power generation is more important than propulsive
efficiency, this may not necessarily be detrimental.
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4.  ENGINE EXHAUST CHARACTERIZATION

Prior to conducting the MHD generator tests, an attempt was made to characterize the engine exhaust
at the exit plane of the nozzle. Because MHD performance is strongly dependent on the level of electrical
conductivity, it was desirable to have some quantitative measure of the plasma conditions at the entrance to
the generator. The diagnostics included basic emission spectroscopy and interrogation of the plasma using
a newly developed polychromatic microwave interferometer.

4.1  Emission Spectroscopy

Emission from the seeded exhaust plume was examined using a gated PIMAX 512 ¥ 512 intensified
charged coupled device (CCD) detector mated to an ISA Jobin YVON–Spex 1/4-m spectrometer with a
1,200-groove/nm grating. The results of the emission spectroscopy survey over the optical region are
summarized in figure 13.

The only prominent features in the spectra are numerous atomic transition lines for Cs, the
OH(A–X) band head at 306 nm, and the sodium D lines. These results indicated that relatively good
combustion efficiency was obtained and that there were no major contaminants in the plume.

An attempt was made to deduce temperature by fitting the experimental OH band with a synthetic
spectra generated with the NASA nonequilibrium air (NEQAIR) radiation code.9 This code is capable of
generating the emission and absorption spectra for atomic and diatomic species and computing the transport
of optical radiation through a nonuniform gas mixture to a surface along a specified line of sight.

The atomic and rotational lines and vibrational bands for each molecule as well as bound-free and
free-free continua caused by the interaction of free electrons with neutral and ionized atoms are used to
compute the total optical spectrum in a discrete layer of gas in which the species concentrations and
temperatures are assumed to be constant. This result is then used as the incident spectrum for the adjacent
discrete gas layer, and the process is repeated layer by layer along the line of sight until the desired detection
surface is reached.

The NEQAIR code, as adapted for utilization on a PC platform, is currently being used to support
internal research at MSFC. In the present case, the species concentrations were estimated from
thermodynamic equilibrium calculations and our PC version of the NEQAIR code was used to obtain the
synthetic spectra, assuming an electronic temperature of 10,000 K (since the OH emission is most likely
associated with chemiluminescence). The resulting synthetic spectra are shown in figure 14, assuming
equilibrium temperatures of 4,000, 3,500, 3,000, and 2,500 K.

Clearly, the overall profile of the synthetic spectra does not change much over this temperature
range, and much higher fidelity data are required to defend any sort of fit. In order to deduce temperature
with some degree of confidence, it is necessary to resolve the rotational structure in the experimental
spectra and the NEQAIR spectra to the same degree of fidelity. This will require higher resolution
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measurements than obtained in the current study and accurate evaluation of line strengths, line broadening,
and absorption. Nevertheless, comparison of the spectra at the current level of fidelity gives some indication
that the temperature at the nozzle exit is in the neighborhood of 3,000 K.

4.2  Microwave Interferometer Interrogation

A newly developed polychromatic quadrature microwave interferometer was used to interrogate
the plasma jet at the exit plane of the PDRE–G–2 engine nozzle. This device, shown in the schematic of
figure 15, simultaneously transmits and receives three discrete beam frequencies (70, 90, and 110 GHz)
and can be operated in reflectometer mode. Here, the three scene beams were spatially superimposed and
focused with 1/2-m focal length Gaussian optics such that the 1.25-cm focal spot was directly on the
centerline of the nozzle axis. The reference beams were routed through low-loss coaxial cables at lower
frequencies and then multiplied before being sent to the quadrature mixers.

The mixer outputs were then measured at each of two detectors: (1) The input detector, where
portions of the reference and scene beams are combined directly, and (2) the quadrature detector, where the
scene beam portion is quadrature shifted before combination. The data reduction analysis assumes that
there is no crosstalk between beams of different frequencies; thus, each frequency is treated independently.

The data from the interferometer shows multiple reflections occurring between the receiving and
transmitting horns. For this analysis, only the first reflected signal was considered. Thus, only the portion
of the scene beam that passes a single time through the measurement volume, and the portion that is
transmitted through the measurement volume three times, are analyzed. The following expressions have
been derived for the interferometer signals for this case.10 The signal at the input detector is given by
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of sight by
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where w is the microwave frequency, l is the wavelength, n m qc e e= w e2
0

2/  is the critical density, n(x) is
the density profile, and d is the pathlength.11 When the electron density is much less than the critical
density, equation (3) can be approximated by

j p
l

ª - Ú n x

n
dx

c

d ( )
0

(4)

from which the chord-averaged electron density can readily be obtained by assuming a constant value for
the electron density.

In order to determine j, the physical fields are redefined as relative fields, ERÆ g ec ER0 , and so

on. Calibration data S(Dx) and S¢(Dx) are obtained by varying the physical pathlength, Dx, between the
transmit and receive horns and recording the displacement with a linear variable displacement transducer
(LVDT). With this data, the calibration parameters ER, ES, EH, E¢R, E¢S, E¢H, D, D¢, j0, q0, and b can be
determined by fitting to equations (1) and (2). In addition, a calibration constant for the LVDT was obtained
with the fitting routine by noting that j =K VLVDT and fitting for K ∫ (2p/l)(dx/dVLVDT).

During an engine pulse, the microwave signal from the scene beam(s) is attenuated and phase
shifted. Fortunately, in the quadrature setup, equations (1) and (2) can be used with the input and quadrature
signals to solve for the phase shift and the change in amplitude of ES and EH along with their primed
counterparts. To do this, it is assumed that the attenuation is due only to the exhaust plume and that the
input and quadrature signals are attenuated by the same amount. Also, the attenuation factor is cubed for
EH, because it passes through the plume three times. This allows us to solve for two unknowns, the phase
shift and an attenuation factor, assuming the values of the remaining calibration parameters remain constant.
This procedure contains a degree of uncertainty in that the absolute values of the dark signals and electric
fields can only be uniquely determined if the signals contain no noise. This limitation especially affects
data with high attenuation.

The results from the microwave interferometer interrogation are summarized in figure 16 where all
signals have been acquired at 50 kHz using a 12-bit digitizer. The reduced data for the 70-, 90-, and
110-GHz channels are shown in figures 16(a)–16(c), respectively. Here, the dashed curve is the calibration
data with no attenuation of the beam; the solid curve is the curve fit to the calibration data near maximum
phase shift when the scene beam and reflected beam are highly attenuated; and the circles are the time-
resolved data captured during a single engine pulse. The calibration curve is actually fitted for each data
point but these results are not shown for clarity. Note that rotation of the data points about the calibration
ellipse represents the instantaneous phase shift of the scene beam during its passage through the engine
exhaust. Raw signals for the 70-GHz channel are shown in figure 16(d) for illustrative purposes. The time-
resolved attenuation factor is plotted for all three channels in figure 16(e). The electron number density is
shown in figure 16(f) as measured at all three interrogation frequencies.

The passage of the detonation wave is marked by a sharp rise in the electron number density. In
fact, the phase shift from the interferometer goes from the initial phase angle to the maximum phase shift
within the first 40 ms of the pulse. The strongest portion of the detonation wave passes in the first 0.5 ms,
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but the blowdown period lasts for more than 2 ms. The highest attenuation is coincident with the maximum
phase shift or electron density, placing the highest uncertainty in the electron density measurement at the
peak of the detonation pulse. This uncertainty is evident in the larger spread in electron density between the
different frequencies at the peaks.

It is interesting to note the differences in the predictive behavior of all three frequencies, which
ideally would yield identical electron densities. If the peak associated with detonation wave passage is
ignored, for example, the 70-GHz signal is attenuated the most and the 110-GHz signal the least. Furthermore,
the 70-GHz channel yields the highest electron density, while the 110-GHz channel measures the lowest
electron density. These discrepancies are relatively small, however, and all channels yield measured chord-
averaged electron number densities on the order of 1012 cm–3 with a high degree of confidence.

It is not clear at this time why such drastic attenuation of the scene beam is observed during passage
of the detonation wave. Nevertheless, the data are conclusive in this respect, and the authors must conclude
that some physical phenomena occurs behind the detonation shock wave giving rise to attenuation (absorption
and/or scattering) of impinging microwave beams. Further investigation will be necessary to resolve this
issue.
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5.  MAGNETOHYDRODYNAMIC TESTING

The preceding engine exhaust characterization tests indicated that the ionization conditions at the
entrance to the generator should be sufficient to evoke MHD interaction. Thus, the 24-electrode segmented
Faraday channel was attached to the nozzle, and each electrode pair was individually loaded. The engine
was then operated with seed injection, under the same conditions used for the exhaust characterization
tests, while capturing the time-resolved terminal voltages of the generator. The results from these MHD
tests are summarized in figure 17 for load impedances of 106, 103, 102, and 3 W. Note that all electrode
pairs were identically loaded during each test. The three-dimensional plots of figure 17 show the terminal
voltage distribution along the channel electrodes as a function of time.

For all practical purposes, the test with 1-MW loading corresponds to open circuit conditions, and it
was possible to scale the resulting terminal voltage to obtain a measure of the effective velocity in the
channel using the fact that VL ª e = uBh as the current approaches zero. The result of this scaling is shown
in figure 17(a) where peak velocities between 1,400 and 1,500 m/s are observed. This is, admittedly, a
crude measurement of channel velocity, since the boundary layer voltage drops conceal the true potential
across the core, but it does provide a reasonably effective value for estimation purposes.

The peak terminal voltage for the 1-MW loaded case fluctuates in the range of 20 to 25 V. As the
load impedance is reduced, the terminal voltage should decrease as more current is applied to the load and
more power is extracted. In our case, however, the observed generator terminal voltage drops precipitously
as the load impedance is only slightly reduced. For the 10-kW load, for example, the peak output is down to
ª10 V. At 100 W, the peak output fluctuates around 2 V; and at 3 W, the output is in the noise.

The root cause of this poor performance is that well-recognized old difficulty that has plagued
MHD engineering since its inception—near-electrode voltage drop. This problem is the major reason that
MHD device performance tends to improve dramatically with increasing scale. That is, as the surface-to-
volume ratio becomes small, the core processes can become dominant. Therefore, it is not really surprising
that our small-scale device with limited channel height and limited applied magnetic field strength suffers
immense performance penalties.

The magnitude of the problem is evident from consideration of Kirchoff’s voltage law as applied to
the channel:

e = = +uBh iR iRL i , (5)

where i is the current, RL is the load resistance, and Ri is the internal resistance of the generator including
boundary layer potential losses. Substituting i = VL/RL into equation (5), it is possible to derive a simple
expression for the internal generator resistance in terms of the known load impedance and the measured
terminal voltage:
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R
uBh

V
Ri

L
L= -

Ê
ËÁ

ˆ
¯̃

1 . (6)

Using representative values from these experiments, the authors deduce that Ri = Rp + Rd ª 103 W,
where Rp is the core plasma resistance and Rd is the resistance associated with the near-electrode voltage
drop. Furthermore, diagnostic investigations imply that the core electrical conductivity is relatively high,
such that Rp << Rd. Thus, it may be concluded that D = Vd /uBh ª1 in this experiment.

The performance can be improved, of course, by increasing the induced potential. This requires
increasing channel velocity, applied magnetic field, and/or channel height in some combination that results
in a major increase in e. In the present experiment, all of these parameters were constrained by the available
magnet. A refurbished 2-T electromagnet with an air gap of 4 in is being brought online at MSFC and
should alleviate this limitation with regard to future testing.

With a large bore magnet, it is also clear that a much larger nozzle expansion ratio could be
implemented. This would have allowed us to attain a considerably high channel velocity without suffering
a major sacrifice in electrical conductivity. It is even conceivable that the achievable expansion might be
great enough to obtain a high Hall parameter, thereby permitting exploration of Hall-configured generators
for this application.

Another possibility, originally suggested by Cambier, is to investigate inductive load coupling using
a flux compression scheme. This approach depends on the magnetic Reynolds number of the engine exhaust
jet being greater than unity; however, this may actually be achievable through geometrical focusing of the
detonation wave. The authors have previously been examining various flux compression reactor concepts,12,13

and are inclined to adapt some of these approaches to experimentally investigate this idea. For example, a
pulsed 2-T solenoid magnet was recently developed, tested, and delivered to MSFC for general research
use,14 and the authors are currently evaluating the use of this magnet as the basis for a pulse detonation-
driven flux compression reactor experiment.
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6.  CONCLUSIONS

An experimental OH-fired, CsOH-seeded pulse detonation research engine (MSFC model PDRE–
G–2) has been developed for the purpose of examining integrated propulsion and MHD power generation
applications. The engine is based on a rectangular cross-section tube coupled to a converging-diverging
nozzle, which is in turn attached to a segmented Faraday channel inserted in a 0.6-T permanent magnet
assembly.

Initial experiments verified proper operation of the detonation driver, with and without the nozzle
attachment, and tube-head pressure and time-resolved installed thrust measurements were acquired for
both cases. The measured tube-head pressure profile for the nozzleless case was very similar to the ideal
profile. For the nozzled engine, the pressure oscillated several cycles between the nozzle entrance and the
tube head. As a result, the total impulse for the nozzled case was noticeably less than that without the
nozzle.

Optical emission spectra were acquired at the nozzle exit plane. The only prominent features in this
spectra were numerous atomic transition lines for Cs, the OH(A–X) band head at 306 nm, and the sodium
D lines. An effort was made to fit the OH band head at 306 nm to a synthetic spectra generated by the
NEQAIR radiation code, but the fidelity of the data was too poor to make any conclusive estimate for
temperature.

A polychromatic quadrature microwave interferometer was also used to interrogate the engine exhaust
at the nozzle exit plane. This yielded an electron number density on the order of 1012 cm–3. An anomalous
attenuation of the signal was also observed during passage of the detonation wave front. The cause of this
unanticipated effect remains unresolved.

MHD testing was carried out with a 24-electrode Faraday channel attached to the nozzle. The
internal channel flow passage was 2.54 cm square, and the entire channel was placed inside a 0.6-T permanent
magnetic assembly. Generator terminal voltages were acquired for various load impedances, and it was
possible to deduce that the peak effective velocity was between 1,400 and 1,500 m/s. Unfortunately, the
limited size of the channel and the low magnetic field caused the internal resistance of the generator to be
dominated by the near electrode voltage drop. Increased scaling, improved seeding techniques, higher
magnetic fields, and higher expansion ratios are expected to greatly improve performance, however.
Therefore, it is recommended that future efforts be undertaken with increased area expansion ratios, larger
channel bores, and much higher applied fields.
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Figure 7. Axial pressure profiles without nozzle as measured at ports 1 through 8.
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Figure 11. Time-resolved tube head pressure and installed thrust profiles without nozzle.
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Figure 12. Time-resolved tube head pressure and installed thrust profiles with nozzle.
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Figure 13. Summary of emission spectroscopy survey at engine nozzle exit.

300 305 310 315 320 325 330 335 340 345 350
15

20

25

30

OH (A–X)

Wavelength (nm)

Co
un

ts
 (a

rb
itr

ar
y 

un
its

)

570 575 580 585 590 595 600 605 610
0

50

100

150

200

250

300

350

400

Cs
 (5

84
.5

 n
m

)

Cs
 (6

01
.1

 n
m

)

Na
 (5

89
.0

 n
m

)
Na

 (5
89

.6
 n

m
)

Wavelength (nm)

Co
un

ts
 (a

rb
itr

ar
y 

un
its

)

365 370 375 380 385 390 395 400 405 410
100

125

150

175

200

225

250

275

300

325

350

375

400

Cs
 (3

87
.6

 n
m

)

Wavelength (nm)

Co
un

ts
 (a

rb
itr

ar
y 

un
its

)

610 615 620 625 630 635 640 645 650
0

50

100

150

200

250

300

350

Cs
 (6

21
.3

 n
m

)
Wavelength (nm)

Co
un

ts
 (a

rb
itr

ar
y 

un
its

)

440 445 450 455 460 465 470 475 480 485 490 495 500
0

50
100
150
200
250
300
350
400
450
500
550
600
650
700
750
800

Cs
 (4

55
.5

 n
m

)

Cs
 (4

59
.3

 n
m

)

Wavelength (nm)

Co
un

ts
 (a

rb
itr

ar
y 

un
its

)

640 645 650 655 660 665 670 675 680 685 690
0

1

2

3

4

5

6

7

8

Cs
 (6

72
.3

 n
m

)

Wavelength (nm)

Co
un

ts
 (a

rb
itr

ar
y 

un
its

)

525 530 535 540 545 550 555 560 565 570 575
40

50

60

70

80

90

100

110

120

130

140

150

160

170

180

Cs
 (5

46
.6

 n
m

)

Cs
 (5

50
.3

 n
m

) Cs
 (5

63
.5

 n
m

)

Cs
 (5

66
.4

 n
m

)

Wavelength (nm)

Co
un

ts
 (a

rb
itr

ar
y 

un
its

)

680 685 690 695 700 705 710 715 720 725 730 735 740
0

50
100
150
200
250
300
350
400
450
500
550
600
650
700
750
800

Cs
 (6

87
.1

 n
m

)

Cs
 (6

98
.5

 n
m

)

Cs
 (7

28
.0

 n
m

)

Cs
 (6

97
.3

 n
m

)

Wavelength (nm)

Co
un

ts
 (a

rb
itr

ar
y 

un
its

)



32

3,
00

0
3,

05
0

3,
10

0
3,

15
0

W
av

el
en

gt
h 

(Å
)

3,
20

0
3,

25
0

3,
30

0
0

10
0

20
0

30
0

Intensity (arbitrary units)
40

0

NE
QA

IR
 S

yn
th

et
ic

 S
pe

ct
ra

e=
10

,0
00

 K
= 

 r=
  v

50
0

T
T

T
T

Figure 14. Synthetic spectra of the OH band head at 306 nm as generated by the NASA NEQAIR
radiation code for equilibrium temperatures of 4,000, 3,500, 3,000, and 2,500 K. Assumes
an electronic temperature of 10,000 K.



33

Figure 15. Schematic of polychromatic quadrature microwave interferometer.
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Figure 16. Summary of microwave interferometer interrogation of the PDRE–G–2 engine exhaust at
the nozzle exit plane: (a) 70-GHz calibration, attenuated calibration, and data; (b) 90-GHz
calibration, attenuated calibration, and data; (c) 110-GHz calibration, attenuated calibration,
and data; (d) raw signal from 70-GHz channel; (e) attenuation factor for all three channels;
and (f) electron number density as measured for all three interrogation frequencies.
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Figure 17. Summary of MHD testing using the PDRE–G–2 research engine: (a) 1-MW load
and implied effective velocity, (b) 1-kW load, (c) 100-W load, and (d) 3-W load.
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pulse detonation, power, magnetohydrodynamics, propulsion

The production of onboard electrical power by pulse detonation engines is problematic in that they generate no shaft power; 
however, pulse detonation-driven magnetohydrodynamic (MHD) electrical power generation represents one intriguing possibility 
for attaining self-sustained engine operation and generating large quantities of burst power for onboard electrical systems.            
To examine this possibility further, a simple heat-sink apparatus was developed for experimentally investigating pulse detonation-
driven MHD generator concepts. The hydrogen-oxygen-fired driver was a 90-cm-long stainless steel tube having a 4.5-cm square 
internal cross section and a short Schelkin spiral near the head-end to promote rapid formation of a detonation wave. The tube was 
intermittently filled to atmospheric pressure and seeded with a CsOH/methanol spray prior to ignition by electrical spark. The driver 
exhausted through an aluminum nozzle having an area contraction ratio of A*/Ac=1/10 and an area expansion ratio of Ae/A*=3.2    
(as limited by available magnet bore size). The nozzle exhausted through a 24-electrode segmented Faraday channel (30.5-cm 
active length), which was inserted into a 0.6-T permanent magnet assembly. Initial experiments verified proper drive operation with 
and without the nozzle attachment, and head-end pressure and time-resolved thrust measurements were acquired. The exhaust jet 
from the nozzle was interrogated using a polychromatic microwave interferometer yielding an electron number density on the order 
of 1012 cm–3 at the generator entrance. In this case, MHD power generation experiments suffered from severe near-electrode voltage 
drops and low MHD interaction; i.e., low flow velocity, due to an inherent physical constraint on expansion with the available 
magnet. Increased scaling, improved seeding techniques, higher magnetic fields, and higher expansion ratios are expected to greatly 
improve performance.
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