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The combustion rate of premixed gases in a closed vessel was increased by injecting a high-
current electron beam into the gas mixture within about 20 ms of spark ignition. This effect
was observed with the fuels ethylene, methane, ethane, propane, and #-butane. Experimental
results provide strong evidenice that e-beam excitation of the fundamental longitudinal-acoustic
mode of the cylindrical chamber is the mechanism of combustion enhancement. An observable
combustion enhancement required that the amplitude of the fluid velocity oscillation in this
acoustic mode be greater than or approximately equal to the flame propagation speed and was
associated with a wrinkled or cellular flame structure with dimensions on the order of | cm.
These resulis are in good agreement with values for the threshold acoustic velocity amplitude
and dimension of cellular structure predicted for a periodically accelerated flame.

i. INTRODUCTION

A method for increasing the burning rate and ignitabi-
lity of lean fuel-air mixtures could lead to higher efficiency’
and decreased pollution® in internal combustion engines.
Several methods for increasing the burning rate have been
explored, including increased gas turbulence,’ free-radical
production,* and applying electric fields® or microwaves.®’
Advanced ignition concepts such as the plasma jet,® puff jet,”
and laser ignition'®'! have also been pursued.

In a previous paper,'” we briefly described the influence
on ethylene combustion which results from the injection of a
high-current electron beam into a closed-vessel explosion
initiated by a spark. The fiame propagation speed and rate of
pressure rise increased by as much as 50%, and the combus-
tion pressure profiles were more reproducible when the elec-
tron beam was injected into lean or rich ethylene/air mix-
tures. The faster combustion was accompanied by an
increased level of pressure cscillations,"* which were audible
as a loud squeak.

In this paper we describe detailed experiments on the
generation of acoustic waves and enhancement of combus-
tion by electron-beam injection. The enhancement of com-
bustion by e-beam injection was observed in the burning of
ethylene, methane, ethane, propane, and n-butane. Ethylene
combustion was enhanced only for lean or rich quiescent
mixtures, while the combustion of the remaining gases was
enhanced for all values of the equivalence ratio and also in
the presence of gas turbulence (flow velocities, ~ 150 cm/s;
turbulence intensities, ~ 30 cm/s). The resuits provide
strong evidence that<e-beam excitation of the fundamental
longitudinal-acoustic mode of the cylindrical chamber is the
mechanism of combustion enhancement. An observabie
combustion enhancement required that the amplitude of the
fluid velocity oscillation in this acoustic mode be greater
than or approximately equal to the measured, laboratory
frame, flame propagation speed (V) ), and was associated

* Present address: KMS Fusion Inc., P.O. Box 1567, Ann Arbor, Michigan
48106-1567.
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with a wrinkled or cellular fiame structure with dimensions
on the order of § cm. These results are in good agreement
with values for the threshold acoustic velocity amplitude
and dimension of cellular structure predicted for a periodi-
cally accelerated fiame.

i EXPERIMENTAL APPARATUS

The experimental configuration is illustrated in Fig. 1.
The experiment consists of a constant-volume combustion
bomb attached to an electron-beam generator (Hewlett—
Packard Febetron). Electron-beam parameters are V,,

= —400kV, I, = I kA, and full width pulselength of 300
ns. The electron beam is extracted from a 2.0-cm-diam car-
bon brush cathode and is injected through a 0.025-mm-thick
titanium-anode foil at one end of the combustion chamber.
The foil serves the dual purpose of anode and vacuum seal,
and is supported by a stainless-steel hibachi structure with

40% transparency so that foil integrity is maintained during .

the high-pressure ( ~7-atm} combustion process.
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FIG. 1. Experimental configuration.
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The aluminum combustion chamber is cylindrical with
inside diameter, 8.3 cmy; length, 22.2 cm; and volume, 1400
cm’. The ignitor is a long-reach spark plug and is mounted
top and center on the chamber. The ignition system uses
conventional automotive ignition components (GM HEL ig-
nition, 12-V automotive battery). There are three fused-
guartz windows on the chamber, one on axis on the chamber
end and two on the sides for transverse viewing.

Several diagnostics were used to monitor the combus-
tion process. Chamber pressure was measured with an AVL
piezoelectric pressure transducer coupled to a Kistler charge
aemplifier with output to an oscilloscope. The combustion
reaction rate was further monitored by viewing OH radical
emission with a 307.1-nm bandpass filter and photomulti-
plier tube mounted at the end of a tube on a side window. The
OH radical is 2n important intermediate specie, and its emis-
sion rate is indicative of the overall reaction rate. Two-di-
mensional resclution of flame front position, shape, and
propagation speed was diagnosed by a schlieren photogra-
phy setup'® using a pulsed ruby laser and pinhole aperture
viewing through the transverse windows. Visible emission
spectra were collected using a 1-m spectrograph coupled toa
gated optical multichanne! analyzer. Not all diagnostics
were used concurrently. In addition, Febetron voltage and
current were routinely monitored.

fil. EXPERIMENTAL PROCEDURE

Essentially, two experiments were performed. One con-
cerns itself with the acoustic waves generated by the elec-
tron-beam deposition in the gas and the other with the en-
hanced combustion rate due to the e-beam injection.

In the acoustic investigation, the pressure transducer,
recessed about § cm from the chamber walls, 8 cm from the
anode foil, and shadowed from direct e-beam line of sight,
records the oscillations produced in the gas. One atm pres-
sure of various inert gases, as well as many combustible mix-
tures, were introduced into the chamber and their acoustic
response studied. At various times small sections of acoustic
ceiling tile (USG Acoustic Products) were placed in the
chamber windows to serve as acoustic damping. In a given
gas, the magnitude of the acoustic disturbance could be
changed by varying the Febetron current by means of the
charging voltage.

En the combustion investigation, the chamber was evae-
vated to below 100 mTorr, and oxidant gas (air or O,),
diluent, and fuel were admitted directly into the chamber.
The total pressure of the mixtures was  atm. To insure prop-
er mixing of the reactants, a small fan agitated the mix for
approximately 30 s and was shut off before ignition. Injec-
tion of the electron beam into the gas mix preceded {or fol-
lowed) spark ignition by a preset delay. The beam-in-
fiuenced combustion was compared with the no-beam case.
Egnition of the mixture by the electron beam was never ob-
served, undoubtedly because of the low-energy density depo-
sition of the beam (e.g., in air we estimate ~2 X 10~ ?J/cm’
near the foil, causing a temperature rise of only ~40°C). As
in the acoustic study, the absorbing tile and variations in
charging voltage were employed to examine their effect on
combustion.
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V. EXPERIMENTAL RESULTS
A. Energy deposition and relaxation

Figure 2 shows a typical voltage and current pulse from
the Febetron generator. The top trace shows the voltage on
the cathode as monitored by a capacitive divider, the middle
trace shows the injected electron current measured with a
6.7-cm-diam brass plate 1 cm from the anode foil in the evac-
uated combustion chamber, and the bottom trace shows the
current collected by the brass plate placed I cm from the
anode foil in 1 atm of air. The plate is supported by a 1-cm-
diam copper tube that extends out of the chamber through a
lucite flange. A braided copper strap provides an electrical
connection to the combustion chamber, while a wide-band
current transformer monitors the beam-collector current.
When the chamber is filled with I atm air, current striking
the plate has two paths to ground, one being a return path
through the e-beam-produced plasma to the anode and the
other along the copper tube. The plasma current accounts
for the difference in the copper tube current measured in
Figs. 2(b) and 2(c).

The nonuniform energy deposition of the beam was
characterized using the brass plate as a beam stop. The brass
plate will decrease the bulk gas heating by the amount of e-
beam energy that would have been deposited in the plate’s
shadcw. Figure 3 shows the beam energy deposition profile
as a function of axial position (plate position) in 1 atm air
and helium. Following the e-beam deposition in the gas and
cessation of the resultant acoustic disturbance, the pressure
transducer indicates an increase in pressure of several Torr.
The displacement in pressure is simply converted toc tem-
perature and energy, given the specific heat of the gas. With
the plate removed, 2.7 § was deposited in air, while 0.8 J was
deposited in helium. Et is evident from Fig. 3 that the major-
ity of beam energy is deposited within the first several cm of
the gas. Because of the concentrated energy deposition near
the foil, visibie light emission originates primarily from this
region.’® The e-beam-induced light emission dies cut within
tens of ns after termination of the electron pulse. Speciro-
scopic studies in an ethylene/Ar/O, mixture indicate thata
plasma with a temperature of ~ 1.5 ¢V forms in the region
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injected current
(100 Asdivision)

collected current
{40 A/division)

A N A N N
time (100 ns/division)

FIG. 2. Cathode voltage, injected current, and collected current for a typi-
cal Febetron pulse.
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FIG. 3. Axial energy deposition profile in air and in helium at 1 atm pres-
sure, 300 K, using a brass-plate beam stop. For air, 1 Torr pressure
rise = 0.46 J. For helium, 1 Torr pressure rise = 0.28 J.

near the foil. Radial variations in energy deposition are not
revealed by the plate technique, although placement of ther-
mal-sensitive paper against the anode foil indicated that the
majority of the injected electrons are injected within a 1-cm
radius of the axis.

B. Acoustic waves

In addition to an overall displacement in pressure,
acoustic waves are generated by the inhomogeneity in e-
beam energy deposition. This is evidenced by the pressure
transducer signals shown in Fig. 4 for I atm air. Figure 4(a)
shows the overall acoustic disturbarce from the time of ini-
tiation. Figure 4{b) shows the early acoustic oscillations
with a frequency of 5.0 kHz discernible—this is in close
agreement with the frequency expected for the fundamental
radial mode. Figure 4(c) shows the acoustic signal at a later
time beginning 21.5 ms after e-beam injection. There is clear-
iy a single frequency of 0.8 kHz dominating the spectrum.
This dominant frequency is that of the fundamental longitu-
dinal mode which damps out more siowly. Figure 4(d)
shows the acoustic signal when a 8.3-cm-diam, 1.3-cm-thick
disk of acoustic tile is placed firmly in the end window. Com-
paring this to Fig. 4(a), one immediately notices the addi-
tional damping provided by the tile. When the air was mixed
with fuel, in proportions used in the combustion experi-
ments, the acoustic disturbance increased by about a factor
of 2 in amplitude.

The mass scaling of e-beam-induced acoustics of inert
gases at | atm was also studied. The envelope of acoustic
amplitude for four inert gases is shown in Fig. 5. Sound am-
plitude increases and the damping rate decreases with in-
creasing gas mass. For xenon the peak amplitude (190 Torr)
corresponds to 179 dB. In mixtures of rare gases, O,, and #-
butane, the acoustic signal again increased with heavier inert
gases.

C. Combustion enhancement

In the combustion study, we investigated five combusti-
ble hydrocarbons, four alkanes (methane, ethane, propane,
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FIG. 4. Electron-beam-produced acoustic waves in 1 atm air. (a) Entire
waveform from initiation at time ¢ = 1.5 ms with injection of ¢ beam. (b)
Waveform at early times showing 5.0-kHz 2, radial mode. {c) Waveform
at fater times showing 800-Hz P, longitudinal mode. (d) Entire waveform
with acoustic absorber placed in end window.

and z-butane) and one alkene (ethylene}. Injection of the
electron beam into the gas immediately before or after the
spark-initiated combustion of these fuels is seen to have a
pronounced effect on flame propagation speed, reaction rate,
flame front shape, combustion instability, and overall pres-
sure rise.

Figure 6 shows the pressure and OH emission intensity
(bandheads at 306.4, 306.7, 307.8, and 308.9 nm ) '° for stoi-
chiometric n-butane/air combustion (eguivalence ratio
¢ = 1.0). Figure 6(a) is that for spark-initiated combustion,
while Fig. 6(b) shows combustion with the electron beam
injected 1 ms before the spark. With the e-beam injection, the
pressure rise time decreases by 37%, indicating a faster
propagation and reaction rate. Hydrox! emission peaks with
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FIG. 5. Acoustic pressure amplitudes for four inert gases at 1 atm pressure
and their decay with time.
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FIG. 6. Combustion of stoichiometric n-butane/air at 1 atm pressure. Up-
pet trace: OH-line emission intensity (inverted trace). Lower trace: Pres-
sure transducer signal (2 atm/div). (a) Oscilloscope traces for spark igni-
tion alone. (b) Oscilloscope traces for combustion with e-beam injected 1
ms betore the spark.

the pressure; this is the familiar phenomenon of afterburning
encountered in ciosed-vessel combustion.'”

Pressure oscillations indicative of an acoustic instability
are apparent in Fig. 6(b}. These are acoustic cscillations;
their frequency increases with gas temperature ( fo 7V2)
and is in agreement with the frequency of the fundamental
longitudinal mode of the cylindrical chamber. The pressure
oscillations became audible and were heard as a loud squeak
or squeal of rising pitch. A microphone placed outside the
chamber corroborated the frequency with that measured by
the pressure transducer. With a heavier diluent, such as xe-
non, the sound was heard as a low-frequency chuff. The au-
dible squeak/squeal/chuff proved to be a reliable indicator
of e-beam effectiveness; a loud sound was invariably accom-
panied by an increased combustion rate. In the absence of
the e-beam or with a poor-guality pulse, the sound was much
reduced or inaudible and the combustion rate was slower.

The e-beam-induced enhancement is seen to have a sig-
nificant effect over all fuel-air ratios for the alkanes. Figure 7
shows the n-butane/air case (e-beam injection 1 ms after
spark ignition). As was the case with all fuels studied, the
most dramatic decreases in rise time are for the rich and lean
mixes—mixes in which the reaction rates were slowest. Simi-
lar plots were found for the other alkanes. Ethylene showed
enhancement for all mixtures except for the most rapid com-
bustions (at stoichiometric conditions).

Except for cases such as stoichiometric ethylene/air
where combustion reaction rate was unaffected, peak pres-
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FIG. 7. Pressure rise time (measured from time of spark to pressure peak)
in n-butane/air as a function of equivalence ratio ¢. Electron-beam injection
occurs 1 ms after spark ignition.

sure with e-beam-injected combustion was consistently
higher. Typical peak pressures were ~5-8 atm, with e-
beam-injected combustions 10% higher. With a faster reac-
tion rate, there is less heat loss to the chamber, resulting in
higher temperatures and pressures (i.e., the combustion ap-
proaches an adiabatic process ). For example, with lean ethy-
lene/air ($ = 0.6), assuming idealized complete combus-
tion with an energy release of 2970 J, the faster reaction rate
should reduce heat foss by 270 J—an improvement of 13%.

To examine combustion under mildly turbulent condi-
tions, a smal} fan was placed inside the chamber; it produced
gas flow velocities around 130 cm/s and turbulence intensity
levels near 30 cm/s as determined by a hot-wire anemo-
meter. In all cases the induced turbulence tends te speed up
the combustion. The e-beam injection still provides combus-
tion enhancement in the alkanes, even under these turbulent
conditions. Figure & shows stoichiometric alkane/air com-
bustion under turbulent and nonturbulent conditions with
and without the eleciron beam (e-beam injection 1 ms before
spark ignition). In the case of turbulent ethylene combus-
tion, no combustion enhancement was observed.
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FIG. 8. Pressure rise times for stoichiometric alkane/air mixtures in quies-
cent and mildly turbulent conditions (fow velocities, —~ 150 cm/s; turbu-
lence intensities ~30cm/s). Turbulent conditions produced faster reaction
rates and reduced the e-beam effect. Electron-beam injection occurs 1 ms
before spark ignition.
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Schlieren photography utilizing 20-ns pulsed ruby laser
illumination aliowed the visualization of the flame front and
the measurement of its propagation speed. Figure 9 shows
the schiieren photographs for the combustion of rich ethy-
tene/Ar/Q, mixes (¢ = 2.0). The photos on the left are for
spark-initiated combustion alone, while those on the right
are for the e-beam injected 1 ms after spark ignition. The
spark plug is visible at top center. The e-beam-injected com-
bustions show an elliptical front, while the spark-only flame
fronts are more spherical. Also evident is the advanced pro-
gression of the e-beam-injected flames especially in the verti-
cal (transverse to e-beam) direction. For the case of e-beam
injection, the sides of the flame front display a wrinkled or
cellular structure which is common to all of the observed e-
beam-enhanced combustions.

Figure 10 shows the flame front position versus time
measurements for rich ethylene/Ar/Q, (¢ = 2.0) combus-
tions, extracted from schlieren photos for the radial direc-
tion of propagation. For early times ( < 14 ms) the chamber
pressure has not risen significantly and the flame progresses
in a constant-pressure regime. The flame propagation speed
increase resulting from e-beam injection in this case is 110%
(from 296 to 620 cm/s). For lean ecthylene/Ar/O,
(¢ =0.4) an 84% increase in flame propagation speed is
observed. Lean ethylene/air (¢ = 0.6) flame propagation
speed increased by 50%, while rich ethylene/air (¢ = L.7)
flame propagation speed increased by 40%.

By varying the time at which the e-beam was injected

without e-beam

with e-beam

t=6ms

t=8ms

t=10ms

FIG. 9. Schlicren photographs of 1 atim, rich (¢ = 2.0) ethylene/Ar/G,
combustion showing flame front progression with time. Left-hand-side
photoes show combustion with spark ignition alone, while right-hand-side
photes show combustion with electron-beam injection 1 ms after spark igni-
tion. Spark ignition occurs at time ¢ = 0. The spark plug is at top center.
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FIG. 10. Flame front position, transverse-to-efectron beam direction, mea-
sured with laser schlieren photography (from Fig. 9). Data are for rich
ethylene/Ar/0, combustion (¢ = 2.0). From the slope of the lines, the
flame propagation specd was determined to be 620 cm/s with electron-
beam injection and 296 cm/s without electron-beam injection.

into the mix relative to the spark plug ignition, the persis-
tence of the effect could be determined. Figure 11 shows
such a plot for stoichiometric n-butane/air mixes. The com-
bustion is enhanced (sped up) for cases in which the e-beam
is injected from 20 ms before the spark ( — 20 ms) all the
way to 20 ms after the spark ( + 20 ms). Injecting the e-
beam in the time frame of — 10 to + 10 ms about the spark
has essentially the same effect. Similar plots canbe drawn for
the other fuels. A significant observation is that the persis-
tence time, when the e-beam is injected before the spark, in #-
butane (18 ms) is larger than any other hydrocarbor investi-
gated. The persistence time in stoichiometric methane/air
mixes is only 7 ms. When the diluent xenon is used (stoichio-
metric z-butane/Xe/O, ), the e-beam-induced effect persist-
ed for 60 ms. However, when using helium as a diluent it was
impossible to get any combustion enhancement whatsoever.
The measured persistence times were of the same magnitude
as the damping times for the acoustic disturbance generated
by the ¢ beam.
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FIG. 11. Pressure rise time as a function of delay time (time of e-beam
injection relative to spark plug ignition) for stoichiometric #-butane/air
combustion. The persistence time (20 ms for this mix) is the time at which
the e-beam enhancement ceases—when the pressure rise tisne is comparable
to the spark-alone case.
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The presence of increased acoustic instability in the en-
hanced combustion, as well as the observation that the per-
sistence time is comparable to the acoustic damping time,
suggest that the acoustic waves generated by the e-beam are
responsible for the combustion enhancement.

This hypothesis was tested by inserting an acoustic tile
into the end window. The presence of the acoustic tile is
expected to have little or no effect upon radical formation,
excited states, or other chemical reactions initiated by the e
beam, while it guickly damps the acoustic disturbance. In all
cases studied, the combustion enhancement was eliminated
by the presence of the acoustic tile. This provides strong
evidence that the acoustic waves are the mechanism of com-
bustion enhancement. The observation of increased acoustic
instability in the fundamental longitudinal mode suggests
that excitation of this mode by the e beam is responsible for
the combustion enhancement.

By varying the injected e-beam energy (by adjusting the
Marx generator charging voltage), one could affect the
acoustical disturbance produced. The acoustic amplitude in-
creased with the injected e-beam energy. The magnitude of
the fundamental longitudinal mode is characterized by its
velocity amplitude ¥, related to the pressure amplitude by
Vor = Py, /pC,, where p is gas mass density and C is sound
speed. The pressure transducer was mounted near the center
of the chamber and as such measured 0.4 times the pressure
amplitude occurring at the chamber ends. Therefore, F,,,
the fundamental longitudinal pressure amplitude, was found
by multiplving the measured amplitude by 2.5. Plotted in
Fig. 12 is the pressure rise time versus the acoustic velocity
amplitude (fundamental longitudinal mode) for stoichio-
metric z-butane/air combustion with e-beam injection I ms
before ignition. There is a clear threshold for combustion
enhancement occurring with acoustic velocities about 320
cm/s which corresponds to the flame propagation speed in
this combustion. Further increases in the acoustic amplitude
produced faster rise times, and a possible saturation of en-
hancement may occur at larger amplitudes. The upper ve-
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FIG. 12. Pressure rise time as a function of fundamental longitudinal mode
velocity amplitude ( ¥V, } for stoichiometric n-butane/air combustion. A
threshold at ¥, = 320 cm/s is apparent—this velocity is approximately
the flame propagation speed for spark-alone combustion.
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locity amplitude was limited by the output of the Febetron
generator.

The acoustic threshold indicated by Fig. 12 is examined
for a variety of fuel-oxidant mixtures in Table I. The thresh-
old is examined by noting the persistence time 7, for each
mixiure: the iongest period of time before spark ignition for
which the ¢ beam can be injected and enhancement ob-
served. From the acoustic data gathered on these mixiures,
we measured the fundamental longitudinal pressure ampli-
tude at time ¢, following e-beam injection. The minimum
pressure amplitude necessary for combustion enhancement,
P, was found by multiplying the measored amplitude at
t = t, by 2.5. The corresponding threshold acoustic velocity
amplitude, ¥} is calculated from P{, as before: ¥
= P /pC.. The pressure rise times in Table [ were mea-
sured directly with the transducer for spark-ignited combus-
ticn with no ¢ beam. From the schlieren studies of eight
different cases, in which the flame propagation speed varied
by mere than a factor of 2, it was found that the flame propa-
gation speed in the early, constant-pressure period of the
combustion was linearly proportional to the pressure rise
time (as expected) and obeyed

{V; }(pressure rise time) = 11.5 cm + 10%.

Using this relation, the flame propagation speeds in Table I
were derived—except for the ethylene-air combustions, for
which the flame propagation speed was determined directly
from schlieren photographs. It was found that the threshold

acoustic velocity amplitude V' is comparable to the flame

propagation speed. In particular, for the variety of mixtures,
the ratio of threshold accustic velocity amplitude to flame
propagation speed is nearly unity. Summarizing, no en-
hancement of combustion was observed unless the acoustic
disturbance generated acoustic velocities in the fundamental

TABLE L. Various fuel-oxidant mixtures with their respective combustion
and acoustic characteristics. The persistence time ¢, is the longest time pre-
ceding spark ignition at which e-beam injection enhances reaction rate. The
fundamental longitudinal pressure amplitude threshold P3} is 2.5 times the
transducer-measured amplitude at time ¢ = {, following e-beam injection.

The corresponding velocity amplitude threshold, ¥ is calculated from the

pressure amplitude by ¥} = P /pC,, where pis gas mass density and C,
is sound speed. Pressure rise time for spark-alone combustion allowed cal-
culation of flame propagation speed ¥, through the relation (¥, ) (pressure
rise time) = 11.5 cm + 10%. Comparison of the acoustic velocity ampli-
tude to the flame propagation speed indicates a threshold condition for reac-
tion rate enhancement near unity (i.e., ¥ /¥, = 1.0).

Pressure

Combustible t, PH Vi risetime v,

mixture® (ms) (Torr) (em/s)  (ms) (em/s) V§/V;
CH, /air 7 i1 320 41 280 1.1
C.H,/air 12 i3 380 34 340 1.1
C,H,/air 14 13 380 35 330 1.2
7-C,H /air 1811 320 36 320 1.0
C,H,/air (¢ =0.6) 11 11 320 44 260 1.2
C,H,/air (6= 1.7) 20 11 320 44 260 1.2
n-CH,/AT/O, 15 21 540 20 580 09
n-CH,o/Xe/Q, 60 24 350 31 376 09

* Stoichiometric except where equivalence ratio (#) is noted.
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longitudinal mode with amplitude greater than or equal to
the flame propagation speed.

The fuel-oxidant mixtures in which no combustion en-
hancement was observed could be explained by the existence
of a threshold acoustic velocity amplitude. For example, in
stoichiometric n-butane/He/(, mixes (not listed in Table
I) the flame propagation speed is 720 cm/s, while the great-
est acoustic velocity amplitude was only 470 cm/s; as a re-
sult, no enhancement in fiame propagation speed/combus-
tion rate was ever observed for this mixture. Similarly,
stoichiometric ethylene/air mixes and turbulent ethylene/
air mixes showed no enhancement since the acoustic velocity
amplitude did not exceed the characteristically high flame
propagation speed.

Of a related interest was the long-noticed effect of no
combustion enhancement when the e-beam generator cath-
ode arced and delivered a poor-quality e-beam pulse to the
mixture. This is explainable by acoustic-wave production—
cathode arcs produced decreased acoustic waves and hence
lack of enhancement.

V. ANALYSIS AND DISCUSSION
A. Energy deposition and relaxation

Let us consider the sequence of events initiated by the
injection of a pulse of electrons into 1 atm of gas. An approxi-
mately rectangular electron current pulse (180 A, 350 ns,
energy =~ 10 J) enters the combustion chamber within a 1-
cm radius of the chamber axis. During most of the e-beam
pulse, the electron range in 1 atm of air exceeds 5 cm, s¢ that
the electrons can deposit energy throughout the chamber
and on the chamber walls. However, during the final 50-100
1ts, the electron energy is sufficiently small that the electrons
will be stopped within ~ 5 cm of the anode foil.

Visible light emission from a l-atm gas is primarily
emitted from within several cm of the Ti foil,'® consistent
with the concentrated energy deposition in this region. Spec-
troscopic studies in an ethylene/Ar/O, mixture indicate the
formation of a plasma with electron temperature of ~1.5
eV. The light emission dies out within tens of ns from the
termination of the electron pulse, as the population of elec-
tronically excited states decreases from collisional deactiva-
tion'® and the lack of electron-impact excitation following
electron recombination.'”

Energy loss through radiation generally comprises a mi-
nority of the deposited energy when at least several percent
of O, or N, are present in a 1-atm mixture. This is due to the
large rate of collisional quenching of electronically excited
states by these molecules.'®”® Some deposited energy may
contribute towards the population of metastable states, radi-
cal formation, and radiation chemistry. Within tens of us,
the majority of the remaining energy relaxes into an equilib-
rium excitation of translational, rotational, and vibrational
degrees of freedom,”’*? leading to a nonuniform heating and
pressure rise of the gas on a timescale short compared to the
acoustic transit tirne of the combustion chamber ( ~8.6 ms).

The nonuniform pressure rise generates acoustic waves
(the electron-acoustic effect”®). These waves damp cut on a
timescale of tens of ms, primarily as a result of absorption
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when reflecting from the chamber wails,** transmitting part
of their energy to wall heating. Finally, from the e-beam
deposition, one i8 left with a bulk pressure rise which dies out
on a timescale of ~ 2 s as heat conduction cools the gas. For |
atm of air, the observed acoustic waves had a peak amplitude
of 15 Torr at the position of the pressure transducer and an
estimated energy 0f 0.02 J, while the bulk pressure rise of 5.4
Torr indicates that 2.5 ¥ of energy remains in the form of
bulk heating after the acoustic waves damp out, giving a
temperature rise of 2.1 °C.

When the e-beam energy is suddenly deposited into a
small volume ¥ of the gas-filled chamber, the majority of the
energy causes a sudden localized pressure perturbation 5P.
When this perturbation is snall compared to the initial pres-
sure (6P /P« 1), thetotal deposited energy is V8P /(y — 1),
and the acoustic energy?’ is V(8P)*/2yP, where y is the ratio
of specific heats. For 6P /P «1, the sound energy is a smali
portion of the total deposited energy ( ~1% in this experi-
ment). Consequently, the bulk pressure rise remaining after
the sound is absorbed provides a good measurement of the
deposited energy.

The measurement of the bulk pressure rise for different
positions of the beam collector exploits this fact in order to
characterize the longitudinal energy deposition profile. The
bottom trace of Fig. 2 shows the current drawn by this plate
when placed 1 cm from the Ti foil in 1 atm of air. The mea-
sured current does not equal the e-beam current incident on
the collector because a portion of the e-beam current can
return to ground through the e-beam-created plasma. This
current will not be detected by the current transformer
which monitors the coaxial current path from the beam col-
lector to ground. The coaxial current path had a calculated
inductance L of ~0.15 zH.

In order to understand this current trace, we note that
the collected e-beam current can return to the Febetron
through the inductance of the coaxial current path L or the
impedance Z of the e-beam-produced plasma.*® For z rectan-
gular e-beam current pulse and resistive plasma impedance,
the current through the inductive path (i.e., the measured
current) will rise asymptotically to the e-beam current on a
timescale » = L/Z. From Fig. 2, we note that 7 ~ 100 nis, so
that Z = L/r7=~1.5 . The energy deposited by the plasma
current (£ = § PZdt~0.01 ¥) is small compared to that de-
posited by the e beam. Thus, the presence of the e-beam col-
lector should not greatly modify the amount of energy de-
posited in the region between the Ti foil and the collector. At
the end of the e-beam pulse, the current through the induc-
tive path drops quickly to zero, indicating an increased plas-
ma impedance as the electrons quickly recombine. Using the
estimated plasma resistivity

p=2A/d=(1.50)(12X107*m*}/(0.01 m) =0.18 (I m,

electron temperature 7, =~ 1.5 eV, and electron-neutral cross
section o= 10~ '° cm’, we employ the relation for the resis-
tivity of a weakly ionized plasma,”’

p={mmn,o/n.e)(kT,/m, )2,

to estimate that the plasma electron density is ~ 10'*~10"
cm > during the e-beam pulse.
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Figure 3 shows the energy deposited by the e-beam (ob-
tained by measuring the bulk pressure rise) as a function of
the position of the e-beam collector, for the cases where the
chamber was filled with 1 atm air or 1 atm helium. The figure
shows that a large proportion of the energy deposition oc-
curs within several cm of the Ti foil, as expected. For | atm
air, we estimate that a pressure rise of ~ 100 Torr and a
temperature rise of ~40 °C is present immediately after the
e-beam pulse within ~2 cm of the center of the Ti foil. This
results in an estimated acoustic energy of 0.02 J, in agree-
ment with the value caiculated from the measured acoustic-
wave amplitudes. In the case of He, the lower cross section
for electron-gas interaction results in a decreased energy de-
position and a decreased level of acoustic-wave excitation.
For fuel-air mixtures, the heavier rare gases Ar, Kr, and Xe,
and mixtures of n-butane with O, and Ar or Xe, the energy
deposition and acoustic excitation exceeded that of air alone.
This is expected, since the cross section for the beam-gas
interaction increases for larger molecules.

B. Acoustic waves

Since the temperature increase from the energy depo-
sition causes little change in the sound velocity (6C, /C,
< 6%}, the pressure disturbance will approximately obey
the wave eguation

[V2— (1/C?)32|P=0.

Because the gas is stationary, the initial condition, 4, P, _,.
= 0, follows from the continuity equation

J,Pxdn= ~Vuv=0.

The boundary condition, ne¥P=0, is approximately obeyed
at the nearly rigid walls, where n-v=0. These initial and
boundary conditions imply that the azimuthally symmetric,
time-dependent pressure disturbance in a cylindrical
chamber of length L and radius R obeys

Plrzt) = g P, Iy 7/ R)cos(nmz/L)cos(w,,, f),

m,n = ()

where
Wy = C'i { (?/m/R)z + (n"’T/L)Z] 1/25

and 7y, is the mth zero of J,. (¥, =0, 7, = 3.83, etc.) The
coefficients P, are uniquely determined by the initial pres-
sure profile P(r,z,t = (). Conversely, a knowledge of the
time-dependent pressure P(r,,z,,f) at a position on the
chamber wall that is not a pressure node can be used to deter-
mine P(rz¢ = () and thus diagnose the energy deposition
profile.”® For 1 atm air in our combustion chamber, the fre-
quencies fi, = @,z /27 and £, = @y, /27 are 5.0 and 0.78
kHz, respectively, in close agreement with the observed fre-
guencies of Figs. 4(b) and 4(¢).

The attenuation of sound waves will alter the time be-
havior of this solution. For the nearly rigid metal and quartz
surfaces of the combustion chamber and frequencies of ~ 1
kHz, the attennation of the acoustic waves will primarily
result from the imperfect reflections from the walls,** and
1%-5% energy absorption may be expected per wall reflec-
tion.”” For R <L, the modes which reflect off the side walls
(m > 0) will decay more rapidly as a result of more frequent
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reflection, while higher frequencies will decay more rapidly
as a result of greater absorption per reflection. As a result,
the fundamental longitudinal mode is expecied to be the
dominant mode at large times. This is in agreement with cur
results of Fig. 4, which show that the acoustic signal is domi-
nated by the fundamental longitudinal mode (800 Hz) after
~ 20 ms. The fundamental longitudinal mode is subseguent-
ly damped out with a decay time of ~ 20 ms. The fundamen-
tal mode amplitude at the transducer position is ~4 Torr
when ¢ = 0, which implies an amplitude of 10 Torr at the
antinodes located at the ends of the chamber. This is in good
agreement with the value calculated from the energy depo-
sition profile measured with the brass beam stop (Fig. 2).

The associated fluid velocity amplitude (at the velocity
antinode in the center of the chamber) is Vy,, = P,, /pC,,
where P,, is the pressure amplitude for the fundamental lon-
gitudinal mode, p is the gas mass density, and C, is the scund
speed. For the measured amplitude in air immediately fol-
lowing the e-beam pulse, £;; = 10 Torr, so that ¥, = 300
cm/s. The amplitude of fluid displacement, X, = ¥V, /@y,
ts 0.6 mm in the center of the chamber. This displacement is
small compared to the distances measured in the schlieren
photographs, so that it will cause negligible error in the
schlieren photography measurements of the (average)
flame propagation speed.

For the heavier rare gases, the acouslic disturbance was
larger and damped out more slowly. The larger acoustic dis-
turbance results from the increased beam-gas interaction
with larger molecules. The slower decay is expected, since
the rate of wall reflection {the primary cause of sound ab-
sorption) is reduced because of the lower sound speed.

C. Combustion enhancement

The experimental results demonstrate that e-beam in-
Jjection produces a significant increase in the rate of combus-
tion. The flame propagation speed and rates of pressure rise
and OH emission were increased when a sufficiently large e-
beam pulsc energy was injected. The faster combustion was
accompanied by a wrinkled or cellular flame front and in-
creased level of acoustic instability in the fundamental longi-
tudinal mode of the combustion chamber.

The results provide strong evidence that the mechanism
of combustion enhancement was the excitation of the funda-
mental longitudinal-acoustic mode of the cylindrical com-
bustion chamber. The evidence includes the following : (1)
The persistence time of e-beam-enhanced combustion is
comparable to the acoustic damping time. (2) The combus-
tion enhancement was eliminated by placing an acoustic tile
in the end window of the chamber. This tile quickly damps
out acoustic waves, but is expecied to have little or no effect
apen chemical processes initiated by the e beam. (3) The
enhanced combustion was always accompanied by an in-
creased level of acoustic instability in the fundamental longi-
tudinal mode. (4) The observation of combustion enhance-
ment required that the velocity amplitude of the
fundamental longitudinal-acoustic mode be greater than or
approximately equal tc the flame propagation speed at the
beginning of combustion.
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The feasibility of this mechanism is supported by a large
body of experimental and theoretical work which demon-
strates increased combustion rates in the presence of acousti-
cal disturbances and the acoustic instability.” **

The approximate equality between the threshold acous-
tic velocity amplitude required for combustion enhancement
and the flame propagation speed strongly suggests that the
fluid motion associated with the acoustic waves, and not the
direct effect of the pressure perturbation, is the primary
cause of combustion enhancement. This is further supported
by the wrinkled, celiular flame front in the case of enhanced
combustion, which is expected to result from fluid motion
and produce more rapid combustion. Furthermore, the
schlieren photography showed that the flame propagation
speed increased near the spark plug location in a pressure
node of the fundamental longitudinal-acoustic mode.

Because of the excitation of the fundamental longitudi-
nal-acoustic mode, the flame front will oscillate and undergo
periodic acceleration at a frequency of ~ 800 Hz. A theory of
a periodically accelerated flame front, presented by Mark-
stein,? gives predictions of the threshold velocity amplitude
which will give rise to an unstable flame front, resulting in a
wrinkled or cellular flame and an increased rate of combus-
tion.

For our experiments in air, the laminar flame speed 5,
(relative to the unburnt gas) is 40-60 cm/s, and the flame
thickness .7 is estimated to be in the range of 0.1-1.0 mm.
For this parameter range, the fundamental acoustic-mode
frequency ( /= 800 Hz) results in a dimensionless frequen-
ey, O=uf.7/S,, of 0.4-6.0. For this range the theory pre-
sented by Markstein predicts an unstable flame oscillation
will result from acoustic oscillations that exceed 4-6 times
the laminar flame speed. Since the measured flame propaga-
tion speed in the early constant-pressure phase of the com-
bustion obeys ¥V, = (T, /T,)5, = 55, for aflame tempera-
ture 7, = 1500 K and initial temperature 7, = 300K, this
translates into a prediction of an acoustic velocity amplitude
V,, threshold for instability of ¥}/ V.= 0.8-1.2. Our ex-
perimental values of the threshold for combustion enhance-
ment (Fig. 12 and Table I) are in good agreement with this
predicted threshoid.

For higher-frequency modes, the velocity amplitude
threshold is predicted to increase, so that the acoustic insta-
bility in the fundamental longitudinal mode is expected to be
most easily excited. This explains why the acoustic instabil-
ity was invariably observed in this mode.

For the estimated range of flame thickness (0.1-1.0
mm )}, the vibration-induced instability is predicted tc be
most easily excited at wavelengths of 0.2-1.0 cm. This wave-
length is of the same size as the wrinkles and cellular flame
structure visible on the schlieren photographs during e-
beam-enhanced combustion.

The agreement with theoretical predictions for the
threshold acoustic velocity amplitude and dimensions of the
cellular structure provides further evidence that the fluid
motion (and associated acceleration) from the fundamental
longitudinal-acoustic mode is responsible for the e-beam-en-
hanced combustion. This agreement also supports the valid-
ity of the theory of a periodically accelerated flame front.
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Vi. SUMMARY

Iniection of an electron beam into premixed combusti-
ble gases in a closed cylindrical chamber generated large-
amplitude acoustic waves. Provided that the velocity ampli-
tude of the fundamental longitudinal-acoustic mode was
approximately equal to or greater than the flame propaga-
tion speed, the e-beam injection resulted in an increased rate
of combustion. The enhanced combustion was characterized
by faster flame propagation, increased rates of pressure rise,
more rapid rise of OH-line emission, a wrinkled or cellular
flame structure, and an increased level of acoustic instability
in the fundamental longitudinal mode. This instability was
audible as a loud squeak.

The existence of 2 threshold acoustic velocity amplitude
for excitation of the acoustic instability, the cccurrence of
this instability in the lowest-frequency acoustic mode, the
presence of a wrinkled or cellular flame, and the associated
increase in combustion rate are consistent with a theoretical
model of a pericdically accelerated flame. The value of the
threshold acoustic velocity amplitude and the dimensions of
the cellular structure of the unstable flame fronts are in good
numerical agreement with the predictions of this model.
This supports the validity of the model and provides strong
evidence that excitation of the fundamental longitudinal-
acoustic mode by the e-beam injection is the mechanism of
combustion enhancement.
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