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This work focuses on the effects of a chemi-ion current induced by an applied positive bias on downward
propagating, atmospheric pressure premixed hydrocarbon-air flames fueled by methane (CH,), propane (C;Hy),
and n butane (C,H,,). Applied voltages up to 3.2 kV over a 40 mm gap encompassing the flame front have been used
to observe flame height and stability modifications compared with the no-applied-voltage case in flames with
equivalence ratios of 1.0 and flow velocities up to 1.3 m/s. The observed experimental results suggest that, under the
conditions studied for this work, the ionic wind is not responsible for the flame modifications. Chemi-ion-current-
driven flame ion recombination chemistry that would produce light reactants near the burner head, similar to
externally sustained plasma-assisted combustion techniques, is proposed to account for the observed flame
perturbations. Current-continuity-based calculations that allow estimates of the production level for these reactants
are reported. Possible flame fluid and flame chemistry modifications caused by the production of light radicals are

also discussed.

1. Introduction

HE effects of applying an electric field on a flame have been

studied since the early 1800s [1] when Brande noticed an effect
on the heat and mass transfer of a diffusion flame between electrodes,
which was then later verified in 1931 by Lewis [2]. During the late
1950s through the 1960s, the first detailed investigations of electric
fields on flames were performed, and the causes of the observed
effects were attributed to the ionic wind [3,4]. Those researchers
proceeded to calculate theoretical maxima for the measured current
densities in the flame as well as the ionic wind body-force-induced
pressure changes [3].

As we reported previously, for premixed propane/air flames [5,6]
we observe changes in the flame structure and flame height at applied
voltages too small to be explained by the ionic wind theory.
Therefore, we have recently proposed the dissociative recombination
of positive flame ions [6] with electrons on the cathode surface
leading to the production of light, highly diffusive radicals as an
alternative explanation for the observed effects.

It is widely known [7—10] that the observed stability in a premixed
flame is actually due to the competition between three different flame
instabilities: hydrodynamic, thermodiffusive, and body force. The
hydrodynamic instability is a fluid mechanical effect that was
originally discovered independently by Darrieus [11] in 1938 and
Landau [12] in 1944. It is caused by the thermal expansion of gases at
the flame front, which leads to a temperature gradient that deviates
the flow lines from the normal, causing a wrinkling [13], and is
dominant under conditions of high flow speed. The thermodiffusive
instability is caused by a preferential diffusion of molecular species
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vs heat in the immediate vicinity of the flame front and is highly
dependent on the Lewis number of the deficient light reactant in the
flame [7]. This instability is typically associated with flames near the
flammability limits (¢ < 0.8 and ¢ > 1.4). The naturally occurring
body-force instability that is inherent to a flame arises because the
burned and unburned gases have different densities and is similar to
the Rayleigh—Taylor instability associated with fluids [8]. As shown
by previous studies [9], the thermodiffusive instability has a strong
dependence on the Lewis number (Le) of the flame, and lowering it
can cause the flame surface to become wrinkled and unstable (Le is
the ratio of the thermal diffusivity to the mass diffusivity). The
production of light radicals from the dissociative recombination
process [6] in the preheat zone of the flame may be sufficient to
modify the thermodiffusive properties of the flame and lower the
local Le.

In this paper, we present calculations of the ionic-wind-induced
volumetric body-force and pressure changes at the experimental
conditions discussed and investigate how the issue of flame stability
applies to the ionic wind and the observed results. Additionally, we
extend the previously reported results for propane/air flames to other
premixed hydrocarbon flames, in particular methane/air and butane/
air flames. The comparison of these three fuels allows us to
investigate the effects of fuel properties, such as fuel Lewis number
and chemi-ionization chemistry, on the observed results.

II. Experimental Setup

The principal setup, shown in Fig. 1, has been discussed in detail
elsewhere [3,6]. The dc current-voltage (I/V) characteristics shown
in Fig. 2 were recorded with the burner grounded and a positive bias
(up to 3.2 kV) supplied to the upper disk electrode. As we reported
previously [5], the use of a positive applied bias to the flame is critical
for the observed results; when a negative polarity bias is applied, the
current passing through the flame is negligible and there is no
observable effect on the flame. These I/V measurements were made
to gauge the coupling between the electric field and the flame and to
investigate how the flame conductivity varied as a function of fuel.
The electrode discussed is a 5-cm-diam stainless steel disk that was
perforated in a honeycomb pattern with 44 3.2 mm holes, and was
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Fig. 1 Experimental setup for electric-field-induced flame modification
experiment.

suspended 40 mm above the grounded burner. This allowed for a
parallel-plate-like electrode geometry at the expense of perturbing
the gas flow downstream from the flame front. The voltage is applied
to the flame through a 500 k2 current limiting ballast resistor that
was connected between the anode and the dc bias supply for safety
reasons, whereas the current measurements were made by measuring
the voltage drop across a 100 k2 current sense resistor.

Spectrally resolved images (Figs. 3-5) used to document the
response of the flame to the applied voltage were obtained using a
Princeton Instruments intensified charge coupled device (ICCD)
high-speed camera and a 308 nm interference filter. The blurring of
the flame front seen with an applied voltage is caused by the long time
exposure (10 ms) and the strong unstable motion of the flame front.
Broadband imaging was also taken at short exposure times (200 us)
to capture the time-resolved motion of the flame with applied
voltage.

Gas temperature measurements at the burner head were made
using an Omega infrared pyrometer, which was corrected for the
emissivity of the cathode metal. These temperature measurements
indicate a gas temperature near the cathode surface (preheat zone) of
approximately 800 K. Under conditions with a low reduced electric
field (E/n), it is reasonable to assume that the gas temperature and
electron temperature are roughly equal, an approximation that will be
used in our radical number density calculations. Estimations of the
area of current collection were made by multiplying the
circumference of the conical flame base by the thickness of the
chemi-ionization region. Using previously reported results by
MacLatchy [14], we estimate the thickness of the chemi-ionization
region to be 0.15 cm, which gives a current collection area of
0.70 cm?, for our burner.

—v—Butane
ogol ~°" Methane
- =- Propane

Current, pA
n
o
?

Voltage, kV
Fig. 2 Current and voltage characteristics for premixed flames fueled
by methane, propane, and butane. The flame was at atmospheric
pressure with an equivalence ratio of 1.0 and a flow speed of 1.3 m/s.
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Fig. 3 Spectrally resolved images of a methane flame at atmospheric
pressure with an equivalence ratio of 1.0: a) no applied voltage, and
b) 3.2 kV applied voltage. Zone intensities are plotted to the left as a
function of the radial flame axis for both figure parts.

III. Theoretical Background

A. Ionic Wind Theory

As mentioned earlier, the ionic wind theory has been used by other
researchers [3,4] to explain the effects of electric fields on flames.
The ionic wind body force arises from ion—-molecule and electron—
molecule elastic scattering collisions. Expressions for the ion- and
electron-induced forces per unit volume are indicated as follows
[15]:
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Fig. 4 Spectrally resolved images of a propane flame at atmospheric
pressure with an equivalence ratio of 1.0: a) no applied voltage, and
b) 3.2 kV applied voltage. Zone intensities are plotted to the left as a
function of the radial flame axis for both figure parts.
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Fig. 5 Spectrally resolved images of a butane flame at atmospheric
pressure with an equivalence ratio of 1.0: a) no applied voltage, and
b) 3.2 kV applied voltage. Zone intensities are plotted to the left as a
function of the radial flame axis for both figure parts.

where n is the number density, m is the mass, v is the collision
frequency, and u is the velocity. The subscripts i and e refer to ion
and electron, respectively. Following the steps outlined by Boeuf and
Pitchford [15], we can combine and rewrite Egs. (1a) and (1b) in
terms of the mobility, p, and the current density, j, that is,

ji je
f= ( - —) )
Ky B
Using the current densities defined by the drift-diffusion

equations, j; = en;u;E — eD;Vn;, j, = en,u E — eD,Vn,, we can
write the force per unit volume as

f=en;—n,)E—kT;Vn; — kT,Vn, 3)

where e is the fundamental charge, E is the electric field, k is
Boltzmann’s constant, and 7; and 7, are the ion and electron
temperatures, respectively.

With the experimental setup discussed in this paper, the only
location in the flame at which there is a charge separation (n; # n,)is
at the burner head, where a cathode sheath forms. As will be shown
through the calculations in Sec. IV of this paper, the contribution to
the total force from the gradient terms of Eq. (3) is small compared
with the first term; thus, the gradient term contributions can be
neglected in our case. Because a cathode sheath forms, the number
density of positive ions at the sheath will far exceed that of electrons.
These approximations allow us to rewrite Eq. (3) as

f=Een; )

It is important to remember that Eq. (4) is a volumetric force;
therefore, multiplying it by a spatial variable (the thickness of the
sheath) gives the induced pressure change. For these results, the
thickness of the sheath was taken to be 5 electron Debye lengths,
where the Debye length can be written [16] as A, = 742(%:]])1/ 2,
Using this sheath thickness and expression for the force in Eq. (4), we
arrive at the following expression for the ionic-wind-induced
pressure change across the flame:

Ap =5Een;Ap %)

Any observable effect of the ionic wind body force on the flame
should be distributed across the flame, and under conditions of a

positive applied bias the body force would cause a general downward
acceleration of the flame [17]. For the flame conditions in this paper,
for which there is a downward propagating flame, these ionic wind
body forces would act to aid the inherent gravitational body forces
and lead to an increase in the flame stability [8].

B. Radical Production

Experimental studies have shown that the ionic species in
methane/air [18,19] and propane/air [20] flames are similar and,
because butane chemistry is similar to that of propane, we can extend
this similarity to butane as well. Although the three fuels give rise to
similar ionic species, all derived from the chemi-ionization
processes, they have slightly different levels of chemi-ions produced
when burned. This resultis evident when looking at the 7/ V curves in
Fig. 2. The aforementioned experimental results [18—20] indicate
that in the downstream burned-gas region of the flame the primary
ionic species are H;O%, NO*, and HCO™, accounting for
approximately 90, 7, and 3% of the overall ionic population,
respectively. Using this ionic species information, we can write the
following current continuity relation:

ny,o+ * VgH,0+ T NHCO+ * VaHco+ T MNo+ * VaNo+
+ne'vd.e:j/e (6)

where v, is the drift velocity.

In the cathode sheath region, the number density of electrons will
approach zero; thus, the electron current conduction term can be
neglected in the calculations of Eq. (6). Also, as the positive flame
ions approach the cathode, the Bohm criterion states that they will be
accelerated from their normal drift velocities to their ionic Bohm
velocities, which can be expressed [21] as vz = (%)‘/ 2, Using this
information with the aforementioned percentages of total ion
concentration, and expanding the current density as the measured
current, /, divided by the area over which this current is collected, A,
we can rewrite Eq. (6) as

kT 1/2 kT 1/2
0.9ni0n . ( ¢ ) + 0.7ni(m . ( ¢ )
mH30+ mno+

kT, \!/? 1
—+ O.3ni0n . ( ¢ )

myco+ - A -e (7)

To calculate the radical number densities from the ion number
densities, we need to know the recombination chemistry of each of
the aforementioned ions. The NOT ion recombines via
NO* 4+ ¢~ — NO, whereas H;O0t and HCO" dissociatively
recombine. The dissociation channels for H;O" are listed below
[22], whereas HCO™ only dissociates via HCO' + ¢~ — H + CO.

H,0 + H,N = 0.05
OH + H,,N = 0.36
OH + 2H,N = 0.29
O+ H+ H,,N =0.30

H30+ + e =

The numbers to the right of the dissociation branches indicate the
probability that H;O" will dissociate by means of that particular
channel. Multiplying these probabilities by the radicals for each of
the dissociation branches, and weighting by the ion number densities
calculated from Eq. (7), allows an estimation of the number density
of light radicals produced at the cathode surface.

IV. Results and Discussion

As seen in Fig. 2, the conductivities in the propane and butane
flames are similar, whereas the conductivity of the methane flame is
lower than the other flames. These differences in conductivity are
attributed to the different chemical properties of the fuels, which
cause different amounts of chemi-ionization-derived ions to be
produced. For the data presented in Fig. 2, the flow speed was kept
constant at 1.3 m/s and the equivalence ratio was 1.0 for all three
flames.
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In Figs. 3-5, we can see the effects of the applied positive bias on
each flame. Figure 3a is a methane/air flame with no applied voltage,
whereas Fig. 3b is the same methane flame but with an applied
voltage of 3.2 kV. As seen from the indicated lines, the flame in both
images was divided into four zones of equal image area (labeled 1-
4). The intensity profiles to the right of the images indicate the
grayscale intensity values of the image as a function of the radial
flame axis. The zones in Figs. 3a and 3b are at the same pixel
locations; thus, by comparing the intensity profiles in Figs. 3a and 3b,
it is possible to see how the location of the intensity varies with the
applied voltage. The images in Fig. 3 were taken with the use of a
308 nm bandpass filter to allow the imaging of the OH*
chemiluminescence signals of the flame. The main source of the OH*
in the flame comes from the reaction [23] CH + O, — OH* 4+ CO
and, therefore, has been shown to be useful as a marker for the flame
front [24], as well as for the location of the heat release in the flame
[25,26]. Similar results to those discussed for Fig. 3 can be seen for
propane (Fig. 4) and butane (Fig. 5).

The results of the intensity plots in Figs. 3-5 show that, as the
voltage is applied to the flame, the heat release of the flame is
confined to a smaller volume (the intensity from zones 3 and 4 are
added to zones 1 and 2). This can also be seen by looking at the
images in those figures; as we apply the voltage to the flame, the
flame height is decreased. Comparing the change in flame height in
height of approximately 60% for propane and butane and a change in
flame height of approximately 50% for methane. By measuring the
total integrated intensity (which is both time averaged and volume
averaged) of the images, we find that there is no significant
modification to the amount of heat release. This, coupled with the
aforementioned observation of a shorter flame, indicates that with all
three fuels we see an increase in the combustion intensity near the
burner head as we apply a positive voltage in the downstream region
of the flame.

The choice of these three particular fuels also allowed us to
investigate the effect of fuel Le on the observed results. Under
stoichiometric conditions, methane/air flames have an Le of
approximately 1.1, whereas propane/air and butane air have an Le of
approximately 1.9 and 2.1, respectively [27]. These differences in
fuel Le could potentially have implications with regard to the flame
stability issues. Figure 6 shows a set of images of a propane/air flame
at four different applied voltages. These images were taken under
broadband conditions to allow the capture of time-resolved (200 us
exposure) flame structure changes at various applied voltages. These
images show that, as the positive bias on the flame is increased, the
flame structure becomes more wrinkled and unstable. This unstable
motion of the flame is also inferred from the blurring in the time-
averaged flame images in Figs. 3-5, indicating that all three fuels
transition from a similar quasi-laminar flame structure to an unstable
flame structure with the application of a positive bias on the flame.

0 kV bias 1.6 kV bias

3.0 kV bias

2.3 kV bias

Fig. 6 Broadband images of a propane flame at atmospheric pressure
with an equivalence ratio of 1.0. Starting from left to right the voltage is
increased (as indicated above the flame) to show time-resolved flame
structure changes with an applied voltage.

In Sec. III, we discussed two potential explanations for the
experimental results. The total volumetric body force on the flame
due to the ionic wind can be calculated using Eq. (4) if we neglect the
contribution from the gradient terms of Eq. (3). If we use an average
number density of positive ions for the three fuels of 3 x 10' m~3,
calculated using Eq. (7), and assume a maximum possible gradient
over a distance of 1 mm (a few times the flame thickness at
atmospheric pressure [28]) at a flame temperature of 2000 K, we
calculate that the gradient terms give a contribution of
Soraa = 0.7 N/ m?. To calculate the volume force term from the
ionic wind at the sheath, we first need to calculate the electric field
value at the sheath using Poisson’s equation:

E, 5,
/ dE = 47m,-e/ dx ®)
E, 0

where E,, is the volume-averaged electric field found by measuring
the voltage drop over certain distance in the flame (with a lower
bound value measured to be ~5 x 10* V/m), §, is the sheath
thickness, taken to be 5 electron Debye lengths, and E | is the average
value of the electric field in the sheath. Using the aforementioned
values, we find an approximate E, of 1 x 10> V/m, which then gives
a value of the force term at the sheath of 500 N/m?. As can easily be
seen comparing the total force contributions from the gradient terms
and the sheath terms, the gradient terms are much smaller and thus
can be neglected. If we multiply the value of the volumetric force,
already calculated, by the sheath thickness, §,, we arrive at a value for
the pressure change in the preheat zone due to the ionic wind of
0.03 Pa.

The pressure changes calculated herein are too small to account for
the flame front modifications observed in Figs. 3-5. Additionally, as
mentioned in Sec. I, under conditions of a downward propagating
flame the body-force effect from the downward oriented electric
force should have a stabilizing effect on the flame [8], but as shown in
the flame images already discussed, there is a destabilizing effect on
the flame. It was also mentioned that the effects of the ionic wind
body force should be distributed along the flame and cause a
downward acceleration [17]; however, the flame images in Fig. 7
indicate otherwise. The initial modification of the flame under these
conditions is a constriction of the base of the flame, which then
moves radially inward leading to an eventual flame pinch off, as seen

Fig. 7 High-speed images (100 s exposures) of a propane/air flame
(¢ = 1.1) response to a positive pulsed bias of 4.0 kV. This set of images
indicates that the modification to the flame begins with a constriction at
the base of the flame that moves upward and eventually leads to a pinch
off, giving the highly unstable flame structure seen at the later times.
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Table 1 Radical number densities for methane, propane, and butane
that are produced from the chemi-ion-current-induced dissociative
recombination of positive flame ions in the preheat zone

3 3

Methane, cm™ Propane and butane, cm™

ny 2% 10" 3% 10"
Mo 1 x 10 2% 1010
no 3x10° 1x10'0
ny, 1 x 101 2 % 1010
neo 7 x 108 1x10°
Ni,0 1x10° 2% 10°
o 2% 10° 3% 10°

at +=06 ms in Fig. 7. These high-speed flame images (100 us
exposures) were taken with a positive pulsed bias of 4.0 kV being
applied to the flame and are similar to results reported previously [3].
This pocket formation (pinch off) is an additional indication that the
flame has become highly unstable and is similar to flames with an Le
below unity (thermodiffusive dominated) [29]. The origination of
this flame modification at the base of the flame, as well as the
transition to an unstable flame (with all three fuels), are both counter
to the effects that should occur with the ionic-wind-induced body
force for a downward propagating flame. This information, along
with the small pressure changes calculated using Eq. (5), suggests
that under the experimental conditions discussed in this paper (low
applied voltage) the ionic wind is not responsible for the observed
changes.

As an alternative explanation, we proposed the recombination of
flame ions as a plausible cause for the observed changes. Using
Eq. (7), as well as the maximum measured currents for each of the
fuels (found in Fig. 2), we calculate the approximate number
densities of radicals produced in the preheat zone of the flame by
recombination and present those results in Table 1. Because propane
and butane had similar conductivities, they will have similar amounts
of radicals produced and are therefore listed in the same column. It is
important to note that these radicals are being produced in the preheat
zone and, at this location, the gas temperature is low (800 K),
implying that the preexisting radical number densities from
combustion processes are smaller than the radicals produced through
the recombination of the chemi-ion current [30]. These radicals
produced in the preheat zone of the flame are light and highly
diffusive, and an increase in the concentration of light, highly
diffusive reactants could cause the local flame Le to drop to values
below unity. This modification of the Le could change the
thermodiffusive properties of the flame [31], which could lead to a
wrinkled, unstable flame structure, consistent with the results seen in
Fig. 6 [9,31]. These results also show trends similar to dielectric
barrier discharge (DBD) plasma-assisted combustion results, in
which radicals are injected near the base of the flame [32-34].
Typical input powers of the DBD experiments vary but, in some
cases [33], are nearly identical to our input power.

In addition to the fluidic changes discussed, the flame kinetics can
be modified by the production of these radicals as well. The effect of
such kinetic modifications can be seen in the time-resolved, volume-
averaged OH* intensity plot in Fig. 8. In this figure, we see a delayed
increase in the OH* intensity of approximately 15%, which peaks
after the termination of the voltage pulse. The OH* data presented in
this figure were obtained with a positive pulsed bias of approximately
2.4 kV applied to the flame and by imaging the entire flame onto a
photomultiplier tube (PMT) with a 308 nm bandpass filter (the PMT
bias was negative, and so a negative signal indicates an increase in
emission intensity). The pulsed data in Fig. 8 indicate that there is
approximately 0.6 W of time-averaged power per pulse, using a 30%
duty cycle, whereas for the dc data in Fig. 2, we had an input power of
approximately 0.8 W. Both cases represent similar input powers (the
average power in the pulsed data will be less due to the low duty
cycle), indicating there will be similar amounts of energy input and
thus allowing us to compare the results of the two cases. This time-
resolved OH* data indicate that there is a slight increase of the total
heat release (which was not seen in the fime-averaged images in
Figs. 3-5) of the flame with the applied voltage and that it peaks after
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Fig. 8 Current, bias voltage, and total OH* emission intensity for a
4.2 ms pulsed bias of a premixed propane/air flame at an equivalence
ratio of 1.1. Note that the OH* chemiluminescence signal increases by

approximately 15% and peaks after the voltage pulse has been
terminated.

the voltage pulse has ended, which is an indication that chemi-ion-
current-induced radical production in the preheat zone enhances
flame kinetics and global heat release.

V. Conclusions

In this work, we have investigated the effect of both dc and pulsed
applied positive bias on flames fueled by methane, propane, and
butane. The results presented show that all three flames have similar
changes in flame height with the same applied bias, irrespective of
the fuel Lewis number. The magnitude of the effect on the flame is
strongly dependent on the level of chemi-ion current measured at the
cathode. Methane, having the smallest measured chemi-ion current,
has a slightly smaller change in flame height (than propane and
butane) with the applied bias, whereas both propane and butane,
having similar measured chemi-ion currents, have similar changes in
flame height that are slightly greater than that of methane. The small
calculated ionic wind body-force-induced pressure changes, as well
as the observations that the flame disturbance originates at the base of
the flame and the applied voltage has a destabilizing effect, together
suggest that the ionic wind is not responsible for the observed effects
on the flame under the low applied voltage conditions studied in this
paper. Therefore, we have investigated the alternative explanation of
the production of light radicals through a chemi-ion-current-induced
recombination of positive flame ions with electrons on the cathode
surface. The number densities of the radicals produced from this
process were estimated, and a plausible mechanism was offered as to
the importance of the location at which these radicals were produced,
which may modify the flame fluidics (lowering of the Le) and flame
kinetic changes, as evident by the modulation of the heat release of
the flame observed in the time-resolved PMT signal.
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