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Pulse Detonation Magnetohydrodynamic Power

Ron J. Litchford,¤ Bryan R. Thompson,† and John T. Lineberry‡

ERC Incorporated, Tullahoma, Tennessee 37388

A series of laboratory-scale experiments were conducted to investigate the basic engineering performance char-
acteristics of a pulse detonation-driven magnetohydrodynamic electric power generator. In these experiments,
stoichiometric oxy-acetylene mixtures seeded with a cesium–hydroxide/methanol spray were detonated at atmo-
spheric pressure in a 1-m-long tube having an i.d. of 2.54 cm. Experiments with a plasma diagnostic channel
attached to the end of the tube con� rmed the attainment of detonation conditions (p2 /p1 » 34 and D » 2400 m/s)
and enabled the measurement of current density ( » 2 A/cm2 ) and electrical conductivity ( » 6 mho/m) behind the
detonation wave front. In a second set of experiments, a 30-cm-long continuous electrode Faraday channel, having
a height of 2.54 cm and a width of 2.0 cm, was attached to the end of the tube using an area transition duct. The
Faraday channel was placed inside a permanent magnet assembly having a nominal magnetic induction of 0.6 T,
and the electrodes were connected to an active loading circuit to characterize power-extraction dependence on
load impedance while also simulating higher effective magnetic induction. The experiments indicated peak power
extraction at a load impedance between 5 and 10 X . The measured peak electrical energy density ranged from 10
to 103 J/m3 when the effective magnetic induction was varied from 0.6 to 4.2 T. These results were in reasonable
agreement with a simple electrodynamic model incorporating a correction for near-electrode potential losses. By
scaling-up to a practical-size device, limiting the near-electrode potential drop to 10% of the induced potential,
and optimizing seed-atomization characteristics, we anticipate a � ve- to tenfold increase in attainable electrical
energy density.

Nomenclature
A = cross-sectionalarea
B = magnetic induction or � ux density
C = capacitance
c = chord of cylinder cross section
D = detonation wave speed
d = distance between probe electrodes
E = electric � eld
f = Lorentz body force
H = magnetic � eld or intensity
h = channel height
i = current
j = current density
K = load factor
L = channel length

= inductance
= power density

p = pressure
q = electric charge
R = resistance
Rh = magnetic force number
Rm = magnetic Reynolds number
S = magnetic interaction parameter
T = temperature
t = time/electrode thickness
u = velocity
V = terminal load voltage
v = voltage
W = energy
w = channel width/electron drift velocity
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x = coordinate axis
y = coordinate axis
D = dimensionless voltage drop
d = slug thickness
e = electromotive force
f = radial coordinate
K = line source strength
n = ef� ciency coef� cient
r = electrical conductivity
u = electric potential

Subscripts

app = applied condition
b = burned gas condition
D = detonation
d = lump loss parameter
dif = difference value
e = electrical characteristic
eff = effective value
es = equipotential surface
i = internal parameter
ign = ignition condition
ind = induced parameter
max = maximum value
oc = open circuit
p = push work
0 = original or characteristic condition
1 = condition before detonation
2 = condition after detonation

Introduction

B ECAUSE of intense technology development efforts, pulse
detonation engines (PDE) are rapidly becoming an attractive

low-cost alternative to gas-turbine engines for specialized propul-
sion and power applications.The practical advantages of PDEs are
derived primarily from their improved thermodynamic ef� ciency
(constant volume Humphrey cycle) and relative design simplicity
(no turbomachinery). For example, the combustiondetonationwave
is associated with thermodynamic features that lend themselves to
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high-power density engine designs. Furthermore, PDEs do not re-
quire high levels of precompression,and � ow-path turbomachinery
can be reducedor eliminatedsuch that thecompression,combustion,
and thrust-generating processes are consolidated within a single
component, thereby yielding a high thrust-to-weight ratio, relative
design simplicity, and enhanced reliability.

The feasibility of the basic PDE concept has been proven in sev-
eral experimental and theoretical studies as noted in recently pub-
lished review articles.1,2 However, there are certain developmental
issues affecting the application of PDEs that have yet to be fully
resolved.3 Assuming that these development issues can be success-
fully addressed, we are currently investigating the opportunity for
direct electric power production using the detonation combustion
wave to drive a magnetohydrodynamic(MHD) generator.This con-
cept is closely associated with explosive-drivenMHD pulse power
generators and high-temperature current layer (T-layer) MHD de-
viceswith which the authors have previousexperience.4,5 The ratio-
nale for integratingan MHD generatorwith a PDE was derivedfrom
a considerationof electricpower requirementsfornormalengineop-
eration, e.g., direct detonationinitiation,and from anticipatedneeds
for airborne auxiliary/burst power.

The authors are aware that a detonation-drivenMHD generator
can only convert the kinetic energy of the combustionproducts into
electrical power. Thus, the enthalpy extraction ef� ciency of such a
device will not be comparable with a typical generator con� gura-
tionutilizingthermal combustionconditionsand a � ow-accelerating
nozzle. Nevertheless, the detonation-driven MHD generator may,
despite its intrinsic ef� ciency limitations, prove effective for spe-
cialized airborne applications.

In our review of the open literature, we discovered only one pa-
per directly addressing this concept on an experimental basis, and
it was published by researchers from the KrzhizanovskyPower In-
stitute in Moscow.6 Their motive at the time was the development
of peak/emergency power stations that would operate on natural
gas. Because detonation-drivenMHD power avoids the need for a
high-temperatureheat exchanger, a large compressor station, and a
complex dc-to-ac conversionsystem, they realized that the intrinsic
energy conversion inef� ciencies associated with this device could
be offset by the extremely low capital costs of construction.

These researchers used a natural-gas/oxygen-� red detonation
tube seeded with a K2CO3 aqueous solution to drive a 16-mm diam
linear MHD channel subjected to a 0.23 T magnetic induction, and
were able to extractelectricalpower while runningthe systemat rep-
etition rates approaching100 cps for a duration of 2 h. The channel

Fig. 1 Schematic of the 1-m-long laboratory-scale pulse detonation tube with 2.54-cm bore.

electrodeswere segmented;however,theactiveMHD lengthwas not
speci� ed. Observed cycle-to-cyclevariations in detonationvelocity
did not exceed 1.5%, and the wall heat � ux accountedfor 25% of the
released combustion energy. The power output peaked at » 0.1We

at a load impedance near 10 mho. The maximum effective electri-
cal conductivitymeasured during these tests was h r i =3.3 mho/m.
These test results validated the fundamental technical feasibility of
pulse detonation-driven MHD power and provided us with con� -
dence that the concept could be extended for various applications.

This paper reports recent results from an experimentalstudy con-
ducted at ERC facilities. The objective of these experiments was to
investigate the basic engineering performance characteristics of a
laboratory-scale pulse detonation-drivenMHD generator. This in-
cluded quanti� cation of ionizationpropertiesbehind the detonation
wave and evaluation of electrical power-extraction characteristics
from a short-length continuous-electrode Faraday channel. The ex-
perimental results reported here are only for stoichiometric mix-
tures of acetylene and oxygen using an atomized spray of cesium
hydroxide dissolved in alcohol as an ionization seed in the active
MHD region.

Experimental Apparatus
ERC’s laboratory-scaledetonation tube is closed at one end, and

various plasma diagnostic and MHD channels can be attached to
the open end using an area transition adapter. A custom-fabricated
permanent magnet assembly was available for establishing MHD
interaction in the channel. All of our experiments were conducted
in a single-shot mode where the system is evacuated, charged to
atmospheric pressure with premixed combustibles, and ultimately
detonated using a high-voltage spark discharge near the closed end
of the tube. During this process, a thin membrane separates the
chamber volume from the surrounding atmosphere until it is rup-
tured by the detonationwave. Ionizationseed is introducedusing an
atomizinginjector that is locatednear the openend of the detonation
tube and oriented in such a way as to direct the seed spray along
the length of the attached channel. The design/con� guration of the
individual components making up our experimental apparatus are
discussed in detail in the following subsections.

Detonation Tube

The detonation tube is constructed from a 1-m-long section of
schedule-40 steel pipe having a nominal i.d. of 2.54 cm. The de-
tailed con� guration of our tube is shown in Fig. 1. The head of the
detonation tube is sealed with a pipe cap in which � tting connectors
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have been installed for evacuating the tube and for introducingpre-
mixed combustibles. The open end is � anged for attachment of an
area transition adapter and diagnostic/MHD channels.

A pair of high-voltage igniter electrodes were fabricated from
copper pins with tungsten tip inserts and located near the closed
end of the tube. The tip of the igniter cathode was ground to a
point to increase the local electric � eld intensity and thereby re-
duce the required breakdown voltage across the 3-mm gap. The
discharge energy for directly initiating the combustion detonation
wave is created by discharging the energy stored in an LRC circuit,
which is closed using a solenoid-operatedmechanical switch. The
oscillating electric � eld that drives the gas discharge was observed
to decay completely within 100 l s. The circuit discharges a 2-l F
energy storage capacitor that has been precharged to 10 kV, yield-
ing an ignition energy source of magnitude Wign = 1

2
CV 2 » 100 J.

This value exceeds the minimum ignition energy necessary for di-
rect initiation of acetylene/oxygen mixtures by several orders of
magnitude.7 This level of ignition energy provides assurance that
true detonation conditions are attained.

Two dynamic pressure transducers are mounted in the tube at
roughly equal distances from either end, such that the separation
distance between them is exactly 0.25 m. These sensors provide an
indicationofdetonationwave strengthandareusedfor time-of-� ight
measurementsof detonationwave speed. For our data sampling rate
of 200 kHz, we encounter an uncertainty of §5 l s in the time-of-
� ight measurement.

Atomizing Seed Injector

An electricallyactivatedatomizing fuel injector from an automo-
tive enginewas adaptedfor injectionof ionizationseed.The injector
was mounted to the detonation tube and oriented so that the spray
cone was directed downstream into the channel region. For seed
material, we used a 30% solution (by mass) of cesium hydroxide
in a methanol carrier. In conducting each test, we � rst activated the
pressurized injector for 50 ms and then delayed the ignition trig-
ger by 100 ms. Based on our calibrated volumetric injection rate of
3 cm3/s, we estimate that 0.15 cm3 of seed solution was injected
per shot. We were unable to ascertain the actual seed fraction in the
channel,however,due to poorly de� ned atomizationcharacteristics,
attachment of the seed material to the wall, and uncertainty in the
seed distribution.

Plasma Diagnostic Channel

A plasma diagnostic channel was also designed and fabricated to
quantify the electrical properties of the ionized gas behind the det-
onation front. This short-length axisymmetric diagnostic channel,
which has the same i.d. as the detonation tube, is shown in Fig. 2.
The main body is machined from G-11 phenolic and is � tted with
a set of 1.6-mm copper electrode segments to which a preset elec-
tric potential can be applied. These electrodes are mounted � ush
with the wall and maintain a contact angle of 60 deg with the � ow.

Fig. 2 Schematic of windowed axisymmetric plasma diagnostic channel. Note that the wall-mounted discharge electrodes can be combined with the
electrostatic probes in the core to form a four-electrode electrical conductivity probe.

The channel is also equipped with two tungsten wire electrostatic
probes for measuring the local plasma potential in the core.They are
located 5 mm above the anode and cathode surfaces, respectively.
Together, the discharge electrodes and electrostatic probes form a
four-electrode electrical conductivity probe.8 A tap for a dynamic
pressure transduceris located at the same axial location. In addition,
a sapphirewindow port was integratedinto the design so that the gas
discharge process and detonation wave passage could be observed
optically. The diagnostic channel was fabricated for direct mating
with the detonation tube.

Permanent Magnet Assembly

A permanentmagnet assembly was available to support in-house
testing efforts.This magnet is composedof individualsegments that
are 2 in. wide and contain eight 2 £ 2 £ 1 in. low-grade rare earth
magnetic blocks (B Hmax = 35 MGOe) and four 2 £ 2 £ 1

2
in. high-

graderare earthmagneticblocks(B H max = 45 MGOe), each.A total
of six segments combine to form a 30-cm-long permanent magnet
assembly that provides a uniform magnetic induction of 0.6 T over
a 3.8-cm air gap.

Faraday MHD Channel

A continuous-electrode FaradayMHD channelwas also designed
and fabricated to � t the available permanent magnet assembly. This
constant-area channel, shown in Fig. 3, has an active MHD length
of 30 cm. The internal � ow passage is rectangular in shape with
a 2.54-cm height between electrodes and a 2.0-cm width between
sidewalls. The main body of the channel is fabricated from G-11
phenolic, as is the area transition adapter connecting the tube to the
channel. The copper-alloy electrodes include pressure taps at four
locations along the active channel length.

Experiment Control/Signal Acquisition

A personal computer with appropriate I/O hardware was used
to sequence and control the experiments and to acquire four chan-
nels of high-speed data at a sampling rate of 200 kHz per channel.
A 50-MHz two-channel digital oscilloscope was also utilized to
capture fast signal transients.High-speed diagnosticmeasurements
available for physical interpretation include the following:

1) Static pressure � uctuations at the wall to de� ne the speed and
strength of the combustion detonation wave.

2) Radiative emission through the window port of the diagnostic
channel for additional de� nition of detonation wave morphology
and structure.

3) Electrostaticprobe voltages for measuring local plasma poten-
tial relative to the cathode.

4) Anode-to-cathodevoltagesand currents in the plasma diagnos-
tic channel circuit as a means of deducing the electrical properties
of the ionized gas.

5) Load voltages and currents in the MHD channel circuit as a
means of deducing power extraction characteristic.
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Fig. 3 Schematic of the 0.3-m-long continuous-electrode Faraday MHD channel. Active region is 2.54 cm in height and 2.0 cm in width.

Fig. 4 LRC active loading circuit and electric potential level diagram
for idealized electrodynamic model.

Electrodynamic Model
A simple � rst-order electrodynamicmodel was developed as an

aid to the interpretation of experimental results and as a basis for
developing generalized scaling laws. In this model we consider a
uniform slug of burned ionized gas moving with velocity u through
a channel of height h that is subjected to an appliedmagnetic induc-
tion B, and which has wall electrodes for directly coupling MHD
interaction in the � owing plasma with an LRC active loading cir-
cuit. In general, the slug thickness d may be less than the active
channel length L . We assume a uniformly distributed current den-
sity j in the plasma slug, and we neglect Hall effects due to the very
high-pressurelevels experiencedbehind the combustion detonation
wave. Furthermore, we assume that the magnetic Reynolds number
is much less than 1, and neglect � ux compressioneffects. The elec-
trodynamic model and potential level diagram are shown in Fig. 4.
The active loadingcircuit includes the possibilityof prechargingthe
capacitor to an applied voltage v0 as a means of simulating a higher
effective magnetic induction, Beff.

The effective induced electric � eld Eeff in the channel is the sum
of the induced Faraday � eld associated with the applied magnetic
induction Eind = j u £ B j = e / h, and the applied � eld Eapp = v0 / h.

Thus, theeffectiveinducedpotentialin thechannelmay bewrittenas

e eff = e + v0 = uBh + v0 = u Beffh (1)

where

Beff = B + (v0 / uh) (2)

Requiring that the current have a positive magnitude in the di-
rection of u £ B, Kirchoff’s voltage law implies that the effective
induced emf e eff =u Beffh be balanced by voltage drops resulting
from the external load R, internal resistance of the plasma R i , and
a lump potential loss vd = i Rd :

e eff = uBeffh = i R + i Ri + i Rd = V + j h / r + vd (3)

where we have introducedthe currentdensity j = i / A, and the elec-
trical conductivity r = h / ( ARi ). The lump-loss term vd is intro-
duced to account for plasma nonuniformities, near-electrode po-
tential drops, emission losses, current concentrations, as well as
possible current leakage and shortings.9 We are assuming that v0 ¼
const during passageof the plasma slug, and because the inductance
in our loadingcircuit is extremely low, we have neglected inductive
energy storage terms. Thus, Eq. (3) may be further manipulated to
obtain

u Beff = V / h + j / r + vd / h = E + j / r + Ed (4)

where i is the load current and V is the terminal voltage measured
across the load. Solving Eq. (4) for j yields the generalized Ohm’s
law for the generator:

j = r (u Beff ¡ E ¡ Ed ) (5)

Following a modeling strategy analogous to Wu,9 we de� ne a
dimensionless voltage drop D as

D =
vd

u Beffh
(6)

This engineering parameter represents a direct measurement of the
voltage drop losses relative to the effective emf of the generator.

For an MHD generator, the load factor K is de� ned as

K =
electricpower deliveredto load
useful electricpowergenerated

=
i 2 R

i 2 R + i 2 Ri

(7)
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and elimination of vd for D yields the relation

K =
i R

i R + i Ri
=

V

uBeffh ¡ vd
=

E

uBeff(1 ¡ D )
(8)

By substitutingEqs. (6) and (8) into the generalizedOhm’s law, we
obtain an expression for the current density in the generator:

j = r uBeff(1 ¡ D )(1 ¡ K ) (9)

In addition,an expressionfor the generatorpower densityfollows
from the basic de� nition = j ¢ E, and from the use of Eqs. (8) and
(9) to eliminate E and j :

= j ¢ E = r u2 B2
eff(1 ¡ D )2 K (1 ¡ K ) (10)

The maximum power density occurs when d /dK = 0, such that
K = 1

2 for optimum performance. It should be clear from Eq. (10)
that when the induced emf is limited due to small channel height
and/or low magnetic induction, the lump potential loss vd can have
a profound affect on generator performance.

The Lorentz body force acting on the plasma slug may be de� ned
in terms of the charged particle drift velocity w:

f = nq(w £ B) = j £ B (11)

and substitution of Eq. (9) into Eq. (11) yields the actual Lorentz
body force experienced by the plasma slug:

f = j j £ B j = r uBeff B(1 ¡ D )(1 ¡ K ) < j j £ Beff j (12)

Thus, for the active loading circuit, f / Beff B , assuming that
all other factors remain constant. However, for true similarity,
the Lorentz body force should vary in proportion to B2

eff, not
B Beff, and the MHD interaction level is too small by the factor
Beff / B =1 + v0 / (u Bh).

More directly stated, the magnetic interactionparameter S (work
done by Lorentz force/inertial energy of � ow� eld), based on the
use of an effective magnetic induction, is less than that required for
proper simulation of the push work. That is

S = Rm Rh =
r 0L0 Beff B0

q 0u0
<

r 0L0 B2
eff

q 0u0
= Srequired (13)

where Rm (Lorentz force/magnetic body force) is the magnetic
Reynolds number, Rh (magnetic body force/inertial force) is the

Fig. 5 Representative pressure waveforms as measured in the detonation tube during a typical shot.

magnetic force number, and the subscript 0 refers to reference con-
ditions. The actual rate at which the ionized gas does push work in
the actively loaded channel is

p ¼ f u = r u2 Beff B(1 ¡ D )(1 ¡ K ) (14)

When C =0 and there is no applied voltage, Beff = B and the
passive load model is recovered.

Experimental Results
Detonation Characteristics

As a prelude to operating the detonation tube, we carried out
detonation calculations using the NASA SP-273 chemical equilib-
rium code.10 The stoichiometric mixture ratio was based on the
combustion products being either CO2 or H2O, and the initial static
pressure and temperature in the unburned gas was p1 =1 atm and
T1 =300 K, respectively.Assuming Chapman–Jouguet (C–J) deto-
nation wave structure, this program computes, among other param-
eters, the pressure/temperature ratio across the detonation front, the
detonation wave velocity D relative to the duct, and the speed of
sound of the burned gas a2 relative to the detonation wave. For C–J
conditions,the burned gas velocityis sonic relative to the detonation
wave, i.e., M2 = 1, and u2 =a2 =

p
( c 2 R2T2). We are then able to

deduce the burned gas velocity relative to the tube using the relation
ub = D ¡ u2 = D ¡ a2, where ub corresponds to the slug velocity
in our electrodynamicmodel. The major results, summarized next,
provide a baseline performance benchmark for our experiments:
D =2425 m/s, a2 =1317 m/s, ub =1100 m/s, p2 / p1 = 33.64, and
T2 / T1 =14.04.

The computed detonation wave speed is in good agreement with
widely accepted experimental measurements,11 and we expect a
static pressure p2 = 33.64 atm (495 psia) and a static temperature
T2 =4200 K behind the detonationwave based on initial conditions
in the tube.

Experiments were then conducted in our apparatus to con� rm
the attainment of true detonation conditions. As an example, repre-
sentative pressure waveforms acquired from the dynamic pressure
transducers during a typical shot are presented in Fig. 5. We at-
tribute the slightly elevated pressure levels near the ignition source
to overdrivendetonationas being caused by our use of an extremely
high-ignition energy ( » 100 J). Once the detonation wave has tra-
versed two-thirds the length of the tube, however, C–J conditions
are fully attained, and the pressure rise across the detonation front
is found to be in close agreement with the baseline theoretical pre-
diction. As further evidence, we note that cross correlation of these
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Fig. 6 Illustration of the assumed current distribution between dis-
charge electrodes in the plasma diagnostic channel.

waveforms yields a time delay of 105 l s and a detonation wave
speed relative to the tube of 2380 m/s. This quantity is also in good
agreement with the baseline calculations. Repeated experiments
showed little variation in the precedingresults, givingus con� dence
that true detonation conditions were being reliably achieved.

Plasma Diagnostics

With the plasma diagnostic channel attached to the end of the
detonation tube, further experiments were conducted to quantify
the ionizationproperties of the burned gas following the detonation
front. Of utmost interest were 1) the level of electrical conductivity
achieved, 2) the magnitude of near-electrode potential losses, and
3) the de� nition of structural features.

In these experiments, an electric breakdown potential of 100 V
was applied between the wall electrodes during passage of the det-
onation wave. The resulting discharge of current through the ion-
ized gas allowed us to deduce bulk electrical properties from the
measured electrostatic probe voltage waveforms and the anode-to-
cathodecurrentwaveform.Althoughhighlyintrusive,this technique
provides an effective measurement of major electrical parameters
of engineering interest.

The singlemost importantparameterindicatingionizationquality
is the electrical conductivity. In this work, we utilize two intrusive
probing methods for determining an effective bulk value based on
Ohm’s law, j = r E . They are classi� ed as two- and four-electrode
probes, respectively.8 Application of these probing methods can
lead to dubious results, however, due to uncertainty in the current
distributionwithin the ionizedgas. This uncertaintyin currentdistri-
bution makes the accurateassessmentof current densityand derived
quantities such as electrical conductivityproblematic.

Reliable deductionof these electricalparameters requires careful
considerationof electrodegeometry and probe con� guration.When
using point electrodes, e.g., fundamental theoretical considerations
and a vast array of empiricalevidencehas demonstratedthat the cur-
rent tends to uniformly diffuse into a spherical distribution having
a diameter equal to the anode-to-cathode gap in the ionized gas.§

For the thin electrodesegments in our diagnosticchannel,we there-
fore assume, based on symmetry arguments, that the current will
uniformly diffuse into a circular cylinder having a diameter equal
to the channel height h and a depth equal to the electrode width w .
This geometry is illustrated in Fig. 6.

The electric � eld between the electrodes can be modeled using
two-dimensional line sources, where the electric potential u at any
point (x , y) from the centerline of the electrodes and the centerline
of the channel is obtained by summing the contributiondue to each
line source:

u = K
p

x2 + (h /2 ¡ y)2 ¡ K
p

x2 + (h / 2 + y)2 (15)

The constant K represents the source strength and can be evalu-
ated by imposing the known voltages on the top and bottom elec-
trodes. The electric � eld vector E can be determined from the re-

§Bityurin, V. A., private communication, Inst. of High Temperatures
(IVTAN), Moscow, 1998.

lation E = ¡ grad u . The equipotentialsurfaces within the assumed
cylindrical current volume are illustrated schematically in Fig. 6.

Two-Electrode Probe

In the two-electrode method, we � rst consider a cross section
of the assumed cylindrical current volume and de� ne the current
density j through an equipotential surface Aes as

j = i / Aes n (16)

where i is the measured total current, and n has been introduced as
an ef� ciency coef� cient of order unity. As a simpli� cation to the
analysis, we approximate the area of the equipotential surfaces as
the product of the cylinder chord c and the electrode width w :

Aes ¼ wc = w2
p

h f ¡ f 2 (17)

where f is the radial distance from the electrode surface to the
chord, and Aes =wh when f =h /2. Upon substituting Ohm’s law,
we obtain an expression for the local electric � eld in the form

E =

³
i

w n r 2

´³
1p

h n ¡ n 2

´
(18)

Then, we may integrate for the applied voltage across the channel
using Eq. (18):

vapp = 2

Z h /2

0

E df =
i

w n r

Z h / 2

0

dfp
h n ¡ n 2

(19)

Evaluation of this integral yields the � nal desired expression for
electrical conductivityin terms of the primary measurementparam-
eters:

r =

³
p

2

´³
i

vappw n

´
(20)

Four-Electrode Probe

Unfortunately,the two-electrodeprobe tends to suffer from near-
electrode potential drops and nonohmic contact resistances, and a
four-electrodeprobe is usually recommended. In the four-electrode
probe, a pair of electrostatic probes are introduced between the an-
ode and cathode to measure the voltagedrop vdif over a distanced in
the core of the � ow. With this con� guration, the parasitic resistance
problems are minimized.

The critical assumption is the de� nition of the cross-sectional
area for computing current density in the core. Here, we take the
cross section of the current volume cylinder at the centerline as the
effectiveareasuch that Aeff = wh. Thus, the effectivecurrentdensity
in the core jeff takes the form:

jeff = i / Aeff n = i / wh n (21)

The expression for electrical conductivity using the four-electrode
con� guration follows from a direct application of Ohm’s law:

r = jeff / E = (i / wh n )(d /vdif) (22)

Ionization Quality/Structure

A seven-waveformensembleaverageof the effectivecurrentden-
sity in the diagnostic channel, as computed from Eq. (21), is shown
in Fig. 7. In this work we take n to be unity. These measurements
demonstrate the emergence of primary and secondary wave struc-
tures.The primary wave is associatedwith the passageof the burned
gas behind the detonationfront, but the physicalmechanismrespon-
sible for the trailing secondarywave is not clear.The emergenceof a
conductivesecondarywave structurehas been observed in previous
detonation experimentswith oxy-acetylenemixtures.6,12 ¡ 14 Gener-
ally speaking, these experiments indicate a secondary wave struc-
ture that may be associatedwith delayed chemical reactions behind
the detonation front. As such, the induction period never exceeded
more than a few hundred microseconds. In Fig. 7, however, the
time delay between the primary and secondarywaves is rather long
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( » 1.5 ms), and the appearance of the secondarywaveform shows a
temporal correlationwith the extreme tail of the measured pressure
waveform. Therefore, the secondary waveform we observe here is
more likely associated with � ow reversal in the channel. The peak
current density in the primary and secondary waves was roughly
2 and 0.5 A/cm2, respectively.

Normalizedseven-waveformensembleaveragesof staticpressure
and radiativeemission in the diagnosticchannelare shown in Fig. 8.
In this case, the hump riding on the trailing edge of the pressure
waveform is indicative of a secondary compression wave similar
to that observed by Cher and Kistiakowsky.13 Radiative emission
integratedover the optical region is very constant during passageof
theprimaryconductivewave, seeminglysuggestiveof fairlyuniform
thermal conditions; however, the measured electrical conductivity,
presented next, does not corroborate this interpretation.

Fig. 7 Seven-waveformensemble averageof the effective current density in theplasmadiagnosticchannel.Note the delayed appearanceof a secondary
wave structure.

Fig. 8 Seven-waveformensemble averageof static pressure and radiativeemission in the plasmadiagnosticchannel. Waveformshavebeen normalized
using peak values in the detonation front. Note the emergence of a receding Cher–Kistiakowsky secondary compression wave.13

A seven-waveform ensemble average of the differential electro-
static probe voltage vdif is shown in Fig. 9. Only data corresponding
to passageof the primary wave were captured.Note that the voltage
drop between probeswas roughly40 V during this event.By assum-
ing vd ¼ vapp ¡ vdif, we were also able to estimate the dimensionless
voltagedrop in the channelusingEq. (6), where Beff = vapp / uh. This
estimation yielded D ¼ 0.6.

Ensemble-averagedelectrical-conductivitywaveformsare shown
in Fig. 10 based on two- and four-electrode probing techniques.
Agreement between the two methods is very good. The peak elec-
trical conductivity in the primary wave is seen to be approximately
6 mho/m. For comparativepurposes,we carried out calculationsfor
the electricalconductivityandelectronnumberdensity in theburned
gas as a functionof the seed mole fraction.We used a modi� ed ver-
sion of the NASA SP-273 chemical equilibrium code in which the
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Fig. 9 Seven-waveform ensemble average of the electrostatic probe voltage differential in the plasma diagnostic channel.

Fig. 10 Seven-waveform ensemble average of electrical conductivity in the plasma diagnostic channel based on both four- and two-electrode probing
techniques.

plasma electrical transport properties are computed according to
Frost.15 These results are shown in Fig. 11.

MHD Power Extraction

MHD power-extraction experiments were conducted with the
short-length continuous-electrode Faraday channel attached to the
detonation tube and placed in the bore of the permanent magnet
assembly. In these experiments, the channel was connected to the
active loading circuit shown in Fig. 4 to simulate higher effective
magnetic induction. Our principal objectives were as follows: 1)
to demonstrate pulse detonation-driven MHD energy conversion,
2) to map the load line characteristics of the generator, and 3) to

estimate energy density characteristics for engineeringscaling pur-
poses.

Open-Circuit Voltage/Burned Gas Velocity

Our � rst task was to acquire the open-circuitcharacteristicsof the
generatorbyapplyinga veryhigh-loadimpedancewith the capacitor
removedfrom the circuit.Figure 12 shows a typical terminalvoltage
waveform under these conditions,where the waveform represents a
direct measurement of the peak Faraday potential in the generator,
Voc =u Bh ¼ 10 V. Obviously, the small scale of our device greatly
inhibits performance in that the near-electrode potential drop is of
the same order as the Faraday potential. Dividing this waveform by
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Fig. 11 Computed electrical conductivity and electron number density behind the detonation front based on a modi� ed version of the NASA SP-273
chemical equilibrium code where plasma electrical transport properties are computed according to Frost.13

Fig. 12 Generator terminal voltage waveform under open-circuit loading conditions. Division of this waveform by Bh yields an effective burned-gas
velocity waveform in the channel.

theknownmagneticinduction(0.6T)and thechannelheight(0.0254
m), we deduce an effective burned gas velocity relative to the tube
of h ub i » 660 m/s. This value can be compared with the theoretical
equilibrium prediction speci� ed earlier in the text (1100 m/s). The
effective burned gas velocity is lower because the velocity behind
the detonationwave must decay to zero at the closedend of the tube.

Load-Line Characteristics

We mapped out the load-line characteristics of the generator for
� ve values of the applied forward voltage v0: 0, 25, 50, 75, and
100 V. For each applied forward voltage, we measured current

waveformsfor the followingset of load impedancevalues:0,0.0175,
0.098, 1, 5, 10, and 100 X . Representative results are shown in
Fig. 13 for v0 =50 V. As expected, the peak current attains its max-
imum value under short-circuitconditions and falls with increasing
load impedance.We also note the emergenceof a delayed relatively
weak secondarypulse that is associatedwith the � ow reversaleffect
identi� ed in Fig. 7.

Generator load lines were constructed based on measured peak
values for current and load voltage. The results, normalized with
respect to the short-circuit current and the open-circuit voltage,
are shown in Fig. 14. The characteristic shape exhibits linear fea-
tures away from the extreme loadingconditions.At extreme loading
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Fig. 13 Measured current waveforms for various load impedances with v0 = 50 V. Peak current scales inversely with load impedance.

Fig. 14 Measured load-line characteristics of the pulse detonation MHD generator.

conditions, there are very strong nonlinear effects. This behavior is
not understood at this point in time.

Energy Density Scaling Parameter

From an engineering point of view, it is advantageous and use-
ful to express the power-extraction characteristics of the generator
in terms of a performance-related scaling parameter. Once we de-
velop quantitative estimates for this parameter, we can then project
device performanceat practical scales. Although it is dif� cult to ex-
trapolate the performance of MHD devices from laboratory scales
where boundary-layer losses dominate, to a scale suitable for prac-
tical applicationwhere core � ow processesdominate, we adopt this
approach as a conservative estimate of scaling effects. Under vir-
tually all circumstances, this approach will tend to underpredict
performance and will usually represent a worst-case scenario. The

prediction can therefore be treated as an effective lower bound on
anticipated performance.

Because electrical power output is the performance parameter
of primary interest in MHD generators, we begin our development
with the following de� nition:

dW

dt
= u

dW

dx
= wh d (23)

where W representselectricalwork in Joules, and the power density
was obtained in Eq. (10). The electrical work per unit channel

length per detonation pulse can therefore be written as

dW

dx
=

wh d

u
¼

WD

L
(24)

Here, L is the active length of the MHD channel,and WD represents
the electrical energy transferred per detonation pulse. We further
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note that WD can be empirically evaluated by integrating over the
measured output waveform of the generator

WD =

Z
i 2 R dt +

Z
i
di

dt
dt ¼

Z
i 2 R dt (25)

where the inductance is very small in our circuit and can be
neglected.

Equation (24) can now be manipulated to obtain the desired en-
ergy density scaling parameter in the form:

WD / whL = d / u (26)

This parameterhas units of J/m3 and representsthe electrical energy
produced per unit channel length per unit channel height per unit
channel width per detonation. By eliminating using Eq. (10), we
obtain the � nal working relation

(WD / whL)(1 ¡ D ) ¡ 2 = d r u B2 K (1 ¡ K ) (27)

We note that the parameters on the right-hand side (RHS) of
Eq. (27) are assumed to be independentof device scale. Thus, once
the energy density WD /whL is empirically evaluated and one is
able to make appropriate assumptions concerning the scaling of D ,
it becomes possible to extrapolate performance at increased scales.

A comparison of measured and theoretical predictions for the
energy density scaling parameter is presented in Fig. 15 as a func-
tion of load impedance. The empirical value was obtained by in-
tegrating Eq. (25) using measured current waveforms and dividing
by the known active channel volume. The theoretical predictions
were computed from Eq. (27) using the following device param-
eters: D =0.6, d =0.3, r =6 mho/m, u =1100 m/s, B = Beff =
0.6 + v0 / uh T, and h = 0.0254 m. Agreement is reasonably good
given the uncertainty in parameter values. The measured peak elec-
trical energy density ranged from 10 to 103 J/m3 when the effective
magnetic induction was varied from 0.6 to 4.2 T. Clearly, the per-
formance of this MHD device is limited by scale and near-electrode
potential losses.

The results also show peak power extraction shifting from a load
impedance of 10 X when v0 = 0 V, to 5 X when v0 =100 V. We
associate this shift with decreasinginternal plasma resistance as the

Fig. 15 Comparisonofmeasured and theoretical predictions for the energy density scaling parameteras a function of load impedance.The theoretical
predictions are shown as curves. Device parameters used in the calculations were as follows: D = 0.6, ± = 0.3, ¾ = 6 mho/m, u = 1100 m/s, B = Beff =
0.6 + v0 /uh T, h = 0.0254 m. Optimum power extraction occurs when K = 1

2 .

effective magnetic induction and Joule dissipation increase. That
is, optimum electrical power extraction always occurs when the
load impedance and the internal impedance of the generator are
matched.

We recall, at this point, that the magnetic interactionparameter S
basedonaneffectivemagnetic inductionis less than that requiredfor
accurate simulation of the MHD interaction level. That is, the push
workdoneby the workingmediumin our experimentsis much lower
than would be required if the magnetic induction was equivalent to
the applied � eld. To justify the extrapolation of our results to the
practicalcase where B = Beff , we are thereforeforced to assume that
the enthalpy extraction achievable in the nonsimulated case will be
high enoughto providethe requiredpushwork.We are also forcedto
assume weak coupling between MHD interaction level and burned
gas velocity.

Extrapolation of Performance to Practical Scales

The performance of small MHD devices tends to suffer from
severe boundary-layerlosses, as evidenced by our experimental re-
sults, and it is advantageous to use the largest feasible scale for the
desired application.Along these lines, the energy densityscalingre-
lationshipde� nedby Eq. (25) makes it possibleto extrapolatedevice
performance to practical scales from the baseline laboratory-scale
experimentalresults.As an example,we considera pulsedetonation
MHD generator that is similar in all respects to the laboratory de-
vice with the exception of channel size and applied magnetic � eld.
Choosing values consistent with practical implementation of this
concept, we selected a channel height and width of 20 cm, an ac-
tive interaction length of 1 m, and an applied magnetic induction of
2.4 T.

As a preliminary task to quantifying performance scaling with
size, it is � rst necessary to estimate the magnitude of near-electrode
potential losses in a practical device. Past experience with MHD
devices, e.g., indicates that the near-electrode voltage drop can be
reduced considerably below that encountered in our device, which
was operated only in single-shotmode, and therefore suffered from
severe cold wall effects. In principle, D can be reduced immensely
by allowing the electrodes to operate at high-temperatureextremes.
Based on past experience,we anticipatebeing able to limit the volt-
age drop to no more than 10% of the induced � eld. Holding the RHS
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of Eq. (27) constant, we therefore estimate an energy density gain
above our baseline experimental results as follows:

(WD /whL) D = 0.1

(WD /whL) D = 0.6
=

(1 ¡ 0.1)2

(1 ¡ 0.6)2
= 5.1 (28)

For v0 =50 V, i.e., Beff = 2.4 T, Fig. 15 yields (WD / whL) D = 0.6 ¼
300 J/m3 at optimal loading conditions. Correcting for the an-
ticipated reduction in D using Eq. (26), we therefore obtain
(WD / whL) D = 0.1 = (5.1)(300) =1500 J/m3 per detonation.

The performance gain associated with increased size follows
from the multiplication of the corrected energy density with
the active channel volume. That is, (WD ) D = 0.1 = (whL) (WD /
whL) D = 0.1 = (0.2)(0.2)(1.0)(1500) =60 J per detonation.Assum-
ing a practical repetition rate f = 100 cps, we deduce a continu-
ous power output of magnitude P = f (WD) D = 0.1 = (100) (60) =
6000We .

Owing to the poor seeding characteristicsof our device, the pre-
ceding value represents a very conservative estimate of electrical
power-generation potential. For instance, the theoretical calcula-
tions shown in Fig. 11 indicate that electrical conductivity behind
the detonation front can be increased as much as � ve times above
the levelmeasured in our device.This would imply a direct � ve-fold
increase in electrical power-generationperformance. Optimization
of seeding characteristics will require careful tailoring of injector
con� gurations and atomization processes so that a uniform seed
distribution is obtained along the channel length.

Conclusions
An exploratory series of laboratory-scaleexperiments have been

completed with the aim of demonstrating pulse detonation MHD
power extraction. In these experiments, a single-shot laboratory-
scale detonation tube operating on stoichiometric oxy-acetylene
mixtures seeded with an atomizing spray of cesium hydroxide in
a methanol carrier was successfullyused for the productionof elec-
trically conductive ionized gas behind the detonation front.

Measurements using a short-length plasma diagnostic channel
attached to the end of the detonation tube con� rmed the attainment
of detonation conditions ( p2 / p1 » 34 and D » 2400 m/s), and
yielded the following conclusionswith respect to ionizationquality
and gasdynamic structure:

1) The measured current density in the burned ionized gas was
j » 2 A/cm2 when using an applied voltage of 100 V across the
2.54-cm height diagnostic channel.

2) The measured effective electrical conductivity of the burned
ionized gas was r » 6 mho/m according to both two- and four-
electrode probing techniques.

3) The delayedappearance( » 1.5 ms behind the detonationfront)
of a secondary conductive wave was observed that was most likely
associatedwith � ow reversal in the channel during the latter portion
of the blowdown process.

4)A recedingCher–Kistiakowskysecondarycompressionwave13

emerged in the acquired static pressure waveforms at a time delay
of » 400 l s behind the detonation front.

5) The measured dimensionless near-electrodevoltage drop was
D » 0.6.

Power-extraction experiments were conducted using a short-
length continuous-electrode Faraday channel. The channel was
placed in the bore of a 0.6-T permanent magnet assembly and
attached to an active loading circuit to simulate higher effective
magnetic induction. The following conclusions were reached with
respect to power extraction:

1) The measured peak open circuit voltage was Voc =u Bh »
10 V, yielding an effective burned gas velocity of 660 m/s.

2) Measured load-line characteristics were linear away from the
extremeloadingconditionsand indicateddecreasinginternalplasma
resistance with increasing magnetic induction.

3) The energy density scaling parameter ranged from 10 to
103 J/m3 as the effective magnetic induction was varied from 0.6 to
4.2 T.

4) Optimal power extraction shifted from a load impedance of
10 X , when v0 =0 V, to 5 X , when v0 =100 V, due to decreasing
internal plasma resistance as the effective magnetic induction and
Joule dissipation increased.

5) Theoretical predictions for the energy density scaling param-
eter in reasonable agreement with measurements given the uncer-
tainties in parameter values.

6) By scaling up to a practical size device and limiting the near-
electrode potential drop to 10% of the induced Faraday potential,
we anticipate a � ve- to tenfold increase in power-generationperfor-
mance with respect to our laboratory-scaleresults.
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