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Abstract

This work focuses upon the effects of DC electric fields on the stability of downward propagating atmospheric
pressure premixed propane—air flames under experimental conditions that provide close coupling of the electric
field to the flame. With the appropriate electrode geometry, modest applied voltages are shown to drive a stable
conical flame first into a wrinkled-laminar flamelet geometry, and then further toward either a highly unstable
distributed flamelet regime or a collective oscillation of the flame front. Applied potentials up through +5 kV
over a 40-mm gap encompassing the flame front have been used to force the above transition sequence in flames
with equivalence ratios between 0.8 and 1.3 and flow velocities up to 1.7 m/s. Experiments are reported that
characterize the field-induced changes in the geometry of the reaction zone and the structure of the resulting un-
stable flame. The former is quantified by combustion intensity enhancement estimates derived from high-speed
two-dimensional direct and spectroscopic imaging of chemiluminescence signals. The flame fluid mechanical re-
sponse to the applied field, brought about by forcing positive flame ions counter to the flow, drives the effective
flame Lewis number to values suitable for the onset of the thermodiffusive instability, even near stoichiometric
conditions. Possible field-driven flame ion recombination chemistry that would produce light reactants near the
burner head and precipitate the onset of the thermodiffusive instability is proposed. Electrical measurements are
also reported that establish that minimal electrical power input is required to produce the observed flame insta-
bilities. Current continuity-based calculations allow estimates of the level of deficient light reactant necessary to
cause the flame to become unstable. This applied-electric-field-induced modification of the thermodiffusive effect
could serve as a potentially attractive means of controlling flame fluid-mechanical characteristics and validating
combustion instability models over a wide range of equivalence ratios.
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1. Introduction
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instability inherent to a flame is most prominent in
flames that are slowly propagating in an upward di-
rection; thus for the experimental conditions of in-
terest here it is possible to neglect the effects due to
the body force [4]. Therefore, under our experimen-
tal conditions for this work, the stable laminar flame
can be approximated as resulting from a competition
between the hydrodynamic and thermodiffusive insta-
bilities.

The hydrodynamic instability is a fluid mechanical
effect that was originally discovered independently by
Darrieus in 1938 [5] and Landau in 1944 [6]. It is
caused by the thermal expansion of gases at the flame
front, which leads to a temperature gradient that de-
viates from the flow line normal, causing a wrinkling
effect at the flame front [7]. The thermodiffusive in-
stability is caused by a preferential diffusion of mass
versus heat in the immediate vicinity of the flame
front depending on the Le of the deficient light reac-
tant [8,9] and is typically associated with flames near
the flammability limits.

Spontaneous instability of a premixed flame front
arises when combustion conditions either cause the
competition between the above mentioned instabil-
ities to be sufficiently diminished, or act in con-
cert to destabilize the flame. For example, beginning
with a stable laminar flame with a near-stoichiometric
mixture, increasing the overall flow rate sufficiently
will cause the flame front to take on a steady wrin-
kled geometry, indicating that the hydrodynamic in-
stability is increasingly dominating over the com-
peting thermodiffusive instability. Conversely, for a
sufficiently small fixed flow rate to produce laminar
flow, spontaneous instability can arise from the domi-
nance of the thermodiffusive instability with the flame
front evolving to a similarly wrinkled but unsteady
shape [3]. Theoretical analyses of the thermodiffu-
sive instability were first developed by Sivashinsky
[10] for adiabatic flames, and then by Joulin and
Clavin [11] for nonadiabatic flames. Following the
qualitative descriptions of the thermodiffusive insta-
bility of Zeldovich [8] and Markstein [9] and the
initial attempt at quantification of observed effects
by Barenblatt et al. [12], they showed that a lami-
nar flame would spontaneously exhibit thermodiffu-
sive instability and take on a cellular structure when
the Lewis number (Le) of the combusting mixture be-
came smaller than unity [10,11]. Such a condition
will occur if the molecular diffusivity of the species
limiting the reaction exceeds the thermal diffusivity
of the combusting mixture; i.e., the Lewis number of
the deficient light reactant will determine the effective
global Lewis number of the flame. Subsequent model-
ing work by Kadowaki [13] has shown that indeed as
the Lewis number of a flame decreases, the thermod-

iffusive instability of the flame increases, causing the
overall flame stability to decrease.

Some of the more important combustion species
and their associated Lewis numbers [14,15] have been
published for conditions relevant to this work (sto-
ichiometric mixtures, at one atmosphere). Collec-
tively, such listings suggest that a limited number of
light reactants would be capable of causing such a
diminution of the effective Lewis number of a flame,
specifically, atomic hydrogen and oxygen and the hy-
droxyl radical, which have species Lewis numbers of
0.18, 0.70, and 0.73, respectively. For those species,
the calculated Lewis numbers are essentially indepen-
dent of temperature over the range of interest here
(800-2200 K) [14]. Thus, control of the concentra-
tion and distribution of those radical species within
a combusting mixture could produce a change of the
thermodiffusive instability.

The results of the work reported here show that
electric-field-induced instability of propane—air
flames can be accomplished with the appropriate
electrode geometry and modest applied potentials
over a range of equivalence ratios, ¢, spanning even
near-stoichiometry. These effects are best described
from a combustion dynamics viewpoint as a con-
tinuously variable electric-field-induced diminution
[16] of the flame Lewis number from typical values
to thermodiffusive-instability-dominated values [17]
below unity at the higher applied potentials. Electric-
field-driven flame-ion chemistry processes that could
produce the observed effects are discussed in this pa-
per.

2. Governing theory

The first detailed theories of the effect of elec-
tric fields on flames were introduced in the 1960s by
Lawton and Weinberg [18]. They used the ionic wind
theory from discharges to explain the effects of an ap-
plied field on a flame that they and others observed.
They described the ionic wind effect as the drag force
that was experienced by the flame ions. Their theory
predicts a maximum current density of 250 pA/ cm?
using an ~30-kV /cm applied electric field [18]. The
maximum electric-field-induced pressure change pre-
dicted by this theory is only 0.0004 atm [18,19],
which suggests that the ionic wind is not responsi-
ble for the large changes in flame structure that we
see in our work. We have shown [16] previously that
current densities comparable to the maxima stated for
the ionic wind can be achieved with much smaller ap-
plied electric fields. Further, the associated observed
effects on the flame [16] are much more pronounced
than those observed in the ionic wind experiments.
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The term electric pressure [16] was used to ex-
plain the apparent difference between our results and
those predicted by the ionic wind. Recent measure-
ments suggest that the electric pressure acts through
the manipulation of the instabilities in the flame by
the production of light reactants at the burner head.
Sivashinsky’s review [10], and the references therein,
describe the development of the understanding of
flame pattern formation due to coupled hydrodynamic
and thermodiffusive instabilities. Hydrodynamic in-
stabilities tend to dominate at high flow velocities (or
high Reynolds numbers), and it has been shown ex-
perimentally [7] that as the flow speed increases, so
does the hydrodynamic instability of a premixed com-
busting flow.

Normally, the thermodiffusive instability is dom-
inant only under conditions where 0.8 > ¢ > 1.3,
which naturally result in lower combustion temper-
atures (e.g., fuel-rich hydrocarbon flames or fuel-
lean hydrogen flames). As discussed in papers by
Sivashinsky [10], Williams [3], and Kadowaki [13],
one method for increasing the strength of the ther-
modiffusive instability is to lower the flame global Le
by providing a sufficient concentration of the deficient
light reactant. In our work, this can be accomplished
by the production of light radicals near the grounded
burner head via dissociative recombination of impor-
tant flame chemi-ions. Mass spectroscopic measure-
ments by Goodings et al. [20] have shown that the
majority ions present in a premixed hydrocarbon-air
flame are H30T and HCO™ . The hydronium ion can
dissociatively recombine through the four different
channels shown below [21], with the probability that
it will take each channel represented by N. HCOT,
however, dissociatively recombines to form H + CO:

H,0+H N =005
_ OH4H N =036

+ 2
H;0" +e¢ = onion N =029
O+H+H, \N=030

If the chemi-ionization-derived positive ions are
relocated to the immediate vicinity of the grounded
burner head (preheat zone), the dissociative recombi-
nation of these two majority positive ions will result in
a production of radicals into the preheat zone. Quan-
titative estimates of the levels of radicals required to
effectively lower the Le of the flame so that the ther-
modiffusive instability dominates can be calculated
by the current continuity equation,

F
H;0% Vd,H;0+ + THCO* Va HOOT = S

where vq represents the drift velocity of the ion, n is
the number density, j is the current density, and e
is the elementary charge. Treating the boundary be-
tween the base of the flame and the burner head as
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Fig. 1. Experimental configurations for high-speed two-
dimensional imaging, /-V, and flame oscillation measure-
ments.

a cathode sheath allows us to substitute the Bohm ve-
locity in place of the drift velocity. The Bohm velocity
can be expressed by the equation [22]

(kT 1/2
UB = , 2

Mion

where k is Boltzmann’s constant, 7. is the elec-
tron temperature, and mjo, is the ionic mass. Using
Egs. (1) and (2) and the measured applied-voltage-
induced current, it is possible to calculate the number
densities of the light radicals that are required to pro-
duce the observed enhancements of the thermodiffu-
sive instability.

3. Experimental setup

The principal setup, shown in Fig. 1, has been dis-
cussed in detail in a previous paper [16]. The DC cur-
rent/voltage (/-V) characteristics were recorded with
the burner grounded and a bias of up to +5 kV being
supplied to the upper electrode. Such measurements
were used originally to investigate the degree of cou-
pling of the flame to the electric field in an effort to
increase the coupling efficiency. The upper electrode
discussed here is a piece of perforated stainless steel
that is suspended at a distance of 40 mm above the
burner. This electrode allows a simple parallel-plate-
like electrode geometry at the expense of perturbing
the gas flow downstream from the flame front. The
DC field was applied to the flame through a 500-k€2
current-limiting ballast resistor that was connected
between the anode and the bias supply, while the
current measurements were made through a 100-k2
current-sensing resistor placed between the floating
burner and ground.

Images used to document the response of the flame
to the applied field were obtained using a Princeton
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Instruments ICCD high-speed camera. With the aid
of interference filters (10-nm bandpass), spectrally re-
solved images of chemiexcited flame radicals CH*,
OH*, and C; were also recorded. The small jets seen
at the bottom of the flame are a result of a slight
nonuniformity in the flow speed. Local variations of
these chemiexcited radicals within the flame were
also optically monitored using bandpass filters and an
optical fiber lens (not shown) coupling selected por-
tions of the flame image to the photomultiplier tube
(PMT).

The fuel and air flow rates were set and monitored
by ball-float-type flow meters capable of flow rates up
to 2.7 standard liters per min (slm) for propane, and
up to 66 slm for air. Typical flow rates used for re-
sults reported here were between 5 and 25 slm for air,
with the corresponding flow rates for propane varied
to provide the desired equivalence ratio. The equiva-
lence ratio was calculated with the use of a LabVIEW
program and calibration data for the fuel and air flow-
meters. For most data reported here, the flow velocity
was approximately 1.7 m/s, and the range of equiv-
alence ratios used during this study was between 0.8
and 1.3. The propane used was a standard commer-
cial grade, and the air was supplied by a building air
compressor and drying unit.

4. Results and discussion
4.1. Electrical measurements

The most straightforward way to validate an ef-
fective coupling of the electric field to the flame is
to obtain /-V measurements of the flame. The /-V
characteristics of a flame with a premixed air and
fuel flow rate of 21 slm (flow velocity of 1.7 m/s)
and equivalence ratio of 1.2 are shown in Fig. 2a.
The points marked A, B, and C refer to bias poten-
tials near where major modifications of the reaction
zone geometry occurred. Point A locates the potential
needed to cause the inner cone of the flame to be re-
duced in height and the flame to be made even more
stable than the low-velocity, near-laminar flow inlet
stream allows. For the conditions used to produce the
1-V curve of Fig. 2a, the cold-flow Reynolds num-
ber was near 2000. Point B indicates the potential
needed to cause the inner cone to distort noticeably
from cone shape and begin large-amplitude (audible)
oscillations. Point C denotes the potential that must
be applied to depress the entire reaction zone close
to the burner head and induce a more intense, unsta-
ble motion of the reaction sheet. Another significant
feature of the /—V curve is that there is no indication
of reaching a saturation current up to the maximum
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Fig. 2. (a) Typical I-V characteristics measured for
field-modified flames. Note that the total electrical power in-
put is quite small (~3 W at the highest bias). (b) Variation of
flame current with equivalence ratio for a fixed air flow rate
and a fixed positive external bias.

applied potential of +5 kV. Also note that the max-
imum electrical power input is on the order of a few
watts.

The effect of varying the fuel flow rate at a fixed air
flow rate of 20 slm and a fixed positive bias of 5 kV is
shown in Fig. 2b. These data essentially map the com-
bined variation in flame conductivity and coupling to
the external circuit as a function of equivalence ra-
tio. The peak power input occurs at an equivalence
ratio slightly above 1.1. If the bias potential is re-
versed, the current drawn at a +3 kV bias is less than
10 pA, indicating a diode-like response of the flame
to an external bias [16]. Points marked A, B, and C
here mark the equivalence ratios that correspond to
the collapse of the flame front near the burner head,
similar to that shown in the flame images of Figs. 36,
undergoing significant collective oscillation as shown
by the fast Fourier transforms (FFT) in Fig. 7, and fi-
nally recovering from a collapsed flame front near the
burner head, respectively.
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Fig. 3. Direct high-speed two-dimensional images of the flame response to a +5 kV bias. The intensity plot to the right shows

the change in flame structure with the applied field.
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4.2. Dissociative recombination derived radical
number density estimates

To calculate the level of light radicals produced
in the preheat zone by the applied electric field, in
addition to measuring the current through the flame,
the electron temperature at the burner head must
be determined for substitution into Eq. (2). For the
measurement condition of low reduced electric field
(E /n), the electron temperature can be approximated
as the gas temperature. For experimental conditions
discussed here, the reduced electric field is below 3 Td
1 Td=10"17 chz), validating the low reduced
electric field approximation. The ion number density
in Eq. (1) can be estimated from current values on
the /-V curve of Fig. 2a, and the associated cath-
ode sheath area at the burner head. In order to provide
a temperature estimate we used an infrared pyrome-
ter to measure a temperature at the burner head to be
800 K, and since we know the gas temperature should
be near equilibrium with the temperature of the burner
head, we can use this as an estimate for the gas tem-

perature. Since the gas temperature will be slightly
lower than the electron temperature, we estimate an
electron temperature of 1000 K.

Using the temperature estimated above, and the
ion number density corresponding to the three points
on the /-V curve in Fig. 2a, it is possible to obtain
an estimate of the level of dissociative recombination-
derived radicals needed to be produced into the pre-
heat zone to cause the observed flame modifications.
The results of our calculations are presented in Ta-
ble 1. Those results assume a 90% majority ion con-
centration of H3O™T, as suggested by experimental
data [19,20].

Note that number densities ~10!0 cm™3 of H,
OH, and O radicals are being produced in an area
of the preheat zone with a temperature of approxi-
mately 800 K through the dissociative recombination
of flame positive chemi-ionization-produced ions at
the burner head, which would far exceed the direct
combustion-kinetics-driven production of OH and H
[23,24] in this range of gas temperature. We propose
that the radicals act to increase the concentrations of
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Table 1

Number densities of chemi-ionization-derived positive flame
ions and electric-field-induced dissociative recombination
produced radicals at the base of a premixed propane/air
flame for the different current values on the /-V curve of
Fig. 2a, indicated by points A, B, and C

A(350pA)  B(450pA)  C(525pA)
Ions em™®) 126x 10" 1.62x 10!  1.88x 10!
H (cm™3) L18x 10! 151x 10! 1.77x 10!
OH(em™3)  735x101%  945x 10" 1.10x 10!
O(em™3)  339%x10° 436x10'0 5.09x10'0
Hy (em™3)  7.46x 1010 959x 1010 1.12x 10!
CO(em™3)  126x100  1.62x 1010  1.88x 100

deficient light reactants which have high mass diffu-
sivities in the preheat zone of the flame, leading to
an overall reduction of the local flame Le to numbers
less than unity, which allows the thermodiftusive in-
stability to dominate in the flame. These light radical
productions are also most likely causing the observed
flame speed increase due to increased reactant dif-
fusion and local reaction rates [25-27], as discussed
below.

4.3. High-speed two-dimensional imaging

Typical broadband and optical spectral emissions
of flame response to an applied electric field are
shown on the left-hand sides of Figs. 3-6. Figs. 3-6
were recorded from a premixed propane/air flame
with a flow rate of 21 slm and an equivalence ratio
of 1.2, corresponding to a flow velocity of 1.68 m/s.
Fig. 3 shows a broadband image of the flame taken
with an exposure time of 500 ps, which is a suf-
ficiently short time to freeze all motion of the un-
stable flame front in the case of the field-perturbed
flame. As noted earlier, the spectral emissions for
CH*, C;, and OH* were taken by placing the ap-
propriate 10-nm bandpass filter in front of the cam-
era optics. Figs. 4, 5, and 6 correspond to CH*, C3,
and OH* radical emission images, taken with expo-
sure times of 10, 10, and 20 ms, respectively. The
use of chemiluminescence measurements to obtain in-
formation about flame chemistry, heat release, and
flame structure has been widely reported [28-33].
Specifically, recent work [28-31] has shown that OH*
(CH+ Oy — CO + OH*) chemiluminescence signals
can be used as a combustion diagnostic tool to gauge
the relative change in combustion heat release and as
a marker for the flame front [32]. The blurring of the
flame fronts in Figs. 4-6 when there is an applied field
is due to the necessarily longer exposure times of the
camera and the short time scale of the intense induced
instability. Adjacent to each ICCD image is a set of
intensity profiles that correspond to the emission in-
tensity as a function of distance from the flame axis

for each of the six horizontal zones marked on the
corresponding flame image.

As can be seen from these figures, once the voltage
is applied, causing a production of light radicals in
the preheat zone, the flame goes from a stable, quasi-
laminar situation to a thermodiffusive-instability-
induced unstable flame that is typical of flames with
Le less than unity [10,11,17,25,26]. Those data sug-
gest that the electric-field-induced radical production
causes the combustion intensity of the burner to be
enhanced by increasing the flame speed through the
introduction of deficient light reactants into the pre-
heat zone, and thereby reducing the flame Lewis num-
ber to values below unity. This can also be viewed as
confining the same amount of heat release (i.e., the
total intensity does not change, it is just relocated) to
a smaller volume through the increase in the wrinkled
flame surface area, which is clearly visible from the
chemiluminescence images shown in Figs. 4-6. The
different zones in the flame are all of the same size,
and correspond to the intensity profiles to the right of
the image. As can be seen in Fig. 3, once the electric
field has been applied, the broadband flame emission
intensity in zones 1-3 approaches a zero value, and
the average intensity in the remaining zones increases
significantly over the zero-field case. This same trend
continues for the CH*, OH*, and C} chemilumines-
cence emissions, as shown in Figs. 4-6, indicating a
significant level of thermodiffusive instability.

4.4. Flame oscillation characterizations

The final data reported here are derived from mea-
surements of the flame conduction current and flame-
front optical signal oscillations, the latter having been
measured with a combination of optical bandpass fil-
ter and a photomultiplier tube as previously men-
tioned. Fig. 7 shows a series of FFTs of broadband
and spectrally filtered flame front emissions, as well
as the FFT of the oscillating current drawn from the
external bias supply. Again, the experimental con-
ditions are the same as those used for the imaging
data shown in Figs. 3-6, except that the bias used
is +5.2 kV (corresponding to point C in the -V
curve of Fig. 2a).

The top left FFT of Fig. 7 shows the very low-
amplitude, featureless power spectrum of the flame’s
broadband emissions under zero bias, indicating a sta-
ble and laminar flow. With a +5.2 kV bias the flame
front is driven into a large-amplitude resonate-like au-
dible oscillation with a fundamental frequency near
300 Hz and harmonics ranging up to 1.8 kHz. Essen-
tially the same responses are seen again from broad-
band emissions and those corresponding to chemiex-
cited CH*, C%, and OH*. Further, the current pass-
ing through the flame exhibits a power spectrum
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that is essentially identical to that of the flame front
emissions. These high-frequency fluctuations of the
chemiluminescent intensities are also indicative of the
transition of the premixed propane/air laminar flame
to a highly unstable flame due to the lowering of the
flame Lewis number through dissociative recombina-
tion of the flame-produced positive ions.

5. Conclusions

Under the flow conditions that are presented here,
we have shown that it is possible to modify a lam-
inar flame, which exhibits a highly symmetric right
circular cone geometry, to an unstable flame due to an
induced thermodiffusive instability by the production
of radicals through the dissociative recombination of
flame ions. We have proposed a plausible explanation
whereby such transitions are caused by the produc-
tion of light radicals into the preheat zone, which in
turn reduces the flame Lewis number for premixed
C3Hg/air flames.

The electric field acts directly on the highly lo-
calized, chemi-ionization-derived H30+, HCOT, and
other positive ions in the flame reaction zone, forc-
ing them to move toward the grounded burner head,
where they can dissociatively recombine, causing the
production of radicals in the preheat zone. The rad-
icals that are produced in the low temperature pre-
heat zone have high mass diffusivities, which result in
the decrease of the local Lewis number of the flame.
The observed result is a thermodiffusive-instability-
dominated flame structure, typical of flames with
global Lewis numbers less than unity. The increased
differential diffusional velocity of the reaction zone
positive ions strongly affects the bulk flame speed,
and the instability results in the flame front collaps-
ing toward the burner head and taking on an oscillat-
ing, wrinkled laminar geometry, or exhibiting insta-
bilities. An approximate estimate of the positive ion
flux, assuming the ion flux consists of xH30T and
(1 — x)HCO™ only, and the corresponding produc-
tion of H, OH, and O radical flux through dissociative
recombination has been estimated. As was reported
earlier [14,15], the Le of those radical species is lower
than the Lewis numbers of hydrocarbon flames.

It has also been shown that by producing radicals
through dissociative recombination of flame positive
ions in the preheat zone, it is possible to increase the
combustion intensity of the burner through a flame
speed modification that accompanies the lowering of
the Lewis number. We expect that it should be pos-
sible to observe similar effects for other premixed
heavy hydrocarbon flames.
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